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De ma thèse ne restera que ce manuscrit. Là repose tout son paradoxe. Quand on me demandera
de parler de ce doctorat, je vois déjà apparaître les images qui me viendront à l’esprit en premier
lieu, avant les pages qui vont suivre. Des personnes, des paysages, quelques lumières particulières,
mais aussi des joies et des souffrances, des victoires et des incapacités. Trois années se sont passées,
sans que je ne sache vraiment quoi faire, car en réalité mes certitudes reposaient davantage sur
les souvenirs que j’allais vouloir construire, plus que sur quelconques plans académiques. Le sens
de la thèse ne m’est apparu que plus tard. Il y a trois ans, seul comptait le champ des possibles.
Aussi l’ai-je peuplé, du trésor contenant la myriade des fabuleuses expériences que j’emporte avec
moi. C’est sûrement mon message principal. Faites une thèse, ou bien n’importe quoi d’autre. Ce
qui a compté vraiment pour moi au bout de ces trois années, c’est d’avoir accompli un projet sans
ne jamais être seul, c’est d’avoir été si fier, après ma soutenance, d’avoir autant de personnes à
remercier. Alors vraiment, avant les résultats, avant la science, avant même l’histoire, il y a d’abord
ces trois années de moments partagés. Ces images sont toutes faites de souvenirs, dorénavant errant
dans une brume emprunte de nostalgie, car je crois maintenant avoir été heureux, malgré un présent
parfois accablant. Encore incapable d’expliquer comment cette aventure a commencé (peut-être
est-ce l’instant où je te croise pour la première fois dans les couloirs d’ALMA, Fabien ? ou bien le
moment où nous vîmes ensemble s’envelopper pour la première fois le Plomo de son drap mauve,
pour le spectacle journalier du crépuscule sur les Andes, Akhil ?), ni comment a pu-t-elle se terminer
(sûrement le lendemain de ma soutenance où tu nous chantes quelques chansons sur une terrasse
ensoleillé, François ?), je suis certain d’avoir réussi une chose : m’être rapproché de moi-même et de
vous, grâce à vous, mes cher compagnons de route. Pour la quasi-totalité des personnes que je vais
citer, je ne m’attendais pas, à la première entrevue, que ces rencontres allaient devenir si belles, tant
les aventures qui en naquirent tinrent du sublime. J’adresse mes plus sincères remerciements à toutes
ces personnes qui ont ensoleillé mes jours et raviver leurs couleurs, et j’explique maintenant pourquoi.

Certains souvenirs sont intacts, absolument précis, un peu comme nous, grimpeurs, pouvons
nous souvenir d’une voie d’escalade rocheuse. Rien n’est aussi détaillé dans ma mémoire, que
l’ensemble des prises et leurs textures, des positionnements du corps tout entier, des rythmes que
saccadent les mouvements et repos, des peurs et des soulagements, des cris de colère et de joie, lors
des quelques ascensions que j’ai accomplies. Aux yeux de ma mémoire, de cette clarté-là relève
l’histoire de mon amitié avec Fabien et Sarah. Je trouve cela magnifique, que parmi la multitude
des candidatures lancées à la mer et qui échouèrent le long de la côte Chilienne du Pacifique, ce
soit Chat qui ait répondu positivement et avec enthousiasme à une de ces candidatures, et que tu
travaillas pendant la période de mon stage avec lui, Fabien. Comment un si grand dénouement
peut-il naître d’une si fragile chaîne d’évènements incertains amorçant une histoire ? Car avant
de vous remercier, je me dois vraiment de remercier ce qui a fait que j’ai croisé votre route, un
jour de ma vie. Jamais ne m’avait-on approché d’une manière aussi charmante. “Tu fais de la
montagne toi non ?”. Et quelques jours plus tard même : “J’étais au Plomo il y a peu, une salle
histoire. . . Si ma maman ne venait pas me rendre visite à partir de ce weekend, j’y serait retourné
avec toi”. Même pas eu assez d’un Angus affaibli à sauver, d’une jambe encore douloureuse, tu me
proposais de me hisser à mon tour, en haut du Plomo. Personne ne m’avait accordé une confiance
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aussi sincère aussi vite, d’une manière aussi gratuite, ni des sourires aussi sincères que les tiens, ma
chère Sarah. Tu m’as appris des choses fondamentales, si ce n’est que nous les avons comprises
en même temps. Nous avions tous les trois tant de choses à partager comme si nous étions déjà
en retard de ne pas s’être rencontré depuis toujours. Comprenne qui pourra : “L’imposant ne le
dispute-il pas à la majesté ?”.

J’arrivai pour mon premier jour à l’ESO seul, et vulnérable. Dans ces moments, on oublie qu’en
fait, d’autres stagiaires ont franchi la porte de ce laboratoire pour leur première fois, seuls aussi,
et autant vulnérables. On ne sait plus que le monde apparaît étranger pour chacun d’entre nous,
au moins une fois. Effrayé, comme déménageant d’une école à l’autre en plein milieu de l’année
scolaire, on s’assied dans un siège devant l’accueil, car on est arrivé trop tôt. Mais rapidement,
l’angoisse passe, car Paulina Jiron vous rencontre, et vous fait vous sentir chez vous à l’autre bout
du monde. La première étape par laquelle Paulina vous fait passer est la machine à café, vos futures
meilleures amies, dont l’amitié est “à volonté”. Le café est bon. . . serré ou allongé, avec du lait
pour celui de l’après-midi. Des gens de toute sorte passent dans cette salle, qui fera office de salle
à manger, à discuter, à écrire, à partager, à réfléchir, à réviser, à rencontrer, et sans parler de sa
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des feuilles dans les saules, les parfums des quatre grands eucalyptus qui l’ombrageaient. Car si
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accueilli avec une grande douceur, celle qui baigne dans mes souvenirs de siestes au soleil, d’asados,
de discussions, de longues observations des lapins et des colibris, de contemplations des crépuscules
sur le cerro San Ramón. On y voit fleurir les jacarandas en octobre et les ceibos en décembre. Et
même parfois, à partir du printemps et tout le long de l’année, avons-nous la chance de partager le
jardin avec la dernière portée de maman queltehue, qui farouchement découvre le monde et nous
font sourire. Après une rapide présentation de cette terrasse donc, Paulina vous fait rencontrer les
scientifiques qui travaillent dans le laboratoire. Vous oubliez les trois-quarts des noms, et enfin
elle vous laisse dans le bureau des étudiants. Ils doivent se dire, “encore une nouvelle tête qui va
rester deux mois”. Eh bien non, celui-là y est resté presque trois ans, et quelque-part mes pensées y
rôdent toujours. Entre autres, je rencontre Marion et Akhil ce jour-là. Autant avides d’aventures
que je pouvais l’être en arrivant au Chili, vous fûtes des compagnons de voyages extraordinaires.
Une semaine après être arrivé, nous étions, mon cher Akhil, déjà partis à l’assaut du cerro San
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Élise, notre rencontre reflète clairement l’audace avec laquelle tu amorces tes journées. Nos
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; là résidait exactement la manière dont je voyais, et je vois toujours d’ailleurs, le voyage et la
découverte, voir l’exploration.

Manu, Geoffroy, mes chers amis. Tels deux amis des alentours, deux amis locaux, avec qui l’on
peut se rejoindre le soir et faire quelques bêtises, je vous dois tant de souvenirs magnifiques. Dans
ce pays nouveau pour moi, vous avez entrepris de m’accueillir comme on héberge un passant, et
avez multiplié les invitations à vos aventures, et vos relations. Il ne fallait pas grand-chose pour
qu’avec toi Manu, nous décidions d’aller marcher, grimper, ou braver l’interdit. Je me sentais petit
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retrouve au milieu de l’Atacama, l’envie romantique nous prend au cœur de partir dans toutes les
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jamais ressenti cela, comme si toutes les fuites m’appelaient ensemble à les honorer une à une. C’est
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heures au milieu de l’altiplano avec vous. À l’assaut de l’Ojos del Salado, mais aussi dans vos récits
de voyage que vous contiez Julien, Adrien, et Faustine, je me suis senti formidablement bien.

Parmi mes rencontres chiliennes qui possède un caractère magnifique, il y a Célia. Innocente,
est devenue forte. Encore une histoire inattendue il me semble. En revanche, c’est relativement
simple à expliquer. Célia, tu étais disponible pour tout ce qui pouvait advenir. Adopter une pareille
attitude, dans un pays comme le Chili, fait l’unanimité chez les synonymes de la splendeur, du rire,
et de la douceur.

Marie-Lou, pour toi j’aimerais écrire quelque chose d’exceptionnel. J’ignore si mes mots pourront
avoir un jour tel qualificatif. La dernière matinée, au pied du lac Llanqhuihue, nous vîmes l’Osorno
se débarrasser de son écharpe de brume luminescente. C’est à ce moment-là que s’est achevée
la première étape chilienne de ma vie. Mais encore une fois, je n’étais pas seul, mais avec une
formidable amie. C’était aussi la dernière étape de notre voyage entre les lacs du sud, voyage
inoubliable. Tu as eu le pouvoir de transformer toutes nos escapades en de véritables épisodes
d’amitié sincère. Nous nous rendions complice de nous aventurer partout.

Alvaro, you must know you saved my PhD. I never have been more efficient than when listening
to Tool. Without such music, I would never have defended. Apart from that, I am deeply grateful,
for the listening and availability you demonstrated each time I needed to confide something to you,
and it was often. Our discussions in the cafeteria are not countable. You are a great person, and a
great scientist.

My dear Javi, my flat mate, my confidante. How many conversamoles did we have? for how
many hours? You were so kind listening to me, so king talking to me. I now remember I have a
friend, to whom I told everything. You were listening and understanding to what was in my heart.
I feel lucky I met you, and I know I will see you again.

If my time in Chile was totally epic, this is entirely thanks to all the wonderful fellows I has the
chance to meet. Thank you to Javi M., Alejandro, Alejandra, Harold, Jan, James, Priscilla, Pascale,
Youssef, Alessandro, Nathen, Blake, Kalina, Juliette, Aleksandra, Chiara, Johanna, Darshan,
Raissa, Thomas, Nicolas C., Célia, Javi, Angus. We had nice adventures. Sharing the everyday life
with you guys was super friendly.

La source de mon épisode chilien se trouve en Angleterre, là où j’ai commencé à me révéler, à
trouver mes goûts, mon identité même. Et je le dois entièrement à un petit groupe de personnes,
avec qui s’est déroulée une année fantastique, irréelle même. Nous avons sûrement tous découvert
l’ineffable magie qui peut régner au sein des rencontres inattendues, celles qui n’en finissent jamais
de donner à la vie de tous les jours un goût spécial, fait de souvenirs précis, comme de petits
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trésors enfouis. Nous étions tous réunis en partageant la même situation : une fois à l’étranger,
arrivés seuls le premier jour, un certain besoin et une force nous rendaient avide de rencontrer
l’autre et de partager l’énergie nécessaire à s’engager dans de nouvelles aventures. Il faut seulement
avoir un peu de chance pour se retrouver au sein d’un groupe de personnes prêtes à prendre les
mêmes dispositions. Alors je remercie la chance, mais surtout Donald, Baptiste, Thomas, Thibault,
Guillain, Charlie, et les amis qui s’en suivirent Louis, Zoé, Léo, Robin. Eli & Laura, indissociables
dans mon cœur, vous représentez une amitié que je ne puis décrire ici en peu de mots. Je vous dois
ce dont je suis capable de faire avec mes sentiments. Telles de vraies anges, totalement dévouées
pour vos amis, votre abnégation est sans limite.

Mon cher François, nous avons bien changé depuis nos premières entrevues, car effet, dans notre
cas, il y en a eu plusieurs, de premières. Notre grand trésor est que nous nous connaissons vraiment
; sans mots nous pouvons nous parler, et nous le devons sûrement au fait que paradoxalement,
sans se voir nous avons énormément communiquer. Cet été, en Haute-Loire, Philippe m’a fait
une confidence, il était surpris du degré de notre complicité. C’est ce que j’adore aves les amis,
la complicité, la confiance aussi, et la loyauté. Trois mots que nous avons honorés, pendant plus
de dix années maintenant. Encore une fois, je me sens redevable de ce qui a fait que nous nous
sommes rencontrés. Cet équilibre est si disproportionné, celui qui explique nos années d’amitié
avec la si fragile probabilité de s’être croisé un jour, dans un autre monde. Alors puis-je encore
employer le mot de fantastique pour qualifier cet équilibre ? Oui, et je l’utiliserai aussi pour décrire
en un mot l’accueil qui me fut réserver dans ta famille. Certains lieux, comme Saint-Romain aux
Monts-d’or, Neuville-sur-Saône, ou le square Montholon, sont associés en moi à des sentiments très
particuliers. Ils ont un caractère unique, car ruissellent de cet équilibre aussi un grand nombre de
moments de partage, des moments magnifiques, qui dans ma mémoire prennent la forme de tableaux
représentant des sourires déliés, des écoutes attentives, de la musique, de la grande générosité, de
belles histoires. Merci infiniment, mes chers Sang-Ae, Lolia, Michel, Béatrice, Myriam, Jean-Claude,
Anne-Laure, Thomas, Pierre, Régine.

Il y a aussi d’autres personnes pour lesquelles peu de mots sont nécessaires, celles que j’ai vu
le plus souvent à l’autre bout de la corde, et pour qui les photos de nos plus belles ascensions
pourraient suffire à décrire ce que je leur dois, tant elles évoquent un florilège d’instants de grande
intensité. Il n’est pas dangereux de grimper, il est dangereux de vivre, et par-dessus tout de vivre
sans danger. Car ma vie ne prend parfois sens qu’aux seins des montagnes, quand la recherche
de signification se retrouve totalement substituée par la recherche d’une direction à prendre. Des
Pyrénées aux Alpes, en passant par les Andes, en marchant, en courant, en roulant, en grimpant,
ou en skiant, trois amis m’ont fait l’honneur de leur compagnie. Il était magnifique d’être à vos
côtés, sous le soleil des Andes comme sous les pluies de Patagonie. En montagne, on est vulnérable
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convaincre de lever la tête pour partir, laissant les devoirs inachevés. Dans ce groupe-là, certains
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Abstract

Constraining the dust grain alignment mechanisms responsible for the (sub-) millimeter dust
polarization observed in Class 0 protostellar cores

With the aim of characterizing the role played by magnetic fields in the formation of young pro-
tostars, several recent studies have revealed unprecedented features toward high angular resolution
ALMA dust polarization observations of Class 0 protostellar cores. Observations of polarized dust
emission allow us to investigate the physical processes involved in the Radiative Alignment Torques
(RATs) acting on dust grains from the core to disk scales, that align the angular momentum of grains
with magnetic field. We find that the dust polarization is enhanced along the cavity walls of bipolar
outflows, which are subject to high irradiation from the reprocessed radiation field emanating from
the center of the protostar. In addition, highly polarized dust thermal emission has been detected
in region most likely linked with the infalling envelope, in the form of filamentary structure being
potential magnetized accretion streamer. Notably, we propose that the polarized emission we see at
millimeter wavelengths along the irradiated cavity walls can be reconciled with the expectations of
RAT theory if the aligned grains present in these cavities have grown larger than what is typically
expected in young protostellar cores. To approach an estimation of the efficiency of dust alignment in
protostars, we gathered a large sample of ALMA dust polarization observations of Class 0 protostars
in order to perform a statistical analysis examining the trend between the dispersion of polarization
position angles and the fractional polarization. We report a significant correlation between these
two quantities, whose power-law index differs significantly from the one observed by Planck in
star-forming clouds, confirming the different nature for the disorganized component of magnetic
fields at the scales of protostellar envelopes. The grain alignment efficiency, is surprisingly constant
across three orders of magnitude in envelope column density. Synthetic observations of non-ideal
magneto-hydrodynamic simulations of protostellar cores implementing RATs, show that the ALMA
values of grain alignment efficiency lie among those predicted by a perfect alignment of grains, and
are significantly higher than the ones obtained with RATs. Ultimately, our results suggest dust
alignment mechanism(s) are efficient at producing polarized dust emission in the local conditions
typical of Class 0 protostars. The grain alignment efficiency found in these objects seems to be higher
than the efficiency produced by the standard RAT alignment of paramagnetic grains. We performed
further detailed modelling of the protostellar inner envelope physical conditions, alongside tentative
comparisons between ALMA molecular line observations of UV-sensitive chemical tracers and dust
polarization observations. We found that indeed, grains with super-paramagnetic inclusions, signifi-
cant irradiation conditions (qualitatively comforted by the chemical observations), and large grains
(10µm) of compact structure are necessary to reproduce the observed grain alignment efficiency.
However, further studies leading to a better characterization of dust grain characteristics, and
additional grain alignment mechanisms, will be required to investigate deeper the cause of strong po-
larized dust emission located in regions of the envelope where alignment conditions are not favorable.

Keywords: ISM: jets and outflows – ISM: magnetic fields – polarization – radiation
mechanisms: thermal – stars: protostars
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Résumé

Caractérisation des mécanismes responsables de l’émission polarisée des grains de poussières dans
les protoétoiles de Classe 0

Dans le but de caractériser le rôle du champ magnétique dans la formation des jeunes protoétoiles,
plusieurs études ont révélé de surprenants résultats au sein d’observations de l’émission polarisée
des grains de poussières dans les cœurs proto-stellaires de Classe 0 à hautes résolution angulaire
réalisées avec ALMA. Ces observations de polarisation de l’émission thermique des grains nous
permettent d’investiguer les processus physiques impliqués dans les couples radiatifs d’alignement
(RATs) agissant sur les grains depuis les échelles du cœur jusqu’à celles du disque, qui alignent le
moment angulaire des grains avec le champ magnétique. Nos observations montrent que l’émission
polarisée des grains est accentuée le long des parois des flots de cavités bipolaires, qui sont sujets à
une forte irradiation, causée par le champ de radiation émanant du centre de la protoétoile. De plus,
de fortes émissions polarisées ont été détectées au sein de régions probablement liées à l’enveloppe
en effondrement, sous la forme de structures filamentaires, possiblement des streamers d’accrétion
magnétisés. Notamment, nous émettons l’hypothèse que cette émission polarisée, observées aux
longueurs millimétriques le long des parois de cavités irradiées, peut s’expliquer avec la théorie
des RATs si les grains alignés responsables de la polarisation ont atteint des tailles supérieures
à ce qui est typiquement attendu dans les jeunes cœurs proto-stellaires. Pour approcher une
estimation de l’efficacité de l’alignement de la poussière dans les protoétoiles, nous avons rassemblé
un grand échantillon d’observations ALMA en polarisation de plusieurs protoétoiles de Classe 0
afin d’effectuer une analyse statistique examinant la corrélation entre la dispersion des angles de
polarisation et la polarisation fractionnelle. Nous rapportons une corrélation significative entre
ces deux quantités, dont l’indice de loi de puissance diffère significativement de celui observé par
Planck dans les nuages de formation d’étoiles, confirmant la nature différente pour la composante
désorganisée du champ magnétique aux échelles des enveloppes proto-stellaires. L’efficacité de
l’alignement des grains est étonnamment constante pour trois ordres de grandeur de la densité de
colonne de l’enveloppe. Des observations synthétiques de simulations magnéto-hydrodynamiques
non-idéales de cœurs proto-stellaires mettant en œuvre les RATs, montrent que les valeurs ALMA
de l’efficacité d’alignement des grains se situent parmi celles prédites par un alignement parfait des
grains, et sont significativement plus élevées que celles obtenues avec les RATs. En fin de compte, nos
résultats suggèrent que le(s) mécanisme(s) d’alignement de la poussière sont efficaces pour produire
une émission polarisée de la poussière dans les conditions typiques des protoétoiles de Classe 0.
L’efficacité de l’alignement des grains évaluée dans ces objets semble être plus élevée que l’efficacité
produite par l’alignement standard des grains paramagnétiques avec les RAT. Nous avons effectué
une modélisation plus détaillée des conditions physiques de l’enveloppe interne des protoétoiles, ainsi
que des comparaisons indicatives entre les observations de raies moléculaires ALMA de traceurs
chimiques sensibles à l’UV et les observations de polarisation de la poussière. Nous avons constaté
qu’en effet, des grains avec des inclusions super-paramagnétiques, des conditions d’irradiation
importantes (confortées qualitativement par les observations chimiques), et de gros grains (au
moins 10 microns) de structure compacte sont nécessaires pour reproduire l’efficacité d’alignement
des grains observée. Cependant, d’autres études menant à une meilleure caractérisation des pro-
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priétés des grains de poussière, et des mécanismes additionnels d’alignement des grains, seront
nécessaires pour approfondir la cause de l’importante polarisation de l’émission thermique de la
poussière située dans les régions de l’enveloppe où les conditions d’alignement ne sont pas favorables.

Milieu interstellaire : jets et flots ; ISM: champs magnétiques ; polarisation ;
mécanismes radiatifs : émission thermique; étoiles: protoétoiles



Résumé étendu

Caractérisation des mécanismes responsables de l’émission polarisée des grains de poussières dans
les protoétoiles de Classe 0

L’émission thermique des poussières constitue la principale source de l’émission continue détectée
dans les régions de formation d’étoiles dans le domaine des longueurs d’ondes millimétriques. Les
étoiles se forment au plus dense des nuages moléculaires, grandes structures faites de gaz et de
poussières. Sous l’effet de la gravité des cœurs denses se contractent et peuvent donner naissance à
des cœurs proto-stellaires qui en leur sein développent un embryon proto-stellaire, la future étoile.
La physique de ces objets appelés protoétoiles est encore mal comprise, notamment le rôle que joue
du champ magnétique durant la phase d’accrétion principale dite Class 0, la phase durant laquelle
l’embryon proto-stellaire accrete la majeure partie de la masse finale de l’étoile.

Le challenge principale à relatif cette question du rôle du champ magnétique repose dans son
observation (de son orientation et son module). Nous nous intéressons principalement à la méthode
qui consiste à détecter la projection de l’orientation du champ magnétique dans le plan du ciel grâce
à la polarisation de l’émission thermique des grains de poussières, observée dans l’enveloppe des
protoétoiles de Classe 0 depuis les échelles du cœur jusqu’à celles du disque. En effet, sous l’effet
d’un faisceau de photons anisotrope, les couples radiatifs d’alignement (RATs) agissant sur les
grains peuvent aligner le moment cinétique des grains avec le champ magnétique. La polarisation
de l’émission thermique des grains serait donc causée par des grains irréguliers (non sphérique)
qui ont aligné leur moment cinétique avec le champ magnétique. Cependant d’autres mécanismes
d’alignement pourraient subvenir, étant donné les conditions physiques et chimiques particulières
de l’intérieure des Class 0, dont les détails sont maintenant accessibles grâce aux observations à
haute résolution angulaire réalisées par le télescope ALMA.

L’objectif de cette thèse est donc double. Il s’agira à la fois de mieux comprendre les conditions
physiques du milieu (comme les caractéristiques des grains de poussière, l’irradiation, la densité, la
température, ou bien la structure du champ magnétique) afin d’étudier les possibles mécanismes
d’alignement qui peuvent opérer, mais également de caractériser la morphologie du champ magné-
tique détecté et de mieux comprendre son rôle dans les processus clefs contrôlant l’évolution des
protoétoiles de Classe 0, comme l’accrétion et l’éjection de matière.

Notre étude se concentre dans un premier temps sur l’analyse d’observations ALMA de la
polarisation de l’émission thermique des grains de poussière au sein de cinq protoétoiles de Classe
0, trois localisées dans la région de formation d’étoiles du Serpens (Serpens Emb 6, Serpens Emb
8, Serpens Emb 8N), ainsi que BHR71 IRS1 et IRS2. Nos observations montrent que l’émission
polarisée des grains est accentuée le long des parois des flots de cavités bipolaires, qui sont
potentiellement sujets à une forte irradiation. Étant donné que le champ de radiation émanant du
centre de la protoétoile (où le choc d’accrétion sur l’embryon proto-stellaire s’opère) se propage
plus facilement dans les cavités, les grains peuplant les parois de ces cavités de flots reçoivent plus
d’énergie que les grains du plan médian de l’enveloppe, à distance égale. De plus, de fortes émissions
polarisées ont été détectées au sein de régions probablement liées à l’enveloppe en effondrement, sous
la forme de structures filamentaires, possiblement des streamers d’accrétion magnétisés. Bien que la
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cinématique de ces streamers reste encore à être confirmée, il pourrait s’agir d’un résultat pertinent
dans le cadre de l’étude visant à comprendre l’impact du champ magnétique sur l’évolution de
l’effondrement gravitationnel des protoétoiles, notamment comment la matière est transportée du
cœur jusqu’au disque d’accrétion.

Cependant, ces émissions polarisées observées aux longueurs millimétriques le long des parois de
cavités irradiées et au sein des streamers, soulèvent la question de comment les grains parviennent
à s’aligner suffisamment pour produire une telle polarisation, dans de telles conditions physiques.
Pour qu’un grain s’aligne avec le champ magnétique via les couples RATs, le faisceau de photons
responsable des couples radiatifs doit avoir une longueur d’onde moyenne du même ordre de grandeur
que la taille des grains concernés. En revanche, au cœur de l’enveloppe d’une protoétoile la densité
est telle que les photons sont rapidement retraités de sorte que leur longueur d’onde moyenne
augmente rapidement le long de leur parcours. En utilisant les opacités tabulées pour différentes
longueurs d’ondes, et étant donné le calcul du parcours moyen des photons correspondants jusqu’à
ce que l’épaisseur optique augmente significativement, nous émettons l’hypothèse que cette émission
polarisée peut s’expliquer avec la théorie des RATs seulement si les grains alignés responsables de la
polarisation ont atteint des tailles supérieures (i.e. ≤ 10µm) à ce qui est typiquement attendu dans
les jeunes cœurs proto-stellaires. L’observation et l’analyse de la polarisation observée avec ALMA
pourraient donc soutenir la thèse d’une agrégation efficace (ou rapide) des grains de poussières
dans les enveloppes des cœurs proto-stellaires.

Enfin, nous constatons grâce à l’analyse de traceurs chimiques sensibles à la température du
milieu que la polarisation est détectée préférentiellement dans les zones suffisamment chaudes de
l’enveloppe. Cela suggère que les zones plus froides de l’enveloppe, et donc où l’irradiation est trop
atténuée pour chauffer le milieu, sont moins propices à l’alignement des grains, malgré le fait que
dans ces régions la longueur d’onde moyenne des photons serait suffisamment petite comparée à la
taille des grains.

Nous cherchons ensuite à quantifier ces résultats à l’aide de différents modèles et techniques
plus sophistiquées d’analyse des observations. Pour approcher une estimation de l’efficacité de
l’alignement de la poussière dans les protoétoiles, nous avons rassemblé un grand échantillon
d’observations ALMA en polarisation de plusieurs protoétoiles de Classe 0 afin d’effectuer une
analyse statistique examinant la dispersion des angles de polarisation et la polarisation fractionnelle,
que nous avons comparé avec une analyse similaire faite sur des modèles. Les deux quantités
de dispersion des angles de polarisation et de polarisation fractionnelle sont liées par le degré
d’organisation du champ magnétique. Si on émet l’hypothèse que la désorganisation du champ
magnétique est isotrope, plus un champ est désorganisé plus la dispersion des angles de polarisation
est élevée, et plus la dépolarisation est grande et donc la polarisation fractionnelle faible. Cet
effet limite notre capacité à relier la polarisation fractionnelle à l’efficacité de l’alignement des
grains de poussière, et cette seconde partie de notre étude vise donc à mieux caractériser le degré
d’organisation du champ magnétique des Classe 0. Nous rapportons une corrélation significative
entre la dispersion des angles de polarisation et la polarisation fractionnelle, dont l’indice de loi
de puissance diffère significativement de celui observé par Planck dans les nuages de formation
d’étoiles, confirmant la nature différente de la composante désorganisée du champ magnétique aux
échelles des enveloppes proto-stellaires.

De plus, nous estimons l’efficacité de l’alignement des grains de poussière en multipliant la
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dispersion des angles de polarisation avec la polarisation fractionnelle, de sorte que l’impact du
degré d’organisation du champ magnétique est diminué. L’efficacité de l’alignement des grains
est étonnamment constante pour trois ordres de grandeur de la densité de colonne de l’enveloppe.
Cette étude statistique réalisée sur un ensemble d’observations ALMA est ensuite comparée avec
des observations synthétiques de simulations magnéto-hydrodynamiques non-idéales de cœurs
proto-stellaires mettant en œuvre les RATs, réalisées avec le code de transfert radiatif POLARIS.
Nous montrons que les valeurs ALMA de l’efficacité d’alignement des grains se situent parmi
celles prédites par un alignement parfait des grains, et sont significativement plus élevées que
celles obtenues avec les RATs. En fin de compte, nos résultats suggèrent que le(s) mécanisme(s)
d’alignement de la poussière sont efficaces pour produire une émission polarisée de la poussière dans
les conditions typiques des protoétoiles de Classe 0. L’efficacité de l’alignement des grains évaluée
dans ces objets semble être plus élevée que l’efficacité produite par l’alignement standard des grains
paramagnétiques avec les RAT. Afin d’investiguer cette différence dans l’efficacité d’alignement
des grains entre modèle et observations, une exploration plus large des paramètres du modèle
de transfert radiatif est nécessaire. Nous constatons par ailleurs que les modèles implémentant
des cœurs de haute luminosité produisent davantage de polarisation que des cœurs de plus faible
luminosité.

Cette étude montre aussi l’impact des observations interférométriques sur la polarisation détectée
dans le millimétrique. Les résultats des différents transferts radiatifs sont observés artificiellement
avec ALMA afin de simuler l’échantillonnage en fréquence spatiale des différentes échelles d’émission
dans un cœur proto-stellaire. Étant donné que le spectre de puissance des différents paramètres de
Stokes sont différents (le Stokes I est uniquement sensible à l’intensité totale, tandis que Stokes Q
et U sont aussi sensibles à la morphologie du champ magnétique et à l’efficacité de l’alignement
des grains de poussière), les effets de filtrage affectent différemment les paramètres de Stokes. En
conséquence, il en résulte une surestimation de la polarisation fractionnelle dans les observations
interférométriques ALMA, et la comparaison de valeur entre modèles et observations de polarisation
fractionnelle doit donc être menée avec précaution.

Dans un troisième temps, nous effectuons une modélisation plus détaillée des conditions physiques
de l’enveloppe interne des cœurs proto-stellaire, ainsi que des comparaisons indicatives entre des
observations de raies moléculaires ALMA de traceurs chimiques sensibles à l’irradiation UV et les
observations de polarisation de la poussière ; le but étant de caractériser précisément le rôle de
l’irradiation dans l’alignement des grains, et notamment l’éventualité que les grains puissent s’aligner
avec le champ de radiation plutôt qu’avec le champ magnétique. Les comparaisons entre traceurs
chimiques et polarisation de la poussière suggèrent dans plusieurs cas que les zones de l’enveloppe où
la polarisation est significative correspond aussi à une irradiation déterminant les espèces chimiques
du milieu. En revanche, dans d’autres cas certaines régions où l’irradiation semble nettement plus
faible (comme dans certaines régions du plan médian où ces traceurs chimiques n’apparaissent pas)
exhibe aussi une polarisation élevée. Un couplage entre nos simulations magnéto-hydrodynamiques
non-idéales de cœurs proto-stellaires avec des modèles chimiques capables de reproduire les raies et
cartes d’émission de ces traceurs chimiques sera nécessaire afin de quantifier plus précisément les
conditions d’irradiation associées à la polarisation.

Suite à l’analyse de nouveaux modèles de transferts radiatifs, nous constatons que pour re-
produire la haute efficacité d’alignement des grains observée, un fort taux de grains en rotation
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supra-thermique (ce qui pourraient être causées par des inclusions super-paramagnétiques), des
conditions d’irradiation importantes (confortées qualitativement par les observations chimiques),
et de gros grains (au moins 10 µm) de structure compacte sont nécessaires. Les fortes conditions
d’irradiation sont analysées dans le contexte de ces deux mécanismes d’alignement, mais aussi
d’un troisième élément, la rupture rotationnelle des grains. Sous l’effet d’une irradiation plus
importante, plus de grains se retrouvent alignés avec le champ magnétique ce qui contribue à
augmenter l’efficacité de l’alignement des grains mesurée par le produit de la dispersion des angles
de polarisation avec la polarisation fractionnelle. En revanche cela augmente aussi la vitesse
de rotation des grains, qui peut éventuellement se retrouver à devenir supérieur à une vitesse
de rotation critique, au-delà de laquelle les grains de poussière se rompent du fait que la force
centrifuge exercée en leur sein devienne supérieure à la force de cohésion des grains de poussière.
En étudiant dans les modèles les différentes échelles de temps caractéristiques de ces phénomènes
en fonction de la taille des grains, nous trouvons qu’en générale un grain de poussière dans un
cœur proto-stellaire se rond avant d’atteindre la taille qui pourrait lui permettre de s’aligner avec
le champ d’irradiation plutôt qu’avec le champ magnétique. Le champ d’irradiation est donc un
paramètre crucial dans l’alignement des grains au sein des Classe 0 car il pourrait contrôler à la
fois l’efficacité de l’alignement des grains de poussière et donc la polarisation observée avec ALMA,
mais aussi la taille maximum que pourrait atteindre les grains susceptibles d’être alignés.

Nos modèles de transfert radiatif appliqués sur nos simulations magnéto-hydrodynamiques
restent dans l’incapacité de parfaitement reproduire l’efficacité d’alignement des grains de poussière
au sein de l’enveloppe des Classe 0. D’autres études menant à une meilleure caractérisation des
propriétés des grains de poussière, et des mécanismes additionnels d’alignement des grains, seront
nécessaires pour approfondir la cause de l’importante polarisation de l’émission thermique de la
poussière située dans les régions de l’enveloppe où les conditions d’alignement sont encore mal
comprises. Notre attention pourra se porter notamment sur l’éventualité d’un alignement mécanique
des grains de poussière dans les zones où particules de gaz et grains de poussière pourraient avoir
des différences de vitesses importantes, comme dans les murs de cavités par exemple. Certains
paramètres physiques des grains de poussière sont encore très peu contraints, comme leur élongation,
leur composition chimique dans les enveloppes (dans quelle mesure grains carbonés et silicates sont
agrégés ensemble ou non), leur force de cohésion (ou leur compacité), et sont pourtant cruciaux
dans la physique de leur alignement.

Milieu interstellaire : jets et flots ; ISM: champs magnétiques ; polarisation ;
mécanismes radiatifs : émission thermique; étoiles: protoétoiles
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We start this thesis manuscript by introducing the scientific background that will allow us to
deal with the work that has been realized during this PhD. We must start by introducing the
basic physical phenomena occurring in a galaxy that lead to the formation of stars. Section 1.1
present a multi-scale view of solar-type star formation, occurring within the local clouds of gas and
dust surrounding our solar system within ∼ 500 pc. Several mechanisms are introduced aiming
at explaining how a large scale cloud can ultimately form stars, with a certain efficiency and rate.
Then, we enter into the details of the specific role of magnetic fields in star formation in Section 1.2.
Magnetic fields are the physical quantity that is thought to have a major role in star formation,
across a large range of spatial scales. However, the exact subject of this PhD concerns one specific
way we have to observe magnetic fields: the polarization of thermal dust emission produced by
dust grains aligned with magnetic field lines. We thus introduce the theoretical concepts of grain
alignment physics in Section 1.3. With all of these concepts in hands, we then present in Section
1.4 the problematics of this thesis by introducing how can dust polarization observations elucidate
the grain alignment mechanism(s) that are occurring. The polarized dust emission that we are
interested in is the one emanating from young star forming objects, as observed by the Atacama
Large Millimeter/Submillimeter Array (ALMA) interferometer, located in North Chile. We present
the distinctive characteristics of this telescope, and the details of interferometric polarization in
Section 1.5. Finally, the motivation goal and outline of this thesis are sum up in Section 1.6.

1.1 Introduction on low mass star-formation
This Section presents the fundamental theory of low-mass star formation, where a low-mass star

designates a star whose mass do not exceed 8 M�. We present the different physical phenomena
that trigger, regulate, and hinder, star formation, from the scales of molecular clouds down to the
scale of star forming cores.

1.1.1 From molecular clouds to protostellar cores
1.1.1.1 The Interstellar medium

Star formation encompasses the origin of stars and planetary systems, and as it involves a
variety of physical processes ejecting radiative and mechanical energy, represents one of the key
player of galaxy formation and evolution. The whole story of star formation must start at very
large scales, with basics considerations on the interstellar medium (ISM), which designates all the
material, i.e., gas, dust grains, and cosmic rays, filling up the space between stars. The mass of
the ISM corresponds to about 5% of the mass of stars, and 0.5% of the total mass of the milky
way, which is dominated by dark matter. The mass composition of the ISM is 70% hydrogen, 28%
helium, and 2% of heavy elements, i.e., C, N, O, Mg, Si, for the most abundant (Lequeux 2005).

The ISM hosts a variety of medium, that are commonly separated between a warm ionized
medium (WIM, temperature of T > 105 K and density of n < 0.01 cm−3), a warm neutral medium
(WNM, T ∼ 103 K, n ∼ 0.1 − 1 cm−3), and a cold neutral medium phase (CNM, T < 100K,
n > 10 cm−3) (Field et al. 1969; Heiles & Troland 2003; Cox 2005; Kennicutt & Evans 2012). In
the Milky way, while more than half of the volume is occupied by the WIM and WNM, most of the
mass of the interstellar medium is contained in cold, neutral gas.
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Although interstellar dust grains correspond to one hundredth of the mass of the ISM (Hildebrand
1983), interstellar grains, which are responsible for the reddening of starlight, determine what
galaxies look like. While stars are responsible for the greatest part of galaxies’ emitting light,
the existence of dust was first inferred from obscuration of starlight (Trumpler 1930). Indeed,
dust grains absorb and scatter stellar light differently depending on the wavelength. Scattered
light forms reflection nebulae, i.e., scattering of the light of a bright star by the surrounding dust
shell, which is bluer than that of the illuminating star (Lequeux 2005). On the contrary, the light
absorbed by dust grains is re-emitted at longer wavelength. These two phenomena are responsible
for what is called the extinction of stellar light, defined as follows:

Aλ = 2.5 log10(F0(λ)/F (λ)) , (1.1)

where, F0(λ) and F (λ) designate the incident and emerging flux, respectively. The wavelength
dependance of extinction depends on the size distributions of dust grains, while the interstellar dust
composition is determined thanks to spectral features seen in extinction, scattering and emission;
we commonly separate the dust population into two mains components of astronomical silicates
and carbonaceous grains (Draine & Lee 1984; Mathis et al. 1977).
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size, wheredP is the probability that a grain will have vibrational energy in interval
(E, E+ dE). To solve fordP/dE, one must first calculate the specific heat for the
grain, and the cross sections for absorption and emission of photons. Monte-Carlo
simulations can be used to obtaindP/dE, but it is more efficient to solve for the
steady-statedP/dE (Guhathakurta & Draine 1989, Draine & Li 2001).

The notion of “temperature” is somewhat problematic for very small grains,
but one can define the instantaneous vibrational temperature as being equal to the
temperatureT(E) at which the expectation value of the energy would be equal
to the actual grain energy; this is the temperature plotted in Figure 13. Draine &
Li (2001) have shown that a thermal estimate for the grain emissivity is a good
approximation, even for grains containing as few as∼30 atoms.

The infrared and far-infrared glow from interstellar dust can be measured, and
a dust model must be able to reproduce the observed intensity and spectrum. The
diffuse ISM at galactic latitudes|b|& 20◦ provides a particularly clean test because
we have good estimates for the intensity of the starlight heating the dust, and the
observed 21 cm emission provides accurate gas column densities, which, for an
assumed dust-to-gas ratio, determine the column density of dust. Although the
surface brightness of the infrared emission is low, it has been detected by IRAS
and COBE after averaging over large areas of sky. Figure 14 shows the observed
emissivity per H nucleon, based on COBE-FIRAS and COBE-DIRBE photometry.

Figure 14 Observed emission from diffuse interstellar dust.Crosses: IRAS
(Boulanger & Perault 1988); Squares: COBE-FIRAS (Finkbeiner et al. 1999); Dia-
monds: COBE-DIRBE (Arendt et al. 1998); Heavy Curve: IRTS (Onaka et al. 1996,
Tanaka et al. 1996). The total power∼5.1× 10−24 erg s−1/H is estimated from the
interpolated broken line.
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Figure 1.1: Observed emission spectrum from diffuse interstellar dust; taken from Draine (2003).

About half of the energy emitted by stars is absorbed by dust grains, which are heated and
re-emit in in the mid- and far-infrared, up to millimetre wavelengths (Bernstein et al. 2002; Draine
2003). Figure 1.1 presents a a spectrum of observed emission from diffuse interstellar dust, spanning
the emission from Polycyclic Aromatic Hydrocarbon (PAH) molecules at λ < 12 µm, to thermal
emission from grains of 0.01 . a . 0.1µm size for wavelengths of λ & 50 µm that can be
considered to be in thermal equilibrium maintained at ∼ 15− 20K by starlight (Draine 2003).

The characteristics of interstellar grains (i.e., composition, shape, and size) is determined by all
the physical processes that dust grains are subject to. Grains are subject to erosion/alteration by
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sputtering, photolysis and photodesorption of grain surfaces, they can be vaporized or shattered
via grain-grain collisions. Finally, dust grains can also grow via coagulation with other grains or
collisions with impinging particles, they can grow an ice mantle, and their surface chemistry can
contribute to chemical enrichment. This final aspect of dust grain evolution is of much interest for
us given that this work addresses this point, at much tinier spatial scales (≤ 10000 au), though. In
dense regions of the ISM, dust grains are expected to grow via coagulations (Clayton & Mathis
1988; Vrba et al. 1993) and mantle growth (Barlow 1978). Observations toward star forming regions
mainly in the far-infrared, and models considering emissivity and/or extinction laws of dust, have
revealed evidences of varying grain size distribution (from the typical ISM distribution) and dust
grain growth (Stepnik et al. 2003; Kiss et al. 2006; Ridderstad et al. 2006; Schnee et al. 2008;
Chapman et al. 2009; Chapman & Mundy 2009; McClure 2009; Paradis et al. 2010; Ysard et al.
2013; Saajasto et al. 2021). Even more embedded inside molecular clouds, toward star forming
cores (see Section 1.1.2), grain growth has been proposed to explain the “coreshine” phenomenon
discovered with Spitzer observations, that corresponds to the scattering of the interstellar mid-
infrared radiation by large grains observed at 3-5µm in cores (Pagani et al. 2010; Steinacker et al.
2010; Andersen et al. 2013; Lefèvre et al. 2014; Steinacker et al. 2015; Jones et al. 2016).

1.1.1.2 Molecular clouds

Table 1.1: Physical properties of interstellar clouds

Giant Molecular Molecular Cloud Star-Forming Clump
Cloud Bok Globule

Size (pc) 10-60 2-20 0.1-2
Density ([nH2 ]/cm3) 50-500 102-104 103-105

Mass (M�) 104-106 102-104 1-100
Temperature (K) 7-15 10-30 10-30
AV (mag) 3-10 5-20 10-100

Note. — Physical properties of interstellar clouds adapted from (Mac Low & Klessen 2004; Bergin & Tafalla
2007)

Most of the stars of our galaxy are formed in density enhancements of the CNM (n > 30 cm−3),
caused by the accumulation of matter in large complex, that are called molecular clouds. As they
are opaque to UV radiation that elsewhere can dissociate molecules, they are mainly composed
of He and molecular H2. 1% of their mass consists of dust grains and other molecules and ions
such as CO, H2CO, NH3, H2CO, H2O, HCO+ for example (van Dishoeck et al. 1993; van Dishoeck
& Blake 1998; Jørgensen et al. 2020). Molecular clouds were originally discovered by William
Herschel in 1785, but he attributed those dark nebulae to zones devoid of stars in the sky (Herschel
1785). Indeed, as a results of their significant visual extinction caused by dust grains that absorb
optical starlight, molecular clouds are dark in at optical wavelengths. Much later, they were finally
attributed to the locations where stars and planets ultimately form (Bok 1948). In this work we
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A&A 576, A105 (2015)

Fig. 1. Locations of the selected nearby fields. The background map represents optical depth τ353 at 353 GHz on a logarithmic scale, at 5′ resolution
(Planck Collaboration XI 2014). The map uses a Mollweide projection in Galactic coordinates, with (l,b) = (0◦, 0◦) at the centre.

Table 1. Locations and properties of the selected fields.

l b Distancea Massb Agec ⟨NH⟩ Max (NH) f22 f21
Field [◦] [◦] [pc] [M⊙ ] [Myr] [1021 cm− 2] [1021 cm− 2] [%] [%]

Polaris Flare . . . . . . 120 27 130–140 – – 1.1 5.0 0 58
Taurus . . . . . . . . . . . 173 − 15 140 2 × 104 20 4.1 26 4.2 0.8
Orion . . . . . . . . . . . 211 − 16 414 3 × 105 >12 4.0 40 5.4 7.3
Chamaeleon-Musca . 300 − 13 160–180 5 × 103 >2 2.0 21 0.5 7.5
Ophiuchus . . . . . . . . 354 15 120–140 3 × 104 >2–5 3.1 62 2.2 3.8

Microscopium . . . . . 15 − 40 – – – 0.4 1.1 0 99
Pisces . . . . . . . . . . . 133 − 37 – – – 0.4 1.9 0 99
Perseus . . . . . . . . . . 143 − 25 – – – 0.4 1.5 0 99
Ara . . . . . . . . . . . . . 336 − 14 – – – 0.8 2.1 0 75
Pavo . . . . . . . . . . . . 336 − 28 – – – 0.4 1.4 0 99

Notes. The table includes: Galactic longitudes l and latitudes bof the centre of the 12◦ × 12◦ fields; estimates of distances, masses and ages, where
available; average and maximum column densities at 15′ resolution; fraction f22 of the pixels with NH > 1022 cm− 2; and fraction f21 of the pixels
with NH < 1021 cm− 2. These fields are the same as several of those listed in Table 1 of Planck Collaboration Int. XIX (2014). (a) Estimates of
distances are from Elias (1978) for Taurus, Zagury et al. (1999) for Polaris Flare, de Zeeuw et al. (1999) for Ophiuchus, Whittet et al. (1997) for
Chamaeleon-Musca, and Draine (2011) for Orion. (b) Estimates of masses are from Ungerechts & Thaddeus (1987) for Taurus, Loren (1989) for
Ophiuchus, Luhman (2008) for Chamaeleon-Musca, and Draine (2011) for Orion. (c) Estimates of ages are from Palla & Stahler (2002) for Taurus,
Wilking et al. (2008) for Ophiuchus, Luhman (2008) for Chamaeleon-Musca, and Bally (2008) for Orion.

words, beyond the 15′ smoothing performed on the Stokes maps,
no further averaging is done to plot the orientation bars on Fig. 3
and similar plots.

The large-scale structure of the Galactic magnetic field ap-
pears clearly (see e.g., the top part of the Chamaeleon-Musca
field, Fig. 3). There is also a strong correlation between the co-
herence of the polarization orientation and the level of polar-
ization fraction, in the sense that more ordered regions have

higher polarization fractions. This feature, which is already seen
at 1◦ resolution in Planck Collaboration Int. XIX (2014), is dis-
cussed later on in Sect. 2.5.

A final qualitative aspect of these maps is that regions
with higher column densities tend to be less polarized than
their surroundings. An example of this effect can be seen in
the Chamaeleon-Musca field (Fig. 3, center right panel) near
(l,b) = (301◦, − 9◦), where p ≃ 10%, while it is surrounded
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Serpens/Aquila Rift

Corona Australis

Lupus
Cepheus

Figure 1.2: All sky map showing the dust emission at 353 GHz (the colorscale is the optical depth)
with the locations of the main local star forming regions. The map is in Galactic coordinates and uses a
Mollweide projection. Adapted from Planck Collaboration et al. (2014, 2015b).

will only consider star formation in the nearby molecular clouds, located at < 500pc from us (e.g.,
Taurus, Perseus, Ophiuchus, Serpens, see Figure 1.2), where only low- and intermediate mass stars
from in a cold medium of ∼ 10 K to 20 K (see Section 1.1.2).

Thermal dust emission, emission and absorption lines from molecules, are the main ways to
probe molecular clouds’ structure. They are classified in three main groups: Giant Molecular
Clouds (GMCs), Molecular Clouds (MCs), Star-Forming Clumps and Bok Globules (see Figure 1.3
for an image of a Bok Globule; see Table 1.1 for the main physical parameters of these interstellar
clouds). Commonly inferred from thermal dust emission or molecular emission lines (Blitz 1993;
Motte et al. 1998; Goldsmith et al. 2008), the size of GMCs and MCs are ranging between 2 and
60 parsec, and their mass goes from 102 to 106. Those large structures typically host a lot of
star formation that results in star clusters (for reference the typical star formation rate in nearby
molecular clouds is of the order of 1-100 M� Myr−1 Heiderman et al. 2010; Lada et al. 2010).

In the Milky way MCs and GMCs especially, are preferentially located in the spiral arms of
our galaxy (Blitz & Rosolowsky 2005), which are the manifestations of large-scale gravitational
instabilities that may be responsible for the formation of those molecular clouds. The scale height
of GMCs , and the fact they are also concentrated toward the Galactic mid-plane, support also
the theory that GMCs are assembled via the passage of a spiral arm (Stark & Lee 2005). The
second main mechanism of molecular cloud formation is operating at smaller scales (∼ 10-100 pc),
and correspond to creation of over densities caused by ram pressure of supersonic flows. There
are various sources able to produce these flows, the main ones being the blast wave of supernova
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Stars and planets form within dark molecular clouds, but little is
understood about the internal structure of these clouds, and
consequently about the initial conditions that give rise to star
and planet formation. The clouds are primarily composed of
molecular hydrogen, which is virtually inaccessible to direct
observation. But the clouds also contain dust, which is well
mixed with the gas and which has well understood effects on
the transmission of light. Here we use sensitive near-infrared
measurements of the light from background stars as it is absorbed
and scattered by trace amounts of dust to probe the internal
structure of the dark cloud Barnard 68 with unprecedented detail.
We ®nd the cloud's density structure to be very well described
by the equations for a pressure-con®ned, self-gravitating iso-
thermal sphere that is critically stable according to the Bonnor±
Ebert criteria1,2. As a result we can precisely specify the physical
conditions inside a dark cloud on the verge of collapse to form a
star.

Molecular clouds are primarily composed of molecular hydrogen
mixed with trace impurities including interstellar dust grains and
rare organic and inorganic molecules. Because of its symmetric
structure the hydrogen molecule possesses no dipole moment and
cannot produce a readily detectable signal under the conditions that
characterize cold, dark clouds. The traditional methods used to
derive the basic physical properties of such molecular clouds
therefore make use of observations of trace H2 surrogates, namely
those rare molecules with suf®cient dipole moments to be easily
detected by radio spectroscopic techniques, and interstellar dust,
whose thermal emission can be detected by radio continuum
techniques. However, the interpretation of results derived from
these methods is not always straightforward3,4. Several poorly
constrained effects inherent in these techniques (such as deviations
from local thermodynamic equilibrium, opacity variations, chemi-
cal evolution, small-scale structure, depletion of molecules,
unknown emissivity properties of the dust, unknown dust tem-
perature) make the construction of an unambiguous picture of the
physical structure of these objects a very dif®cult task. The deploy-
ment of sensitive, large-format infrared array cameras on large
telescopes, however, has altered this situation by enabling the direct
measurement of the dust extinction (that is, the overall diminution
of starlight due to the combined effects of absorption and scattering
by dust) toward thousands of individual background stars observed
through a molecular cloud. Such measurements are free from the
complications that plague molecular-line or dust emission data and
enable detailed maps of cloud structure to be constructed5±7.

Recently we performed very sensitive near-infrared imaging
observations to map the structure of a type of dark cloud known
as a Bok globule8,9, one of the least complicated con®gurations of
molecular gas that is known to form stars. The target cloud for our
study, Barnard 68, is itself one of the ®nest examples of a Bok
globule, and was selected because it is a nearby, relatively isolated
and morphologically simple molecular cloud with distinct bound-
aries, a known distance (125 pc; ref. 10), and temperature (16 K;

ref. 11). Barnard 68 appears to be part of a string of dense clouds
(Barnard 68, 69 and 70) located within a well known superbubble of
hot gas, Loop I, created by the combined action of stellar winds and
supernova explosions12,13 from extinct massive stars which were
once part of the Scorpio±Centaurus OB association. This cloud lies
in the direction of the centre of the Galaxy but above the Galactic

Figure 1 Visible and near-infrared images of Barnard 68. Top, deep B,V,I band (0.44 mm,

0.55 mm, 0.90 mm) image (,79 ´ 79) of the dark molecular cloud Barnard 68 taken with

ESO's Very Large Telescope (VLT) located in the Chilean Andes. The cloud is seen in

projection against the Galactic bulge. At these optical wavelengths the cloud is completely

opaque owing to extinction of background starlight caused by small interstellar dust

particles that permeate the cloud. The complete absence of foreground stars projected

onto the cloud is a result of the proximity of the cloud to the Solar System (125 pc). The

outer radius of the cloud is comparable to the inner size of the Oort cloud of comets that

surround the Sun (,104
AU). The mass of the cloud is about twice that of the Sun. Bottom,

deep B,I,K band image of the cloud constructed by combining an infrared K band (2.2 mm

wavelength) image with the B and I images. The K band image was obtained with ESO's

New Technology Telescope (NTT) in the Chilean Andes. At near-infrared wavelengths the

cloud becomes transparent and the stars located behind the cloud clearly appear in the

image. Because these stars are observed only in the longest of the three wavelength

bands, they appear very red in this three-colour image. These are the stars that provide

measurements of dust extinction directly through the cloud.

© 2001 Macmillan Magazines Ltd

Figure 1.3: Optical image of the Barnard 68 Bok globule observed with Very Large telescope (Alves
et al. 2001).

explosions, expanding HII regions, and magneto-rotational instabilities (Ballesteros-Paredes et al.
2007).

1.1.1.3 Fragmentation and structure of molecular clouds

Zuckerman & Palmer (1974) and Zuckerman & Evans (1974) rejected the initial theory that
molecular clouds are in global gravitational collapse (Goldreich & Kwan 1974). They argued
that the star formation rate would be much higher if global collapse was prevailing, and that
absorption lines produced by the gas surrounding star forming regions, infalling into those regions,
would be observed if this scenario were valid. The more likely scenario is that over densities and
clumps within molecular clouds are produced by supersonic compressions caused by the turbulence
within the cloud, expected to undergo a cascade from large scales (∼ 10 − 100 pc) to the scale
of dense cores, i.e., ∼ 0.1 pc (Mac Low & Klessen 2004; Ballesteros-Paredes et al. 2007; Bergin
& Tafalla 2007; McKee & Ostriker 2007; Hennebelle & Falgarone 2012; Vázquez-Semadeni et al.
2019). In turn, the internal turbulence of a given scale, or “layer”, will support the material against
self-gravity precluding it to collapse, until the internal turbulence is dissipated so that the turbulent
support is lost (Barranco & Goodman 1998; Nakano 1998; Goodman et al. 1998; Williams & Myers
2000; Bergin & Tafalla 2007). We will see below that other external and internal forces are acting
alongside gravity to prevent or favor the gravitational collapse of a structure, at a given scale.

However, recent studies revisited the global collapse scenario, as beyond the largest scales where



1.1. INTRODUCTION ON LOW MASS STAR-FORMATION 8

Figure 1.4: Three colored image obtained with the Herschel telescope of the Orion Molecular Cloud-1
(OMC-1), located at ∼ 414 pc from us. Credit: ESA/Herschel.

supersonic compressions occur, observations have revealed that the ISM exhibits a multi-scale
web-like filamentary structure, and that these filamentary structures can undergo global multiscale
and multi-epoch collapse (Peretto et al. 2013; Beuther et al. 2015; Liu et al. 2015, 2016b; Friesen
et al. 2016; Jin et al. 2016; Csengeri et al. 2017; Hacar et al. 2017; Yuan et al. 2018; Barnes et al.
2019; Jackson et al. 2019). Originally detected with observations of CO molecular emission line
(Bally et al. 1987), these filamentary structures of cold dust were deeply characterized with mid-
and far-infrared observations (See for example Figure 1.4; Low et al. 1984; Perault et al. 1996;
André et al. 2010; Bontemps et al. 2010; Miville-Deschênes et al. 2010; Molinari et al. 2010; Ward-
Thompson et al. 2010). Several results characterized the active role of filaments in star formation.
For example, star-forming dense cores’ elongation have been found to have similar orientation
that the one of filaments main axis (Tachihara et al. 2000), and protostellar cores distribution
were found to follow closely the filament network (Hartmann 2002; Bate et al. 2003). In addition,
filaments appear to be characterized by a relatively narrow distribution of width (characteristic
width of ∼0.1 pc) given their distribution in Jeans lengths (see below) (Arzoumanian et al. 2011).
This result suggested that if large-scale turbulence provided a mechanism for filament formation,
gravity may be the major subsequent agent for filament evolution. Indeed, this characteristic width
seems to corresponds to the scale at which the interstellar turbulence becomes subsonic, implying
that at scales smaller than the typical ∼ 0.1 pc filament width, large-scale turbulence has been
dissipated (Yue et al. 2020). However, inside filaments, at the typical scales of dense cores, other

https://sci.esa.int/web/herschel/-/55953-orion-a-molecular-cloud
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sources of energy will compete such as internal and external pressure for example (Hennebelle et al.
2003; Friesen et al. 2017; Kirk et al. 2017b; Keown et al. 2017; Redaelli et al. 2017), and we will see
below that turbulence can be replenished by smaller scales physical processes such as outflows.

The formation of filaments can be explained by a variety of physical processes, invoking global
gravitational collapse or not. Hennebelle (2013) presented simulations where non-self gravitating
filaments are preferentially formed by velocity shear in magnetized turbulent media, and Pudritz &
Kevlahan (2013) exposed that dense filaments can be produced via planar intersecting shock waves.
However, gravity can also play a significant role in triggering the formation of self-gravitating
filaments, as the initial elongation of clumps, that could be a result of turbulence, can be amplified
by gravity (Hartmann & Burkert 2007; Peretto et al. 2007; Hennebelle 2013). As mass accumulates
in filaments with time, they eventually become gravitationally unstable, and mater is funneled
along longitudinal flows in the filament (Banerjee et al. 2006; Sugitani et al. 2011; Kirk et al. 2013;
Fernández-López et al. 2014; Jiménez-Serra et al. 2014; Motte et al. 2014; Peretto et al. 2014;
Tackenberg et al. 2014; Juárez et al. 2017; Rayner et al. 2017; Baug et al. 2018; Dutta et al. 2018;
Gong et al. 2018; Lu et al. 2018; Ryabukhina et al. 2018; Chen et al. 2019b; Gong et al. 2020),
that feed denser colliding regions of clouds, or central “hub” (Myers 2009). The gravitational
collapse of dense cores results from the break of the balance between thermal, kinetic, turbulent,
gravitational and magnetic energies. As dense cores evolve with time, the forces acting as internal
support against the collapse, dissipate, such as turbulence (Barranco & Goodman 1998; Nakano
1998; Goodman et al. 1998; Williams & Myers 2000; Bergin & Tafalla 2007), and magnetic energy
(via ambipolar diffusion for example, Shu et al. 1987; Mouschovias 1991). We will see below how
the collapse is described in a formalism that accounts for the balance between those competing
energies.

1.1.1.4 Gravitational collapse of dense cores

Inside molecular clouds, localized density enhancements called dense cores are known to be the
place where star formation ultimately occurs (Bergin & Tafalla 2007). The stability of dense cores
results from the balance between the gravitational energy and other forces that act as a support
against the gravitational collapse, or to some extent, act as a regulator agent of the collapse. All
those forces are listed below:

• Gravitation: the gravitational field created by the own mass of the dense core.

• Thermal pressure: external and internal pressure forces to dense core, produced by the thermic
agitation of gas particles, will favor the collapse or act as a support against the collapse,
respectively.

• Magnetic fields: the multiscale role of magnetic field in the regulation of star formation is
complex, and will be addressed in Section 1.2.

• Centrifugal forces: induced by cloud rotation and the conservation of the angular momentum.

• Turbulence: that describes the irregular fluctuations of the gas flow characterized by random
motions at every scales.
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The virial theorem (Chandrasekhar & Fermi 1953b; Collins 1978; Spitzer 1978; Lequeux 2005)
describes the stability of a turbulent cloud under the effect of its self-gravity, magnetic energy, and
kinetic energy. At the first order, to evaluate the stability of an isolated system, i.e., to evaluate
the critical parameters describing the state of the system when this latter collapses, we will start
considering only the gravity and the internal pressure of this isolated system (Maury 2011a). For
an isolated isothermal sphere in virial equilibrium, its internal kinetic energy Ekin and gravitational
potentiel energy Egrav, are related by the following equation: 2Ekin + Egrav = 0. For such a sphere
made of a perfect gas, at the uniform temperature T , its internal kinetic energy is:

Ekin = 3
2
MkBT

µmH
, (1.2)

with M the internal mass of the system, kB the Boltzman constant, mH the mass of a hydrogen
atom, µ the mean molecular weight per hydrogen molecule, and its gravitational potentiel energy is:

Egrav = −3
5
GM2

R
, (1.3)

with R the radius of the sphere. We note however, that an isothermal sphere at equilibrium cannot
be homogeneous, which limits the accuracy of this estimation.

The Jeans mass and Jeans length designate the critical values at the specific conditions where
the system start to be unstable and collapse, i.e., when Egrav > −2Ekin, the mass of the system
exceeds the Jeans mass MJ , and its characteristic size drops below the Jeans length LJ (Sasao 1973;
Padoan 1995; Vázquez-Semadeni et al. 2003; Gómez et al. 2007; Gong & Ostriker 2009). Given
that M = ρ4

3πR
3, with ρ the density of the system, we obtain:

MJ =
(

5kBT
GµmH

)3/2 ( 3
4πρ

)1/2

, (1.4)

LJ =
(
πkBT

GµmHρ

)1/2

, (1.5)

In other words, if the gas pressure exceeds the gravitational forces the cloud will expand, and on
the contrary, if the internal thermic energy is not able to compensate for the gravitational energy
gained, the cloud will collapse. To lower its Jeans mass and undergo a gravitational collapse, a
cloud has to be cold and dense. An external pressure Pext will change this condition in favor of the
collapse, and the virial theorem now becomes:

3MkBT

µmH
− 3

5
GM2

R
− 4πR3Pext = 0 . (1.6)

The collapse time-scale of a cloud is given by the free-fall time, tff , which designates the time a
gas particle at the cloud surface needs, to reach the centre of the system. In the system described
earlier, the free-fall time is:

tff =
(

3π
32Gρ

)1/2

. (1.7)
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Given the typical lifetime of molecular clouds, whose free-fall time can act as first order ap-
proximation, the observed star formation efficiencies (1− 4%) toward nearby star forming regions
(Krumholz & Tan 2007; Evans et al. 2009) indicate that star formation is quite an inefficient process
and must, therefore, be slow down by forces that act as support against gravitational collapse, for
which gravity, if it were the only physical on going process, would produced much more stars than
observed. Therefore, the simplistic Jeans model do not completely reproduce the physics of cloud
collapse, and one must take into account the other competing energy of centrifugal forces, magnetic
fields, and turbulence.

Centrifugal forces: Observations of molecular have shown that the centrifugal forces induced
by the cloud rotation are not able to preclude the cloud from collapse (Goodman et al. 1993). We
will see in Section 1.1.2.7 and 1.2.3 that due to the conservation of angular momentum, as the
dense core collapses, the rotation will start to potentially affect the morphology of protostellar
envelope and inner core. However, kinematics observational studies of protostellar envelope hardly
disentangle infall from rotation analyzing the complex projected velocities (Caselli et al. 2002a;
Tobin et al. 2011, 2012a)

Magnetic fields: The exact role of magnetic fields on the stability, gravitational collapse
and fragmentation of clouds and cores is still not entirely settled (see Section 1.2 for a complete
introduction on the observations and role of magnetic fields in star formation from molecular
clouds to cores). Toward the ISM, the gas is partly ionized, and via interactions between neutral
and charged particles, the magnetic field is “frozen” into the gas and can dictates the motion of
those particles. As such, the magnetic fields is a potential key agent stabilizing molecular clouds,
and regulating star formation (Shu et al. 1987; Myers & Goodman 1988a; McKee et al. 1993;
Vázquez-Semadeni et al. 2005; McKee & Ostriker 2007). Given the relative amount of magnetic
pressure vs. gravitational and turbulent energy, the collapse can be regulated by ambipolar diffusion
in case of strong enough magnetic fields (Shu et al. 1987; Myers & Goodman 1988b; Ciolek &
Mouschovias 1993, 1994; Li et al. 2009), or rather be dominated by super-Alfvénic turbulence and
gravity in the case of weak magnetic fields (Padoan et al. 2004; Burkhart et al. 2009; Lunttila et al.
2009; Hull et al. 2017a). As magnetic fields are highly anisotropic at large scales, it is easier to use
the magnetic energy density to estimate the support that provide magnetic pressure against the
collapse of clouds. For the same hypothetical homogeneous spherical cloud with a uniform spherical
magnetic field, the version of the virial theorem shown in Equation 1.6 takes the following form:

3MkBT

µmH
− 4πR3Pext −

1
R

(3
5GM

2 − 1
3R

3B2
)

= 0 . (1.8)

To derive the stability of the cloud given the magnetic support, we define the total magnetic
flux of the cloud φB = πR2B. The critical mass in a magnetic flux tube that is no longer able to
be supported by the magnetic energy, which corresponds to the point when the gravitational and
magnetic energy are equal, is given by the following ratio (Mouschovias & Spitzer 1976):(

M

φB

)
c

= c1

π

( 5
9G

)1/2
, (1.9)

where c1 is a numerical factor that describes the real structure of the cloud. Introduced by Crutcher
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et al. (2004), the common way to asses the relative stability of a system given its balance between
gravity and magnetic field is to derive the following quantity:

λ = (M/φB)observed
(M/φB)c

. (1.10)

If λ < 1, then the cloud is magnetically is sub-critical, which means the magnetic energy is
sufficient to support the cloud and thus prevent the collapse. On the contrary, if λ > 1, then the
cloud is magnetically is super-critical, and the magnetic energy is not sufficient to support the
cloud, i.e., the collapse will happen. Given Equation 1.6, the external and internal pressure will
also play a role in the stability of the cloud, and the λ parametrization described above, is therefore
not an accurate description of the complete stability of a cloud.

If the magnetic field were frozen into matter, the magnetic flux φB would be conserved along the
collapse, and the ratio of gravitational to magnetic energy would remain the same, and the collapse
is ensured in an initially super-critical cloud. The magnetic flux is, however, not conserved, due to
the effect of ambipolar diffusion (i.e., the decoupling between magnetically tied charged particles
with neutral particles). This means that, as the collapse proceeds (R decreases in Equation 1.3),
the gravitational potential will increase faster than the magnetic energy. In addition, a sub-critical
cloud may collapse given the impact of ambipolar diffusion on the role of magnetic fields (Lizano &
Shu 1989). The coupling of all gas particles and magnetic field relies on the interaction (collisions)
between ions and neutral particles. As molecular clouds are only weakly ionized, the coupling of
the magnetic field with the gas is not sufficient to preclude the ambipolar drift between ions and
neutral particles. These two populations of particles do not evolve in the same velocity field (Shu
et al. 1987; Spitzer 1978). The ambipolar diffusion timescale, for a given density of ions ρi, density
of neutrals ρn, and γ a braking coefficient (Mouschovias & Paleologou 1981), is:

tAD '
4πγρiρnR2

B2 . (1.11)

When the ionization is due to cosmic ray, the ratio between the ambipolar diffusion timescale
and the free-fall collapse time (see Equation 1.7) is about 8, indicating that ambipolar diffusion is
a rather slow phenomenon, which can partly explain the observed overall low star formation rate
(Hennebelle & Motte 2009).

Turbulence: Alongside magnetic fields, the turbulence of a system will also contribute to
its stability. It is well established that molecular clouds are highly turbulent, given the typical
linewidths of molecular emission observed toward molecular clouds. Indeed, the observed linewidths
are systematically larger than what pure thermal motions would be able to produce. This was
interpreted as the signature of turbulent motions of gas particles (Elmegreen & Scalo 2004; Scalo &
Elmegreen 2004). The velocity dispersion in molecular clouds varies with their sizes L following
the relation of Larson (1981):

σ ≈ 0.8 km s−1 L

1 pc

1/2
. (1.12)

The initial theory of turbulence treated incompressible turbulence, which means that the root
mean square of turbulent velocities is subsonic and negligible compared to the thermal speed.
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Kolmogorov (1941) describes how incompressible turbulence cascade along spatial scale, i.e., that
eddies at a given scale transfer a part of their energy to eddies at smaller scales, down to the viscous
scale beyond which the turbulent energy is dissipated. However, Kolmogorov theory does not apply
in the ISM. Indeed, the cold temperature encountered in molecular clouds imply that turbulent
velocities are not small compared to the thermal speed. In addition the turbulence is not uniform
and highly anisotropic. In molecular clouds, turbulence is highly compressible and supersonic, and
is responsible for strong density perturbations and shock waves, which produce additional way to
dissipate the turbulent energy on a large range of scales (Mac Low & Klessen 2004).

In order to simply present how the turbulence can be a key agent supporting clouds against
gravitational, let us assume the turbulence is isotropic. The effective sound speed becomes:
cs,eff = (cs2 + vrms

2/3)1/2 (Chandrasekhar 1951a,b, 1961). However, as the turbulence is highly
supersonic, we can assume cs,eff ' vrms/

√
3. The turbulent Jeans mass becomes: MJ ∝ vrms

3/
√
ρ.

Therefore, turbulent fluctuations in velocity can significantly increase the Jeans mass, thus hindering
the collapse for a given cloud (Lizano & Shu 1989). However, we note that gravitationally
unstable cores can be generated by turbulent fragmentation, as turbulence generates local density
enhancements (Padoan & Nordlund 2002). Turbulence has thus a bimodal role in the regulation of
star formation. Finally, we must note that supersonic turbulence will rapidly decrease its energy
via dissipative shocks, in about a cloud crossing time, as showed by numerical simulations (Mac
Low & Klessen 2004). Since the turbulent energy of molecular clouds is decaying fast, and that
molecular clouds are observed to remain turbulent, turbulence need to be replenished (as we will
see in Section 1.1.3).

1.1.1.5 Collapse of prestellar cores

We saw that local density enhancements appear due to supersonic turbulence, that inside
filaments, converging flows feed “hub” where material accumulation can led to the formation of
dense cores. These processes are highly dynamical. However, we will present the standard view
of prestellar dense core collapse assuming an isolated system confined by an external pressure, in
stable, self-gravitating, hydrostatic equilibrium, whose evolution can be considered as quasi-static
(Shu 1977; Shu et al. 1987). At this stage, the compression of gas as densification occurs is still not
enough to significantly contain the thermal emission of dust. Thus, this first step of collapse we
describe here below is considered as isothermal (Larson 1969). Finally, the considered density profile
is peaked toward the middle as usually observed, with density profile usually around ρ ∝ r−2.
Therefore, our previous analysis of the virial theorem cannot describe accurately the evolution of
the collapse. In this case, the density profiles will dictate the stability of the system.

The solutions of the Lane-Emden equation (Chandrasekhar 1967) describe the possible density
profiles for a given self-gravitating isothermal sphere, in hydrostatic equilibrium between pressures
and gravity forces :

1
ξ2

d

dξ

(
ξ2dψ

dξ

)
= e−ψ , (1.13)

with ψ = ln(ρ/ρc) the dimensionless density function, ρ(r = 0) = ρc, and ξ = r
cs

√
4πGρc, the

dimensionless radius parameter with cs the isothermal sound speed. We set the following initial
condition: (dρ/dr)(r = 0) = 0, and a maximum radius rmax at which ρ(r = rmax) = ρext, where
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Pext = cs
2ρext, the external pressure of the system. The family of solutions characterized by r = rmax,

and having a density profile in ρ ∝ r−2 at large radii, are called the Bonnor-Ebert spheres (Ebert
1955; Bonnor 1956). The density profile approaches at large radii the singular isothermal sphere
model (SIS) given by ρSIS = cs

2/(2πGr2) (Shu 1977). Among the solutions where the density profile
is considered at fixed Pext and total mass M , the critical Bonnor-Ebert sphere designates the point
beyond which the equilibrium cannot exist anymore. It is characterized by a critical mass Mcrit
and critical radius Rcrit:

Mcrit =
√

2
π

cs
4

√
PextG3/2 ; Rcrit = cs

2
√

2πGPext
, (1.14)

where the equilibrium is lost for the unstable solutions at M > Mcrit (see Figure 1.5).
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only by an artificial arrangement of self-gravity and 
pressure gradient. 

How, then, can we understand the observed establish- 
ment of an r-2 law under a wide variety of initial 
conditions? The physical reason is simple even if the 
mathematics is not: the convergence to an r~2 law 
represents the tendency of an isothermal self-gravitat- 
ing gas to approach, as closely as possible, detailed 
mechanical balance. This tendency will be satisfied as 
long as different parts of the cloud can communicate 
acoustically with one another, i.e., as long as the initial 
conditions allow the early phases of the flow to occur 
subsonically (see Bodenheimer and Sweigart 1968). 
Once an r “2 law has been (nearly) established without 
the generation of considerable fluid velocities, the 
subsequent collapse flow occurs in a self-similar 
manner. Prior to the latter phase, the flow will 
generally not be self-similar. Before we begin a formal 
discussion of the similarity solution, we make some 
clarifying remarks concerning the importance of an 
early subsonic phase for establishing the assumed 
“initial conditions” of our similarity solution. 

Pressure-free spheres released from rest with a 
uniform density remain uniform throughout the 
collapse (except when perturbed; see Lin, Mestel, and 
Shu 1965 and Hunter 1967). The development of a 
nonuniform density profile in the presence of finite gas 
pressure, even if the initial state is uniform, then seem- 
ingly presents a puzzle since gas pressure (in contrast 
with self-gravity) tends to smooth inhomogeneities, 
not to enhance them. The resolution of the paradox is 
that the numerical starting conditions adopted are 
usually not very far removed from marginal gravita- 
tional stability, and this state allows an early phase of 
subsonic readjustment to the imposed boundary 
conditions; whereas in pressure-free collapse the 
acoustic speed is assumed from the outset to be negli- 
gible compared to the fluid velocities generated by 
self-gravity. 

To elaborate, consider, first, the important case of an 
extreme early subsonic phase—namely, starting states 
which are in perfect hydrostatic equilibrium. For an 
isothermal cloud embedded in an external medium of 
pressure Pext, hydrostatic equilibrium is possible 
providing the mass of the cloud does not exceed the 
critical value (Ebert 1955, Bonnor 1956): 

Mcrlt= 1.18^5 1,2 , O) 

where a = (JcT/m)112 is the isothermal speed of sound 
inside the cloud. For clouds with masses less than 
MCrit, both stable and unstable equilibria are possible. 
The stable clouds are characterized by a degree of 
central concentration which is less than the critical 
Bonnor-Ebert sphere; the unstable states, by a degree 
of central concentration which is greater (Spitzer 
1968). In the limit of infinite central concentration, the 
unstable equilibria approach the “singular isothermal 
sphere” which has the density and mass distributions: 

p(r) = ár'2’ MM = irr- <2) 

Fig. 1.—Density distributions of bounded isothermal 
spheres. The outer radius of each sphere is given by the inter- 
cept of the corresponding curve with the abscissa. The curve 
marked “critical” denotes the sphere with the maximum 
mass consistent with hydrostatic equilibrium at a given 
external pressure. Hydrostatic spheres which are less centrally 
concentrated than the critical Bonnor-Ebert state are gravita- 
tionally stable; those which are more centrally concentrated 
are gravitationally unstable. In the limit of infinite central 
concentration, the latter spheres approach the singular 
solution. 

(See Chandrasekhar 1957, pp. 155-170.) The singular 
solution (2), truncated at a boundary pressure Pext, 
has a total radius R and a total mass M(R) given by 

M(JR)= ^1'2^-2/>ej£t-
1'2, (3) 

which are, respectively, factors of 0.82 and 0.68 smaller 
than the critical Bonnor-Ebert sphere. The density 
profiles of several of these equilibrium states are plotted 
in Figure 1. Notice that the density distributions in the 
outer envelopes of the critical and unstable states all 
resemble the r-2 distribution that characterizes the 
singular isothermal sphere. Notice also that the un- 
stable isothermal spheres all have ratios of central to 
surface density which exceeds 14.3, the value for the 
critical Bonnor-Ebert sphere (see also Table 4 of Shu 
et al. 1972). Thus, starting conditions which involve 
unstable equilibria that will collapse, given a small 
perturbation, necessarily all have substantial central 
concentration to begin with; this central concentration 
will only be enhanced in the collapse. 

Consider, next, starting conditions where the mass 
of the cloud exceeds the critical Bonnor-Ebert mass (1) 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 

Figure 1.5: Density profiles distributions of self-gravitating isothermal spheres confined by an external
pressure Pext, taken from Shu (1977). Dimensionless density profiles are shown as a function of the
dimensionless radius parameter ξ in the logarithmic space. The density profiles that are more centrally
peaked than the critical Bonnor-Ebert sphere are gravitationally unstable. At large radii, the profiles of
Bonnor-Ebert spheres approach that of the SIS model.

Several models describe the dynamic collapse of spherically symmetric cores. The Larson-
Penston flow (Larson 1969; Penston 1969) designates an initial infall at t = 0 starting at large radii,
with supersonic infall velocities caused by strong external compression flows, on a power-law density
profile prestellar core, not in equilibrium. Another model is the hydrostatic Bonnor-Ebert sphere
model, where the core is supported by an external pressure, and undergoes a quasi-equilibrium
contraction triggered by an external disturbance (Broderick & Keto 2010). Other theoretical works
model protostellar collapse with supersonic converging flows resulting in centrally peaked collapsing
core within the post-shocked gas (Gong & Ostriker 2009). Whitworth & Summers (1985) proposed
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a two dimensions self-similar model of isothermal self-gravitating core collapse via a compression
wave originating from the edge of the core, propagating inward at the isothermal sound speed,
followed by a regular infall of the envelope. Finally, the unstable singular isothermal sphere collapse
“inside-out” model, adopted by Shu (1977); Shu et al. (1987) as an initial condition, corresponds
to a collapse initially starting at r = 0, and expands out as a wave propagating at the isothermal
sound speed informs the successively collapsing outer layers.

In the SIS Shu model, the mass of the central embryo M? grows at a rate of Ṁacc = M?(t)/t.
Ahead of the propagating collapse wavefront (expansion wave) located at Rew = cst, the envelope
falls inward similarly to a free-fall onto the central gravitational potential, at a speed of: v(r, t) =√

2GM?(t)r−1/2, and ρ(r, t) = Ṁinf/(4π
√

2GM?(t))r−3/2. Beyond Rew, the density is that of a
singular isothermal sphere. The infall rate for Shu’s expansion wave collapse model is constant as a
function of time and is: Ṁinf = cs

3/G. We note that we differentiate between the mass accretion
rate onto the central protostar and the mass infall rate of the collapsing envelope, as material can
stay inside the forming rotational supported disk before falling on the protostar.

Later the Shu model was considered with the effects of turbulence, magnetic fields and ambipolar
diffusion (Shu et al. 1987; Galli & Shu 1993a; Mouschovias & Ciolek 1999), and rotation (Terebey
et al. 1984). The mass infall rate approximation became: Ṁinf = ceff

3/G; with ceff the equivalent
sound speed in a turbulent magnetized medium: c2

eff ' c2
s + c2

turb + c2
A, where cturb and cA are the

turbulent and Alfvénic velocities, respectively. The role of turbulence is often neglected in the
collapse of low-mass and very low-mass cores. However, this approximation is more and more inaccu-
rate as the core mass increases. The specific role of the magnetic field will be addressed in Section 1.2.

Observationally, prestellar cores have longer lifetime than protostars, estimated to be ∼ 106

years (André et al. 2000; Jessop & Ward-Thompson 2000; Caselli et al. 2008; Enoch et al. 2008;
André et al. 2014; Könyves et al. 2015). Prestellar cores are characterized by a flat density profiles,
very low temperatures (T ≈ 10K, Bacmann et al. 2000; André et al. 2003; Kirk et al. 2005) that
increase inward, and high densities (> 105cm−3, Keto & Caselli 2008). Ward-Thompson et al.
(1994) presented the first survey of submillimeter dust continuum observations of a sample of
cores devoid of infrared emission, which were thus presumably starless cores. Later interferometric
observations (with CARMA, SMA, IRAM) attempted to detect the central ∼1000 au of prestellar
cores but a lack of substructures was noticed (Crapsi et al. 2007; Schnee et al. 2010, 2012; Bourke
et al. 2012). More compact emission have been detected later with ALMA, but without resolving
central substructures (Friesen et al. 2014; Kirk et al. 2017a; Friesen et al. 2018). Only recently,
Caselli et al. (2019) reported the detection of the central substructures of the L1544 prestellar core.

With the advent of the ALMA interferometer, higher sensitivity observations were possible, but
only of cores with high densities and compact enough central regions are able to reveal emission
picked up by the interferometers, leading otherwise to a large number of non-detections (Dunham
et al. 2016; Kirk et al. 2017a). To explain the non-detections of their sample, Dunham et al. (2016)
proposed that star-formation may be declining in the region they studied (Chamaeleon I), or that
prestellar cores may not tend to develop substructures in their collapse. This is also the reason
why choosing pristine clouds, where star formation did not occur yet is important, in order to
avoid feedback from protostars that would affect the picture of prestellar core evolution. As the
main goal of prestellar cores studies is to precisely describe the initial conditions for protostellar
evolution, one would prefer to target isolated dense cores, or Bok globules.
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The prestellar core collapse models enumerated above do not fully reproduce observations of
starless cores given that for example, measurements of infall velocities suggest that core evolution
is not quasi-static (Harvey et al. 2002; Walsh et al. 2004), and prestellar cores exhibit rotation
signatures with typical rotation velocities of ∼1 km s−1 pc−1 (Goodman et al. 1993; Caselli et al.
2002b; Redman et al. 2004; Kirk et al. 2009a). In addition, several studies reported that the
observed density profiles of starless cores are better reproduced with Bonnor-Ebert spheres than
with singular isothermal spheres (Alves et al. 2001; Lada et al. 2008; Keto & Caselli 2010; Keto
et al. 2014; Koumpia et al. 2020).

1.1.1.6 Toward the first hydrostatic cores

As the collapse proceeds dense cores get denser and denser, the core achieve eventually a
stage when its center, the protostellar embryo, reaches densities that no longer corresponds to an
isothermal medium. Indeed, when the core center starts to no longer have a negligible optical
thickness, some fraction of the radiation can no longer escape from the center, leading to the
progressive heating of the embryo and a slowing of the collapse due to the increasing internal
thermal pressure. The regime of the collapse is not isothermal anymore, and is described by the
polytropic gas equation of state: P ∝ ργ and T ∝ ργ−1. For a typical low-mass core, the transition
between the prestellar and protostellar evolutionary stage is described by four main steps illustrated
in Figure 1.6.A. Maury: Small-Scale Properties of Low-Mass Class 0 Protostars 195

Fig. 2. Characteristics of the core during the main phase of its collapse. The evolution

of the temperature (plain thick line), Jeans mass (dotted) and Jeans radius (dashed) are

shown in function of the gas density, raising during collapse. The evolution of magnetic

field in the case of a magnetized collapse (Masunaga & Inutsuka 2000) is also indicated.

Figure adapted from Tohline (1982).

1.3 The different phases of collapse

The collapse of a dense core may be parametrized by the equation of state of a poly-
tropic gas such as P = Kργ with γ the polytropic index. Therefore, the evolution
of the temperature is governed by T ∝ ργ−1, and as shown in Figure 2 the poly-
tropic index changes during collapse, indicating different collapse phases. Indeed,
when a core collapses, it will go through four main phases behaving differently as
regards, for example, the evolution of temperature as density increases (shown in
Fig. 2, adapted from Tohline 1982). Here, we briefly describe the collapse of a
typical low-mass dense core, leading to the formation of a Class 0 protostar.

The first step of the collapse of a dense core goes on for ∼40×104 years during
which the collapse proceeds isothermally with a polytropic index γ ∼ 1. Indeed,
the energy created by the compression is effectively evacuated via the thermal
grain emission which maintains T ∼ 10K untill nH ∼ 3× 1010 cm−3.
When such densities are reached, the gas is not optically thin anymore to

infrared radiation, so it becomes warmer: the collapse becomes adiabatic (γ = 7/5
for a diatomic gas) and slows down.

Then, at the time nH2 reaches 5×1012 – 1013 cm−3, an hydrostatic equilibrium
quickly takes place in the central region, and leads to the formation of the first
hydrostatic core, which has a typical radius R ∼ 5 UA, mass M ∼ 0.01M�, and
central temperature Tc ∼ 100 − 1000K (cf. Larson 1969; Masunaga et al. 1998).

Figure 1.6: Evolutionary diagram of the core physical state during the main phase of its collapse. The
evolution of the gas temperature (solid line), Jeans mass (dotted line) and Jeans radius (dashed line) are
presented in function of the gas density, along collapse. The evolution of magnetic field in the case of a
magnetized collapse (Masunaga & Inutsuka 2000) is also indicated by the yellow arrows. Figure taken
from Maury (2011b); Tohline (1982).
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The first step of the collapse corresponds to the previously described prestellar stage, where
the collapse can be considered isothermal given the fact the energy induced by the compression is
released via the thermal dust emission that freely escape from the core, keeping the core temperature
at ∼10K. This first phase has therefore, a polytropic index of γ ∼ 1, and last about ∼ 40× 104

years. However, at gas densities of ∼ 1.4 × 10−13 g cm−3, infrared radiation cannot escape anymore,
thus the increasing optical thickness causes the central to become warmer (Bate 1998). This phase
is adiabatic (γ = 7/5 for a diatomic gas) and is called the first hydrostatic core, or first Larson
core. For an initial temperature of 10K, Boss & Myhill (1995); Bate (1998); Masunaga et al. (1998)
derived prototypical first hydrostatic core parameters of M ∼ 0.05M�, T ∼ 100 − 1000K, and
R ∼ 5 au. During this phase which lasts 1-100 years, the core is in hydrostatic equilibrium, and
densities reaches 2 × 10−11 − 10−10g cm−3.

When the first Larson core temperature reaches ∼2000 K, molecular hydrogen, H2, starts to
dissociate, which is an endothermic reaction. This new gravitational collapse (γ ' 4/3), triggered
by H2 dissociation that will absorb a part of the energy released by the contraction, will last 0.1-100
years.

Finally, once all hydrogen is atomic, a second hydrostatic core forms at the center: the so-called
protostellar embryo, which will continue its contraction while accreting (γ ' 4/3 for a monoatomic
gas). The radius of the protostellar embryo approximates the one of the futur star with R ' 1−3R�,
but has still relatively low mass and temperature (M ∼ 0.005M�, T ∼ 5 × 104 K, Masunaga
& Inutsuka 2000). This last step sets the starting time of the Class 0 protostellar phase (see
Section 1.1.2), also called the main accretion phase. Class 0 protostellar cores thus corresponds to
objects composed of a growing protostellar embryo at the center, which accretes material from its
surrounding collapsing massive and cold envelope.

The protostellar stage, during which protostars will accrete most of its final, main-sequence
mass, is commonly defined starting at the formation of the second Larson core. Once the central
object will have accumulated more than 90% of its final mass, it will become a pre-main sequence
(PMS) star. The young stellar object that will not reach high enough temperatures during the
PMS phase for the fusion of hydrogen to occur are called brown dwarfs, with mass ranging from
13 MJ to 0.08 M� (Luhman 2012). On the other side, the high mass star forming objects, whose
masses larger than 8 M�, will not undergo the same evolutionary stages that the one describes in
Section 1.1.2.1, but this is beyond the scope of this thesis (Motte et al. 2018a).

While prestellar cores are thought to have a typical lifetime of ∼ 106 years (Könyves et al. 2015),
the lifetime of first hydrostatic cores, or first Larson core, are hardly observationally constrained. A
few sources have been proposed as first hydrostatic core candidates, but follow-up interferometric
observations often revealed compact continuum sources and small outflows (e.g., Pineda et al. 2011).
Only recently, promising first hydrostatic core candidates have been detected (Friesen et al. 2018;
Maureira et al. 2020). Those objects are of significant importance in the study of the youngest
stage of protostellar evolution, as one needs to observationally clarify if starless cores are “truly”
starless and if there are any candidates true first cores. In addition, elucidating the specific initial
physical conditions of the protostellar phase may inform our understanding of the evolution of
protostars, and in turn, formation of stars.
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1.1.2 From protostellar cores to stars
In this sub-section we introduce the main physical processes occurring during the protostellar

evolutionary stages. From the Class 0 protostar to the main sequence star, a variety of physical
phenomena will intervene to lead to the final star. We will present the main steps of protostellar
evolution (Class 0 and I phase) and PMS evolution (Class II and III phase) that precede the star
main sequence. Then, as it is the focus of this thesis, we will present several important physical
aspects of the Class 0 core specifically, all connected to burning astrophysical questions in the
actual scientific community.

1.1.2.1 Phenomenology of the protostellar phase

Class 0 protostellar cores were initially discovered by Andre et al. (1990, 1993). While the authors
were observing protostellar cores toward the ρ Ophiuchi star-forming molecular cloud (especially
VLA 1623, whose ALMA observations are used in Chapter 2), they detected unprecedented high
values of submillimeter luminosity Lsubm (where Lsubm is defined as the luminosity radiated longward
of ∼ 350µm) relative to the bolometric luminosity Lbol, indicating of strongly embedded sources
within a much more massive circumstellar structure than expected for a protostar, regardless of its
geometry. Bolometric and submillimeter luminosities are defined as follows:

Lbol = 4πd2
∫ ∞

0
Sνdν , (1.15)

Lsubm = 4πd2
∫ c/350µm

0
Sνdν , (1.16)

with Sν the energy flux density at frequency ν, and d the distance to the emitting source. The
ratio of Lsubm/Lbol is expected to roughly track the ratio of Menv/M� (the ratio of the circumstellar
envelope over the mass of the central protostar), which in turn also describes the corresponding
evolutionary indicator, with Menv > M� for a Class 0 protostellar core. They also suggested that
given the dynamical timescale of the energetic ejection of material in the form of bipolar outflow
detected in molecular emission line such as CO (J =2→ 1) (see Section 1.1.2.6), compared to the
estimated dynamical age of protostars, the launching of those bipolar outflows shall start as soon
the Class 0 is formed. Their observations unveiled the earliest evolutionary stage of Young Stellar
Objects (YSOs), that they called the Class 0 stage, while Class I, II, and III were already defined
and characterized (see below for a description of the Class I, II, III objects). These Class 0 objects
were therefore the perfect candidates to described a core containing its first hydrostatic core, but
with most of this final mass not yet accreted on the central protostar. Later, André et al. (2000)
developed three specific observational criteria to identify Class 0 protostellar cores:

• Indirect evidence for a central YSO, such as the detection of a compact centimeter radio
continuum source, a collimated outflow (traced by CO molecular emission lines), or an internal
heating source (the protostellar embryo, or traces of accretion).

• Centrally peaked and extended submillimeter continuum emission that probes a spheroidal
circumstellar dust envelope (as opposed to just a disk).
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• High ratio of submillimeter to bolometric luminosity, suggesting the envelope mass exceeds
the central stellar mass: Lsubm/Lbol>0.5 % (where Lsubm and Lbol are defined above). This is
approximately the same as Menv > M�, for a low-luminosity core (Lbol . 50L�).

While the first criterion makes the distinction between prestellar and Class 0 protostellar cores,
the second and third criterion distinguish Class 0 from later evolutionary stages. In practice, most
of Class 0 protostellar cores have Lsubm/Lbol �0.5% and Menv �M�. The main accretion phase
thus ends when the mass of the central protostar and the mass of the circumstellar envelope are
about equal. At this point, most of the envelope material has been accreted or dispersed.

While the Lsubm/Lbol criterion requires sub- and-millimetre photometry, Myers & Ladd (1993)
suggested the use of the bolometric temperature, i.e., the temperature of a blackbody that would
have the same flux-density weighted mean frequency as the observed SED considering all the
available wavelengths, in order to differentiate the protostellar evolutionary stages:

Tbol = ζ(4)h
4ζ(5)kB

∫∞
0 νSνdν∫∞
0 Sνdν

. (1.17)

where ζ(n) is the Reimann zeta function of order n, h and kB the Planck’s and Boltzmann’s
constants, respectively. Chen et al. (1995) proposed the following boundaries to differentiate the
main evolutionary stages:

• Class 0: Tbol<70 K

• Class I: 70 K≤ Tbol ≤650 K

• Class II: 650 K≤ Tbol ≤2800 K

• Class III: Tbol ≥2800 K

The bolometric temperature is, however, quite sensitive to the wavelength range covered by
observations, which can affect the classification of objects (Visser et al. 2002; Young et al. 2003;
Evans et al. 2009). Using models of collapsing envelopes, it was found that core inclination effects
and the actual structure and geometry of the circumstellar envelope observed in the infrared (with
Spitzer) also heavily affects the derived value of Tbol (Robitaille et al. 2006, 2007; Crapsi et al. 2008).
Tbol can vary up to one order of magnitude, and thus crosses the boundary between two evolutionary
stages, from observations of cores from edge-on to pole-on core configurations (Jørgensen et al.
2009; Launhardt et al. 2013; Fischer et al. 2013). Alongside the use of flux ratio at the different
wavelengths covered by Herschel that can improve the accuracy of evolutionary stage classification
(Stutz et al. 2013; Fischer et al. 2020), Young & Evans (2005); Dunham et al. (2010); Launhardt
et al. (2013) found that the ratio of luminosities Lsubm/Lbol was a better tracer of protostellar
evolutionary state than the bolometric temperature.

For reference, we note that before the protostellar Class 0 phase was defined, the initial empirical
classification of near- and mid-infrared observations of YSOs via Spectral Energy Distribution (SED)
between 2.2µm and 10-25µm (i.e., among wavelengths where Class 0 protostars are very teneous),
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enabled the differentiation between different evolutionary stages using the infrared spectral index
αIR:

αIR = d log(λSλ)
d logλ . (1.18)

Initially developed by Lada & Wilking (1984); Lada (1987), and then updated by Greene et al.
(1994), the classification stands as follows:

• Class I: αIR ≤ 0.3

• Flat SED: -0.3<αIR<0.3

• Class II: -1.6≤ αIR ≤ -0.3

• Class III: αIR < -1.6

Following the vigorous Class 0 accreting phase, Class I protostars are the second phase of
protostellar evolution, and experience the transition between cores and disks (see Figure 1.7 for a
sketch of evolutionary sequence from the prestellar phase to the Class III phase). With infrared
spectral index ≤ 0.3 (see Wilking et al. 1989), these objects are surrounded by a diffuse circumstellar
envelope of substellar mass (typically below 0.5 M�, see Jørgensen et al. 2009) which still produce
a significant emission in the submillimeter, but is hotter than the envelopes surrounding Class 0
sources. A significant fraction of the submillimetric energy coming from Class I protostars is in
fact coming from the compact circumstellar disk. Indeed, assuming the conservation of the angular
momentum of the initial prestellar core (see Section 1.1.2.7), the contraction and collapse motions
induce increasing rotation as the collapse proceeds, and most of what remains of the circumstellar
material is a rotating disk around the central protostar. In the embedded phases (Class 0 and I),
disk properties are difficult to access though, given the observational difficulties to separate the disk
from the envelope emission (Tobin et al. 2015), as disks are still intrinsically small (Segura-Cox
et al. 2018; Maury et al. 2019, see however the surprising observations of Segura-Cox et al. 2020).
Furthermore, Lsubm will not evolve significantly between Class 0 and I, in spite of a significant
decrease in envelope mass (Eisner et al. 2005; Stark et al. 2006; Hatchell et al. 2007; Furlan et al.
2008; Jørgensen et al. 2009; Segura-Cox et al. 2018; Andersen et al. 2019).

Toward later evolutionary stages, when the system enters in the pre-main sequence phase, the
SED of YSOs continues to shift toward shorter wavelengths. From Class I to Class II, YSOs have
lost their circumstellar envelope and have grown a disk that is fully dominating the emission in the
submillimeter (Andre & Montmerle 1994). Class II objects can still show some hints of residual
accretion. Class II and III objects, also called “Classical” and “Weak” T-Tauri stars respectively,
are surrounded by an optically thick circumstellar disk at submillimeter wavelengths, heated by
the central star. SEDs of Class III are then almost reproduced by a stellar blackbody spectrum, as
their circumstellar disk disappeared, although a tenuous optically thin disk remains (Hughes et al.
2018). In the pre-main sequence phase, the star is not warm enough to burn hydrogen. As the star
is still not yet in radiative equilibrium within its center, it will undergo a quasi-static contraction
that will last about a Kelvin-Helmholtz timescale (Stahler & Walter 1993):

tKH = GM2
?

R?L?
' 3.14 × 107

(
M?

M�

)2 (
R?

R�

)−1 (
L?
L�

)−1

yr, (1.19)
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Figure 1.7: Low-mass star empirical evolutionary sequence from the prestellar core to the Class III Pre
Main Sequence (PMS) star, showing the evolution of the SED, as well as the envelope and disk with time.
Adapted from André et al. (2000); André (2002); Maury (2011b).

with M?, R?, and L? being the mass, radius, and luminosity of the central protostar, respectively.
For a typical low-mass PMS star, the temperature at the center of the star will progressively
increase until it will be able to burn deuterium (T = 106 K), and hydrogen (T = 107 K), after
which the stars will enter the main sequence phase.
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Figure 9. Three-color Spitzer images and SEDs of individual sources discussed in Section 5.2. Images are (8, 24, 70 µm), unless otherwise noted, with 1.1 mm
contours. Left: three-color (3.6, 24, 70 µm) image of IRAS 03292+3039 (Per-emb 2). Fan-shaped nebulosity is visible at 3.6 µm, most likely scattered light from a
narrow outflow cavity in this deeply embedded Class 0 source. The thick lines indicate the approximate orientation of the larger-scale outflow (Jørgensen et al. 2006).
Center: Per-Bolo 102, a new candidate binary Class 0/I source. Although the SEDs of the two embedded protostars look very similar at λ ! 8 µm, the southern source
is brighter at shorter wavelengths, fainter at 2.7 mm (see the text), and has a slightly higher Tbol. Right: Ser-Bolo 33, a bright Class II object (Table 5). While this is
clearly a more evolved source, it is massive enough that we detect 1.1 mm emission from a compact disk.

Figure 10. Average spectra in designated Tbol bins (see Table 1), using sources from Perseus and Serpens. The average is calculated as described in Figure 8 and the
text, and error bars represent the error in the mean. The progression in SED shape for increasing Tbol is as expected if this represents a physical evolutionary sequence.

and Crapsi et al. (2008), Stage I and Stage II sources can have
quite similar SEDs when viewed at the right inclination angle

(e.g., when the observer’s line-of-sight intersects the outflow
opening angle of Stage I sources). Even Stage 0 sources can
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Given our 1.1 mm sensitivity limit of approximately 0.1 M⊙,
almost all sources detected at 1.1 mm will be dense cores or
envelopes around relatively young protostars. In general, by the
time a protostar has consumed or dispersed its massive envelope
and enters Stage II (or the T Tauri phase, e.g., Adams et al.
1987), the remnant disk of gas and dust has too little mass to be
detected by our millimeter surveys. Crapsi et al. (2008) define
Stage II as sources with a circumstellar mass below 0.1 M⊙.
Typical measured masses of Class II disks are 0.01–0.1 M⊙
(e.g., Beckwith & Sargent 1996), although values as large as
1 M⊙ have been measured (Beckwith et al. 1990).

In a few cases, we do detect 1.1 mm emission around
sources with Class II-type SEDs. These objects have bolometric
temperatures Tbol > 650 K and a flux density at 1.1 mm that
is lower than the flux densities from 3.6 to 24 µm. With the
exception of two “flat spectrum” objects (−0.3 < αIR < 0.3;
Greene et al. 1994), the near- to mid-IR spectral indices, αIR, of
these objects are in the range −0.34 to −1.04, confirming their
Class II status. In some cases, the 1.1 mm emission is unresolved,
consistent with a compact disk. Often, however, these Class II
sources are in a region of confused millimeter emission, so their
physical association with the 1.1 mm emission is not secure.

Table 5 lists all Class II sources (650 < Tbol < 2800 K) in
each cloud that are detected in our 1.1 mm surveys. Those in
confused regions of 1.1 mm emission are indicated by an “∗”
in the “Bolocam ID” column. Sources with pointlike 1.1 mm
emission centered on the Spitzer position (three in Perseus, one
in Serpens, and three in Ophiuchus) may have massive disks.

5.2. Individual Sources

Here, we briefly discuss a few examples of newly identified
or otherwise interesting embedded protostellar sources.

5.2.1. IRAS 03292+3039

IRAS 03292+3039 (Per-emb 2) is a little-studied, Class 0
source associated with the 1.1 mm core Per-Bolo 66; it was
discussed briefly in Paper I. An image of IRAS 03292+3039,
together with the SED, is shown in Figure 9. Jørgensen et al.
(2006) identified this as an outflow source, noting the large-scale
outflow visible in the 4.5 µm IRAC band.

Bright 1.1 mm emission centered on this object indicates
a fairly massive protostellar envelope (2.9 M⊙), while the
powerful outflow (Walawender et al. 2005; Jørgensen et al.
2006; Hatchell et al. 2007a) and low bolometric temperature
(Tbol = 25 K) are evidence of an extremely young, ener-
getic embedded protostar. The SED is similar to well-known
Class 0 protostars in Perseus such as NGC 1333-IRAS 4, and
nearby IRAS 03282+3035. The small fan-shaped nebulosity
visible at 3.6 and 4.5 µm (Figure 9) is most easily explained
by a cone-shaped cavity, carved out of the dense envelope by
an energetic outflow. The orientation of the nebulosity corre-
sponds well to the larger-scale outflow traced by IRAC emission
(Jørgensen et al. 2006), which is indicated by thick gray lines
in Figure 9. The one-sided nebulosity at 3.6 µm is strikingly
similar to the Whitney et al. (2003) model IRAC image of an
early Stage 0 sources viewed at an inclination angle of 30o (their
Figure 12(a)).

5.2.2. Per-Bolo 102

Per-Bolo 102 is a bright 1.1 mm source that was identified
in the Bolocam survey of Perseus (Enoch et al. 2006). It lies
within the region of active star formation near IC 348, which

Figure 8. Average spectra of sources in Class 0, Class I, and Class II, for
the Perseus and Serpens samples. Sources are classified based on bolometric
temperature, with the additional requirement that Class I sources be detected at
1.1 mm (see Table 1). Individual SEDs are weighted by 1/Lbol in the average
calculation. Error bars are the 1σ error in mean, and not the sample dispersion,
which is much larger. The Class II spectrum is not necessarily representative of
all Class II objects, as we are very incomplete to sources without protostellar
envelopes.
(A color version of this figure is available in the online journal.)

includes the famous outflow-driving source HH 211
(McCaughrean et al. 1994). The Spitzer 24 µm image
resolves the luminous internal source into a double ob-
ject (Per-emb 18 and Per-emb 22). While the two SEDs
are very similar for λ ! 8 µm (Figure 9), varia-
tions at shorter wavelengths cause Per-emb 18 (Tbol =
56 K) to fall into Class 0, while Per-emb 22 (Tbol = 72 K) falls
just outside the Class 0/Class I boundary. These sources are
good examples of why a more continuous evolutionary scheme
is preferable to the standard classifications.

Recently obtained CARMA interferometric observations at
λ = 2.7 mm resolve the millimeter core into two sources, co-
incident with the Spitzer source positions (M. L. Enoch et al.
2009, in preparation). The flux ratio at 2.7 mm of the northern
(Per-emb 18) to southern (Per-emb 22) source is at least 2:1,
further evidence that Per-emb 22 is slightly more evolved. Al-
though not as massive or cold as nearby HH 211 (Per-emb 1) and
IC 348-mms (Per-emb 11), Per-Bolo 102 is an interesting case
study. It may be a separate-envelope binary system, with two
nearly coeval Class 0 or early Class I sources. The sources
are separated by 17′′, or 4200 AU. Binary separations of this
order are consistent with early fragmentation in a relatively
dense cloud (“prompt initial fragmentation,” e.g., Pringle 1989;
Looney et al. 2000), in which case the individual sources would
have distinct protostellar envelopes.

In a binary formed via gravitational fragmentation, we would
expect the separation to correspond to the local Jeans length
(Jeans 1928):

λJ =
!

πc2
s

GµpmHn

"1/2

, (5)

where cs is the local sound speed, and µp = 2.33 and n are the
mean molecular weight and mean particle density, respectively.
A Jeans length of 4200 AU would require a relatively high
density (n ∼ 6 × 105 cm−3, assuming cs = 0.2 km s−1). The
mean density of the Per-Bolo 102 core, measured within an
aperture of 104 AU, is 4×105 cm−3, close to the required value.

Figure 1.8: Left: Average spectra of Class 0, I, and II objects, of the Perseus and Serpens sample,
gathering BOLOCAM (CSO) observations (Enoch et al. 2006; Young et al. 2006; Enoch et al. 2007), and
Spitzer Space Telescope IRAC and MIPS observations from the “Cores to Disks”, or c2d, Spitzer Legacy
program (Evans et al. 2003). The individual spectra are weighted by the bolometric luminosity of each
source. Right: Same as the left panel, but for different range of bolometric temperatures. Figure taken
from Enoch et al. (2009).

To sum up, from the Class 0 to Class III phases, the envelope depletes, the disk starts to
grow and then will also disappear. The evolution of dust depletion as a function of time in star
forming systems was studied via comparisons of the disk dust mass cumulative distribution at
different evolutionary phases. This distribution shifts downward along the evolution sequence that
we described above (Andre & Montmerle 1994; Andrews & Williams 2007; Sheehan & Eisner 2017;
Tychoniec et al. 2018; Williams et al. 2019; Tychoniec et al. 2020; Tobin et al. 2020a). Moreover,
as the envelope is dense at the beginning of the protostellar stage, mid- and far-infrared radiation
cannot escape, which is shielding the central object. As the envelope falls on to the disk/inner core
and the central protostar accrete material, the contribution of the central object in the SED of YSOs
will decrease the infrared spectral index αIR and increase the apparent bolometric temperature (see
Figure 1.8 that presents how the SED is typically evolving from Class 0 to II objects).

1.1.2.2 Evolutionary diagram of protostellar evolution

As introduced above, the physical characteristics of YSOs, observed via the bolometric luminosity
and temperature, the ratio of Menv/M? and Lsubm/Lbol, evolve as the central protostar grows with
time, so that one can draw in 2D diagrams the evolutionary tracks of models reproducing the
collapse of cores and accretion onto protostars. In practice, it is not possible to derive the mass
of the protostar, but the bolometric luminosity is used as a proxy. Indeed at first order (see
Section 1.1.2.4), the protostellar luminosity can be described at the addition of the central protostar
luminosity L? (also called photospheric luminosity) that is generated by deuterium burning and
Kelvin-Helmholtz contraction, and the accretion luminosity Lacc. For a protostar of mass M? and
radius R?, the energy transferred to the central protostar by material accreted at a rate Ṁacc, which
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Figure 1.9: Evolutionary diagram of envelope mass as a function of the bolometric luminosity for a sample
of Class 0 (empty circles) and Class I (solid black circles) protostars located in ρ Ophiuchi, Perseus, and
Orion (Andre & Montmerle 1994; Saraceno et al. 1996; André et al. 2000). The evolutionary tracks are
models of collapsing cores with an envelope mass that decreases exponentially with time (Bontemps et al.
1996). The location of the two large black arrows along each curve correspond to a core that have accreted
50% and 90% of the initial prestellar core mass onto the central object. The two straight lines indicate the
limit between the Class 0 and Class I stage: when M? ∝ Lbol (dashed line Andre & Montmerle 1994),
or when M? ∝ L0.6

bol (solid line Bontemps et al. 1996). The second y-axis on the right of the diagram,
representing M?, only refers to the two straight lines. Taken from André et al. (2000).

given by:
Lacc ≈ faccGM?Ṁacc/R? , (1.20)

with facc the fraction of energy radiated away in the accretion shock. Bontemps et al. (1996) and
Myers et al. (1998) have modelled the evolution of protostellar cores with scenarii of mass accretion
rate decreasing exponentially with time for a given initial mass reservoir in a protostar (see Figures
1.9 and 1.10 for Menv − Lbol and Lbol − Tbol evolutionary diagrams of protostars evolution).

Bontemps et al. (1996) suggested an exponential decay of Ṁacc given the linear correlation they
found between protostellar outflow force and envelope mass, where outflow force is a proxy for
the mass accretion rate. Contrary to Bontemps et al. (1996) who assumed a total local efficiency
of star formation (meaning that all the initial envelope material end up in the star), Myers et al.
(1998) considered more realistic values. Indeed this efficiency was found to vary from regions with
more or less isolated star formation (see Section 1.1.3.1). Other models such as those proposed in
Young & Evans (2005), based on basic inside-out collapse (Shu 1977) with constant accretion rates,
poorly reproduced protostellar bolometric luminosities, which are observed to have significantly
lower values than those predicted by these models. Enoch et al. (2009) found that the envelope
mass was, however, found to decrease about as predicted by Young & Evans (2005). The lower
rate of accretion onto the star can be partially explained if we consider the local efficiency of star
formation, i.e., a part of the initial core mass is ejected from the core via outflows. But this is not
sufficient, are further theories are required to reproduce the rate at which protostars accrete their
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Figure 6. Value of α is plotted vs. Tbol for each source with well-determined values. The color code is based on the Lada class of each source, as defined by α, with
Class I plotted as red, Flat as green, Class II as blue, and Class III as purple. Filled circles indicate sources associated with envelopes as traced by millimeter continuum
emission, while plus signs indicate sources with no such associations. The right panel shows α′ and T ′

bol calculated after corrections for extinction were applied to the
observations, as described in Section 3.3. The vertical dashed lines show the boundaries between classes, as defined by Chen et al. (1995).
(A color version of this figure is available in the online journal.)

Figure 7. Distribution of Tbol for sources in each of the Lada classes, as defined by α, in linear Tbol bins. The color code is the same as in Figure 6 (Class I plotted as red,
Flat as green, Class II as blue, and Class III as purple). The right panel shows the same distributions after corrections for extinction were applied to the observations,
as described in Section 3.3. The vertical dashed lines show the boundaries between classes, as defined by Chen et al. (1995).
(A color version of this figure is available in the online journal.)

what we found in Figure 6, but on average, Class 0 sources have
redder colors. There are exceptions, such as Class 0 sources
with [5.8]–[8.0] colors near zero. Also, there are some Class II
sources rather far from their home box, especially in [3.6]–[4.5],
many of which find their way home in the figure corrected for
extinction.

Our large sample suggests that some adjustments to the
box locations and perhaps shapes would be advisable for

better segregation of classes in the [3.6]–[5.8] versus [8.0]–[24]
diagram. In particular, the divisions between Class II, Flat, and
Class 0/I may be captured better by diagonal lines in Figure 11.
The bottom two panels of Figure 11 show the divisions between
the simulated SEDs for sources in different stages (Robitaille
et al. 2006), which do capture the divisions seen in the data well,
especially for the de-reddened data. This general congruence
indicates that class definitions generally agree with the physical
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Figure 13. Bolometric luminosity (Lbol) is plotted vs. the bolometric temperature (Tbol) for all sources with sufficient data to properly constrain the values. Similar
plots for the embedded sources only and for the individual clouds are in Enoch et al. (2009). The color code is the same as in Figure 6 (Class I plotted as red, Flat
as green, Class II as blue, and Class III as purple). Also as in Figure 6, filled circles indicate sources associated with envelopes as traced by millimeter continuum
emission, while plus signs indicate sources with no such associations. The three thick lines are model tracks for initial core masses of 0.3, 1.0, and 3.0 M⊙, collapsing
according to a Shu inside-out collapse model in which all mass becomes part of the star (Young & Evans 2005); they end when all infall stops, but the later stages are
highly uncertain. The three thin lines are model tracks with initial core masses of 1.0, 1.8, and 3.0 M⊙, collapsing with an accretion rate that decreases exponentially
with time and efficiencies such that the final stellar masses are 0.5, 0.3, and 0.5 M⊙, respectively (Myers et al. 1998). The right panel shows L′

bol and T ′
bol calculated

after corrections for extinction were applied to the observations, as described in Section 3.3. The vertical dashed lines show the boundaries between classes, as defined
by Chen et al. (1995). The heavy dashed line on the left is the ZAMS (D’Antona & Mazzitelli 1994) from 0.1 to 2 M⊙.
(A color version of this figure is available in the online journal.)

The lifetime for the Class 0 stage averaged over all clouds
is about 0.16 Myr, but only 0.043 Myr in Ophiuchus. The very
short lifetime often quoted for the Class 0 phase (0.01 Myr)
was originally derived from observations in Ophiuchus (André
& Montmerle 1994), but this now seems anomalous. If star
formation in Ophiuchus has declined from rates that were higher
about 0.1 Myr ago, the number of Class 0 sources would be
much lower compared to Class I sources. Such a scenario is
broadly consistent with the fact that Ophiuchus also has the
highest ratio of mass in YSOs to mass in dense gas of the
three clouds with Bolocam data (Table 4). Another factor that
may have contributed somewhat to the short Class 0 lifetime in
Ophiuchus is an overestimate of the number of Class I objects
(Section 7.2) because of very high extinction in the Ophiuchus
core.

The longer lifetime for the Class 0 phase in most clouds
is more consistent with the luminosity distribution shown in
Figure 13 and Enoch et al. (2009). In particular, there is no
clear evidence in our data for an early phase of very rapid mass
accretion, which would produce luminosities higher than the
mean values we observe. In fact, the luminosities seen in Class
0 sources are mostly similar to or less than predictions (Young &
Evans 2005) of the evolution in Lbol–Tbol space based on simple
inside-out collapse models (Shu 1977), with constant accretion
rates and unit efficiency. Models with mean accretion rates onto
the star faster than the Shu (1977) rate are not supported by
these observations.

For Class I sources, most of the observed Lbol fall well
below the predictions by Young & Evans (2005), suggesting that
accretion occurs at a rate even lower than that of the Shu picture,

which is the smallest among star-formation models. The mass in
the envelope, on the other hand, decreases about as predicted by
this model (Enoch et al. 2009). This result suggests that infall
occurs at about the rate expected in the Shu picture, but that
accretion onto the star occurs at a much lower rate most of the
time. The lower rate may be partially explained if only a fraction
ϵ of the available mass in a dense core winds up on the star. As
discussed earlier, comparison of the core mass function and the
IMF suggest ϵ ≈ 0.3. This helps explain the low luminosities,
but it is insufficient to explain the very low values that we see. In
addition, the spread in Lbol of 2–3 orders of magnitude at a given
Tbol range practically demand a picture in which accretion onto
the star is not steady. While no Class 0 sources have Lbol < 0.1
L⊙ in Figure 13, this can be misleading; heating of a substantial
envelope just by the interstellar radiation field can produce an
apparent luminosity at this level (Evans et al. 2001). The effect
decreases as the envelope dissipates, but is still present during
the Class I phase.

The distribution of luminosities for all Class 0 or I sources
with millimeter emission is shown in Figure 14. The panels
on the bottom cover 1–20 L⊙; there are three sources more
luminous, with the most extreme at 70 L⊙. However, the vast
majority of sources have Lbol ! 3 L⊙. As shown in the top
panels, the trend of increasing numbers at lower luminosity
continues down to 0.1 L⊙, where selection effects come into
play. A more thorough study (Dunham et al. 2008) of the
low-luminosity end that dealt with these effects found 15
objects with internal luminosity, Lint ! 0.1 L⊙. Dunham
et al. (2008) was able to rule out a continued rise in the
luminosity distribution to lower luminosities, which could have
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Figure 6. Value of α is plotted vs. Tbol for each source with well-determined values. The color code is based on the Lada class of each source, as defined by α, with
Class I plotted as red, Flat as green, Class II as blue, and Class III as purple. Filled circles indicate sources associated with envelopes as traced by millimeter continuum
emission, while plus signs indicate sources with no such associations. The right panel shows α′ and T ′

bol calculated after corrections for extinction were applied to the
observations, as described in Section 3.3. The vertical dashed lines show the boundaries between classes, as defined by Chen et al. (1995).
(A color version of this figure is available in the online journal.)

Figure 7. Distribution of Tbol for sources in each of the Lada classes, as defined by α, in linear Tbol bins. The color code is the same as in Figure 6 (Class I plotted as red,
Flat as green, Class II as blue, and Class III as purple). The right panel shows the same distributions after corrections for extinction were applied to the observations,
as described in Section 3.3. The vertical dashed lines show the boundaries between classes, as defined by Chen et al. (1995).
(A color version of this figure is available in the online journal.)

what we found in Figure 6, but on average, Class 0 sources have
redder colors. There are exceptions, such as Class 0 sources
with [5.8]–[8.0] colors near zero. Also, there are some Class II
sources rather far from their home box, especially in [3.6]–[4.5],
many of which find their way home in the figure corrected for
extinction.

Our large sample suggests that some adjustments to the
box locations and perhaps shapes would be advisable for

better segregation of classes in the [3.6]–[5.8] versus [8.0]–[24]
diagram. In particular, the divisions between Class II, Flat, and
Class 0/I may be captured better by diagonal lines in Figure 11.
The bottom two panels of Figure 11 show the divisions between
the simulated SEDs for sources in different stages (Robitaille
et al. 2006), which do capture the divisions seen in the data well,
especially for the de-reddened data. This general congruence
indicates that class definitions generally agree with the physical
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Figure 6. Value of α is plotted vs. Tbol for each source with well-determined values. The color code is based on the Lada class of each source, as defined by α, with
Class I plotted as red, Flat as green, Class II as blue, and Class III as purple. Filled circles indicate sources associated with envelopes as traced by millimeter continuum
emission, while plus signs indicate sources with no such associations. The right panel shows α′ and T ′

bol calculated after corrections for extinction were applied to the
observations, as described in Section 3.3. The vertical dashed lines show the boundaries between classes, as defined by Chen et al. (1995).
(A color version of this figure is available in the online journal.)

Figure 7. Distribution of Tbol for sources in each of the Lada classes, as defined by α, in linear Tbol bins. The color code is the same as in Figure 6 (Class I plotted as red,
Flat as green, Class II as blue, and Class III as purple). The right panel shows the same distributions after corrections for extinction were applied to the observations,
as described in Section 3.3. The vertical dashed lines show the boundaries between classes, as defined by Chen et al. (1995).
(A color version of this figure is available in the online journal.)

what we found in Figure 6, but on average, Class 0 sources have
redder colors. There are exceptions, such as Class 0 sources
with [5.8]–[8.0] colors near zero. Also, there are some Class II
sources rather far from their home box, especially in [3.6]–[4.5],
many of which find their way home in the figure corrected for
extinction.

Our large sample suggests that some adjustments to the
box locations and perhaps shapes would be advisable for

better segregation of classes in the [3.6]–[5.8] versus [8.0]–[24]
diagram. In particular, the divisions between Class II, Flat, and
Class 0/I may be captured better by diagonal lines in Figure 11.
The bottom two panels of Figure 11 show the divisions between
the simulated SEDs for sources in different stages (Robitaille
et al. 2006), which do capture the divisions seen in the data well,
especially for the de-reddened data. This general congruence
indicates that class definitions generally agree with the physical
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Figure 13. Bolometric luminosity (Lbol) is plotted vs. the bolometric temperature (Tbol) for all sources with sufficient data to properly constrain the values. Similar
plots for the embedded sources only and for the individual clouds are in Enoch et al. (2009). The color code is the same as in Figure 6 (Class I plotted as red, Flat
as green, Class II as blue, and Class III as purple). Also as in Figure 6, filled circles indicate sources associated with envelopes as traced by millimeter continuum
emission, while plus signs indicate sources with no such associations. The three thick lines are model tracks for initial core masses of 0.3, 1.0, and 3.0 M⊙, collapsing
according to a Shu inside-out collapse model in which all mass becomes part of the star (Young & Evans 2005); they end when all infall stops, but the later stages are
highly uncertain. The three thin lines are model tracks with initial core masses of 1.0, 1.8, and 3.0 M⊙, collapsing with an accretion rate that decreases exponentially
with time and efficiencies such that the final stellar masses are 0.5, 0.3, and 0.5 M⊙, respectively (Myers et al. 1998). The right panel shows L′

bol and T ′
bol calculated

after corrections for extinction were applied to the observations, as described in Section 3.3. The vertical dashed lines show the boundaries between classes, as defined
by Chen et al. (1995). The heavy dashed line on the left is the ZAMS (D’Antona & Mazzitelli 1994) from 0.1 to 2 M⊙.
(A color version of this figure is available in the online journal.)

The lifetime for the Class 0 stage averaged over all clouds
is about 0.16 Myr, but only 0.043 Myr in Ophiuchus. The very
short lifetime often quoted for the Class 0 phase (0.01 Myr)
was originally derived from observations in Ophiuchus (André
& Montmerle 1994), but this now seems anomalous. If star
formation in Ophiuchus has declined from rates that were higher
about 0.1 Myr ago, the number of Class 0 sources would be
much lower compared to Class I sources. Such a scenario is
broadly consistent with the fact that Ophiuchus also has the
highest ratio of mass in YSOs to mass in dense gas of the
three clouds with Bolocam data (Table 4). Another factor that
may have contributed somewhat to the short Class 0 lifetime in
Ophiuchus is an overestimate of the number of Class I objects
(Section 7.2) because of very high extinction in the Ophiuchus
core.

The longer lifetime for the Class 0 phase in most clouds
is more consistent with the luminosity distribution shown in
Figure 13 and Enoch et al. (2009). In particular, there is no
clear evidence in our data for an early phase of very rapid mass
accretion, which would produce luminosities higher than the
mean values we observe. In fact, the luminosities seen in Class
0 sources are mostly similar to or less than predictions (Young &
Evans 2005) of the evolution in Lbol–Tbol space based on simple
inside-out collapse models (Shu 1977), with constant accretion
rates and unit efficiency. Models with mean accretion rates onto
the star faster than the Shu (1977) rate are not supported by
these observations.

For Class I sources, most of the observed Lbol fall well
below the predictions by Young & Evans (2005), suggesting that
accretion occurs at a rate even lower than that of the Shu picture,

which is the smallest among star-formation models. The mass in
the envelope, on the other hand, decreases about as predicted by
this model (Enoch et al. 2009). This result suggests that infall
occurs at about the rate expected in the Shu picture, but that
accretion onto the star occurs at a much lower rate most of the
time. The lower rate may be partially explained if only a fraction
ϵ of the available mass in a dense core winds up on the star. As
discussed earlier, comparison of the core mass function and the
IMF suggest ϵ ≈ 0.3. This helps explain the low luminosities,
but it is insufficient to explain the very low values that we see. In
addition, the spread in Lbol of 2–3 orders of magnitude at a given
Tbol range practically demand a picture in which accretion onto
the star is not steady. While no Class 0 sources have Lbol < 0.1
L⊙ in Figure 13, this can be misleading; heating of a substantial
envelope just by the interstellar radiation field can produce an
apparent luminosity at this level (Evans et al. 2001). The effect
decreases as the envelope dissipates, but is still present during
the Class I phase.

The distribution of luminosities for all Class 0 or I sources
with millimeter emission is shown in Figure 14. The panels
on the bottom cover 1–20 L⊙; there are three sources more
luminous, with the most extreme at 70 L⊙. However, the vast
majority of sources have Lbol ! 3 L⊙. As shown in the top
panels, the trend of increasing numbers at lower luminosity
continues down to 0.1 L⊙, where selection effects come into
play. A more thorough study (Dunham et al. 2008) of the
low-luminosity end that dealt with these effects found 15
objects with internal luminosity, Lint ! 0.1 L⊙. Dunham
et al. (2008) was able to rule out a continued rise in the
luminosity distribution to lower luminosities, which could have
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Figure 13. Bolometric luminosity (Lbol) is plotted vs. the bolometric temperature (Tbol) for all sources with sufficient data to properly constrain the values. Similar
plots for the embedded sources only and for the individual clouds are in Enoch et al. (2009). The color code is the same as in Figure 6 (Class I plotted as red, Flat
as green, Class II as blue, and Class III as purple). Also as in Figure 6, filled circles indicate sources associated with envelopes as traced by millimeter continuum
emission, while plus signs indicate sources with no such associations. The three thick lines are model tracks for initial core masses of 0.3, 1.0, and 3.0 M⊙, collapsing
according to a Shu inside-out collapse model in which all mass becomes part of the star (Young & Evans 2005); they end when all infall stops, but the later stages are
highly uncertain. The three thin lines are model tracks with initial core masses of 1.0, 1.8, and 3.0 M⊙, collapsing with an accretion rate that decreases exponentially
with time and efficiencies such that the final stellar masses are 0.5, 0.3, and 0.5 M⊙, respectively (Myers et al. 1998). The right panel shows L′

bol and T ′
bol calculated

after corrections for extinction were applied to the observations, as described in Section 3.3. The vertical dashed lines show the boundaries between classes, as defined
by Chen et al. (1995). The heavy dashed line on the left is the ZAMS (D’Antona & Mazzitelli 1994) from 0.1 to 2 M⊙.
(A color version of this figure is available in the online journal.)

The lifetime for the Class 0 stage averaged over all clouds
is about 0.16 Myr, but only 0.043 Myr in Ophiuchus. The very
short lifetime often quoted for the Class 0 phase (0.01 Myr)
was originally derived from observations in Ophiuchus (André
& Montmerle 1994), but this now seems anomalous. If star
formation in Ophiuchus has declined from rates that were higher
about 0.1 Myr ago, the number of Class 0 sources would be
much lower compared to Class I sources. Such a scenario is
broadly consistent with the fact that Ophiuchus also has the
highest ratio of mass in YSOs to mass in dense gas of the
three clouds with Bolocam data (Table 4). Another factor that
may have contributed somewhat to the short Class 0 lifetime in
Ophiuchus is an overestimate of the number of Class I objects
(Section 7.2) because of very high extinction in the Ophiuchus
core.

The longer lifetime for the Class 0 phase in most clouds
is more consistent with the luminosity distribution shown in
Figure 13 and Enoch et al. (2009). In particular, there is no
clear evidence in our data for an early phase of very rapid mass
accretion, which would produce luminosities higher than the
mean values we observe. In fact, the luminosities seen in Class
0 sources are mostly similar to or less than predictions (Young &
Evans 2005) of the evolution in Lbol–Tbol space based on simple
inside-out collapse models (Shu 1977), with constant accretion
rates and unit efficiency. Models with mean accretion rates onto
the star faster than the Shu (1977) rate are not supported by
these observations.

For Class I sources, most of the observed Lbol fall well
below the predictions by Young & Evans (2005), suggesting that
accretion occurs at a rate even lower than that of the Shu picture,

which is the smallest among star-formation models. The mass in
the envelope, on the other hand, decreases about as predicted by
this model (Enoch et al. 2009). This result suggests that infall
occurs at about the rate expected in the Shu picture, but that
accretion onto the star occurs at a much lower rate most of the
time. The lower rate may be partially explained if only a fraction
ϵ of the available mass in a dense core winds up on the star. As
discussed earlier, comparison of the core mass function and the
IMF suggest ϵ ≈ 0.3. This helps explain the low luminosities,
but it is insufficient to explain the very low values that we see. In
addition, the spread in Lbol of 2–3 orders of magnitude at a given
Tbol range practically demand a picture in which accretion onto
the star is not steady. While no Class 0 sources have Lbol < 0.1
L⊙ in Figure 13, this can be misleading; heating of a substantial
envelope just by the interstellar radiation field can produce an
apparent luminosity at this level (Evans et al. 2001). The effect
decreases as the envelope dissipates, but is still present during
the Class I phase.

The distribution of luminosities for all Class 0 or I sources
with millimeter emission is shown in Figure 14. The panels
on the bottom cover 1–20 L⊙; there are three sources more
luminous, with the most extreme at 70 L⊙. However, the vast
majority of sources have Lbol ! 3 L⊙. As shown in the top
panels, the trend of increasing numbers at lower luminosity
continues down to 0.1 L⊙, where selection effects come into
play. A more thorough study (Dunham et al. 2008) of the
low-luminosity end that dealt with these effects found 15
objects with internal luminosity, Lint ! 0.1 L⊙. Dunham
et al. (2008) was able to rule out a continued rise in the
luminosity distribution to lower luminosities, which could have
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Figure 6. Value of α is plotted vs. Tbol for each source with well-determined values. The color code is based on the Lada class of each source, as defined by α, with
Class I plotted as red, Flat as green, Class II as blue, and Class III as purple. Filled circles indicate sources associated with envelopes as traced by millimeter continuum
emission, while plus signs indicate sources with no such associations. The right panel shows α′ and T ′

bol calculated after corrections for extinction were applied to the
observations, as described in Section 3.3. The vertical dashed lines show the boundaries between classes, as defined by Chen et al. (1995).
(A color version of this figure is available in the online journal.)

Figure 7. Distribution of Tbol for sources in each of the Lada classes, as defined by α, in linear Tbol bins. The color code is the same as in Figure 6 (Class I plotted as red,
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Figure 1.10: Infrared spectral index (left panel) and bolometric luminosity (right panel) are plotted as
a function of the bolometric temperature, differentiating Class 0 and I(red), flat SED (green), Class II
(blue), and Class III (purple) objects from Spitzer observations of the c2d Spitzer Legacy project. Filled
circles indicate sources associated with envelopes traced by millimeter continuum emission, while plus
signs indicate sources without envelope emission. On the right panel, the three thick gray lines are model
tracks for initial core masses of 0.3, 1.0, and 3.0 M�, collapsing according to a Shu inside-out collapse
model in which all mass becomes part of the star (Young & Evans 2005); they end when all infall stops.
The three thin gray lines are model tracks with initial core masses of 1.0, 1.8, and 3.0 M�, collapsing with
an accretion rate that decreases exponentially with time, and efficiencies such that the final stellar masses
are 0.5, 0.3, and 0.5 MM�, respectively (Myers et al. 1998). The vertical and horizontal dash lines in both
plots show the boundaries between the different evolutionary stages, given the classification from infrared
spectral index (Greene et al. 1994) or the bolometric temperature (Chen et al. 1995). The heavy dashed
dark line of the left of both plots is the computational evolutionary tracks of of pre-main-sequence stars of
D’Antona & Mazzitelli (1994). Adapted from Evans et al. (2009).

mass (see Section 1.1.2.4 and 1.1.2.5).

1.1.2.3 Core lifetime

With the aim of interpreting the results from the measurements of protostellar luminosities,
it is required to accurately predict the lifetime of the different evolutionary stages. Indeed we
saw that the average value of protostellar bolometric luminosities was found to be lower that the
ones predicted by models. In order to understand how accretion and ejection of matter in the
protostellar phase is happening, as well as the decline of those processes with time (the average
accretion rate evolve from ˙Macc ∼ 10−5M� yr

−1 for a Class 0 protostar to ˙Macc ∼ 10−7M� yr
−1

for a Class I protostar, see Dunham et al. 2014 and references therein), one must evaluate precisely
the duration of the main accretion phase. This is key to reconcile the distribution of mass available
to form stars, with the masses of stars themselves (see Section 1.1.3.1).
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The two most popular methods to derive lifetime of star-forming objects is either to assume the
lifetime of one evolutionary stage and then scale this lifetime to the relative number of protostars in
the other stages, or matching the observed chemistry in cores to evolutionary chemical models (we
won’t further comment on this method here, but we refer to van Dishoeck & Blake 1998; Jørgensen
et al. 2020). The first method requires that star formation is a continuous process at a steady rate,
during a timescale that needs to be large enough compared to the slowest phase considered. In
addition, lifetime comparisons between different star-forming regions must be taken with caution
given that the initial mass, magnetic and turbulent energy vary from one region to another.

Assuming that all the accretion is done during the two Class 0 and I phases, Class 0+I phase
will last about the free-fall time. For an initial number density of nH2 = 105 cm−3, this time is
∼ 105 years. Initially, protostar survey toward the ρ Ophiuchi star-forming region estimated Class
0 lifetime of 1− 3 × 104 years and Class I lifetime of 1− 2 × 105 years (Andre et al. 1993; André
et al. 2000). Comparing grid of models with observations in the Lbol−Tbol diagram, Froebrich et al.
(2006) proposed a Class 0 lifetime of 2 × 10−2 to 2 × 10−6 Myr. Assuming the Class II+III lasts
1-2 Myr, the lifetime of Class I and Flat spectrum objects was estimated to be 0.1-0.2 Myr. Later
Maury et al. (2011) accomplished a statistical analysis of the Aquila rift complex with Herschel
observations and derived a Class 0 lifetime of ∼ 4− 9 × 10−2 Myr. More recently, the advent of
c2d and Gould Belt Spitzer observational program allowed a more precise measurements of those
lifetimes, thanks to the large number of observed protostellar cores. Thanks to the work of Ribas
et al. (2014, 2015), which set the duration of 3 Myr for the reference class Class II+III, Dunham
et al. (2015) derived durations of 0.13–0.26 Myr for the Class 0 stage and 0.27–0.52 Myr for the
Class I stage (see also Enoch et al. 2008, 2009; Evans et al. 2009 for previous estimation using
Spitzer observations). Finally we note that Kristensen & Dunham (2018) recently developed a
new method to derive the lifetime of each protostellar stage, based on the formalism of sequential
nuclear decay, that does not require the assumption that star formation is steady state. They
derived half-life of 4.7 ± 4 × 10−2, 8.8 ± 7 × 10−2, and 8.7 ± 8 × 10−2 Myr, for Class 0, Class
I, and flat SED objects, respectively. These half-lifes are significantly shorter than the lifetimes
proposed by Dunham et al. (2015), but Kristensen & Dunham (2018) discuss their results and
highlight the caveat of considering the star-formation process as steady-state.

Lifetimes of Class II and Class III YSOs can be determined via comparisons of the photometry
with evolutionary tracks; this has been done using Spitzer 2MASS and c2d surveys for example.
Building a comprehensive picture of protoplanetary disk evolution has been the focus of several
studies, that analyze the disk demography and masses among nearby regions of different ages (see
for example Ribas et al. 2014; Ansdell et al. 2016; Eisner et al. 2018; Villenave et al. 2021 and
references therein). However, the duration of ∼ 2-3 Myr has been discussed in the context of disk
structure and environment: disk with structures (such as dust traps and/or rings) appear to evolve
more slowly than non-structured disks (Michel et al. 2021), and the disk external UV radiative
environment can also strongly impacts disk dispersal, and thus size and lifetime (Facchini et al.
2016; Haworth et al. 2017).

1.1.2.4 Protostellar accretion: the luminosity problem

The luminosity of a protostellar core depends on both the instantaneous accretion rate onto the
central protostar and the central protostar embryo’s photospheric luminosity. Over the past three
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decades, attempts have been made to reconcile the observed luminosity and inferred accretion rate,
with predictions of models that must reproduce the observed mass distribution of protostars and
pre-main sequence stars in a given cloud lifetime. The two main ways to estimate the expected
average accretion rate are: (i) assuming that both the mass stored in the disk and the mass ejected
in the outflow are a small fraction of the stellar mass, the average mass infall rate must be a
reasonable proxy for the mass accretion rate, (ii) the average accretion rate can be directly estimated
using a typical stellar mass that has to be formed within the lifetime of the embedded stage. The
“protostellar luminosity problem” designates the fact that on average, the observed protostellar
luminosities are about ten times lower that the luminosities obtained with these accretion rates
required to form the observed population of more evolved stars and protostars (Kenyon et al. 1990;
Kenyon & Hartmann 1995; Young & Evans 2005; Evans et al. 2009). In addition, a luminosity
obtained from the inferred accretion rate only provides an upper limit on the accretion rate, as
measured luminosities also include contributions from the photospheric luminosity and external
heating of the protostellar core by the interstellar radiation field.

Kenyon et al. (1990) suggested two solutions for the luminosity problem. One solution is that
a significant amount of accretion occurs at late stage evolutionary stage, during the pre-main
sequence. However, the accretion rate of T Tauri stars that is required by this hypothesis appears to
be too high compared to the typical range of observed mass accretion rate (∼ 10−9− 10−7M� yr−1,
Gullbring et al. 1998; Muzerolle et al. 1998). In addition, there is no sufficient mass reservoir
around these objects that would justify higher accretion rate. The second solution is that the
accretion, which mostly occurs in the embedded stage, is episodic, i.e., that significant amount of
material is accreted onto the central protostars on short timescales, relative to the lifetime of the
embedded stage. These episodic accretion events, called accretion burst, could be caused by thermal
instability of the inner disk (Bell & Lin 1994; Bell et al. 1995), or by gravitational instability in the
disk (Vorobyov & Basu 2005, 2006, 2010).

The link between protostellar luminosity and accretion rate is however highly subject to caveats.
Significant theoretical debate continues regarding the relationship between the mass infall rate
and the mass accretion rate. While observations of infrared emission lines are difficult (although
they represent one of the the most direct measurement of accretion), some observations suggest
low accretion toward Class I objects using the Br γ line (Muzerolle et al. 1998). Although the
measurement of mass infall rate cannot be derived for all sources and is strongly model dependant,
Mottram et al. (2013) derived relatively high values of mass infall rates from millimeter molecular
line observations toward Class 0/I sources. In addition, contrary to the main-sequence stellar
parameters which are well understood, the intrinsic parameters of the nascent stellar core, necessary
to the derivation of the accretion luminosity (see Equation 1.20), are poorly constrained. facc,
L? and R? are computed by theoretical models that must take into account first core properties,
past accretion history, physics of accretion shock and of stellar interiors (Baraffe et al. 2009, 2012;
Hosokawa & Omukai 2009; Kuiper & Yorke 2013; Baraffe et al. 2017). Particularly, the parameter
subject to the most important caveats is the radiation efficiency of the accretion shock, which
is represented by facc. Indeed, a portion of the accretion shock kinetic energy can be absorbed
by the protostar (Baraffe et al. 2009, 2012). facc also needs to account for the amount of ra-
diation that anisotropically escapes through outflow cavities, which would limit the impact of
the radiation heating of the envelope (Ostriker & Shu 1995; Offner et al. 2009; Krumholz et al. 2012).
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Models of protostellar accretion have faced a variety of difficulties reproducing observations,
as a large number of factors directly influence the efficiency, rate, and duration of mass accretion.
Numerical simulations choosing the core-regulated scenario assume that accreting gas is efficiently
funnelled from dense cores to sub-au scales, which is equivalent to focus on the time-averaged
accretion rate (Krumholz et al. 2012). These simulations present a dynamical picture in which
protostellar accretion is dictated by the environment in which cores are formed. Accretion depends
on the location of cores in the global gravitational potential of a cloud, meaning that cores will
“compete” with one another for gas (Bonnell et al. 2001). This “competitive accretion” scenario
leads to the most massive stars being located at the center of gravitational potential, and a constant
accretion rate in time for all stars until all gas is accreted or dispersed (McKee & Offner 2010).
Additional models include the effects of rotation (Terebey et al. 1984), initial inward velocities
(Fatuzzo et al. 2004), magnetic fields (Krumholz & Federrath 2019), and accretion luminosity
providing radiative feedback (Hennebelle et al. 2020a), all effectively influencing the efficiency of
mass accretion, and the distribution of stellar masses.

The second category of theories, that aim to model protostellar accretion, concerns lower
spatial scales, and focuses on how the accretion can be disk-regulated. Since stars accrete most
of their mass through a disk, it is important to understand the physical processes responsible for
the redistribution and transport of mass within a disk. The majority of models have used the
so-called alpha prescription of angular momentum transport in disks (Shakura & Sunyaev 1973),
which designates a stress tensor that yields the viscous torque of adjacent rings in a differential
rotating disk. The turbulence causing these viscous torques are thought to be triggered by magneto-
rotational instability (MRI) (Balbus & Hawley 1991), and gravitational torques to be induced by
gravitational instability (GI) (Toomre 1964; Lin & Pringle 1987; Laughlin & Bodenheimer 1994).
The MRI will operate only if the coupling of the magnetic field with the gas is sufficiently high.
This requires high ionization of the gas, or a good coupling between gas and dust if dust grains
are the main charge carriers in the disk (see Section 1.2 for the implementation of non-ideal MHD
resistivities). Otherwise MRI will be largely suppressed in the so-called “dead-zone” (Gammie
& Johnson 2005; Armitage 2011). On the other hand, if the MRI is inactive, then matter will
build up in disks until they become gravitationally unstable, which will favor the trigger of GI.
GIs appear when self-gravity overcome the stabilizing effects of pressure and shear; and the disk
cooling will balance the heating created by GI, causing the GI to transport angular momentum
outwards, and allowing mass accretion onto the star (Gammie 2001; Lodato & Rice 2004). GI is
however likely to be suppressed in disks surrounding low-mass protostars, where disks are likely
not massive enough. If the disk is massive enough to develop GI, sections of spiral arms (see for
example Paneque-Carreño et al. 2021) can collapse into bound fragments, that once they fall onto
protostars, will trigger accretion bursts (Vorobyov & Basu 2005, 2006, 2010). We note that this
is more likely to happen in the embedded phase of star formation, as the infall of gas from the
envelope onto the disk, will favor disk fragmentation (Vorobyov et al. 2020).

1.1.2.5 Observational probes of episodic accretion

Outbursting young stars are generally separated in two classes, FU Orionis and EX Lupi type
objects, based on their outburst amplitude and timescale (Audard et al. 2014). Some of these
objects are still in the embedded phase of star formation, and can thus help us understand how
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protostars accrete their mass. The idea of episodic accretion received significant support from
observations of variable protostars, via observational studies of outbursts, their magnitude and
the typical time interval between outbursts. Based on the number of observed outbursting young
stars, and assuming that all protostars undergo repeated outbursts, and that these outbursts are
caused by a spontaneous increase of mass accretion, Offner & McKee (2011) estimated that during
accretion bursts, protostars accrete on average 25% of the mass that they accrete throughout
the entire protostellar phase. Photometry of variable protostars over a large range of frequency
have revealed that the time interval between outburst typically vary from a few 103 to a few 104

years (Billot et al. 2012; Megeath et al. 2012; Fischer et al. 2012; Scholz et al. 2013; Fischer et al.
2019; Grosso et al. 2020). Transient surveys that monitor the flux of a large number of embedded
protostars will improve our knowledge of episodic accretion theories (Johnstone et al. 2013; Herczeg
et al. 2017; Johnstone et al. 2018; Lee et al. 2021a). Detailed models of protostellar envelope
structures are however required to infer the mass accretion variability from measurement of flux
variability (Johnstone et al. 2013; Contreras Peña et al. 2020).

Episodic accretion events are expected to be also detected via chemical observations of embedded
objects (Jørgensen et al. 2020). Indeed, the increase in luminosity caused by the accretion burst
increases the heating of the envelope, which in turn increases the location of the sublimation radius
of a given molecule (Visser & Bergin 2012; Visser et al. 2015; Rab et al. 2017). The subsequent
timescale for those molecules to freeze out (i.e., to be depleted from the gas) is larger than the
typical duration of accretion bursts. This means that in a source that has experienced an accretion
burst, observations of these molecular line emission is more extended than the current snow-line
radius, which is inferred from the current luminosity of the protostar. Observations measuring the
spatial extent of the species that are directly sublimating from grains, such as C18O, or destroyed
subsequently in the gas phase, such as N2H+, show evidences of past accretion burst given the
current protostellar luminosities (Jørgensen et al. 2013, 2015; Anderl et al. 2016; Frimann et al.
2016, 2017; Hsieh et al. 2018; Anderl et al. 2020). Similar results have been found with other
chemical species like H2O (Bjerkeli et al. 2016c; Cieza et al. 2016; van ’t Hoff et al. 2018), which
sublimates at different temperatures compared to CO, thus offering complementary constraints to
this method.

Finally, as jets and outflows develop as protostellar accretion occurs (see Section 1.1.2.6), their
observations can provide fossil records of the past accretion history of protostars. The link between
accretion and ejection is however far from direct, and many poorly understood physical mechanisms
involved in the accretion onto the protostars and the launching of material are at play in the inner
region of protostars. Despite these caveats, observations of the variability of well known molecular
emission line outflow tracers such as CO and SiO as a function of the distance from protostars
revealed that accretion could be episodic (Arce & Goodman 2001; Jhan & Lee 2016; Plunkett
et al. 2015). These observations can exhibit a chain of knots in collimated jets, interpreted as
internal shocks, given the mass-loss rate and launching velocities. As predicted by models (Vorobyov
et al. 2018; Rohde et al. 2019), past episodic accretion events can create “Hubble wedges” in the
Position-Velocity diagram of protostellar outflows (consisting in a radially expanding parabolic
shell, with localized increase of velocity along the outflow axis), which has been investigated in a
couple of low-mass protostars Arce & Goodman (2001); Tafalla et al. (2004); Arce et al. (2013);
Plunkett et al. (2015).
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1.1.2.6 The ejection of material via bipolar outflows and jets
6 Chin-Fei Lee

Fig. 2 Observed mass-loss rate in the jets Ṁj versus accretion rate Ṁacc of our jet sources
(blue stars) compared with those in di↵erent classes of YSOs associated with jets and out-

flows presented in Ellerbroek et al. (2013). The dashed lines indicate
Ṁj

Ṁacc
= 0.01 and 0.1.

rate estimated here could be a lower limit of the true value, and so could be
the ratio.

With the ratio, we can estimate the magnetic lever arm parameter (Shu et
al. 2000; Pudritz et al. 2007), which is defined as
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where r0 is the launching radius of the jets in the disks and rA is the Alfvén
radius along the streamline launched from r0. This parameter determines the
extracted angular momentum and poloidal acceleration, assuming a conserva-
tion of angular momentum and energy along the streamline. For example, the
poloidal acceleration determines the terminal velocity the jet can achieve. Let
vkep be the Keplerian velocity at the launching point, then vj ⇠

p
2�� 3 vkep,

according to the current magneto-centrifugal jet-launching models (Shu et al.

Figure 1.11: Observed ratio of mass loss rate Ṁj contained in jets and/or outflows as a function of mass
accretion rate ˙Macc onto central objects. The dashed lines indicate Ṁj/ ˙Macc = 0.01 and 0.1. Taken from
Ellerbroek et al. (2013); Lee (2020)

The accretion of material onto the central star from the circumstellar disk necessarily triggers
the ejection of a fraction of accreted material. This matter is ejected via bipolar outflows, which
are a typical signature of accreting objects. Bipolar outflows are commonly observed from Class 0
to Class II objects, when the accretion process is active, toward low- but also high-mass protostellar
objects (Bally 2016). Their velocity scales with the mass of the central protostar, however, the
mass outflow rate declines with time, as the mass accretion rate becomes less and less vigorous as
cores evolve (Podio et al. 2020c). As shown in Figure 1.11, mass accretion rates and mass ejection
rates are strongly correlated along YSO evolutionary sequence, which reveals that both phenomena
are intrinsically connected. As we will see below (see Section 1.1.3.1), this correlation between
accretion and ejection partly dictates the efficiency of a given core to form a star.

Observationally, bipolar flows are commonly separated between outflows and jets. The first
one designates a low velocity material (v<30km s−1) with large opening angle compared with
jets, which have higher velocities and correspond to much more collimated structures with ejecta
travelling at 50< v<150 km s−1 (Arce et al. 2007; Pudritz et al. 2007). Jets and outflows propagate
into the ISM pushing aside the surrounding material, and interact with it, via propagating shocks
along the outflow cavities and along the jet axis (in this case, the structures are called “bow-shock”),
that are responsible for a variety of observed chemical signatures. At the Class 0 phase, outflows
and jets are detected at submillimeter wavelengths (see an example in Figure 1.12), via observations
of molecular emission line, e.g., CO, SiO, and SO. Outflows are also seen via H2 in the infrared
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Molecular jets from low-mass young protostellar objects 3

Fig. 1 HH 212: (a) H2 map of the jet in parsec scale adopted from Reipurth et al. (2019).
(b) H2 map of the inner jet adopted from McCaughrean et al. (2002). (c) A composite image
of the jet within ⇠ 10000 au of the central source, with H2 map (blue) from McCaughrean
et al. (2002) and SiO (green) and CO (red) maps from Lee et al. (2015). (d) The jet in SiO
(green) within ⇠ 1000 au of the central source and the accretion disk in dust continuum at
850 µm (orange), adopted from (Lee et al. 2017c). (e) shows the SiO jet (green) within ⇠
100 au of the central source with the dusty accretion disk (orange), adopted from (Lee et
al. 2017c). The blue and red arrows show the disk rotation.

& Bally 2001; Zapata et al. 2006; Carrasco-González et al. 2010; Ellerbroek
et al. 2013; Caratti o Garatti et al. 2015), suggesting that the low-mass star
formation scenario may apply to these objects.

Current observations also show an evolution in the gas content of the jets.
In the Class 0 phase, the jets are mainly detected in molecular gas, e.g., CO,
SiO, and SO at (sub)millimeter wavelengths and H2 in infrared (Arce et al.
2007; Frank et al. 2014). In the Class I and Class II phases, they are mainly
detected in atomic and ionized gas, e.g., O, H↵, and S II (Reipurth & Bally
2001; Bally 2016), appearing as Herbig-Haro flows at optical and infrared
wavelengths. At the base near the launching points, the jets are ionized and
thus radiate free-free emission at centimeter wavelengths (Anglada et al. 2018).
Therefore, di↵erent telescopes are used to study di↵erent regions of the jets in
di↵erent evolutionary phases.

Recent comprehensive reviews of the jets have been presented by Frank et
al. (2014) and Bally (2016), and a further review on radio jets by Anglada
et al. (2018). Here I will focus on molecular jets seen in the early phase of
low-mass star formation, probing the initial phase of the jet formation and
accretion process in the first 105 yrs in the Class 0 phase. Without su↵ering
from dust extinction e↵ects, molecular lines at (sub)millimeter wavelengths al-
low us to probe the jets close to the innermost regions, where the sources are
deeply embedded and where the jets are launched and collimated (see Fig. 1).
The jets are believed to be launched from accretion disks around protostars
through magneto-centrifugal forces (Shu et al. 2000; Königl & Pudritz 2000),
and are thus expected to be magnetized and rotating. In this case, the jets can
also solve the angular momentum problem in the innermost edges of the disks
by carrying away angular momentum from there to allow disk material to fall
onto the central protostars. I will review current exciting and revolutionary

Figure 1.12: Jet of the HH212 Class 0 protostellar core. (a) H2 map of the jet in parsec scale adopted
from Reipurth et al. (2019). (b) H2 map of the inner jet adopted from McCaughrean et al. (2002) (c) A
composite image of the jet within 10000 au of the central source, with H2 map (blue) from McCaughrean
et al. (2002) and SiO (green) and CO (red) maps from Lee et al. (2015a). (d) The jet in SiO (green)
within 1000 au of the central source and the accretion disk in dust continuum at 850 µm (orange), adopted
from Lee et al. (2017a). (e) shows the SiO jet (green) within 100 au of the central source with the dusty
accretion disk (orange), adopted from Lee et al. (2017a). The blue and red arrows show the disk rotation.
Figure taken from Lee (2020).

(Frank et al. 2014), and appear in the continuum at optical and infrared wavelength as Herbig-Haro
flows (Reipurth & Bally 2001). Toward Class I and II objects, the physical conditions cause the
chemistry of the flows to change. Outflows toward these more evolved objects are observed mainly
in atomic and ionized gas, e.g., O(I),S(II), S(I), Si(II), Fe(II), and Hα (Herbig-Haro flows are also
detected in Class I and II objects). We note that if the ionization in the jet is sufficient, free-free
emission at centimeter wavelengths can also be observed (Anglada et al. 2018). Finally, jets can
also be detected via synchrotron emission (Carrasco-González et al. 2010; Rodríguez-Kamenetzky
et al. 2016, 2017).

Jets are believed to be launched by magnetocentrifugal forces at sub-au scales in the interaction
zone between the accreting disk and the forming protostar. Three main magnetocentrifugal
mechanisms have been proposed to explain how jets develop (Konigl & Pudritz 2000; Shu et al.
2000; Ferreira et al. 2006; Frank et al. 2014): the stellar wind model that launches the jet close to
the protostar surface via stellar magnetic lines, the “X-wind” model that launches a magnetospheric
wind from the very inner part of the accretion disk (∼ 0.05−0.5 au), and the disk wind model that
ejects material via open magnetic field lines inherited from the parent core, twisted by rotation
(beyond ∼ 0.5 au). In the two latter scenarii, helical magnetic field lines accelerate material from
above and below the disk thanks to centripetal forces, thereby expelling material at velocities
directly dependent on the launching radius. The “X-wind” model would thus be responsible for the
highest velocities counterpart of flows, i.e., the jets, while the disk wind model could be efficient at
producing wider-angle, slowly rotating outflows (Bjerkeli et al. 2016b; Yvart et al. 2016; Tabone
et al. 2017; Alves et al. 2017; Louvet et al. 2018). However, low-velocity outflows were initially
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thought to correspond to gas from the envelope, entrained by the high-velocity jet, which could
develop these outflow cavities (Gueth & Guilloteau 1999). This picture was recently challenged by
the detection of V-shaped CO cavities, that originate from the circumstellar disk, toward Class II
sources, which no longer harbor circumstellar envelope (Pety et al. 2006; Louvet et al. 2018; de
Valon et al. 2020). Therefore gas entrainment from collimated jet structures seem not to be the
only source of low-velocity outflow cavities.

1.1.2.7 Core angular momentumM. Gaudel et al.: Angular momentum profiles of Class 0 protostellar envelopes

Fig. 17. Radial distribution of specific angular momentum. Panel a: adapted from Fig. 8 of Belloche (2013) and from Ohashi et al. (1997a). Panel b:
zoom on the region where the angular momentum profiles due to rotation of the CALYPSO sources lie. The gray curve shows the median profile
j(r). In the two panels, the solid black line shows the best fit with a broken power-law model.

(Goodman et al. 1993; Caselli et al. 2002) appears to follow the
power-law relation j / r1.6. During protostellar regime, between
100 and ⇠6000 au (0.03 pc), a few points in different protostellar
envelopes suggest the specific angular momentum is relatively
constant ( j ⇠ 10�3 km s�1 pc, Ohashi et al. 1997a; Belloche et al.
2002; Chen et al. 2007). During disk and binary regime, below
100 au, measurements in disks and Class II binaries (Chen et al.
2007) show a decrease of j following a trend characteristic of
Keplerian rotation ( j / r0.5).

Thus, from previous observational studies on rotational
motions, finding a break at r⇠ 1000 au between two trends
of specific angular momentum within Class 0 protostars was
unexpected. Although the velocity gradients observed in the
outer part of the protostellar envelopes (r> 1000 au) are con-
sistent with rotational motions, the observed j regime at these
scales is not expected from pure rotational motions.

5.2.2. Apparent specific angular momentum

The radius range of j(r) distribution due to rotation motions
is not homogeneous between sources (see Table F.1). To iden-
tify whether the radius of ⇠1000 au is a critical radius between
two trends of specific angular momentum in each source, we
derive the radial distribution of the apparent specific angular
momentum | japp| at all scales in the envelopes. To build | japp|(r)
distribution, we consider the gradients observed at all envelope
scales, including also the reversed gradients and the shifted ones
at scales of r &1000 au (see Fig. 19 and Sect. 5.4) which were
excluded in the construction of the PVrot diagrams in Fig. 16
because they are not consistent with rotational motions. By con-
sidering these velocity gradients, we add points in the outer
envelopes but the trend observed in the inner envelopes do not
change (see Tables F.1 and F.2). Thus, the | japp|(r) distribution
helps us to understand the origin of the trend and the veloc-
ity gradients observed at r> 1000 au. We plot all the apparent
specific angular momentum profiles obtained for the CALYPSO
subsample in Fig. 18. We also report the apparent specific angu-
lar momentum of IRAS4A which was identified as the only
source that did not show any rotational motions in our sample
(see Sect. 5.1). As for j profiles, we performed a least-square fit

Fig. 18. Radial distribution of apparent specific angular momentum
| japp| = |v| ⇥ r along the equatorial axis of the CALYPSO sources,
considering all the velocity gradients observed at all envelope scales,
including the reversed gradients and the shifted ones at scales of
r & 1600 au (see Fig. 19 and Sect. 5.4) which were excluded in the con-
struction of the PVrot diagrams in Fig. 16, and in panel b of Fig. 17 for
our analysis of rotational motions. The empty circles show the negative
apparent specific angular momentum from the reversed gradients along
the equatorial axis in the outer scales (r > 1600 au) of the L1448-2A,
IRAS2A, IRAM04191, L1527, L1157 and GF9-2 envelopes (see Sect.
5.4.1). The gray curve shows the median profile | japp| and the solid black
line shows the best fit with a broken power-law model.

of the | japp|(r) profiles for each source individually and we report
the indices of the power-law models in Table F.2.

We create the median | japp|(r) profile of the CALYPSO sub-
sample. We first resampled the individual profile of each source
in steps of 100 au and normalized it by the value at 600 au,
then we took the median value of individual profiles at each
radius step. The median profile is shown in gray on Fig. 18.
From a broken power-law fit, we obtain a relatively flat profile
( japp / r0.3±0.3) at radii smaller than 1570±300 au and an increas-
ing profile ( japp / r1.6±0.2) in the outer envelope. The radius of
⇠1600 au therefore appears to be a critical radius which delimits
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Figure 1.13: Radial distribution of specific angular momentum for different star forming objects. Left
panel: adapted from Figure 8 of Belloche (2013) and from Ohashi et al. (1997). Righ panel: zoom on the
region where the angular momentum profiles due to rotation of the CALYPSO sources lie. The gray curve
shows the median profile of the core angular momentum. In the two panels, the solid black line shows the
best fit with a broken power-law model. Figure taken from Gaudel et al. (2020).

Angular momentum plays a crucial role in the evolution of protostars, and several physical
processes dictate how it is redistributed along the collapse. Angular momentum can be organized
under the form of rotation. Indeed, observations have revealed rotation in the majority of structures
involved in star and planet formation, from the scales of filaments to those of stars themselves. The
angular momentum is an important physical quantity that regulates the collapse of cores, as the
centrifugal forces balance gravity along the collapse. Indeed, if we assume a solid body rotation,
the conservation of the system angular momentum j = ΩR2 (with Ω the angular velocity) causes
the collapse to spin up the infalling material. As the collapse proceeds, material accumulates to
form a disk beyond the centrifugal barrier (Stahler et al. 1994), which designates the radius at
which centrifugal forces are strong enough to preclude further infalling movement. While this
simply illustrates the physics behind the formation of rotationally supported disks surrounding
young protostars, observations of angular momentum at multiple scales clearly indicate angular
momentum is not conversed along scales and evolution stages. Indeed, the angular momentum of a
star like our Sun is typically 6 to 7 order of magnitude lower than angular momentum of dense
cores (Belloche 2013). The “angular momentum problem” designates this long standing problem,
the solution to which requires invoking several physical processes that can remove/redistribute the
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angular momentum of a star forming object, from the core to disk scales (Spitzer 1978; Bodenheimer
1995; Mathieu 2004).

Star forming cores can inherit their angular momentum from rotational motion of larger struc-
tures such as star-forming filaments (Hsieh et al. 2021), or more generally from large scale turbulence
(Misugi et al. 2019). Observations have revealed that dense cores and prestellar cores exhibit traces
of rotations (Goodman et al. 1993; Caselli et al. 2002b; Redman et al. 2004; Crapsi et al. 2007; Kirk
et al. 2009b; Pineda et al. 2019). In addition, T-Tauri stars’ angular momentum have been observed
to be 2-3 order of magnitude larger than our Sun (Bouvier et al. 1993), implying continued removal
of angular momentum between the T-Tauri and Main Sequence phases. While the physical processes
involved in the redistribution of angular momentum in a star+disk system (for a T-Tauri system to
reach solar values of angular momentum) are quite understood (Gallet & Bouvier 2013), it is still
unclear how the angular momentum is redistributed at the typical scales of Class 0 and I envelope
(see Figure 1.13 for the evolution of angular momentum as a function of scales for several star
forming systems). Clear signatures of rotation and infall have been detected toward Class 0 and I
objects at envelope scales (≤ 5000 au, see Ohashi et al. 1997; Belloche et al. 2002; Chen et al. 2007),
and one still needs to understand the decrease in ∼4 order of magnitude in angular momentum
occurring during the protostellar evolutionary stage (Yen et al. 2011; Kurono et al. 2013; Yen et al.
2015, 2017; Gaudel et al. 2020, see Figure 1.13). However, we note that, the measured velocity
gradients toward protostellar envelope may also originate from infall or even turbulence, which
can mimic rotational signature in Position-Velocity diagram (Tobin et al. 2012a; Gaudel et al. 2020).

Several mechanisms can potentially play a significant role in the redistribution of the core angular
momentum at the protostellar stage, between the scales of the outer envelope, i.e., ∼ 5000 au and the
sub-au scales of the nascent stellar core. We list below different mechanisms that can store (in disk,
multiple systems) or take away angular momentum (via outflows and jets) from protostellar systems.

Formation of rotationally supported disk: As the collapse proceeds, the increase of
rotational motions can cause a significant part of angular momentum to be stored in circumstellar
disks. Kinematic study led via observations of molecular emission line toward Class I protostellar
cores revealed signatures of Keplerian disks (Brinch et al. 2007; Lommen et al. 2008; Jørgensen
et al. 2009; Lee 2011; Yen et al. 2013, 2014; Harsono et al. 2014; Aso et al. 2015; Tobin et al.
2020b). Observation of disks at the Class 0 stage is however more challenging, mainly because the
infalling envelope is very prominent in molecular emission lines, and its detailed structure at small
spatial scales needs to be well understood to disentangle the contribution of the envelope from
the one of the disk in interferometric observations of dust continuum emission. Initially, several
interferometric surveys that searched for disks in dust continuum emission and observations of
spectral lines suggested that Class 0 disks are rare and tenuous (Maury et al. 2010; Enoch et al.
2011). The compact, unresolved component interpreted as disk may be actually linked with outflow
cavities (Joos et al. 2012), and/or infalling magnetized pseudo disk (see Section 1.2), i.e., structure
flattened because of magnetic fields, rather than rotation (Hennebelle & Fromang 2008).

High angular resolution revealed signatures of disks via detections of compact dust continuum
emission (Tobin et al. 2015; Segura-Cox et al. 2016, 2018; Maury et al. 2019), as well as hints of
Keplerian rotation and disk growth with molecular line emission tracing the gaseous components of
envelope and disks (Tobin et al. 2012b; Yen et al. 2013; Codella et al. 2014; Ohashi et al. 2014; Yen
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Fig. 1 ALMA Observations and analysis of continuum and molecular line emission toward
the Class 0 protostar L1527 IRS from Aso et al. (2017). The left panel shows the 1.3 mm
dust continuum image resolving the dusty protostellar disk, the blue and red arrows denote
the outflow direction from the protostar. The right panel shows a position-velocity diagram
of the C18O emission from the envelope and disk, with the spatial axis being extracted in the
north-south direction along the major axis of the disk (left panel). The blue and red points
represent fits to the centroid as a function of position and velocity in the PV diagram and are
used to examine the rotation profile of the emission. The bottom panel shows the fits to the
position-velocity diagram in log-log space, highlighting the apparent change in the rotation
curve fromv� / R�1 to v� / R�0.5. Figures from Aso et al. (2017).

thin as possible. Another disadvantage of rotation curve fitting to determine the
Keplerian disk radius is that this method is using the highest velocity line emission
which also tends to have the lowest signal-to-noise. This is because the lower
velocities are significantly blended with envelope emission and are not reliably
tracing the disk alone.

As ALMA’s capabilities have increased, the number of surveys being conducted
toward protostellar systems has increased. This enables the distribution of disk
radii to be characterized as an ensemble with significantly less bias than was
present in the early ALMA observations that were carried out toward particu-

Figure 1.14: ALMA dust continuum and molecular emission line observations of the Class 0 protostellar
core L1527 IRS from Aso et al. (2017). Top left panel: 1.3 mm observations of the circumstellar disk. The
arrows represent the bipolar outflow orientation. Top right panel: Position-Velocity diagram of the C18O
emission line calculated along the major axis of the disk. Blue and red points are the fits to the centroid
as a function of position and velocity. Bottom panel: Same blue and red points are displayed in a plot of
rotational velocity as a function of radius in order to examine the rotation profile of the emission. The fits
probes a clear change in the rotation curve, between a infall profile with vφ ∝ R−1, and Keplerian profile
of vφ ∝ R−0.5. Figures taken from Zhao et al. (2020b).

et al. 2017; Maret et al. 2020), toward Class 0 protostellar cores. At the scales of the inner envelope,
one needs to differentiate properly the structure of the infalling inner envelope with the one of the
rotationally supported disk. In the dust continuum emission, to separate the envelope from the
disk, it is required to analyze the data in the uv-plane, because envelope and disk have different
expected amplitude at a given spatial frequency. With gas, while mapping the rotation curve of the
molecular line emission, it is possible to differentiate the kinematics of the infalling envelope from
the one of the rotationally supported disk, given that the latter will dominate the gaseous emission
up to a certain radius (see Figure 1.14). Envelope emission can, however, shield the emission from
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the disk at larger radii, in the case of significant line opacity. Furthermore, it is worth to note that
the chemistry (chemical abundances) may change as the material gets incorporated into the disk
from the envelope (Sakai et al. 2014b,a).

In a word, disks seem to be present already at the youngest stage of protostellar evolution, and
may represent a reservoir of angular momentum. In addition, the viscous torques or drag forces,
that are caused by the differential rotation at a given radii between the inner and outer annuli, are
thought to dissipate angular momentum. Therefore, in the context of the regulation of angular
momentum within a star forming system, young disks are relatively important to consider. The
typical mass and size of embedded disks are, however, subject to the role of magnetic fields, which
in turn can also remove a significant amount of angular momentum from the disk (we develop this
phenomenon in Section 1.2).

Ejection of jets and outflows: Part of the excess of the inner core angular momentum
can be carried away by jets and outflows (Ray et al. 2007). Jets are thoughts to be driven by
magneto-centrifugal acceleration, which implies that they can remove angular momentum from
the accretion disk, and/or the stellar magnetosphere (Blandford & Payne 1982; Ferreira et al.
2006; Pudritz et al. 2007; Cabrit 2009). This requires, however, that significant vertical magnetic
field is present and that the disk magnetization, surface heating, and ionization are sufficient. In
addition, the magneto-centrifugal forces at play that are able to transfer angular momentum from
the accretion disk to jets still need to allow the accretion onto the protostar. Measurements of
the angular momentum of jets have been made toward Class 0 and I objects (Lee et al. 2008;
Chrysostomou et al. 2008; Choi et al. 2011) and during the T Tauri phase (Bacciotti et al. 2002;
Woitas et al. 2005; Coffey et al. 2004, 2007), revealing that jets can extract a significant amount of
the angular momentum of accreting material. As we saw above, ejected material do not necessarily
emanate from the narrow region where jets originate, and molecular outflows can also reduce the
angular momentum of the inner core. The model of MHD disk winds predict good extraction of
angular momentum, while photo-evaporative driven outflows are less efficient at extracting angular
momentum. Several studies have reported rotation signature in low-velocity of molecular Class 0,
I, and II outflows, consistent with disc wind theories (Launhardt et al. 2009; Zapata et al. 2009;
Bjerkeli et al. 2016b; Tabone et al. 2017; Hirota et al. 2017; Louvet et al. 2018; de Valon et al.
2020).

Fragmentation and multiplicity: Finally, protostellar multiplicity can also be a key agent
regulating the evolution of the core angular momentum, as angular momentum is stored in orbital
motions of fragments. Nearly half of Sun-like stars are found in binary system (Raghavan et al.
2010), and this fraction gets higher toward higher mass stars (Duchêne & Kraus 2013). Given that
the fragmentation mechanisms are more efficient in the isothermal phase of the collapse (see the
evolution of the Jeans mass during the collapse in Figure 1.6), prestellar cores and Class 0 objects
shall be the most relevant objects to look at in order to find early signatures of fragmentation, that
could be responsible for the multiplicity observed toward Sun-like systems. Already at the Class I
evolutionary phase, the morphology of multiple systems do not allow to trace the original causes of
the multiplicity observed at later evolutionary stages (Dunham et al. 2014).

Several mechanisms have been proposed to trigger fragmentation in protostellar systems. As the
collapse of a dense core evolves, thermal Jeans fragmentation can occur if at a given scale the core
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east; this was a weakly detected feature at 9 mm with the VLA
(Tobin et al. 2016b).

Finally, there is less prominent extended emission toward
NGC1333 IRAS2A and L1448IRS2. NGC1333 IRAS2A has
extended features at low surface brightness, and asymmetric
extended emission to the east. Then the extended emission for
L1448IRS2 is also more diffuse and does not have as well-
defined circumbinary structure like some of the others.
However, the larger structure surrounding the protostars may
be impacted by spatial filtering given that Tobin et al. (2015b)
detected a surrounding structure on larger scales in lower-
resolution data.

The Class I sources on the whole have little or no extended
emission surrounding the components of these multiple
systems. The images show this visually in Figure 2, and
Table 1 shows that the flux densities for the Gaussian fits and
the extended emission from a larger area encompassing the two
protostars are comparable. However, some show resolved
structure toward one component. Both NGC 1333 IRAS2B and
L1448 IRS1 have at least one component that is dominant, with
resolved structure in their dust emission. The other Class I

binaries appear consistent with point sources, and the
components have similar flux densities.
While the close companions were the primary targets, we

detected several wide companions in the observed fields. In the
field of SVS13A, we detected several additional sources. One
source is RAC1999 VLA20 (Rodríguez et al. 1999), located
northeast of SVS13A. This source was previously detected by
the VLA, but has no counterpart at shorter wavelengths (i.e.,
mid-infrared and far-infrared) and has been hypothesized to be
extragalactic (Tobin et al. 2016b), see Figure 3. The wider
companion to SVS13A, often called VLA3 or SVS13A2, was
detected (Figure 3), and appears marginally resolved. SVS13B
is also detected and resolved as shown in Figure 3). VLA 8mm
imaging of SVS13B indicated that it has a small embedded disk
(Segura-Cox et al. 2016), but a larger, resolved structure is
detected in the ALMA 1.3 mm data. We also detected L1448
IRS3A in the field of L1448 IRS3B (Figure 4). The small-scale
structure of L1448 IRS3A appears to be a resolved disk
(Figure 4), consistent with the resolved emission detected in
Tobin et al. (2015b). In the field of Per-emb-55 (Figure 5), we
also detected Per-emb-8 which appears to have a large

Figure 1. ALMA images of Class 0 multiple protostar systems in Perseus at 1.3 mm. The white or black crosses mark the VLA source positions in each image. A
1″scale bar is also drawn in each panel denoting 300 au. The beam of each image is drawn in the lower right corner, corresponding to approximately 0 27×0 17
(81 au×51 au). The noise level in each image is approximately 0.14 mJy beam−1, but this varies somewhat between sources depending on dynamic range limits. The
approximate outflow directions (when known) are drawn in the lower right corner with the red and blue arrow directions corresponding to the orientation of the
outflow. Note that the outflows apparently originate from the bright continuum peaks, but the arrows are drawn offset for clarity.
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L1448IRS2 is also more diffuse and does not have as well-
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However, the larger structure surrounding the protostars may
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mid-infrared and far-infrared) and has been hypothesized to be
extragalactic (Tobin et al. 2016b), see Figure 3. The wider
companion to SVS13A, often called VLA3 or SVS13A2, was
detected (Figure 3), and appears marginally resolved. SVS13B
is also detected and resolved as shown in Figure 3). VLA 8mm
imaging of SVS13B indicated that it has a small embedded disk
(Segura-Cox et al. 2016), but a larger, resolved structure is
detected in the ALMA 1.3 mm data. We also detected L1448
IRS3A in the field of L1448 IRS3B (Figure 4). The small-scale
structure of L1448 IRS3A appears to be a resolved disk
(Figure 4), consistent with the resolved emission detected in
Tobin et al. (2015b). In the field of Per-emb-55 (Figure 5), we
also detected Per-emb-8 which appears to have a large
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NGC1333 IRAS2A and L1448IRS2. NGC1333 IRAS2A has
extended features at low surface brightness, and asymmetric
extended emission to the east. Then the extended emission for
L1448IRS2 is also more diffuse and does not have as well-
defined circumbinary structure like some of the others.
However, the larger structure surrounding the protostars may
be impacted by spatial filtering given that Tobin et al. (2015b)
detected a surrounding structure on larger scales in lower-
resolution data.

The Class I sources on the whole have little or no extended
emission surrounding the components of these multiple
systems. The images show this visually in Figure 2, and
Table 1 shows that the flux densities for the Gaussian fits and
the extended emission from a larger area encompassing the two
protostars are comparable. However, some show resolved
structure toward one component. Both NGC 1333 IRAS2B and
L1448 IRS1 have at least one component that is dominant, with
resolved structure in their dust emission. The other Class I

binaries appear consistent with point sources, and the
components have similar flux densities.
While the close companions were the primary targets, we

detected several wide companions in the observed fields. In the
field of SVS13A, we detected several additional sources. One
source is RAC1999 VLA20 (Rodríguez et al. 1999), located
northeast of SVS13A. This source was previously detected by
the VLA, but has no counterpart at shorter wavelengths (i.e.,
mid-infrared and far-infrared) and has been hypothesized to be
extragalactic (Tobin et al. 2016b), see Figure 3. The wider
companion to SVS13A, often called VLA3 or SVS13A2, was
detected (Figure 3), and appears marginally resolved. SVS13B
is also detected and resolved as shown in Figure 3). VLA 8mm
imaging of SVS13B indicated that it has a small embedded disk
(Segura-Cox et al. 2016), but a larger, resolved structure is
detected in the ALMA 1.3 mm data. We also detected L1448
IRS3A in the field of L1448 IRS3B (Figure 4). The small-scale
structure of L1448 IRS3A appears to be a resolved disk
(Figure 4), consistent with the resolved emission detected in
Tobin et al. (2015b). In the field of Per-emb-55 (Figure 5), we
also detected Per-emb-8 which appears to have a large
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east; this was a weakly detected feature at 9 mm with the VLA
(Tobin et al. 2016b).

Finally, there is less prominent extended emission toward
NGC1333 IRAS2A and L1448IRS2. NGC1333 IRAS2A has
extended features at low surface brightness, and asymmetric
extended emission to the east. Then the extended emission for
L1448IRS2 is also more diffuse and does not have as well-
defined circumbinary structure like some of the others.
However, the larger structure surrounding the protostars may
be impacted by spatial filtering given that Tobin et al. (2015b)
detected a surrounding structure on larger scales in lower-
resolution data.

The Class I sources on the whole have little or no extended
emission surrounding the components of these multiple
systems. The images show this visually in Figure 2, and
Table 1 shows that the flux densities for the Gaussian fits and
the extended emission from a larger area encompassing the two
protostars are comparable. However, some show resolved
structure toward one component. Both NGC 1333 IRAS2B and
L1448 IRS1 have at least one component that is dominant, with
resolved structure in their dust emission. The other Class I

binaries appear consistent with point sources, and the
components have similar flux densities.
While the close companions were the primary targets, we

detected several wide companions in the observed fields. In the
field of SVS13A, we detected several additional sources. One
source is RAC1999 VLA20 (Rodríguez et al. 1999), located
northeast of SVS13A. This source was previously detected by
the VLA, but has no counterpart at shorter wavelengths (i.e.,
mid-infrared and far-infrared) and has been hypothesized to be
extragalactic (Tobin et al. 2016b), see Figure 3. The wider
companion to SVS13A, often called VLA3 or SVS13A2, was
detected (Figure 3), and appears marginally resolved. SVS13B
is also detected and resolved as shown in Figure 3). VLA 8mm
imaging of SVS13B indicated that it has a small embedded disk
(Segura-Cox et al. 2016), but a larger, resolved structure is
detected in the ALMA 1.3 mm data. We also detected L1448
IRS3A in the field of L1448 IRS3B (Figure 4). The small-scale
structure of L1448 IRS3A appears to be a resolved disk
(Figure 4), consistent with the resolved emission detected in
Tobin et al. (2015b). In the field of Per-emb-55 (Figure 5), we
also detected Per-emb-8 which appears to have a large
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outflow. Note that the outflows apparently originate from the bright continuum peaks, but the arrows are drawn offset for clarity.
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L1448IRS2 is also more diffuse and does not have as well-
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However, the larger structure surrounding the protostars may
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structure toward one component. Both NGC 1333 IRAS2B and
L1448 IRS1 have at least one component that is dominant, with
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field of SVS13A, we detected several additional sources. One
source is RAC1999 VLA20 (Rodríguez et al. 1999), located
northeast of SVS13A. This source was previously detected by
the VLA, but has no counterpart at shorter wavelengths (i.e.,
mid-infrared and far-infrared) and has been hypothesized to be
extragalactic (Tobin et al. 2016b), see Figure 3. The wider
companion to SVS13A, often called VLA3 or SVS13A2, was
detected (Figure 3), and appears marginally resolved. SVS13B
is also detected and resolved as shown in Figure 3). VLA 8mm
imaging of SVS13B indicated that it has a small embedded disk
(Segura-Cox et al. 2016), but a larger, resolved structure is
detected in the ALMA 1.3 mm data. We also detected L1448
IRS3A in the field of L1448 IRS3B (Figure 4). The small-scale
structure of L1448 IRS3A appears to be a resolved disk
(Figure 4), consistent with the resolved emission detected in
Tobin et al. (2015b). In the field of Per-emb-55 (Figure 5), we
also detected Per-emb-8 which appears to have a large

Figure 1. ALMA images of Class 0 multiple protostar systems in Perseus at 1.3 mm. The white or black crosses mark the VLA source positions in each image. A
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Figure 1.15: ALMA high angular resolution dust continuum total intensity images at 1.3 mm of protostellar
systems in the Perseus star forming region. The black crosses mark the VLA source positions in each image,
marking the locations of the protostellar embryos. The beam of each image is drawn in the lower right
corner, corresponding to approximately 0.27.′′ × 0.17.′′ (81 au×51 au). The approximate bipolar outflow
orientations (when known) are drawn in the lower right corner with the red and blue arrows. Figure taken
from Tobin et al. (2018).

mass is larger than twice the Jeans mass (because the fragments need to be gravitationally stable).
In addition, the sphericity of dense cores can play a role, as non-spherical dense core geometry
favors formation of multiple systems. However, strong constraints on the density gradients of the
core, and on how the collapse proceeds are necessary. Hierarchical thermal Jeans fragmentation
do not seem to match accurately multi-scale observations of star forming dense cores. Pokhrel
et al. (2018) found that the calculated thermal Jeans fragmentation predicts more fragments than
they observed within the Perseus molecular cloud, suggesting that the corresponding thermal
Jeans fragmentation is inefficient (see also Pineda et al. 2015). The two other main routes to form
fragments are the turbulent fragmentation and disk fragmentation theory. Turbulent fragmentation
of molecular clouds can produce wide and close multiple systems (Padoan & Nordlund 2002; Offner
et al. 2010), but the spatial separation of these systems can evolve with time (Sadavoy & Stahler
2017), which can affect the diagnosis of the origin of the fragmentation. Signatures of turbulent
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fragmentation scenario could be found studying the random the alignment between outflows within
multiple systems Lee et al. (2016); Offner et al. (2016). Turbulent fragmentation is also considered
at the prestellar phase, Dunham et al. (2016); Kirk et al. (2017a) observed that few starless cores
were found to exhibit substructures in ALMA observations compared to what is predicted by the
turbulent fragmentation scenario in simulations. Thus, it is likely that turbulent fragmentation
may predominantly occur at the end of the prestellar core phase. Finally, fragmentation due to
gravitational instabilities can occur in disks, which can generate apparition of fragments whose
mass can accumulate to become gravitationally bound (Adams et al. 1989; Bonnell & Bate 1994;
Stamatellos & Whitworth 2009). This latter mechanism may be at the origin of close multiple
system (<600au), as these fragments are formed in a disk. However, radiative feedback from the
accretion onto the star can have the opposite effect to stabilize the disk against fragmentation
(Krumholz et al. 2014). Rapid infall onto the disk can drive disks closer to gravitational instability,
and even to fragmentation (Kratter et al. 2010; Li et al. 2014b). We note also that the disk needs
to be sufficiently massive to produce fragments that are massive enough to form stars. For example,
the mass of the disk surrounding the triple protostellar system L1448 IRS3B was found to be
susceptible to experience gravitational instability and disk fragmentation (Tobin et al. 2016a).

Interferometric observations have shown that multiplicity at the Class 0 stage is significant
(> 50%, Maury et al. 2010; Chen et al. 2013; Tobin et al. 2016b), but more statistics are needed to
identify the main origins of early fragmentation. More recently, a sample of joint VLA and ALMA
observations in Perseus have revealed some hints of turbulent fragmentation in a couple of cores,
given that the velocity gradients measured from gaseous species known to trace the inner envelope
are not consistent with the binary orbit (see Figure 1.15 for a sample of close Class 0 multiple
systems, Tobin et al. 2016b,a, 2018). Otherwise, early circumstellar disk fragmentation seem to be
the main important mechanism happening at the Class 0 stage (Tobin et al. 2018).

1.1.3 What regulates star-formation?
So far, we introduced the global picture of the formation of low-mass stars, as a function of

time and scales. We reviewed the main physical processes at play at different scales, from cloud to
disk scales, and along the well-known evolutionary sequence of star formation. All these processes
that we introduced represent a variety of detailed physical mechanisms that are the subject of
observations and modelling via theoretical simulations. However star formation needs also to be
characterized as a whole, with representations that are encompassing these processes such as the
mass distribution of stars that are ultimately formed in a molecular cloud. In this subsection,
we present a few results about this global approach, and we briefly mention how the physical
mechanisms triggered by star formation can provide global feedback.

1.1.3.1 On the mass function of cores and stars

The Initial Mass Function (IMF) describes the evolution of the number of stars (in their main
sequence phase) per unit of mass, as a function of stellar mass. It covers many orders of magnitude,
ranging from brown dwarf objects (M<0.08M�) to high mass stars (M>8M�). Measuring the
IMF, and understanding its origin, is one of the central issues of star formation (Offner et al. 2014),
as the IMF reflects the efficiency of all the physical processes involved in the star formation process
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that we describe above (and also the ones we will present in Section 1.2). In order to derive the
IMF of a given region, one needs first to determine the luminosities of the stars belonging to this
region. Then, masses are inferred from the luminosities, and finally the IMF is obtained once
various corrections are applied, such as the relative ages of stars and the star multiplicity function
as a function of stellar mass. The commonly adopted analytical form of the IMF corresponds to
a power-law distribution dN/dM ∝ M−α, with α = 2.35 (Salpeter 1955). Later, more moderns
forms of the IMF were proposed, such as a log-normal distribution at low mass and above one solar
mass a power-law tail (Chabrier 2003, 2005), or series of power-laws to account for the full mass
range of the IMF (Kroupa 2001, 2002). Although several studies that showed how the IMF can
depart from these analytical models at high masses toward extreme regions (e.g., high-mass star
forming regions, galactic center, or local galaxies; Bastian et al. 2010; Kroupa et al. 2013; Weisz
et al. 2015; Maia et al. 2016; Motte et al. 2018b; Hosek et al. 2019), it is widely assumed that the
IMF can be considered universal (Offner & Arce 2014).

V. Könyves et al.: Herschel Gould Belt survey for prestellar cores in Aquila

Fig. 16. Di!erential core mass function (dN/dlogM) of the 651 star-
less cores (dark green histogram), 446 candidate prestellar cores (up-
per blue histogram and open triangles), and 292 robust prestellar cores
(lower blue histogram and filled triangles) identified with Herschel in
the whole Aquila field. The error bars correspond to

!
N statistical

uncertainties. The shaded area in light blue reflects the uncertainties
in the prestellar CMF arising from the uncertain classification of ob-
served starless cores as gravitationally bound or unbound objects (see
Sect. 4.7). The dashed blue histogram and open squares show how the
prestellar CMF would change at the high-mass end after correction for
a possible di!erential timescale bias (see text). The 90% completeness
level of the prestellar core sample is indicated by the vertical dashed
line (see Sect. 4.8 and Appendix B). Lognormal fits to the CMF of ro-
bust and candidate prestellar cores (solid and dashed red curves, respec-
tively), as well as a power-law fit to the high-mass end of the CMF
(black solid line) are superimposed. The two lognormal fits peak at
0.62 M" and 0.34 M", and have standard deviations of #0.47 and #0.57
in log10 M, respectively. The power-law fit has a slope of $1.33 ± 0.06
(compared to a Salpeter slope of $1.35 in this format). The IMF of sin-
gle stars (corrected for binaries – e.g., Kroupa 2001), the IMF of mul-
tiple systems (e.g., Chabrier 2005), and the typical mass distribution of
CO clumps (e.g., Kramer et al. 1998) are also shown for comparison.
(Color figure is available in the online version.)

As can be seen in Fig. 16, the Aquila prestellar CMF
is well fit by a lognormal distribution (solid and dashed red
curves for the samples of robust and candidate prestellar cores,
respectively) and very similar in shape to the system IMF
advocated by Chabrier (2005). Performing a non-parametric
Kolmogorov-Smirnov (K-S) test (see, e.g. Press et al. 1992) on
the corresponding cumulative mass distributions N(>M) indi-
cates that the observed prestellar CMF is statistically indistin-
guishable at the 97% confidence level from a lognormal mass
function with central mass 0.45 ± 0.2 M" and standard devia-
tion 0.52 ± 0.05 above the completeness mass limit #0.2 M".
For comparison, the lognormal part of the Chabrier (2005) sys-
tem IMF has a central mass of 0.25 M" and a standard devi-
ation of 0.55 in log10M. The error on the two parameters of
the lognormal fit to the prestellar CMF (i.e., central mass and
standard deviation) are mainly driven by the uncertain classifi-
cation of observed starless cores as gravitationally bound or un-
bound objects, which leads to two slightly di!erent CMF shapes
for the samples of robust and candidate prestellar cores (blue
shaded area in Fig. 16). The high-mass end of the Aquila CMF
above 1 M" is also consistent with a power-law mass function,
dN/dlogM % M$1.33±0.06, at a K-S significance level of 87%.
Here, the error bar on the power-law exponent was derived from
the range of values for which the K-S significance level is larger

than 68% (corresponding to 1! in Gaussian statistics). This
function is very similar to the Salpeter power-law IMF which is
dN/dlogM % M$1.35 in this format. (We note, however, that given
the limited range of core masses probed by our data a power law
does not provide a significantly better fit to the high-mass end
of the CMF than a pure lognormal fit.) In contrast, the CMF ob-
served above 1 M" di!ers from the shallower power-law mass
distribution of CO clumps and clouds (dN/dlogM % M$0.7 – e.g.
Blitz 1993; Kramer et al. 1998) at a very high confidence level.
The probability that the CMF can be consistent with dN/dlogM
% M$0.7 is only PK$S # 7.7 & 10$7.

A possible caveat to the similarity between the Salpeter IMF
and the prestellar CMF at the high-mass end should be men-
tioned, however. As pointed out by Clark et al. (2007), if cores
of di!erent mass evolve on di!erent timescales, then the ob-
served CMF may not be representative of the intrinsic prestel-
lar CMF. This is because an observer is more likely to detect
long-lived cores than short-lived cores. Therefore, if there is a
correlation between core lifetime and core mass, then the ob-
served CMF can be significantly distorted compared to the “ini-
tial” prestellar core mass distribution. In the present sample of
prestellar cores, there is essentially no correlation between core
density and core mass below #2 M" but a weak positive corre-
lation above #2–3 M" (Fig. 10), suggesting that prestellar cores
more massive than #2–3 M" may evolve to protostars somewhat
faster than lower mass cores do (see end of Sect. 5.1). To quan-
tify the importance of this potential di!erential timescale bias on
the CMF, we have overplotted in Fig. 16 a weighted version of
the observed CMF (blue open squares and dashed histogram),
obtained by weighting the number of prestellar cores observed
in each mass bin by a factor inversely proportional to a mass-
dependent free-fall time. The latter was estimated for each mass
bin by using the parabolic fit to the observed correlation between
core density and core mass shown by the red curve in Fig. 10.
As can be seen in Fig. 16, the weighted CMF is indistinguishable
from the unweighted CMF for M < 2 M", but somewhat shal-
lower above#2 M". (A K-S analysis indicates that the high-mass
end of the weighted CMF above 2 M" is consistent with a power-
law mass function, dN/dlogM % M$1.0±0.2, at a K-S significance
level of 90%.) The main e!ect of the di!erential timescale cor-
rection is to broaden the prestellar CMF, leaving the peak mass
at #0.5 M" essentially unchanged22.

As already discussed by André et al. (2010) and Könyves
et al. (2010) (see also Alves et al. 2007), the observed CMF
is consistent with an essentially one-to-one mapping between
prestellar core mass and stellar system mass23, i.e., M"sys =
#core & Mcore, where #core represents the e"ciency of the con-
version process from core mass to stellar system mass, i.e., the
star formation e"ciency within an individual prestellar core. The
peak of the prestellar CMF is at 0.45 ± 0.2 M" in observed core

22 It is also worth noting that the potential timescale problem raised by
Clark et al. (2007) is not a serious issue in the context of the gravo-
turbulent theory of the CMF/IMF proposed by Hennebelle & Chabrier
(2009), because the mass of cores corresponds to the turbulent Jeans
mass in this theory and the free-fall time has only a very weak depen-
dence on core mass.
23 As pointed out by a number of authors (e.g. Delgado-Donate et al.
2003; Goodwin et al. 2008; Hatchell & Fuller 2008), sub-fragmentation
of prestellar cores into binary or multiple systems complicates the di-
rect mapping of the prestellar CMF onto the IMF of individual stars.
Lacking su"cient spatial resolution to probe core multiplicity with the
present Herschel observations, we do not enter this debate here and con-
centrate on the relationship between the prestellar CMF and the system
IMF.

A91, page 21 of 33

exception of two low-mass compact sources, 1.1 mm sources in
Serpens exhibit a wide range of masses and a narrow range of
sizes. Sources in Perseus, in contrast, demonstrate a wide range
in both mass and size. This difference likely reflects a wider
variety of physical conditions in the Perseus cloud, including
the existence of more sources outside the main cluster regions.
In such lower density regions, sources may be more extended
than in densely populated groups. This idea is supported by our
observations: Perseus sources within the NGC 1333 region are
smaller on average (mean size of 5900 ! 1300) than those in the rest
of the cloud (mean size of 7100 ! 2100). Sources in Ophiuchus
have a more bimodal distribution, with the majority occupying a
narrow range of sizes, and a smaller group with !dec > 3!mb.

5.5. Fragmentation and the Core Mass Distribution

Differential (dN /dM ) core mass distributions (CMDs) of
1.1mm sources in Serpens, Perseus, and Ophiuchus are shown in
Figure 16, with those of Perseus and Ophiuchus scaled down for

clarity. Error bars reflect 1 "
!!!!
N

p
statistical uncertainties. Dashed

lines indicate empirical 50% completeness limits for average-
sized sources in each cloud, which are determined as described in
x 5.1 and in Paper I. Mass distributions include all 1.1 mm cores
in each cloud, including those that may be associated with em-
bedded protostellar sources.

The shapes of the Ophiuchus and Perseus mass distribu-
tions are quite similar above their respective completeness limits
(M k 0:5M" in Ophiuchus andM k 0:8M" in Perseus). Fitting
a power law (dN /dM / M##) to the CMDs, we find that they
both have a best-fit slope of # $ 2:1, although the error is larger

Fig. 15.—Source total mass vs. angular deconvolved size (in units of the
beam FWHM) for Serpens, Perseus, and Ophiuchus. The angular size is less
dependent on cloud distance than the linear deconvolved source size (x 5.2).
Sources in Perseus fill more of the parameter space than those in Serpens or
Ophiuchus, suggesting a wider range of physical conditions in that cloud. Em-
pirically derived 50% completeness limits are also shown (lines).

Fig. 16.—Comparison of the differential CMDs of sources in Serpens,
Perseus, and Ophiuchus. The Ophiuchus curve has been scaled by 1/10, and the
Perseus curve by 1/15 for clarity. Uncertainties reflect N 1/2 counting statis-
tics only. Vertical dotted lines show the 50% completeness limits for average-
sized sources in each cloud (5500 FWHM in Serpens, 6800 in Perseus, and 6900 in
Ophiuchus). The shapes of the Perseus and Ophiuchus distributions are quite
similar (# $ 2:1) in the region where both CMDs are complete. The shape of the
Serpens CMD is marginally different (# $ 1:6) from the other two clouds.

Fig. 14.—Comparison of the distributions of core mean densities. Left : The mean density is calculated from the total mass (Table 2) and the linear deconvolved
source size, assuming spherical cores. Despite the lower masses of cores in Ophiuchus compared to Serpens and Perseus, mean densities in Ophiuchus are higher on
average due to small linear deconvolved sizes (see Fig. 12). The mean densities in the degraded-resolution Ophiuchus sample are more consistent with Perseus and
Serpens, suggesting that cloud distance has a strong effect. Right : Similar to the left panel, except that the mean density is calculated using the full width at 4 " size rather
than FWHM size. Differences between the clouds are diminished; thus, the mean density is less dependent on cloud distance when the source size is measured at the
radius where the source merges into the background, rather than at the half-maximum.

SURVEYS OF SERPENS, PERSEUS, AND OPHIUCHUS 995No. 2, 2007

Figure 1.16: Left panel: Core Mass Functions (CMFs) derived toward the Serpens (Enoch et al. 2007),
Perseus (Enoch et al. 2006), and Ophiuchus (Young et al. 2006) star forming regions. The distributions are
fitted with power-laws, whose index α are reported. Dashed vertical lines indicate 50% completeness limit
of each study, which correspond to the mass at which 50% of the sources are detected in the optimally
reduced map. Figure taken from Enoch et al. (2007). Right panel: CMFs of the Aquila cloud complex
(Könyves et al. 2015), of the 651 starless cores (dark green histogram), 446 candidate prestellar cores
(upper blue histogram and open triangles), and 292 robust prestellar cores (lower blue histogram and filled
triangles) as observed with Herschel. Lognormal fits to the CMF of robust and candidate prestellar cores
(solid and dashed red curves, respectively), as well as a power-law fit to the high-mass end of the CMF
(black solid line) are superimposed. The two lognormal fits peak at 0.62M� and 0.34M�. The power-law
fit has a slope of α = 2.33 ± 0.06 (compared to a Salpeter slope of 2.35 in this format). For comparison,
the IMF of single stars (corrected for binaries; Kroupa 2001), the IMF of multiple systems (Chabrier 2005),
and the typical mass distribution of CO clumps (Kramer et al. 1998) are also shown. Figure taken from
Könyves et al. (2015).

To explain the universality of the IMF, one needs to explain where it comes from, i.e., how the
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gas populating dense cores ends up in stars. The determination of the Core Mass Function (CMF,
the number of cores per unit of mass) allows to quantify the distribution of mass reservoirs that will
be accreted by a star. The first determinations of the CMF were made toward ρ-Ophiuchus (Motte
et al. 1998) and Serpens (Testi & Sargent 1998), via measurement of dust emission in the (sub-)
millimeter. CMFs are derived from the extraction of sufficiently dense and compact substructures
to be gravitationally bound, whose mass are computed from the integrated flux of the optically
thin thermal dust emission. Those first determinations of the CMF of local star forming regions,
followed by further studies (Alves et al. 2007; Enoch et al. 2007; Nutter & Ward-Thompson 2007;
Enoch et al. 2008), and more especially with the advent of multi-wavelength Herschel observations
(André et al. 2010; Könyves et al. 2010; Sadavoy et al. 2010; Polychroni et al. 2013; Könyves et al.
2015; Marsh et al. 2016; Benedettini et al. 2018), revealed some inhomogeneities in slopes from
a given star forming region to another, exhibiting however slope values close to the ones of the
IMF (see Figure 1.16, left panel). In summary, the observed CMF in local star forming regions was
found to ressemble the IMF on average, but shifted to higher mass by a factor of ∼3 (see Figure
1.16, right panel). This factor is key, as it denotes the direct efficiency of a core to “transform”
itself in to a star, which mass will be about one third of the mass of the initial core it comes from.
The high-mass range of the CMF was until recently poorly constrained, with the exception of the
Orion local intermediate-mass star forming region (Nutter & Ward-Thompson 2007; Polychroni
et al. 2013). With the advent of ALMA, it is now possible to reach high enough angular resolution
to resolve the dust continuum emission of high-mass star forming regions and Infrared Dark Cloud,
where some hints of “top-heavy” (over abundance of high mass objects with respect to the standard
slope of Salpeter 1955) have been found (Liu et al. 2018; Motte et al. 2018b; O’Neill et al. 2021).

The mass of cores constituting the CMF, as defined observationally, is however a degenerate
quantity. Indeed, the corresponding observed objects are transient, whose mass is time-dependent,
and their discrete identification is challenging in compact and clustered regions. However, defining
the initial core mass reservoir in simulations of collapsing dense cores is entirely doable. As we
saw above, the density fluctuations in molecular clouds are governing by several processes, such as
supersonic turbulence, and thermal pressure, whose implementations in models allow to predict
the density probability density function (PDF) of those density structures (Padoan et al. 1997;
Padoan & Nordlund 2002). With the implementation of turbulence fragmentation and thermal
support in their model of molecular clouds, but without induced gravitational fragmentation (see
Elmegreen & Falgarone 1996; Klessen et al. 1998), Hennebelle & Chabrier (2008) were able to
define self-gravitating structures. They predicted a CMF with a power-law distribution for large
and massive structures, alongside a lognormal distribution located around the characteristic mass
for gravitational collapse. They suggested a weak dependence of the location of the peak of the IMF
on clump masses, thus confirming the rather universal behavior of the IMF. Further confirmations
were brought later when Lee & Hennebelle (2018) probed that the characteristic mass responsible
for the IMF peak is about ten times the mass of the first Larson core (which they found to be
coherent with the peak shift between CMF and IMF), with no obvious dependence with large-scale
physical conditions and environments. The overall shape and power-law tail of the IMF seems
however to be dictated by the slope of the velocity power spectrum of turbulence (Nam et al. 2021),
and thus the universality of the IMF may arises from the universality of the self-similar nature of
turbulence that is regulated by the same dominant cooling physical processes.

Understanding how the CMF becomes the IMF amount to understanding how cores become
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stars. Establishing the link between the CMF and IMF thus requires our detailed understanding
of the physical processes involved in star formation. Indeed, if the shape of the IMF derives
directly from the shape of CMF, then several physical conditions, that are not straightforward,
must hold (Offner et al. 2014). Constructing a CMF from the observed prestellar cores of a given
star forming region implies to have a good estimation of the dust temperature in cores, which is of
great importance when evaluating if a core is gravitationally bound (because of the contribution
from the thermal support), via the comparison between the core and Jeans mass. This requires to
break degeneracies of the dust grain mass-opacity and the dust temperatures (see Kelly et al. 2012;
Launhardt et al. 2013). In addition, another significant support can be the internal structure of a
core velocity field (Johnstone et al. 2010; Schnee et al. 2012; Kirk et al. 2017b).

Finally, a strong hypothesis is that we understand well how protostars accrete their mass from
the core mass reservoir, and how cores fragment (see Offner et al. 2014, and references therein). This
means that we must establish the link between the mass of cores and the mass of the subsequent
stars, which in turn depends on the core mass evolution. Cores are indeed competing for mass, and
they are not necessarily isolated, as large scale accretion flows can still bring mass once protostars
have formed and core merging and fragmentation can happen. The third hypothesis is that all
cores must have the same star formation efficiency (which would be responsible for the shift in
mass between the CMF’s and IMF’s peaks). However, the accretion onto the star can be highly
anisotropic, and a part of the core mass available is dissipated via outflows. Finally, all cores
must collapse and form stars at the same rate, independently from the core mass. This is highly
debatable, as massive prestellar cores are thought to form faster than their low mass counterpart.

The study of Class 0 protostellar cores, i.e., the type of objects focused on in this thesis, directly
addresses some of the questions concerning the physical processes involved in the link between the
CMF and IMF. For example, understanding and describing the dynamical processes involved in the
formation of cores, such as infall and accretion, is crucial to constrain the capability of dense cores
to form stars. The analysis of the CMF, which is built by extracting core masses in a given region,
is made more challenging due to the differences in the environments where cores evolve. Indeed the
protostellar embryos growing in mass during the Class 0 phase may not only inherit their mass from
their circumstellar disk and protostellar envelope, but also from material funnelled via anisotropic
accretion flows (called streamers) originating from regions outside the envelope, several thousand
au away (see a recent compelling example in Pineda et al. 2020). Such study shows that the link
between a core and its future stellar system is not only ruled by an average accretion efficiency
(accounting for the mass transferred from the core to the forming star) and fragmentation rate
(accounting for the probable future multiplicity of the stellar system), but also by the variation of
the core total mass with time. We will attempt to characterize such streamer structures in different
observations of Class 0 objects, which may be less steady than previously thought.

As just mentioned, a good understanding of the fragmentation is also necessary to build a
robust model that can link the CMF and IMF. Fragmentation may not be self-similar, and may be
impacted by the capability of magnetic fields to redistribute angular momentum in the collapsing
envelope. The natal magnetic field, i.e., the strength and organization of the initial magnetic field,
inside which cores are forming can indeed govern the predisposition of a core to fragment later
on. We will see in Section 1.2 what is the specific role of magnetic fields in core formation and
evolution. The analysis of observations of magnetic fields in Class 0 protostars, which represents
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one major goal of this thesis, will attempt to characterize such roles.
Finally, how the accretion onto the protostellar embryo proceeds during the Class 0 phase can

affect the timescale of the embedded phase, which depends on the core initial characteristics, such
as initial mass and turbulence. Indeed, protostellar accretion can vary with time, be disk-regulated,
via magnetospheric accretion or not. Recently, in non-ideal radiation magnetohydrodynamic
simulations of Class 0 collapsing envelopes, Lee et al. (2021b) found that the accretion onto the
protostellar embryo is mostly governed by the dynamics of the envelope. Most of the mass does not
transit through the disk mid-plane, which means that the accretion during the embedded phase may
be less disk-regulated than previously thought. Characterizing observationally such phenomena in
different regimes of star formation could bring important insight on the accretion characteristics
during the embedded phase, which represents an important factor in the link between the CMF
and IMF.

1.1.3.2 Star formation feedbacks and turbulence

All the processes regulating star formation have consequences on the CMF and IMF distributions.
In particular, we designate as feedback all the physical processes triggered by star formation, which
in turn impact the efficiency of star formation afterward. The different feedback mechanisms
(enumerated below) can actually emanate from single protostars and stars, but also from large scale
galactic rotation. Most of the time, the role of the feedback mechanisms in the regulation of star
formation is linked to their importance in the replenishment of turbulence, from galactic to clump
scales. The turbulence is indeed decaying rapidly compared to the lifetime of molecular clouds that
remain turbulent. It is therefore a crucial stake to characterize the different sources of turbulence,
that are driving the star formation efficiency, and in turn the universality of the IMF as well as the
link between the CMF and IMF.

Klessen & Hennebelle (2010) argue that external gas accretion onto galaxies, as well as accretion
onto molecular clouds (themselves formed by convergents flow of matter, Heitsch et al. 2008), can
significantly replenish the turbulence of molecular clouds. Another source of large-scale interstellar
turbulence is the shear stress induced by galactic rotation (Fleck 1981), and the gravitational
potential perturbations caused by the galactic spiral density waves. Inside star forming molecular
clouds, dynamical interactions between stars and cores can cause protostars to become detached
from their initial gas reservoir, and hence inhibit protostellar accretion (Reipurth & Clarke 2001). At
smaller scales, stars themselves provide important sources of feedback under the form of radiative
and kinematic feedback from the protostellar phase to the end of their lives (Krumholz et al.
2014). Radiative and kinematic stellar feedback encompasses the action of protostellar jets & and
outflows, stellar winds, expanding HII regions and supernovae explosions, that are responsible for
the disruption of the ambient medium via vigorous shocks, by compression and destruction of
dense cores, thus perturbing the protostellar core accretion and infall (Mac Low & Klessen 2004;
Krumholz 2006; Krumholz et al. 2014; Offner & Arce 2014). For example, in recent simulations of
molecular clouds, protostellar jets have been found to be an important ingredient to set the shape
of the IMF (Guszejnov et al. 2021). Even if bipolar jets and outflows, which disperse a fraction
of the envelope material (as a function of the outflow opening angle, see Arce & Sargent 2006;
Habel et al. 2021), cannot sustain enough turbulence to prevent dense cores from collapsing, they
contribute a significant fraction of the observed turbulence (Maury et al. 2009). Radiative stellar
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feedback via heating and ionization can change locally the Jeans mass of the material surrounding
massive stars, and thus change the local conditions for fragmentation (Krumholz et al. 2011).

The aforementioned studies of feedback suggest that initial mass of cores is not sufficient to
predict the future mass of the resulting stars. Significants efforts have been made in simulations to
include these effects, via for example waiting-time distribution for gas infall and accretion (Myers
2010), or detailed modelling and on the fly implementation of those mechanisms. Finally, as they
efficiently compress the ISM, some of these dynamical mechanisms can also strongly affect the
chemistry of interstellar matter (via shock structures, e.g., cloud-cloud collisions, or supernovae
remnants), and can trigger future potential star formation, i.e., can make it easier to have later
generations of stars, in addition to impeding star formation in the current generation.

1.2 The role of magnetic fields in star-formation
Among all physical processes regulating star formation, alongside the mentioned feedback

mechanisms and their role in feeding turbulence, magnetic fields represent an important source of
star formation regulation, from clouds to disk scales (see Crutcher 2012; Li et al. 2014a; Wurster
& Li 2018; Hennebelle & Inutsuka 2019; Hull & Zhang 2019; Krumholz & Federrath 2019; Pattle
& Fissel 2019 and references therein for reviews focusing on simulations and observations). The
build-up of a galactic magnetic field, which in turn is the seed of the ISM and molecular cloud
magnetic fields, is thought to arise from dynamo amplification of seed fields whose origin are not
completely understood (Rees 2005). Often treated as large scale initial conditions in simulations,
the role of magnetic fields is of major importance in the formation of clouds, dense cores and star
forming cores. In this sub-section we aim to briefly introduce the multi-scale role of magnetic fields,
which are involved in a complex interplay along with turbulence and gravity. We will focus on the
scale of cores (≤ 5000− 10000 au), though, where the role of magnetic fields on the core angular
momentum regulation, via its impact on disk formation, fragmentation, and outflow launching, is
crucial.

1.2.1 The role of magnetic fields at the scales of clouds
As presented in Section 1.1.1.4, magnetic fields have been proposed to provide a mechanical

support to the gas (Shu et al. 1987) contributing to the low star formation efficiency observed within
the Milky Way. Magnetic field flux is however not conserved, and leaks out due to ion-neutral
drift corresponding to the non-ideal MHD effects which reduce the strength of the fields (Mestel &
Spitzer 1956). However, ambipolar diffusion has specific impacts on the turbulence properties of a
given cloud, as it is responsible for enhancing the rate of turbulent dissipation, for example. In
addition, the multi-scale processes of turbulence-driven magnetic reconnection (Lazarian & Vishniac
1999) must also occur and impact the role of magnetic fields. The main outcome of the different
measurements of the magnetic intensity and orientation at the diffuse ISM scales is that, although
magnetic fields are dynamically important, they may be not dominant, as stars ultimately form.

Toward the dense ISM, one key aspect to characterize the role of magnetic fields is the evolution
of the mean magnetic field strength as a function of the gravitational field. Molecular clouds are
observed to be magnetically critical (see Section 1.1.1.4) via Zeeman measurements (Crutcher 1999;
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Crutcher et al. 2003; Troland & Crutcher 2008; Falgarone et al. 2008), while diffuse atomic ISM is
reported to be subcritical (Crutcher et al. 2003; Heiles & Troland 2005). Thus, magnetic fields are
not able to support dense molecular clouds against collapse (Crutcher et al. 2009). However, the
evolution of the mean magnetic field strength as a function of the density have revealed that at
n ≤ 300 cm−3 (corresponding to NH ≈ 1021 cm−2), the magnetic field strength remains constant
(Troland & Heiles 1986; Crutcher et al. 2010, see Figure 1.17). At higher densities up to 106-107

cm−3, the mean magnetic intensity has been found to increase with the density, following a power law
B∝ nk. This is of significant importance, as these scaling relations explains how the gravitational
contraction occur with respect to magnetic field lines (Myers & Basu 2021). The results from
Crutcher et al. (2010) (see also Crutcher 2012 for a review) suggests that diffuse clouds are assembled
by accumulation of matter along magnetic field lines, increasing the density but not the magnetic
field strength. Then the clouds become self-gravitating, and gravity isotropically contract matter,
increasing the magnetic field strength in the flux-freezing approximation. The power-law index k,
which is sensitive to the Alfvénic Mach number, seems to reflect that gravitational contraction is
nearly isotropic in clouds at scales ≤ 104 au (Mocz et al. 2017).

AA50CH02-Crutcher ARI 27 July 2012 9:32
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Figure 7
HI, OH, and CN Zeeman measurements of BLOS versus NH = NHI + 2NH 2 . The dashed blue line is for a
critical M/! = 3.8 × 10−21 NH /B. Measurements above this line are subcritical, those below are
supercritical.

analysis (Heiles & Troland 2003) showed that the structure of the HI diffuse clouds cannot be
isotropic but instead must be sheet-like. Heiles & Troland (2005) found B̄TOT ≈ 6 µG for the
cold HI medium, a value comparable to the field strength in lower-density components of the
warm neutral medium. Hence, although flux freezing applies almost rigorously during transitions
back and forth between the lower density warm and the higher density cold neutral medium,
the magnetic field strength does not change with density. This suggests that HI diffuse clouds
are formed by compression along magnetic fields; an alternative would posit formation of clouds
selectively from regions of lower magnetic field strength. They also find that the ratio of turbulent
to magnetic energies is ∼1.5 or approximately in equilibrium; both energies dominate thermal
energy. They suggest that this results from the transient nature of converging flows, with the
apparent equilibrium being a statistical result that is a snapshot of time-varying density fields.

A second argument that Figure 7 does not show an evolutionary sequence driven by ambipolar
diffusion is the lack of molecular clouds that are subcritical. Although the Zeeman measurements
give directly only a lower limit to BTOT , the upper envelope of the BLOS defines the maximum
value of BTOT at each NH ; for some fraction of the clouds B should point approximately along
the line of sight, so BLOS = BTOT cos θ ≈ BTOT for θ ≈ 0. For NH " 1021 cm−2 most of the
points come from OH or CN observations; these molecular clouds are mainly self-gravitating, so
this should be the region of transition from subcritical to supercritical clouds. Yet, there are zero
definite cases of subcritical clouds for NH > 1021 cm−2! The two points that seem to be above
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Figure 1.17: Line of sight magnetic field strength as a function of column density in the ISM, via HI,
OH, and CN Zeeman measurements. The dashed blue line is for a critical M/φ = 3.8 × 10−21NH/B.
Measurements above this line are subcritical, those below are supercritical. Figure taken from Crutcher
(2012).

1.2.1.1 On the relative orientation of gas density structures with magnetic fields

The evolution of the relative orientation between magnetic field lines and directions of density
gradients is another powerful diagnosis of the dynamic role of magnetic fields across scales. Indeed
the topology of magnetic fields is thought to play a significant role in the formation of structures,
like filaments. The linear stability analysis of magnetized self-gravitating gas layers performed
in Nagai et al. (1998) analytically expressed the two modes of alignment between filaments and
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magnetic field lines. When comparing the external pressure scale height (i.e., the Jeans length)
with the thickness of the gas layer, the authors expressed that the direction of density fluctuations
are privileged in a given direction. If the thickness of the gas layer is large compared to the Jeans
length, then perturbations parallel to the magnetic fields grow faster than those perpendicular to
the field lines, resulting in filaments which are perpendicular to magnetic fields. On the contrary,
a layer whose thickness is much smaller than the Jeans length tends to develop filaments along
field lines, because the fastest growing mode of perturbations is perpendicular to the magnetic field
orientations.

This dichotomy has been characterized observationally via the polarization observations of
the Planck satellite toward the diffuse ISM and molecular clouds (see also the observation of the
Vela C molecular cloud with BLASTPol in Fissel et al. 2016; Soler et al. 2017; Fissel et al. 2019).
Planck Collaboration et al. (2016b) compared the relative orientation between the main axis of
density structure’ elongation (computing the gradient of density maps) with the magnetic field lines
projected on to the plane of the sky. As shown in Figure 1.18 for example, these relative orientations
have been found to evolve along column density. Indeed, at column density NH ≤ 1021.7 cm−2

density structures are elongated preferentially along magnetic field lines, while denser regions (such
as molecular clouds) can preferentially exhibit filamentary structures perpendicular to field lines
(see also Soler 2019). Similar statistics toward the low-column density regions of the diffuse ISM
has been also characterized using the emission from HI gas (see Clark et al. 2014; Clark 2018; Clark
& Hensley 2019).

Planck Collaboration: Probing the role of the magnetic field in the formation of structure in molecular clouds

Fig. 3. (continued).

7

Figure 1.18: Magnetic fields toward Chameleon-Musca region as observed by Planck. Left panel: Column
density map of the Chameleon-Musca region in color scale, overlaid with magnetic field lines orientations
from the polarized dust emission (see Section 1.4). Right panel: Histogram of the relative orientation
angle φ for three ranges of column density. φ is the angle between the magnetic field orientation and
the orientation of density gradient. From low to high column density, the relative orientation turns from
mostly aligned to mostly perpendicular. Figure taken from Planck Collaboration et al. (2016b).

The analysis of the angle between magnetic fields and density gradients has also been carried
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in MHD simulations of molecular clouds formation. Using the simulations presented in Dib et al.
(2010), Soler et al. (2013) quantified the impact of the initial magnetization (varying the β parameter,
which is the ratio between the thermal to the magnetic pressure) on the evolution of the relative
orientation parameter ξ as a function of density. In their simulation, where dense clumps and
filaments form via shocks and self-gravitation, they found that the magnetization dictates the
orientation of density structures. When the magnetic field is strong enough, the gas is efficiently
channeled by the magnetic field, which results in the formation of dense structures whose main
axis is perpendicular to magnetic field lines (which corresponds to negative values of ξ, see Figure
1.19). In addition, Soler & Hennebelle (2017) have shown that the density threshold at which the
transition of relative orientation occurs, i.e., where density structures’ main axis and magnetic field
lines change form being mostly parallel to mostly perpendicular to one another, is related to the
initial magnetic field strength of their simulations. However, projections effects can also account for
the variety of relative-orientation results among the observations of molecular clouds (Seifried et al.
2020). More recently, Barreto-Mota et al. (2021) have also quantified these statistics of relative
orientations in simulation, varying the physical conditions, from sub- to super-Alfvénic turbulence,
with and without gravity (see also Beattie & Federrath 2020 for a study relating the Alfvénic Mach
number and the preferential alignment between magnetic field and low-density striations or dense
filaments). While comparing their results with observations of molecular clouds, they concluded
that sub-Alfvénic models better reproduce the observed statistics.A&A 607, A2 (2017)

This expression shows that, in this particular example, the rela-
tive orientation between∇ρ and B changes by effect of the y-axis
component of the magnetic field. Thus, it implies that even if the
magnetic field is weak, motions strictly along the field lines tend
to create density structures perpendicular to it.

3.1.3. Analytical hints on the relative orientation

Since the strain tensor (∂iv j + ∂ jvi)/2 is symmetric, there are
at least three mutually perpendicular directions with respect to
which the matrix of (∂iv j + ∂ jvi)/2 is diagonal. Geometrically,
this means that infinitesimal line elements in these directions re-
main mutually perpendicular after deformation. These directions
are known as principal directions (Lai et al. 2010). If we con-
sider the basis where the strain tensor is diagonal, the principal-
directions basis, Eq. (17) can be expressed as

A23 = λi(r2
i − b2

i ) , (23)

where λi are the eigenvalues of the strain tensor.
For the sake of illustration, we can reduce the problem to 2D

and consider two eigenvalues, one negative (λc), which is domi-
nant if we consider the case where ∂ivi < 0, and one positive (λs).
In general terms, the fluid parcel is compressed in the direction
associated with λc and stretched in the other. It can therefore be
represented as an ellipsoid whose short axis corresponds to the
direction associated with λc and whose major axis to the direc-
tion associated with λs. Given that ri is a gradient, it is larger
along the short axis, that is, the direction associated with λc.

If the magnetic field is weak, B tends to be parallel to the
major axis of the ellipsoid, because the field is compressed by the
converging flow. That means that bc is small and A23 is negative,
thus taking the system towards the cos φ = 0 configuration. If
the field is strong, the compression occurs mainly along the field
lines, thus making B parallel to the short axis of the ellipsoid. In
this case, A23 ' λc(r2

c −b2
c), so the sign depends on the respective

values of r2
c and b2

c . In the limit where B is very strong, one
expects the field lines to be straight and B more organized than
∇ρ, thus r2

c − b2
c < 0.

These simple cases correspond to highly idealized flows and
magnetic field configurations. To study configurations where the
magnetic field is not infinitely rigid or the flow has more than
one single compressive component, we need to consider a real-
ization of a turbulent flow in a molecular cloud, which is acces-
sible through the numerical simulation of MHD turbulence.

3.2. Simulation of magnetohydrodynamic turbulence

We consider the simulations of MHD turbulence introduced in
Dib et al. (2010) and used in Soler et al. (2013). These simula-
tions correspond to a 4-parsec-side periodic box with mean num-
ber density n = 536 cm−3, and include the effect of self-gravity,
magnetic field, and decaying turbulence. The medium inside the
box is isothermal (T = 11.4 K) and has an initial sonic Mach
numberMS = 10. These simulations were computed in an adap-
tive mesh refinement (AMR) grid with maximum resolution of
2−9 pc and we analyze them in a regular grid with 2−7 pc resolu-
tion. For the sake of simplicity, we consider only two snapshots
taken at 1/3 and 2/3 of the flow crossing time.

This set of simulations includes realizations with three initial
degrees of magnetization, quantified in terms of the ratio of the
thermal to magnetic pressure, β; quasi-hydrodynamic, β0 = 100;
equipartition, β0 = 1.0; and strong magnetic field, β0 = 0.1.
Soler et al. (2013) reported that in 3D, the change in the relative

Fig. 1. Relative orientation parameter, ξ, as a function of particle den-
sity, n ≡ ρ/µ, in the simulations used in Soler et al. (2013). The values
of ξ correspond to the relative orientation between ∇ρ and B in n-bins
with an equal number of voxels, all with n > 500 cm−3. The values ξ > 0
correspond to ∇ρ mostly perpendicular to B and ξ < 0 correspond to
∇ρ mostly parallel to B. The gray horizontal line is ξ = 0, which cor-
responds to the case where there is no preferred relative orientation be-
tween ∇ρ and B. The darker colors represent the early snapshots in the
simulation and the lighter colors represent the later snapshots. The gray
vertical line, drawn for reference, corresponds to n = 104 cm−3.

orientation between the magnetic field B and the iso-density con-
tours, inferred from ∇ρ, is related to the initial degree of mag-
netization. In the realizations with β0 = 0.1 and β0 = 1.0, which
correspond to sub-Alfvénic or close to equipartition turbulence,
cos φ changes from being mostly zero at low densities to being
mostly plus or minus one at the highest densities. In the realiza-
tion with β0 = 100, super-Alfvénic turbulence, cos φ is mostly
zero at all densities. Both of these results were expressed in terms
of the relative orientation parameter (ξ), which corresponds to
the difference between the number of voxels where cos φ ≈ 0
minus the number of voxels where cos φ ≈ ±1 divided by the
total number of voxels where cos φ ≈ 0 or cos φ ≈ ±1, as explic-
itly described in equation 4 of Planck Collaboration Int. XXXV
(2016). Consequently, ξ is positive if cos φ is mostly equal to
zero, i.e., ∇ρ mostly perpendicular to B, and negative if | cos φ|
is mostly one, i.e., ∇ρ mostly parallel to B.

In order to illustrate the interpretation of Eq. (13), we re-
produce the relative orientation between B and the iso-ρ con-
tours presented in Soler et al. (2013) for the range of densities
n > 5 × 102 cm−3. We estimated ∇ρ using a Lagrange 5-points
interpolation to express each ρ data point in the simulation cube
as a point on a polynomial and then differentiate that polyno-
mial2. The mean values of ξ in different density bins, presented
in Fig. 1, illustrate the different trends in relative orientation be-
tween ∇ρ and B for different initial magnetizations. Given that
n ≡ ρ/µ and µ, the mean particle mass, is constant in the simula-
tions, we choose to report these results in terms of n without any
loss of generality.

Figure 2 shows that in the same density range, the negative
values of ξ are associated with ∇ ·u < 0 in the simulations with
β0 = 0.1 and β0 = 1.0. However, this is not the case for the
β0 = 100 simulations, thus showing that ∇ ·u < 0 is not the
only condition producing the change in the relative orientation
between ∇ρ parallel to B. Furthermore, Fig. 2 illustrates that
in the simulations with β0 = 0.1 and β0 = 1.0, the transition

2 pdiv.pro routine developed by Chris Beaumont (https://
github.com/ChrisBeaumont).
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Figure 1.19: The relative orientation parameter ξ as function of density, for different magnetization
parameters of the MHD simulation from Dib et al. (2010). In each bin of density, ξ is the difference
between the numbers of cells having respectively |cos φ| < 0.25 and |cos φ| > 0.75, where φ is the angle
between the magnetic field orientation and the orientation of density gradient. β is the initial thermal over
magnetic pressure. As the initial magnetic field strength increases, more and more regions of high density
exhibit density gradients parallel to magnetic fields. Analysis presented in Soler et al. (2013), figure taken
from Soler & Hennebelle (2017).

1.2.1.2 Formation and evolution of filaments

Interstellar clouds are known to be significantly filamentary, as Herschel observations recently
revealed (André et al. 2014). Alongside self-gravity, which amplifies the density anisotropies (as
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gravity is stronger along the shortest axis of a clump), and MHD turbulence, which favors the
apparition of elongated structures via the turbulent shear strain induced at shock fronts, magnetic
fields have an important role in the formation of filaments (Hennebelle 2013; Hennebelle & André
2013). Although, simulations have shown that filaments can be formed via the influence of gravity
and MHD turbulence only (Federrath 2016), strong magnetic fields are known to ensure the
coherence of the flows of matter in the diffuse ISM in the form of highly elongated structures
(Chen & Ostriker 2014), which can in turn feed and help sustaining dense, self-gravitating filaments.
These elongated structures, called striations, are aligned with magnetic field lines, and have been
observed around filamentary molecular clouds such as the Musca or Taurus cloud (Goldsmith
et al. 2008; Palmeirim et al. 2013; Cox et al. 2016). These results implied that magnetic fields
have a role in the formation and evolution of filaments, via the supply of matter realized via
these magnetically dominated striations (see Figure 1.20). However, we note that gravitational
contraction can also occur in filaments where magnetic fields can be strong enough to “channel
turbulence”, resulting in filaments aligned with magnetic fields (Li et al. 2013). Furthermore,
filaments have been proposed to have a characteristic width of about 0.1 pc, observed across 3
orders of magnitude in column density (Arzoumanian et al. 2011; André et al. 2014; Koch &
Rosolowsky 2015). Several explanations have been proposed to explain this finding. Fischera &
Martin (2012) proposed that the equilibrium between the thermal pressure and gravity can be
responsible for such a width, with a weak dependence on the column density. Arzoumanian et al.
(2011) argued that the characteristic width of 0.1 pc may correspond to the sonic scale, below
which the turbulence becomes subsonic (see however, the work by Clarke et al. 2017 on the role
of accretion onto filaments and the replenishment of turbulence). Magnetic fields have been also
invoked to play a role in setting this width, as the dissipation of energy from ion-neutral friction
balances the kinetic energy brought by the accreting material, which could explain the ∼ 0.1 pc
characteristic width of self-gravitating filaments (Hennebelle & André 2013).

1.2.1.3 Are magnetic fields dictating the star formation rate and/or the IMF?

At these molecular cloud scales, it is also possible to identify another impact of magnetic fields
on star formation, by measuring the two crucial physical quantities of star formation rate and IMF,
toward several clouds. In simulation, star formation rate is reduced in the presence of a magnetic
field by a factor of ∼ 2 (Girichidis et al. 2018). The strength of magnetic fields impact the star
formation rate via two mechanisms: they are responsible for increasing the density threshold for
gravitational collapse, and narrowing the gas probability density function (PDF) (Krumholz &
Federrath 2019), which directly impacts the IMF (Padoan & Nordlund 2002). Observationally, the
star formation activity was compared with the bi-modality of relative alignment between molecular
cloud elongation and mean apparent magnetic field orientation (Li et al. 2013). Law et al. (2019)
has shown that the linear mass distribution along the cloud’s major axis is correlated with the
misalignment between clouds’ elongation and magnetic fields for clouds within the Gould Belt. The
clouds exhibiting misalignment close to 90◦ show a more even mass distribution along their major
axis. Using similar tools, Law et al. (2020) found a positive correlation between the slope of the
mass cumulative function of clouds and the cloud misalignment with magnetic fields, i.e., clouds
whose elongation is close to the magnetic field have a shallower slope of mass cumulative function,
and thus have a higher portion of the gas in high density. Finally, this misalignment has also been
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Fig. 2. Two views of the filamentary structure of the Musca cloud showing the striations and strands. Several specific features are indicated with
cyan arrows. Top: Herschel/SPIRE 250 µm map of the Musca cloud with a “arcsinh” intensity scaling set to enhance visibility of the faint striations.
Bottom: curvelet component image of the SPIRE 250 µm map (“arcsinh” intensity scaling) produced with the Morphological Component Analysis
software from Starck et al. (2003). The crest of the main filament derived with DisPerSE is shown in cyan. This procedure enhances the contrast
of the filamentary structure, by removing most non-filamentary background emission. The hair-like strands in the immediate vicinity of the main
filament stand out in this close-up view corresponding to the dashed cyan rectangle indicated in the upper panel. The star symbol indicates the
position of the young stellar object detected at 70 µm (FK5 12:35:16.35, −70:39:56.94 (J2000)). Equatorial north-east directions are indicated by
the compass in the upper right.

Chamaeleon maps presented by Spezzi et al. (2013) for exam-
ple. A false-colour composite far-infrared image of the Musca
cloud is shown in Fig. 1.

The molecular hydrogen column density (NH2 ) map was re-
constructed at the higher spatial resolution of the SPIRE 250 µm
map (0.017 pc; Fig. 2) according to the multi-scale decomposi-
tion prescription described in Palmeirim et al. (2013). The emis-
sion observed from 160 to 500 µm was assumed to arise from
optically thin thermal radiation from a population of cold dust
grains and was approximated by a single-temperature modified
blackbody. This scheme also produces a robust dust temperature
map at the 36.3′′ resolution of the SPIRE 500 µm data. The av-
erage dust temperature above AV = 2 mag is 12.9 K.

For consistency with other star-forming regions presented by
the HGBS, we adopted the same dust opacity law here (κλ =
0.1(λ/300 µm)−β cm2 g−1, assuming a gas-to-dust ratio of 100)
as in, e.g., Alves de Oliveira et al. (2014; see Roy et al. 2014
for a discussion on uncertainties). We adopted a mean molecular
weight per H2 molecule, µH2 = 2.8, for the H2 surface density
map. Both the H2 column density and dust temperature maps are
shown in the appendix (Fig. A.1).

format from the Herschel Gould Belt Key Program archive: http://
gouldbelt-herschel.cea.fr/archives

Integrating the NH2 map within the AV = 2 mag contour
gives a total mass of 305 M�. This is similar to the total mass
of 324 M� computed directly from the visual extinction map of
the Chamaelon-Musca region shown in Schneider et al. (2011) –
using the canonical conversion factor between AV and N(H2)
(Bohlin et al. 1978) – as well as using the relation between total
mass and AV given by Cambrésy (1999; corrected for the dis-
tance adopted here).

2.2. Filamentary structures

The Herschel/SPIRE 250 µm map shows that the Musca cloud
consists of an elongated filament and a network of fainter stri-
ations and strands attached and roughly perpendicular to the
main structure (Fig. 2). The striations correspond to low-density
(<1.8 × 1021 cm−2; see above) filamentary structures observed in
close proximity to the main filament, but not necessarily directly
connected to it. The striations have a much smaller contrast with
respect to the diffuse background emission. Strands are tiny hair-
like structures attached to the main filament. The distribution of
strands all along the main filament, at a radius .0.5 pc on ei-
ther side of the central crest (see Fig. 3) suggests that they are an
integral part of the main filament structure, and contribute to the
power-law tail of the main filament density profile (see Fig. 4b).
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Fig. 4. a) Mass per unit length, Mline (M� pc−1), along the main filament derived as explained in Sect. 2.3. The light gray area indicates
Mline,crit = 17.9−19.6 M� pc−1. For illustration, the positions of the YSO (Sect. 3) and the cold dense cores studied by Juvela et al. (2010, 2011) are
indicated (solid vertical line markers). Several other sharp peaks seen in the Mline graph are related to candidate dense cores (dotted vertical line
markers). b) Radial column density profile perpendicular to the major axis of the filament and averaged along its length. The yellow area shows the
dispersion along the filament length. The red and dashed curves show the best Gaussian and Plummer function fits (see Sect. 2.3). The inner blue
curve corresponds to the 18.2′′ beam resolution of the column density maps. c) POS orientations of the magnetic field as derived from starlight
polarization (blue lines, Pereyra & Magalhães 2004) and polarized dust 850 µm emission observed by Planck at 9.6′ angular resolution (yellow
lines of arbitrary length, Planck Collaboration Int. XXXIII 2016) overlaid on the SPIRE 250 µm map. Equatorial north-east directions are indicated
by the compass (corresponding to a rotation of 55◦ counter-clockwise with respect to north is up). The angular and spatial scales are indicated by
the horizontal line in the bottom panel: 10′ is equivalent to 0.58 pc. d) Distributions of position angles for low-density filaments/striations (green),
optical polarization vectors (blue), and polarized emission vectors (rotated by +90◦ to trace the POS magnetic field direction; yellow).

temperature gradient toward the dense inner part of the filament
in the map, and the actual dust temperature at the center of the
filament is likely lower by more than ∼1 K (cf. Roy et al. 2014).
Therefore, we adopt 11−12 K as the most likely range of dust
temperatures at the crest of the main filament and assuming per-
fect coupling between the gas and the dust temperatures this
leads to a range of critical line masses from 17.9−19.6 M� pc−1

(indicated by the shaded, light-grey area in Fig. 4a). Note that,
for realistic magnetic field strengths (cf. Crutcher 2012), the crit-
ical mass per unit length of a magnetized filament is within a fac-
tor of order unity from that for an unmagnetized filament (Fiege
& Pudritz 2000).

The variations in Mline along the crest reveal that the main fil-
ament is slightly thermally supercritical over most of its length.
Nonetheless, there are also a few sections which are slightly sub-
critical. Sharp peaks in Mline occur at the locations of (candidate)
dense cores.

2.4. Orientations of the magnetic field and filaments

To study the relative orientation between the POS magnetic field
and the filamentary structure in Musca, we derived the distribu-
tion of POS magnetic field angles from both optical polarization
observations toward field stars (Pereyra & Magalhães 2004) and

polarized dust emission measurements4 (Planck Collaboration
Int. XXXIII 2016). The resulting position angle distributions are
compared to that of the striations in Figs. 4c and d. The fila-
ment position angles (PAs) are measured from Equatorial north
to east and correspond to the mean tangential direction along
the filaments. The position angle of the main filament ranges
from PA ∼ 25◦ to PA ∼ 35◦ along the crest. The mean PA
of the striations is 97 ± 25◦. In the area shown in Fig. 3, the
mean orientations of the POS magnetic field derived from op-
tical polarization and Planck polarized emission are 105 ± 7◦
and 105 ± 5◦, respectively (see histogram of Fig. 4d). As can
be seen in Fig. 4c, the POS magnetic field is highly ordered on
parsec scales in the Musca cloud. It is roughly perpendicular to
the main filament axis (within ∼25◦) and close to parallel to the
striations (within ∼10◦). Interestingly, detailed analysis of the
polarization observations presented in Planck Collaboration Int.
XXXIII (2016) indicates that the orientation of the POS mag-
netic field intrinsic to the main filament (derived after subtract-
ing the background contribution to the observed polarized emis-
sion) is closer to being perpendicular to the main filament axis
by about 15◦ (i.e., is within only ∼10◦ from the normal to the
filament axis).
4 Dust polarized emission traces the electric polarization field which,
on average, is orthogonal to the mean magnetic field, while optical
absorption polarization angles are parallel to the magnetic field lines
(Hildebrand et al. 2000; Heiles & Crutcher 2005).
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Figure 1.20: Magnetic field around the Musca molecular cloud. Top panel: The color scale is the total flux
map obtained with Herschel SPIRE at 250 µm. The striations correspond to the elongated structures seen
perpendicular to the main filament. Bottom left panel: The gray scale is the same as the top panel, but
inverted. The yellow line segments represent the dust polarized emission obtained with Planck observations
(Planck Collaboration et al. 2016a). Blue lines are magnetic field orientations from starlight polarization
from Pereyra & Magalhães (2004). We introduce how can the dust polarized emission and starlight
polarization trace the magnetic field orientation in Section 1.4. Bottom right panel: Histogram of magnetic
field orientations corresponding to the bottom left panel, and striations’ main axis orientation. Figure
taken from Cox et al. (2016)

found to be linked to the star formation rate of clouds (Li et al. 2017a). The authors Li et al. found
that clouds with higher misalignment have lower star formation rate. Magnetic fields thus seem
to impact the star formation at the scale of filaments, certainly because they play an important
role in their formation, contraction, and fragmentation. However, it remains unclear whether these
morphological factors dictate the IMF, as this quantity is influenced by a large variety of physical
mechanisms that are acting across a large range of spatial scales.

1.2.1.4 The role of magnetic fields in dense core formation

Inside molecular clouds/filaments, the self-gravitating structures shall disturb and affect magnetic
fields. Indeed, the gravitational infall/accretion flow along filaments bends magnetic field lines,
which in turn is responsible for increasing the magnetic field tension at the densest regions of the
filaments. However, alongside gravitational forces, diffusion processes (e.g., ambipolar diffusion,
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reconnection diffusion; see Lazarian & Vishniac 1999; Heitsch et al. 2004) shall allow the flow of
matter to continue, resulting in the formation of dense cores. The fragmentation of filamentary
molecular clouds into dense cores remains partly regulated by magnetic fields, which are required
to be taken into account in simulations attempting to reproduce the CMF (Hennebelle & Chabrier
2008); without magnetic fields, filaments fragment in too many small cores (Federrath & Klessen
2012).

The main star-cluster-forming, hub-like filament of Serpens South presents a pristine example
of this story. As presented above, at low column density, i.e., NH2 ∼ 1021.7− 1022 cm−2 or AV ∼ 3
mag, a shift occurs between the orientation of the filament and the magnetic field orientations,
revealed by polarized dust emission (see Planck Collaboration et al. 2016b or Appendix C of Soler
et al. 2017) or by optical starlight polarization (Sugitani et al. 2011). This result is expected form
the role of strong magnetic fields in the formation of filaments. Deeper into the cloud, at visual
extinction of AV ∼ 21 mag, far-infrared polarimetric observations obtained with the HAWC+
instrument on SOFIA reported in Pillai et al. (2020) showed that the morphology of magnetic
fields at high densities is affected by the gravitational collapse of the dense core, resulting in the
re-alignment of filamentary structures with magnetic field lines (see Figure 1.21). This favors the
scenario of entrained magnetic fields by the flows of grahitationnally-dominated infalling gas toward
such hub-systems. This also highlights the typical scale of ∼ 0.1 pc below which the gravitational
feeding of magnetized gas in cores in happening, but also the critical density noticed in Crutcher
et al. (2010); Crutcher (2012) below which the magnetic field strength increase with the density
(see also the recent works by Chen et al. 2016; Seifried et al. 2020 where the link between this
critical density and alignment transition is discussed).

1.2.2 Inside dense cores
1.2.2.1 Magnetic fields during gravitational collapse

Inside hub-filament structures, magnetic field field morphologies have been revealed by single
dish instruments such as JCMT SCUBA-2/POL-2 or SOFIA HAWC+ for the most recent ones, that
are able the resolve the interiors of dense cores at spatial scales of ∼ 0.01-0.1 pc. The magnetic virial
analysis of star forming dense cores located in local low-mass star forming regions have typically
shown that dense cores are often trans-critical and thus close to magnetic super-criticality, but
are usually sub-Alvénic, i.e., with low Alvénic Mach number (see for example the recent BISTRO
survey performed with SCUBA-2; Ward-Thompson et al. 2017; Soam et al. 2018; Coudé et al. 2019;
Wang et al. 2019; Doi et al. 2020; Eswaraiah et al. 2021; Pattle et al. 2021a, see also Li et al. 2009;
Matthews et al. 2009). These results suggest that the interplay between magnetic fields and gravity
is the one that regulates the fragmentation of dense cores, and in turn the mass accumulation
of cores. Dense core fragmentation is known to be more effectively suppressed with the presence
of strong magnetic fields (Vázquez-Semadeni et al. 2005; Hennebelle et al. 2011). For example,
tentative links have been made between the fragmentation level and magnetic field strength in
Añez-López et al. (2020); Palau et al. (2021) for high mass clouds. However, “gravo-turbulence”1

1We note that it may be not relevant anymore to use the term of turbulence to designate the non-thermal
fluctuations at these sub ∼ 0.1 pc scales, or where NH ≥ 1021 cm−2, this is why we adopt the term of gravo-turbulence
(see Mocz et al. 2017).
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In addition, we used a Herschel gas (H2) column density map 
derived by the Herschel Gould Belt Survey16. The map was based 
on Herschel 70 to 500 μm images17 at a resolution of 36″. We used 
the standard conversion factor18 between column density and visual 
extinction, NH2 ¼ 9:4 ´ 1020 cm�2

I
 (AV mag)−1.

Results
Figure 1 shows the Serpens South cloud, with NIR and HAWC+ 
magnetic field orientations overlaid as pseudo (headless) vectors. 
We partitioned the sky presentation of the cloud system into a hub 
(MAINHUB) that harbours the Serpens South star cluster and into 
three filaments (FIL1, FIL2 and FIL3) that appear to connect to the 
hub (Fig. 1). We delineated the extents of these filament regions 
using ellipses. The ellipses were chosen to maximize the number 
of significant polarization detections for each region but to have 
minimal overlap between adjacent ellipse regions (Methods). The 
FIL3 region was removed from the remaining analysis steps as it 
contained too few HAWC+ polarimetric detections.

The large-scale magnetic field orientation follows a generally 
northeast–southwest direction that is mostly perpendicular to 
the gas distribution within the MAINHUB region. The magnetic 
field orientations with respect to the gas distributions within FIL1 
and FIL2 are more complex. The large-scale magnetic field traced 
by NIR polarimetry is mostly perpendicular to the gas filaments. 
However, the magnetic field orientations seen on the smaller scales 
traced by the new FIR polarimetry do not appear to follow the same 
patterns seen on the larger, NIR-traced, scales.

We quantified the relation between cloud gas structures and mag-
netic fields by measuring the relative projected orientations between 
the filaments and the magnetic fields traced via polarimetry. We 
characterized the filament orientations using the Rolling Hough 
Transform (RHT19), an image processing tool that determines the ori-
entations of linear structures (Methods). We constructed histograms 

of RHT angles and magnetic field orientations within the MAINHUB, 
FIL1 and FIL2 regions. We also calculated median RHT angles and 
magnetic field orientations within each elliptical region. The uncer-
tainty on the median was calculated by dividing the standard devia-
tion of the observed orientations by (N–1)1/2, where N is the sample 
size, following Gaussian error propagation. The results are shown in 
Fig. 2. At the large spatial scales of the elliptical regions (0.1–0.5 pc), 
the NIR polarization orientations for FIL1 show a narrow distribu-
tion whose median value is 32 ± 2° offset from being parallel to the 
RHT-traced gas filament orientation. For FIL2, the median NIR field 
orientation is 73 ± 5° offset from the filament. For MAINHUB, the 
NIR field orientation is 95 ± 12° from the filament angle.

These offset angle values reveal that the NIR-traced magnetic 
field is perpendicular to the gas structures within the FIL2 and 
MAINHUB zones. At smaller spatial scales (<0.1 pc), however, the 
smoothed HAWC+ observations of the FIL2 region show magnetic 
field orientations closer to being parallel to the gas filament elon-
gation (medians offset by 22 ± 3°). For MAINHUB, the large-scale 
perpendicular relative orientation is preserved down to the smaller, 
FIR-traced scales (medians offset by 87 ± 1°). Different ellipse sizes 
were tried and found to yield consistent results.

FIL2, the FIR-brightest southern filament connecting to the  
central hub (Fig. 1), thus shows a distinct change in magnetic field 
orientation, from being perpendicular to the moderate-column- 
density gas structure to being parallel to the high-column-density 
one. For every FIL2 NIR and FIR dust polarization detection that 
met our SNR criteria, we extracted the corresponding magnetic 
field orientation (Bpos) and the Herschel-based H2 column density 
and converted the latter to visual extinction AV. Fixing the filament 
orientation XFIL to the 144° median value from Fig. 2, we computed 
its difference to each magnetic field orientation (XBpos � XFIL

I
).  

The results are summarized in Fig. 3. The figure reveals the strong, 
systematic change in relative orientation between the magnetic field 
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Fig. 1 | The Serpens South cloud and its magnetic field. a, Three-colour overview map generated from data acquired with the Spitzer Multiband Imaging 
Photometer (MIPS) 24 μm (red), Infrared Array Camera (IRAC) 8 μm (blue) and IRAC 5.8 μm (green) sensors. The grey box shows the region mapped 
with HAWC+, magenta contours correspond to the H2 column densities from Herschel data16 at AV values of 15, 20, 30, 45, 70, 85, 110 and 150 mag, and 
the dashed white lines show the median RHT-traced filament orientations (see text). Orange ellipses delimit the regions containing MAINHUB, FIL1 and 
FIL2. White solid line of 1 pc shows a physical length scale of 3.26 light years. b, HAWC+ 214 μm intensity (colour scale) and polarimetry from NIR5 (grey 
vectors), and HAWC+ 214 μm data (blue vectors, this work) at PSNR > 3 and PSNR > 2, respectively, tracing the magnetic field orientations, corresponding 
to σPA < 10(14)°. The blue circle in the bottom-left corner shows the HAWC+ 214 μm beam size. The reference percentage polarization length for HAWC+ 
is shown on the bottom right, while the lengths of the NIR vectors were set to be identical.
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21 mag. The AV range of the transition is shown by the grey zone in 
the figure. It is bounded by where the first quartiles of the low AV 
data points cross 45°, at 17 mag, and the where the third quartiles of 
the high AV data points similarly cross that line, at 29 mag.

We interpret this changing magnetic field orientation in the FIL2 
region as evidence for gravity dragging the denser gas, and entrain-
ing the frozen-in, large-scale magnetic field, to become a parallel 
flow of matter towards the MAINHUB region. In this interpreta-
tion, the FIL1, FIL2 and FIL3 region filaments act as accretion chan-
nels to funnel gas to the dense hub.

Numerical simulations predict that magnetic field orienta-
tions should follow such gravity-induced flows inside dense fila-
ments20–22. Magnetized accretion flows had been expected and have 
been observed on protostellar envelope and smaller disk size scales 
(≤500 au)23–26. Evidence for such accretion flows have been found 
in the smooth velocity gradients in N2H+ 1 → 0 in the FIL2 region 
filament27(see also Fernández-López et al.28). Field-parallel orien-
tations have been observed recently in a dense filament in Orion’s 
OMC1 region29 as well as in a distant, hub-filament infrared dark 
cloud30. The combined NIR and FIR polarimetric observations 
reported here show that filamentary accretion flows affect the local 
magnetic field orientation and thereby shape the magnetic field 
structure on filament size scales. A consistent picture emerges of 
a system of filaments merging into a hub via gas flows along, or 
entraining, magnetic field lines.

Field strengths. Magnetic field support of filaments of the FIL2 
region type must lose to gravitational collapse close to where the 
new change in orientation has been discovered, to explain the onset 
of star formation. The mass-to-magnetic-flux ratio, M/ΦB, reaches 
its critical value, ðM=ΦBÞcr

I
, and induces a filament to collapse and 

form stars, if ðM=ΦBÞ>ðM=ΦBÞcr
I

 (the magnetically supercritical 
condition). Following McKee and Ostriker31, and recast into typical 
physical units (for example, ref. 32)

ðM=ΦBÞ
ðM=ΦBÞcr

 0:76
hNH2i

1023 cm�2

� �
Btot

1 mG

� ��1

: ð1Þ

For a transition at AV ≈ 21 mag, ðM=ΦBÞ=ðM=ΦBÞcr≥1
I

 is fulfilled if 
Btot ≤ 140 μG.

We adopted a spheroidal density distribution and assumed 
flux-freezing33,34 to obtain an estimate of the magnetic field strength 
for the MAINHUB region. These assumptions fully constrain the 
relative geometry of the density distribution and the magnetic field, 
but not their absolute scaling. We assumed that the dense core is 
magnetically supercritical within the AV ≈ 40 mag contour (column 
density ~4 × 1022 cm−2), where the central core becomes prominent 
relative to the surrounding material. This additional constrain fixes 
the distribution of density and magnetic field in absolute terms, 
resulting in a central magnetic field strength of ~870 μG and a 
central density of ρ0 = 6.3 × 105 cm−3 for the MAINHUB core in  
Serpens South.

This field strength estimate may be compared with values 
obtained from the empirical relation1, B ¼ B0ðnH2=10

4 cm�3Þ0:65
I

 
with B0 ≲ 150 μG, and nH2

I
 is the H2 particle density. For the FIL2 

region filament, we obtained a density estimate of 6.4 × 104 cm−3, 
appropriate for the transition at AV ≈ 21 mag, through dividing 
the Herschel column density values there by an approximate fila-
ment width35 of ~0.1 pc. Under these assumptions, the Crutcher 
relation suggests B ≲ 500 μG, consistent with the 140 μG value 
obtained assuming magnetic supercriticality for the filament. For 
the MAINHUB region, the Crutcher relation suggests B ≲ 2 mG at 
the modelled central density of 6.3 × 105 cm−3, while we estimated 
870 μG from flux-freezing.

That our estimates of B are consistent with those suggested by the 
Crutcher relation is remarkable, because our investigation probed 
(in particular in FIL2) gas that is less disturbed by star formation 
than the regions from which the Crutcher relation was derived (that 
is, traced by masers and CN emission connected to very active star 
formation), and thus potentially more representative of the initial 
conditions for star formation.

Effects of protostellar radiation on fractional polarization. While 
the mean magnetic field is well ordered along the northeast–south-
west direction, the FIR polarized fraction is not uniform in the 
MAINHUB region, where the greatest number of HAWC+ polar-
ization detections are present. A significant decrease in the polariza-
tion degree is evident in Fig. 1 towards the brightest emission peak 
in MAINHUB.

In Fig. 4, we show the debiased polarization fraction as a func-
tion of the FIR 214 μm total intensity (Stokes I) and the weighted 
least squares power-law fit to the data. We do not apply any 
signal-to-noise cut-offs for the fractional polarization. This is 
because polarization fraction is a positive quantity, and follows a 
Rice distribution and therefore would introduce a bias to high 
polarization values in regions with low PSNR36. We derive a best-fit 
power-law slope of b = −0.55 ± 0.03.

A relatively wide range in this slope has been recently reported, 
with b = −0.34 towards the externally illuminated Ophiuchus A 
region37, while starless cores such as Pipe 109/FeSt I-457 show38,39 
b ≈ −1. In well-illuminated regions of molecular clouds, dust grains 
align with their minor axes parallel to the local magnetic field direc-
tion. However, because radiation does not sufficiently penetrate 
the denser parts of clouds, the efficiency of the alignment with the 
local magnetic field may fall substantially (see review by Andersson 
et al.14). The observed slope of b ≈ −0.5 in Serpens South is thus 
intermediate between the two extreme cases: strong radiation 
inducing perfect dust grain alignment and weak radiation caus-
ing no alignment. The intermediate value for our slope suggests 
that while the efficiency of grain alignment decreases linearly with 
increasing optical depth, FIR polarimetry still probes the magnetic 
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transition near AV ≈ 3.5 mag (ref. 4).
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Figure 1.21: The magnetic field in the Serpens South filamentary cloud. Top left panel: The color scale is
a Spitzer multi-band three colored image. Magenta contours trace the NH2 column densities from Herschel
data at AV values of 15, 20, 30, 45, 70, 85, 110 and 150 mag from André et al. (2010). The dashed white
lines show the main axis of the different filaments. Top right panel: Blue vectors and color scale are from
the HAWC+ 214 µm observations. They display the magnetic field orientations and the total flux density.
Grey line segments represent the magnetic field orientations from near infrared starlight polarization data
from Sugitani et al. (2011). Bottom panel: Distribution of relative orientations of the FIL2 gas filament
axis with respect to magnetic field orientation, as a function of AV. This plot indicates the two transitions
of alignment between magnetic field and filamentary structures occurring at the scales probed by Planck
(in pink, which is the transition from parallel to perpendicular), and at those probed by SOFIA (points
and orange area, which is the transition from perpendicular back to parallel). Figures taken from Pillai
et al. (2020)

can still impact the collapse of cores. Indeed, weakly magnetized turbulent environments have been
shown to result in significant distortion of magnetic fields (see for example the simulations of Mocz
et al. 2017; Offner & Chaban 2017 and observations of Hull et al. 2017b), which in turn must affect
the collapse of cores, their disk formation, and the accretion onto the protostellar embryo.

While the presence of significant turbulence during the collapse of dense cores may cause the
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magnetic field morphology to be different at each scale between those of dense cores relative to
larger scales, highly magnetized star formation predicts that the collapse must conserve the large
scale magnetic field morphology, and pinch the magnetic field into an “hourglass” shape, whose axis
of symmetry is perpendicular to the major axis of a flattened, axisymmetric ∼1000 au “pseudodisk”
(Galli & Shu 1993a,b). This type of magnetic field morphology have been detected toward a
couple of starless cores (Kandori et al. 2017b,a; Liu et al. 2019; Pattle et al. 2021a), where the
magnetic field intensity has been found to be close to super-criticality. More evolved objects, i.e.,
protostellar cores, can exhibit more pinched magnetic fields if they form in a sufficiently magnetized
environment. An example of a highly magnetized protostellar collapse scenario is shown in Figure
1.22, where we show the results of Doi et al. (2020) that compared the relative consistency between
the magnetic field morphology of the NGC1333 dense core in Perseus at scales of 0.02 pc (with
JCMT observations), and the magnetic field of some protostellar cores at 1000 au embedded in this
dense core (with CARMA interferometric observations). Doi et al. (2020) found that the magnetic
field orientations between the dense core scales (0.02 pc) with the scales of protostellar cores (1000
au) are consistent for several cores, suggesting that magnetic orientations may be consistent from
dense core to protostellar core scales. The hourglass-shape magnetic field morphology has been
observed in a variety of low-mass Class 0 protostellar cores (Girart et al. 1999, 2006, 2008; Rao
et al. 2009; Stephens et al. 2013; Hull et al. 2014; Sadavoy et al. 2018a; Maury et al. 2018; Kwon
et al. 2019). While this highly magnetized scenario does concern a significant number of YSOs,
only a fraction of Class 0 objects exhibit a hourglass shape magnetic field morphology (Hull &
Zhang 2019).

Most of the time, the Davis-Chandrasekhar-Fermi (DCF) technique (Davis 1951; Chandrasekhar
& Fermi 1953a) is used to derive the intensity of the plane-of-sky magnetic field at the ∼ 0.1
- 0.01 pc scales probed by the single-dish observations cited above. This method assumes that
the disorganized component of the magnetic field (contrary to the organized/uniform component)
is driven by turbulence, and that measuring the dispersion of magnetic lines in the plane-of-sky
can trace these magnetic field perturbations. Assuming that the turbulence is isotropic, and that
the turbulent components of the kinetic energy and magnetic energy are in equipartition, the
DCF method allows us to derive plane-of-sky magnetic field strength using a measurement of
the turbulent velocity dispersion, gas density, and magnetic field orientation dispersion. This
method is subject to uncertainties, and several developments have taken into account several
geometrical, physical, and instrumental effects affecting the measurement of magnetic field strength
(see Falceta-Gonçalves et al. 2008; Hildebrand et al. 2009; Houde et al. 2009; Pillai et al. 2015;
Houde et al. 2016; Pattle et al. 2017; Skalidis & Tassis 2021; Skalidis et al. 2021 and references
therein). The typical plane-of-sky magnetic field strength observed at ∼ 0.1 - 0.01 pc scales is
10-100 µG for starless cores and 100 µG - 1 mG for protostellar cores (it can be up to 10 mG at
protostellar envelopes scales, see for example Hull et al. 2017a). However, recently Liu et al. (2021)
showed that the validity of the assumptions of the DCF method may no longer be ensured below
∼ 0.1 pc scales, where the energy-density budget is took over by gravity. This illustrates why it
is still hard to constrain the magnetic field strength from observations of apparent magnetic field
lines performed at scales below 1000 au achieved by interferometers.
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10 Doi et al.

Figure 4. Observed B-field orientation (white line segments) overlaid on a color-scale map of Stokes I. The B-field ori-
entation is assumed to be perpendicular to the observed polarization. B-field orientation is shown for the data points with
I > 25 mJy beam�1 (I/�I > 10) and PI/�PI > 3. The length of the line segments has been normalized to show only the
orientation of the B-field. Yellow line segments are the B-field orientation observed by the Planck satellite (Planck Collaboration
et al. 2018b), whose spatial resolution is set as 100 in this analysis. The JCMT beam (1400.1) is shown in the upper left corner
of the figure. The spacing of the JCMT and Planck B-field line segments is equal to the beam size of the observation. Names
of main YSOs and infrared sources tabulated by Sandell & Knee (2001) are shown.
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Figure 11. Inferred B-field orientations from the JCMT (orange line segments; this study) and CARMA (blue line segments;
Hull et al. 2014) toward five embedded YSOs in NGC 1333. Line segments are scaled by

√
PI for I > 25 mJy beam−1 (I/δI > 10)

for the JCMT data. Background images are the SCUBA-2/POL-2 850 µm total intensity maps. White contours show the
CARMA 1.3 mm continuum intensities with levels of 2, 3, 5, 7, 10, 14, 20, 28, 40, 56, 79, 111, 155, 217 ×σI , where σI is the
noise level of each image. Red and blue contours are the red- and blue-shifted outflows identified by CO (2 – 1) integrated
intensity maps from Hull et al. (2014) using contour levels of 4, 8, 12, 16, 20, 25, 30, . . . , 190, 195, 200 ×σSL, where σSL is the
rms noise level. White circles in the lower left corners show the beam sizes for the JCMT and CARMA. A reference scale of
1000 au is given in the lower right corners. See Table 2 for the beam sizes, σI , σSL, and the velocity ranges for the outflows for
the CARMA data.

defined φ = 0◦ when a B -field, which is orthogonal to
the filament, is parallel with respect to the POS and

perpendicular with respect to the LOS (see Figure 15b).
These two angles (θ and φ) are the two independent pa-
rameters that determine the orientation of a set of the

filament and the B -field in a 3D space.
The relative orientation angle between the filament

and the B -field we observe is the projected angle onto

the POS, as indicated in Figure 15b. Tomisaka (2015)
defined this projected offset angle as α. The angle α is

estimated as a function of θ and φ as follows:

α =
π

2
− arctan [tan(φ) · cos(θ)] . (1)

The angle γ is the relative inclination angle of the B -
field with respect to the POS. γ is a dependent parame-

ter of θ and φ, as is the case of α. The following equation
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Figure 11. Inferred B-field orientations from the JCMT (orange line segments; this study) and CARMA (blue line segments;
Hull et al. 2014) toward five embedded YSOs in NGC 1333. Line segments are scaled by

√
PI for I > 25 mJy beam−1 (I/δI > 10)

for the JCMT data. Background images are the SCUBA-2/POL-2 850 µm total intensity maps. White contours show the
CARMA 1.3 mm continuum intensities with levels of 2, 3, 5, 7, 10, 14, 20, 28, 40, 56, 79, 111, 155, 217 ×σI , where σI is the
noise level of each image. Red and blue contours are the red- and blue-shifted outflows identified by CO (2 – 1) integrated
intensity maps from Hull et al. (2014) using contour levels of 4, 8, 12, 16, 20, 25, 30, . . . , 190, 195, 200 ×σSL, where σSL is the
rms noise level. White circles in the lower left corners show the beam sizes for the JCMT and CARMA. A reference scale of
1000 au is given in the lower right corners. See Table 2 for the beam sizes, σI , σSL, and the velocity ranges for the outflows for
the CARMA data.

defined φ = 0◦ when a B -field, which is orthogonal to
the filament, is parallel with respect to the POS and

perpendicular with respect to the LOS (see Figure 15b).
These two angles (θ and φ) are the two independent pa-
rameters that determine the orientation of a set of the

filament and the B -field in a 3D space.
The relative orientation angle between the filament

and the B -field we observe is the projected angle onto

the POS, as indicated in Figure 15b. Tomisaka (2015)
defined this projected offset angle as α. The angle α is

estimated as a function of θ and φ as follows:

α =
π

2
− arctan [tan(φ) · cos(θ)] . (1)

The angle γ is the relative inclination angle of the B -
field with respect to the POS. γ is a dependent parame-

ter of θ and φ, as is the case of α. The following equation

Figure 1.22: The magnetic field toward NGC1333 in Perseus. Top panel: The color scale is the total
intensity from JCMT 850 µm observations. The white line segments are magnetic field orientations. The
yellow line segments are magnetic field orientations from Planck observations. Bottom panel: Zoom-in
toward the Class 0 protostellar cores IRAS 4A (left) and SVS 13A&B (right). The grey scale is the total
intensity, and orange line segments are magnetic field orientations, both from JCMT 850 µm observations.
White contours trace the total intensity, cyan line segments are magnetic field orientations, both from
CARMA 1.3 mm observations (Hull et al. 2014). Red and blue contours are the red- and blue-shifted
outflows identified by CO (J =2→ 1) moment 0 maps from Hull et al. (2014). The two white circle are
the two corresponding beam resolution elements. Figures taken from Doi et al. (2020).
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1.2.2.2 On the relative orientations of cores, outflow axis, and magnetic fields

Comparing the relative orientation of magnetic fields with the major axis of cores and filaments
can shed light on the dynamic role of magnetic field along the gravitational collapse of cores. On the
high-mass end of star formation, it has been shown that dense cores can be preferentially oriented
20-50◦ with respect to the magnetic field, suggesting that magnetic field is well coupled to the
dynamics of the collapsing dense material (Arce-Tord et al. 2020). In addition, Zhang et al. (2014)
found that magnetic fields at dense core scales are either aligned within 40◦ of or perpendicular to
the parsec-scale magnetic fields. These results imply that magnetic fields play an important role in
the collapse and fragmentation of massive molecular clumps, and the formation of massive dense
cores.

Toward low-mass cores, similar studies also compared the orientation of magnetic fields with the
structure of cores, filaments, and bipolar outflow axis. Looking at how magnetic fields impact star
formation across a large range of scales allows to see if magnetic fields at large scales dictate the
subsequent steps of gravitational contraction and collapse. The outflow axis provides information
on the angular momentum of the inner circumstellar disk, where the ejection mechanism(s) occurs.
A multi-scale dynamic role for magnetic fields in the regulation of the core collapse would imply
that consistency should be detected between outflow axis and magnetic field orientations. However,
gathering a large sample of cores, several studies did not find any significant preferred orientation
between outflow axis and filaments’ axis (Stephens et al. 2017a), or magnetic orientations at clump
and core scales with respect to outflow axes (see Figure 1.23, Ménard & Duchêne 2004; Curran &
Chrysostomou 2007; Hull et al. 2014; Hull & Zhang 2019; Doi et al. 2020; Yen et al. 2021). These
results can be explained by the work of Verliat et al. (2020); using hydrodynamics simulations,
they found that small perturbations of the initial density field in the core can induce the formation
of a disk in any preferred orientation, suggesting that non-axisymmetrical collapse can cause a
deviation from the orientation of the large scale angular momentum, potentially dictated by the
magnetic field. The angular momentum direction of the inner circumstellar disk that is responsible
for the direction of jets and outflows, thus appears to be highly variable with respect to the core
scale magnetic field (see also Lee et al. 2017b; Offner & Chaban 2017; Machida et al. 2014a).

Nevertheless, it is worth to note that the few detected core-scale hourglass-shape magnetic
field morphology correspond to cores exhibiting a good alignment between outflow axis and mean
magnetic field orientation (for example toward the OMC3 MMS6, NGC1333 IRAS4A, L1157, B335
and L1448 IRS2 cores). The random distribution of Figure 1.23 may reflect the variety of core scale
physical conditions, in terms relative of amount of magnetic and kinetic energies. With this in
mind, Galametz et al. (2020) compared the velocity gradient observed in the envelope-tracer N2H+

molecular emission line, with the misalignment of the magnetic field orientation with the outflow.
As presented in Figure 1.24, they found a significant correlation between these two quantities. These
results suggest either that misalignment between magnetic field and outflow can be induced by
envelope dynamics, or that large-scale magnetic initial configuration (i.e., large scale misalignment)
dictates the dynamics of the envelope.
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Figure 4. The thick, stepped curve shows the cumulative distribution function (CDF) of the (projected) angles
between the bipolar outflows and the mean magnetic-field orientations in the full sample of low-mass protostellar
cores observed to date in full polarization with BIMA, the SMA, CARMA, and ALMA. The dotted curves are
the CDFs from Monte Carlo simulations where the magnetic fields and outflows are oriented within 20◦, 45◦, and
70–90◦ of one another, respectively. The straight line is the CDF for random orientation. The plot shows that outflows
appear to be randomly aligned with magnetic fields in the sample of low-mass sources whose magnetic fields have
been observed with ∼ 500–1000 au resolution.

(2017) of the synthetic observations (produced using the Dustpol radiative transfer software Padovani
et al. 2012) of two MHD simulations with different initial mass-to-flux ratios (Offner and Chaban, 2017).
They concluded that while the protostar that formed in the strong-field case exhibited a correlation between
the outflow and the magnetic field, the weaker-field case showed a random orientation. This is most likely
because asymmetric accretion from the turbulent envelope stochastically reoriented the disk/outflow during
the earliest (Class 0) formation stage, ultimately decoupling the source from the natal magnetic field (see,
e.g., simulations by Chen and Ostriker 2018).

Two non-magnetic studies focused on the alignment of protostellar outflows with respect to the natal
filamentary structure in which the sources formed, and on the relative alignment of the outflows from wide
(∼ 1000 au) and tight (< 250 au) binary/multiple systems. Both studies used data from the MASSES survey
at the SMA (Lee et al., 2015; Stephens et al., 2018). Regarding outflows versus filaments, Stephens et al.
(2017a) studied the relative orientation of 57 protostellar outflows in the Perseus molecular cloud (derived
from the SMA MASSES data) with the local filamentary structure (derived from Herschel observations),
and found that the orientations are consistent with a random distribution. Their results held regardless
of protostellar age, multiplicity, or the opacity of the dense core, suggesting that the angular momentum

14

Figure 1.23: Cumulative distribution function of the (projected) angles between the bipolar outflows and
the mean magnetic-field orientations in the full sample of low-mass protostellar cores observed to date in
full polarization with BIMA, SMA, CARMA, and ALMA. Figure taken from Hull & Zhang (2019)M. Galametz et al: Polarized dust emission in solar-type Class 0 protostars
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Fig. 3. Projected angle between the mean magnetic field within the 1000 au central region and the outflow direction as a function of
the velocity gradient of the source estimated from line measurements. Sources are color-coded as a function of their fragmentation
below 5000 au scales (with red/light blue/dark blue for sources with a detection of a single/double/3-4 dust peaks). For certain
sources, two colors are used: For L483, the ALMA 1.2 mm map from Oya et al. (2017) revealed a continuum source detected at a
5-σ level in the SW region that might suggest fragmentation. For HH211, Lee et al. (2009) detected a companion source with the
SMA in the southwestern extension of the source but VLA and ALMA observations have questioned the binary nature of the source
(Tobin et al. 2016; Lee et al. 2019). In both cases, the nature of the extra source needs to be better investigated to be confirmed or
infirmed as a companion. Finally, CB230-A’s companion seems to host two NIR objects, thus could be part of a triple system (Massi
et al. 2008). For this source, we also indicate both the velocity gradient derived by Tobin et al. (2011) from a 1D fit perpendicular
to the outflow direction (empty symbol) and a 2D fit of the total velocity field (field symbol), since the two measurements lead to
different values of the velocity gradient.

range. This range is consistent with that derived for a sample
of 17 nearby protostellar systems by Tobin et al. (2011) (their
Fig. 26 right). We note that velocity gradients aligned in the
equatorial plane are commonly interpreted as envelope rotation.
Recent analysis have revealed a more complex interpretation,
with sources showing shifts or even reversal of the gas velocity
gradients within envelopes. In some sources, the observed gra-
dients might actually originate from on-going infall, or linked
with turbulence (Gaudel et al. 2020). In all cases however, large
velocity gradients are tracing more dynamical envelopes with
larger kinetic energy.

4. Discussion

4.1. Misaligned B fields associated to small angular
momentum of the protostellar gas

In Galametz et al. (2018), we qualitatively noticed a larger oc-
currence of misalignment of B-field lines in sources where large
velocity gradients were detected in the equatorial plane at thou-
sands of au scales. The measurements of the envelope kinemat-
ics combined with B position angles measurements allow us to

quantify the relationship. In Fig. 3, we show the projected angle
between the B-field orientation and the outflow axis as a function
of the velocity gradient (in km s−1 pc−1) that is used as a proxy to
probe the gas dynamics in the surrounding envelope. Errors on
the misalignment angles (x-axis) are the addition of the B-field
orientation error quoted in Table 4 and that of the outflow posi-
tion angle error. The colors used in the plot will be discussed in
§ 4.2.

We observe a reasonably good (R=0.68) positive correlation
between the misalignment of B with respect to the outflow and
the strength of the velocity gradient traced at envelope scales.
This quantitatively demonstrates that a relation exists between
the orientation of the magnetic field and the kinematic energy
in envelopes. This is consistent with the result presented in Yen
et al. (2015a) and based on a sample of 17 Class0/I protostars
where no source with large specific angular momenta were
found with a strongly aligned configuration. The correlation
observed in Fig. 3 could have various interpretations. One
interpretation could be that the misalignments of B at envelope
scales are driven by the strong rotational or infall motions of the
envelope while another interpretation could be that an aligned
B field could have favored the smaller velocity gradients we
observe.

9

Figure 1.24: Envelope velocity gradient as a function of magnetic field-outflow misalignment in Class
0 cores. The x-axis is the difference between outflow position angle and apparent mean magnetic field
orientation of the 1000 au central region. The y-axis is the velocity gradient of the source estimated from
the moment 1 map of an envelope tracer (N2H+ is mostly used). Sources are color-coded as a function of
their fragmentation below 5000 au scales (with red/light blue/dark blue for sources with a detection of a
single/double/3-4 dust peaks). Figure taken from Galametz et al. (2020)
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Fig. 12. Representation of disk sizes and shapes for every niMHD sim-
ulation. The density colour map and contours are the same as in Figs. 8
and 11.

by the even more pronounced similarity between the aligned and
misaligned cases for µ = 2.

5. Limits of ideal MHD

In this section, we highlight several limits of the ideal MHD ap-
proximation in the context of prestellar magnetised collapse and
disk formation, justifying in passing the fact that we did not dis-
cuss iMHD simulations in Sect. 4.

5.1. Counter-rotation

In ideal MHD, the increase in the toroidal field component is
due to the rotation of the gas around the forming protostar
and is only hindered by numerical reconnection. The resulting
magnetic braking can be e�cient enough to completely stall
the rotation of the core. During the time the information prop-
agates outwards, the core can start to counter-rotate, creating a
new braking, until eventually co-rotation with its surrounding is
reached again. This is illustrated in Fig. 14, where we slightly in-
creased the initial rotation in our fiducial case to better illustrate

Fig. 13. Angular momentum evolution. Blue and red: µ = 5; grey and
black: µ = 2. Solid lines: angular momentum in the disk plane; dashed
lines: angular momentum in the outflow (see text). t = 0 corresponds to
the formation of the first core.

our purpose: µ = 5, ↵ = 0.25, �rot. = 0.03. Time is evolving from
top to bottom. To trace the rotation, we calculated the angular
momentum for each cell with respect to the mean direction of ro-
tation in a sphere of radius 200 au. The first and second columns
show the negative and positive toroidal velocity (v✓) maps, re-
spectively, in a iMHD simulation. The third column displays the
positive toroidal velocity for niMHD7. Strong counter-rotation
occurs in the iMHD simulation, starting near the core (second
row), and propagates into the outflow (third row). There is no
sign of counter-rotation in the niMHD run. The mechanism con-
tinues and generates zones that extend to very large radii with
alternate positive and negative toroidal velocities, producing a
butterfly-shaped outflow (bottom row). This has important con-
sequences on the expansion of the outflow, which is narrower for
iMHD (this is most visible in the third row) because the counter-
rotation hampers the pile-up of the toroidal component of the
magnetic field.

We carried out similar studies in the misaligned case and
found out that counter-rotation still develops after formation of
the first core, although with a more limited spatial extent than
in the aligned case. We also examined lower initial magneti-
sations and found out that counter-rotation is greatly reduced
when µ > 5.

5.2. Flux redistribution

Figure 15 illustrates the evolution of the disk mass and central
magnetic field for iMHD. At t >⇠ 26.5 kyr, the field intensity
decreases by almost an order of magnitude, producing a dras-
tic increase of the disk mass. This stems from the flux accumu-
lation at the centre of the collapsing system because the mag-
netic flux is frozen with the flow, which produces a major in-
terchange instability. After this event, the core environment is
weakly magnetised and quite disorganised (looking similar to
turbulent runs), enabling the formation of a massive rotation-
ally supported disk. The evolutionary sequence is portrayed in
Fig. 16 (top), where the times corresponding to snapshots 1 to 4
in Fig. 15 are indicated in Fig. 15. The thin disk-like structure
in 1 and 2, with a mass Mdisk . 5 ⇥ 10�2 M�, evolves into a

7 We do not display the counter-rotating v✓ < 0 for AD since there are
almost no counter-rotating cells except very close to the rotation axis at
the very end of the simulation.

A32, page 13 of 20

A. J. Maury et al.: CALYPSO view of Class 0 protostellar disks

that most Class 0 disks have small radii r < 60 au, with radius
values consistent for the sources in common to both samples.

Other recent results for the quest of rotationally supported
circumstellar disks in Class 0 protostars include L1527 (Ohashi
et al. 2014, ALMA), which has a centrifugal radius of ∼60 au,
and VLA 1623 (Murillo et al. 2013), which was suggested
to show Keplerian disk motions up to r ∼ 189 au. The latter
requires confirmation, however, because the model that was used
is complex. In the HH212 protostar, Lee et al. (2018a) found
a candidate Keplerian disk at radius ∼40 au that is embedded
in a dusty disk-like structure at radius ∼60 AU. Recent SMA
observations of the Class 0 protostar BHR7 suggest a compact
dust continuum component at r ∼ 120 au, although the kinemat-
ics obtained within the same dataset do not confirm Keplerian
rotation at similar scales (Tobin et al. 2018). Gerin et al. (2017)
analyzed ALMA 0.8 mm dust continuum observations of two
Class 0 protostars, B1b-N and B1b-S. They found that compact
disk-like components could only contribute to the intensity
profiles at scales .50 au. The 0.87 mm ALMA observations
by Tokuda et al. (2017) enabled the detection of a small 10 au
radius disk in L1521F. For the B335 protostar, observations of
the kinematics in the inner envelope with ALMA provided an
upper limit to the disk radius of B335 <15 au (Yen et al. 2015b).
The two Class 0 protostars IRAS16253 and IRAS15398 have
been observed with ALMA by Yen et al. (2017), who found a
candidate disk radius of 20 au in IRAS15398 and an upper-limit
disk radius of 6 au in IRAS16253. The Class 0 L1455 IRS1 was
observed with the SMA, and the size of its protostellar disk was
constrained to <200 AU (Chou et al. 2016). The HH211 Class 0
protostar was observed with ALMA, and its disk radius was
constrained to .10 au (Lee et al. 2018b). Finally, in an SMA
survey of envelope kinematics toward a sample of 14 Class 0
protostars, Yen et al. (2015a) found that three sources (L1448-
NB, Per-emb 9, and IRAS 03292+3039) harbored kinematics
that were consistent with rotational motions dominating infalling
motions in their inner envelopes at scales ∼100−200 au. Two
Class 0 protostars of their sample, L1527 and HH212, show rota-
tionally dominated motions close to Keplerian at radii 50–80 au:
rotationally supported disks with radii ∼40−60 au have indeed
be confirmed by other groups in these two sources. The remain-
ing 8 Class 0 protostars of the Yen et al. (2015a) sample do not
show any indication of rotationally dominated motions at scales
sampled by the SMA observations (1.5′′–5′′ synthesized beams,
and heterogeneous source distances). Our CALYPSO analysis
triples the number of Class 0 protostars that are analyzed at high
angular resolution to seek for disk-like structures at wavelengths
that probe the bulk of circumstellar material (<3 mm). When we
combine the CALYPSO sample with the recent ALMA results
that probe radii .60 au, only 5–7 out of 26 Class 0 protostars,
that is, <28%, show either confirmed or candidate disks at radii
>60 au. The disk radii as a function of the protostellar bolomet-
ric luminosity for all Class 0 disks that are characterized with
millimeter-wavelength observations that probe scales &60 au
from CALYPSO and the literature are shown as red symbols
in Fig. 9.

The main caveat in characterizing candidate disk structures
from continuum visibilities stems from the uncertain estimate of
the large-scale envelope contribution. We stress that we left the
envelope parameters free to vary in our modeling to account for
the variety of envelopes that is observed in Class 0 protostars. We
also emphasize that all of our best-fit models suggest envelope
parameters that are physically reasonable. If the large-scale enve-
lope deviates from the spherical symmetry assumed here, the

) (Baren-
feld et al. 2017). Individual studies of Class I disks that are char-
acterized by either dust or molecular lines observations between
0.7 mm and 2.7 mm with a spatial resolution better than 50 au
include SVS13A, R-CrA, L1551NE, L1551-IRS1, L1455-IRS1,
Lupus3-MMS, L1489, IRS43, IRS63, TMR1, TMC1, TMC1A,
and L1536 (Lindberg et al. 2014; Yen et al. 2017; Takakuwa
et al. 2014; Aso et al. 2015; Harsono et al. 2014), Elias29, WL12
(Miotello et al. 2014), and the ten Taurus Class I from Sheehan
& Eisner (2017). They are shown in Figure 9 as black stars. We
stress that some radii are estimated based on the kinematics of
molecular lines (centrifugal radius), while some are determined

Fig. 9. Protostellar disk radii Rdisk as a function of the protostellar bolo-
metric luminosity Lbol for all Class 0 (red circles) and Class I (black
stars) protostars observed between 0.7 and 2.7 mm with a spatial reso-
lution better than 50 au from the CALYPSO sample and the literature.
The Class 0 disks shown here are from the CALYPSO sample (filled
circles) and those characterized in the literature (contour circles, see text
for names and references). When only upper limits on disk sizes could
be estimated, the upper-limit values are indicated with arrows pointing
down. The dotted red box shows the location of the ten Class 0 disk
radii from the 8mm continuum observations of the VANDAM sample
(Segura-Cox et al. 2018). The individual Class I disks shown are those
described in the text of Sect. 5.1.3. The dashed lines show the median
disk radii: in red from the sample of 25 Class 0 disks with R̃0 <50 au
(including upper limit radii), and in black the median radius from the
sample of 25 Class I disks with R̃I = 115 au.

estimated properties of the candidate disks may change slightly.
However, the spherical envelope model has the advantage of
simplicity and accurately reproduces the observed visibilities at
short baselines. Our additional modeling, which used only the
equatorial dust continuum profiles, suggests that the possible
asymmetry of the envelope structure does not significantly affect
our results.

We also acknowledge that the full extent of rotationally sup-
ported disks may be larger than the extent seen in millimeter dust
continuum emission. We stress, however, that this is not the case
in L1527, for example, where our estimate of the disk radius from
dust continuum emission (56 ± 10 au) agrees with the radius
that was determined from the molecular gas (centrifugal radius
∼54–74 au; Ohashi et al. 2014; Aso et al. 2017) based on an anal-
ysis of the CO kinematics at an angular resolution similar to our
CALYPSO data. We note, however, that Keplerian motions were
tentatively detected up to rc ∼ 90 au in the SO emission of L1527
(CALYPSO data; Maret et al., in prep.).

Our study suggests that many Class 0 disks still remain
uncharacterized because they lie at small scales that are not
yet probed by current surveys in the (sub)millimeter regime,
where the structure of Class 0 objects is best characterized.
In the future, it will be of paramount importance to obtain
accurate disk size and disk mass distributions at scales that are
yet unexplored by most observational studies to make progress
in our understanding of the formation and early evolution of
stars and protoplanetary disks. Such studies will allow us to
probe the disk kinematics and ultimately constrain the central
protostellar mass and track its growth against the evolution of
the envelope + disk system.
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Figure 1.25: The role of magnetic fields in disk formation. Left panel: Edge-on view of the rotationally
supported disk forming in non-ideal MHD simulations (including ambipolar diffusion), for two angles
between initial rotation axis and initial magnetic field orientation, and two initial magnetization (the
parameter µ is the mass to flux ratio). The color scale is the density, and arrows represent the velocity
vectors. The size of the formed disk is significantly affected by the initial misalignment angle and
magnetization. Figure taken from Masson et al. (2016). Right panel: Protostellar disk radii Rdisk as a
function of the protostellar bolometric luminosity Lbol, for Class 0 (red circles) and Class I (black stars)
protostars from the CALYPSO (Maury et al. 2019) and VANDAM (Segura-Cox et al. 2018) samples. The
mean Class 0 disk size is ≤ 50 au, significantly lower than the mean Class I disk size, which is 115 au.
Figure taken from Maury et al. (2019).

1.2.3 The regulation of the core angular momentum
1.2.3.1 The role of magnetic fields in setting the size of disks

At even tinier spatial scales lies one of the most important role of magnetic fields in star
formation, i.e., the role of magnetic fields in governing disk formation. As introduced above,
how the angular momentum is redistributed from the core to the disk, and then to the star, is
a fundamental problem. The ratio of rotational over gravitational energy of the core naturally
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Figure 1. An example of the magnetic field traced by dust polarization around an observation (left-hand
panel) and a numerical model (right-hand panel) of the solar-type Class 0 protostar B335. The background
image in the right-hand panel is the ALMA polarized dust continuum emission, and the superimposed lines
infer the magnetic field orientations (i.e. the polarization angle rotated by 90◦). This figure is inspired by
figs. 1 and 3 of Maury et al. (2018), and was created by A. J. Maury for this publication.

the prevalence of the magnetic field on the smaller scales of individual cores of molecular clouds and
protostellar envelopes, as reviewed by Pattle et al., Crutcher & Kemball, and Hull & Zhang, in this volume.

As an illustration, we show in Fig. 1 the dust polarization detected with the Atacama Large
Millimeter/submillimeter Array (ALMA) around the Class 0 protostar B335 (Maury et al., 2018). The
polarization orientations are rotated by 90◦ to trace the magnetic field directions in the plane of the sky.
It is immediately clear that not only a magnetic field is present on large scale, but also it shows coherent
structures. In particular, the (projected) field appears to be significantly pinched near the equator of the
system, as defined by the bipolar molecular outflows. The pinch is direct evidence that the magnetic field is
interacting with the envelope material, through a magnetic tension force. Whether such a magnetic force is
strong enough to affect the dynamics of the core collapse and especially disc formation is the question that
we seek to address in this article.

There is some indirect evidence that magnetic fields may play a role in disk (and binary) formation.
For example, Maury et al. (2010) concluded that core collapse models with a relatively strong magnetic
field are more consistent with their IRAM-PdBI observations of Class 0 protostellar systems than their
hydrodynamic (non-magnetic) counterparts. In the particular case of B335, the specific angular momentum
is observed to decrease rapidly towards the central protostar, with a rotationally supported disk (if present)
smaller than ∼ 10 au (Yen et al., 2015). The decrease in specific angular momentum and small disk could
result naturally from the braking by a magnetic field, which has now been mapped in detail with ALMA
(Maury et al., 2018). In addition, there is some tentative evidence that protostellar sources with misaligned
magnetic field and rotation axis (inferred from outflow direction) tend to have larger disks (e.g. Segura-Cox
et al., 2016), which is consistent with magnetized disk formation simulations (e.g. Hennebelle and Ciardi,
2009; Joos et al., 2012; Krumholz et al., 2013; Li et al., 2013b).

Finding evidence for the magnetic field on the disc scale is more challenging. Spatially resolved dust
polarization has been detected in discs around a number of young stellar objects, using the Submillimeter
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Figure 1.26: The magnetically regulated collapse of B335. Left panel: Magnetic field orientations (line
segments) traced by ALMA dust polarization observations (details about how dust polarization traces
magnetic fields are exposed in Section 1.4) of the solar-type Class 0 protostar B335. The color scale is the
polarized intensity. Right panel: Non-ideal MHD model of a protostellar collapse, seen edge-on. The color
scale is the column density. The thick dark blue arrows indicate the main direction of the inflow. The
integrated magnetic field topology is shown with the line segments, highlighted in white to point out where
the magnetic field is mapped in ALMA observations, i.e., where the dust polarization is detected. In both
panel the two arrows represent the axis of the bipolar outflow. Figures taken from Maury et al. (2018).

causes the formation of a circumstellar disk as the collapse proceeds. Magnetic fields generate
torques via magnetic tension applied to the infalling and rotating material, and are responsible for
angular momentum exchanges between the various part of the disk. As the magnetic field strength
increases rapidly with decreasing distance to the protostar, strong enough magnetic fields can
remove the angular momentum in the collapsing flow and transporting it outward. This process
occurring within the ideal MHD framework, called “magnetic braking” (Allen et al. 2003), led to the
so-called “magnetic braking catastrophe” for disk formation (Galli et al. 2006). As a consequence,
no rotationally supported disk can be formed, for λ values (defined in Section 1.1.1.4) as high as
10 (Allen et al. 2003, see also Price & Bate 2007; Mellon & Li 2008; Hennebelle & Fromang 2008;
Seifried et al. 2012; Bate et al. 2014). The effects of magnetic braking are, however, the most severe
when the magnetic field and rotation axis are aligned, and no perturbation such as turbulence are
taken into account. Furthermore, ideal MHD assumes the magnetic flux is completely “frozen” onto
gas and dust, which means gas and dust are well coupled with the magnetic field.

In reality, the interior of cores are weakly ionized (Bergin & Tafalla 2007) because the cosmic
ray ionization rate can be significantly reduced, which causes the decoupling of magnetic fields
from the neutral fluid. In order to understand the formation and evolution of young disks, the
treatment of magnetic fields in star forming cores thus requires to include non-ideal MHD effects,
i.e., ambipolar diffusion, Hall effect, and Ohmic dissipation (see Li et al. 2014b; Wurster & Li 2018;
Teyssier & Commerçon 2019; Zhao et al. 2020b for reviews). Ambipolar diffusion, which is probably
the most studied non-ideal MHD effect in the context of core formation, causes the magnetic field
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lines that are coupled to charged species to drift with respect to the bulk neutral material. In
disk formation, ambipolar diffusion relaxes the magnetic tension and hinder the dragging of field
lines to the center. With 3D grid-based simulations, Masson et al. (2016) showed that ambipolar
diffusion limits the accumulation of magnetic flux, which can allow the formation of rotationally
supported disks in strongly and moderately magnetized cores (λ ∼ 2 − 5, see Figure 1.25; left
panel). However, the ambipolar diffusivity remains degenerate as it requires a deep understanding
of the ionization and knowledge of small grains population (that are ultimately the main charge
carriers in the inner core, see Section 1.2.3.3). While ambipolar diffusion can enable disk formation,
other non-ideal MHD studies have however found that the rotationally supported disk remains
small (Tomida et al. 2015; Wurster et al. 2016) compared to pure hydro disks (Maury et al. 2010).
When only Ohmic dissipation (which only becomes important in the highest densities) is considered,
the collapse results in very small disks (Tomida et al. 2013). The Hall effect, that also becomes
more important as the density increases, can re-orientate the radially pinched magnetic field lines
along the azimuthal axis of the disk, resulting in a bending of magnetic field lines that causes the
magnetic tension force to either spin up or down the neutral fluid, depending on the orientation of
the magnetic field with respect to the rotation axis. This bi-modality cause disk formation to be
either promoted or suppressed (Wurster et al. 2016; Zhao et al. 2020a, 2021).

The initial conditions of the collapse also have significant impacts on disk formation. In
simulations, Machida et al. (2014b, 2016) showed that the initial density profile, initial magnetization,
and thermal support of a core can influence the size of disks formed later on. In addition, the
initial alignment between the core rotation axis and the magnetic field appears to be a crucial
parameter in disk formation, as magnetic braking effects are smaller with increasing misalignment
(Hennebelle & Ciardi 2009; Joos et al. 2012; Masson et al. 2016; Gray et al. 2018, see Figure 1.25;
left panel). Finally, turbulence or gravo-turbulence must also has a role in disk formation, especially
in balancing the effects of magnetic braking, via turbulent magnetic reconnection (Santos-Lima
et al. 2012), and/or inefficient braking due a high level of magnetic field lines disorganization (Joos
et al. 2013; Seifried et al. 2013, 2015). However, turbulence alone does not ensure the disk to
survive, and non-ideal MHD processes must be implemented alongside (Lam et al. 2019).

All these processes of non-ideal MHD effects, turbulence, initial magnetic field configuration
and strength, affect the efficiency of magnetic braking and in turn control the size of rotationally
supported disk formed during the protostellar phase. Observationally, the typical size of detected
Class 0 dust disks have suggested that magnetic breaking is an efficient phenomenon at this young
evolutionary stage (Yen et al. 2015; Lee et al. 2016; Maury et al. 2010, 2019). The right panel of
Figure 1.25 shows disk radius as a function of bolometric luminosity for a sample of Class 0 and
Class I protostars from the CALYPSO survey (from Maury et al. 2019). The median dust radius
of Class 0 disks from this sample is < 50 au, and the median radius of Class I disks is 115 au.
With the VANDAM survey toward Orion, Tobin et al. (2020a) estimated the median dust radius
of Class 0, Class I, and flat spectrum objects to about 45 au, 37 au, 26 au, respectively. Tobin
et al. also compare their results with more evolved disks, concluding that on average no significant
disk growth occurs later, after the protostellar evolutionary stage. The typical average dust disk
size of more-evolved protoplanetary disks lies between 20 and 80 au. During the evolution of
protoplanetary disks, several physical phenomena can affect the size of disks (Cox et al. 2017; Cieza
et al. 2018; Manara et al. 2019), such as radial drift of dust grains for example (Facchini et al. 2019;
Rosotti et al. 2019; Trapman et al. 2019). In a word, during the protostellar early-disk formation
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phase, the dust size of disks may be strongly affected by the morphology and strength of magnetic
fields in protostellar envelopes, at least because in models magnetic braking must be effective in
order to reproduce the size of protostellar disks (Hennebelle & Teyssier 2008; Hennebelle & Ciardi
2009; Maury et al. 2010; Masson et al. 2016; Lebreuilly et al. 2021). However, one important
thing to note is that such models follow the evolution of gaseous disks, while protostellar disks are
detected via the thermal emission of dust (statistics of gaseous disks are observationally difficult at
the protostellar stage). Indeed, during the protostellar envelope collapse and disk evolution, gas
and dust decouple to some extent, and affect dynamics of one another (Lebreuilly et al. 2020), thus
decreasing the size of dust disks relative to gaseous disks.

A well known observational example of the role of magnetic field in the interiors of Class 0
protostellar cores is the ALMA observations of the magnetic field in B335 (obtained with dust
polarization, which is the technique employed in our work, see Section 1.4), a Class 0 object located
at 165 pc from us. Figure 1.26 presents the magnetic field map of B335 alongside a non-ideal
MHD simulation modelling the observations (Maury et al. 2018). The pinch in the magnetic field
lines shows that the magnetic field is interacting with the collapsing envelope material, through
a magnetic tension force. This is consistent with the strong infall detected in the inner envelope
of this protostar. Maury et al. proposed that the comparisons between these observations and
modelling provide a strong evidence of a magnetically regulated collapse scenario, which can explain
the observed properties of this Class 0 protostar, e.g., its very small disk of ∼ 3 au (Bjerkeli et al.
2019). We note that the L1157 system might be another similar case of magnetically-regulated
collapse scenario, as it exhibits a strongly pinched magnetic field aligned with the outflow axis and
a small disk (see Stephens et al. 2013; Maret et al. 2020).

1.2.3.2 The role of magnetic fields on disk and core fragmentation

Finally, magnetic fields are known to play a crucial role in the core and disk fragmentation, and
are thus being a key player in the multiplicity of the young protostellar systems. We have presented
a few results of Class 0/I multiplicity in Section 1.1.2.7, thus we will briefly present a few numerical
results that have shown the specific role of magnetic fields on disk and core fragmentation.

Early works using ideal MHD simulation of collapsing core have found that if the initial
perturbations, or turbulence, are small, the magnetic pressure inhibits the fragmentation via
magnetic breaking, especially in the case where the angular momentum and initial magnetic field
are aligned (Price & Bate 2007; Hennebelle & Teyssier 2008; Maury et al. 2010; Lewis & Bate 2017).
Strong magnetic fields can slow down the collapse and decrease the mass infall rate on to the disk,
thus hindering the formation of large disks and the subsequent potential gravitational instabilities,
one cause of disk fragmentation. However, initially misaligned magnetic field with respect to the
core angular momentum, can cause the magnetic tension to actually aid fragmentation during the
collapse (Price & Bate 2007). In addition, radiative feedback implemented in MHD simulations
toward massive cores represented, alongside strong magnetic fields, another source of fragmentation
inhibition (Commerçon et al. 2010, 2011a; Myers et al. 2013). The implementation of non-ideal
MHD effects, however, softens these results, but strong, aligned, weakly perturbed magnetic fields
seem to still significantly hinder fragmentation (Wurster & Li 2018; Wurster & Bate 2019).
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1.2.3.3 The non-ideal magneto-hydrodynamic resistivities

We have shown that a large number of numerical works probed the substantial role of magnetic
fields in star formation at the scales of disks and cores. In particular, non-ideal MHD effects, which
are governed by the the magnetic diffusivity values, are thought to be at play given the physical
conditions encountered toward the interiors of protostellar envelopes. A detailed derivation of these
non-ideal MHD coefficient, which is required to accurately quantify the role of magnetic fields,
heavily depends on the chemistry and microphysics (Oppenheimer & Dalgarno 1974; Nakano et al.
2002; Marchand et al. 2016), especially the ionization rate and dust grain distribution.

The strength of ambipolar diffusion depends on the coupling between the charged particles and
the gas. Therefore, the ionization degree of the gas is a factor directly controlling the ambipolar
drift between charged particles and neutral gas. Toward high density regions of a star forming
object, the interstellar UV radiation is strongly attenuated (McKee 1989), and the cosmic rays
are the dominant source of ionization. Cosmic-ray ionization rate inside dense cores have been
quantified in dense cores via chemical analysis (Caselli et al. 1998; Padovani et al. 2009). This rate
decreases toward dense regions because the recombination rate of ions with electrons or charged
grains increases faster than the ionization rate as a function of density. In turn, low ionization
implies a weak coupling between the gas and the magnetic field which causes the ambipolar drift,
i.e., the velocity difference between charged and neutral fluids, to increase in the interior of cores
(Zhao et al. 2016). However, additional ionization from massive young stellar objects can increase
the ionization rate inside massive protostellar envelopes via the acceleration of cosmic-ray protons
within the jet-shocks, which can change the impact of the non-ideal MHD effects in such type of
environment (Padovani et al. 2015, 2016).

Moreover, the characteristics of the dust grain population are also dictating the degree of
coupling between charged and neutral fluids, essentially because the small grains (∼ 1 nm to 10
nm) are charged and relatively well coupled to the magnetic field. Given their large collisional
cross-sections with the neutral molecules, these small grains are responsible for setting the main
part of the fluid conductivity (Zhao et al. 2018; Koga et al. 2019; Zhao et al. 2020b). However,
small grains are expected to get rapidly depleted during the collapse of a star forming core due to
grain growth (Ossenkopf 1993; Ormel et al. 2009; Hirashita 2012), which will have a significant
impact on the non-ideal MHD resistivities, as shown in Guillet et al. (2020b). However, a treatment
of both grain fragmentation and aggregation is still required to consistently derive the impact of
dust evolution on the non-ideal MHD resistivities in YSOs.

1.3 Theory of grain alignment
All the results we present above that discuss magnetic fields orientations in star forming regions

come from polarization observations. This linear polarization contains information about the
magnetic field orientation because aspherical dust grains align themselves with respect to magnetic
field lines (see Draine & Weingartner 1997; Lazarian 2007; Andersson et al. 2015; Guillet 2015 for
reviews). The mechanism(s) aligning aspherical grains are presented in this section. How their
alignment produces the observed polarization is explained in Section 1.4. We start in Section 1.3.1
by presenting the details of grain dynamics, and especially their spinning and precession. In Section
1.3.2 we present the different theories of grain alignment.
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1.3.1 Grain dynamics
1.3.1.1 Grain spinning properties

Dust grains constantly exchange kinetic energy with their environment, mainly via collisions
with gas particles. They are spinning, and gaseous collisions can either increase or decrease their
angular momentum. In absence of any alignment torques, the kinetic energy of rotation is at
equipartition with the kinetic energy of the gas particles. The thermal angular velocity will be
equal to

ωth =
√

2kBTgas

I
, (1.21)

where Tgas is the gas temperature, kB the Boltzmann constant, and I the average grain moment of
inertia. At 10 K, the frequency of rotation of a 1µm grain is ∼ 100 Hz. We will see that dust grains
can increase their rotational velocity with respect to thermal velocity to supra-thermal velocity via
different mechanism, e.g., radiative torques, the interaction with impinging photons and/or the
ejection of H2 molecules from the grains’ surface (Purcell 1979).

1.3.1.2 Grains’ magnetization

Several physical effects can cause grains to acquire their own magnetic moment. This moment
is responsible for the precession of grains along magnetic field lines. At this stage, these effects
alone do not guarantee a robust alignment of grains with respect to the ambient magnetic field,
but they explain the origin behind the alignment of grains with magnetic field lines.

Magnetization of paramagnetic materials: Paramagnetic materials, e.g., silicates, develop
their own magnetization in the presence of an external magnetic field. Their magnetization is
parallel to the external magnetic field and depend on the paramagnetic susceptibility of the material.

Magnetization of ferromagnetic materials: Ferromagnetic materials (metallic iron, cobalt,
nickel, and their oxides), because of their unpaired electrons, posses a magnetization without
an external magnetic field. Because such material have orders of magnitude higher magnetic
susceptibility compared to paramagnetic materials, material containing iron inclusions are called
superparamagnetic materials, and have optimal properties for grain alignment (Jones & Spitzer
1967).

Magnetization via the Barnett effect: In the absence of an external magnetic field, a
rotating dust grain (made of ferromagnetic or paramagnetic material) develops a magnetic moment
when spinning via the Barnett effect (Barnett 1915; Dolginov & Mitrofanov 1976; Purcell 1979).
This magnetization is parallel to the spin axis of the grain. While conserving the angular momentum
of the dust grain, a part of the grain angular momentum can be transferred to the spin system (set
by all the unpaired electrons) by turning the spin of some electron over. The resulting different
number of spins up and down will cause the magnetization, which is proportional to the grain
angular velocity. It is interesting to note that ices will also develop a significant magnetic moment
through the Barnett effect (Purcell 1979).

Magnetization via the Rowland effect: A charged spinning grain can have a substantial
magnetic moment, either parallel or antiparallel to the angular velocity, due to the circulation of
electrons in the grains (Martin 1971, 1972; Dolginov & Mitrofanov 1976). This effect is however
smaller than the Barnett effect (Dolginov & Mitrofanov 1976).
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1.3.1.3 Grain internal alignment

The spinning properties of grains govern their magnetization, and thus their precession around
magnetic field lines. However, to produce the polarization, the first condition is to ensure the
alignment of ~J (the grain angular momentum; the hat indicates this is a vector) with respect to the
grain geometry; this is called the grain internal alignment. The most stable position is obtained
when the grain angular momentum ~J is aligned with the the grain’s axis of maximal inertia, ~a1. To
reach this configuration, dust grains thus must dissipate energy. This can occurs via the Barnett
relaxation process, as some of the rotational energy can be internally dissipated. Indeed, as the
magnetization induced by the Barnett effect consistently precesses in the frame of the grain, the
spin rearrangements dissipate energy into heat, up to a minimum that is reached when ~a1 and the
magnetization induced by the Barnett effect (which is collinear to ~J) are parallel (Purcell 1979).
This internal relaxation process is relatively fast (typical timescale of ∼ 105 s for a 0.1µm grain,
Purcell 1979; Lazarian & Draine 1999a; Lazarian & Hoang 2007; Hoang & Lazarian 2009a) with
respect to the time it takes to align ~J with the magnetic field lines via the mechanisms introduced
in Section 1.3.2

The Barnett effect only considers the spin of electrons to produce the internal relaxation leading
to the internal alignment of ~J and ~a1. However, the reorientation of the spins of protons also
represents a source of dissipation. This nuclear relaxation process (Lazarian & Draine 1999a)
related to nuclear spins is more efficient than Barnett relaxation (see Hoang & Lazarian 2009a for
thorough timescale comparisons; these timescales scale with the grain size, but for grains ≥ 0.1µm,
the nuclear relaxation is ∼ 105 times faster than the Barnett relaxation).

We saw that certain grains develop their own magnetization (this was introduced in Section
1.3.1.2, the Barnett effect is the dominant one), and that they align their main axis of inertia, ~a1,
with its angular momentum ~J . Then, the interaction of the grains’ magnetic moment with the
external magnetic field causes the regular precession of the grain angular momentum ~J around
the magnetic field direction (Dolginov & Mitrofanov 1976). This precession is called the Larmor
precession, and is governed by the torque µBar × B where µBar is the grain magnetic moment
generated by the Barnett effect and ~B the ambient magnetic field vector.

Dust grain magnetization thus requires a certain amount of grain’s paramagnetic susceptibility
in order to generate a significant Barnett magnetization, and thus a Larmor precession around the
magnetic field lines. However, carbonaceous grains are believed to be made of diamagnetic material
(Andersson et al. 2015), which have a much lower paramagnetic susceptibility. Therefore, they do
not experience a significant Barnett magnetization, and carbon grains are likely not aligned with the
magnetic field. See however, the work of Lazarian (2020) for recent development about carbonaceous
grain alignment. In addition, several studies have worked on grains of composite structures (see
Mathis 1996; Draine & Hensley 2021), but to the best of our knowledge, the alignment properties
of such grains were not studied.

1.3.2 Grain alignment mechanisms
We have explained why dust grains’ angular momentum axis is precessing around magnetic

field lines. This means that when averaged over the dust grains’ rotation period, the minor axis of
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dust grains is aligned with the magnetic field. However, this precession does not guarantee the
production of a significant polarized dust emission yet. Additional physical processes are required
to better align the angular momentum of grains with the magnetic field. Different types of torques
are able to do so, either involving the radiation field, the magnetic field, or the flow of gas. In the
two latter cases for example, the magnetic field, or gas flow interact with the spinning grain via
frictional torques, which causes the damping of the grain’s nutation. Progressively, the spin axis of
the grain becomes closer and closer to magnetic field orientation.

These grain alignment processes compete constantly with disalignment torques causing rotational
damping, i.e., via the collision between the grain and gas particles, or via absorption and emission
of infrared photons by dust grains. The dominant source of disalignment torques is mainly gaseous
collisions in the type of environment we study (for two reasons, the density of the medium and
the size of grains). How much a spinning grain resists to disalignment torques and sustains its
alignment is directly dependent on the efficiency of the alignment torque to drive grains to high
rotational velocities with respect to the thermal velocity (see Section 1.3.1). A suprathermally
rotating grain is largely unaffected by collisional gaseous disalignment torques. Suprathermal
rotation is thus a key parameter for grain alignment (Purcell 1975, 1979). Dust grains can be
brought to suprathermal rotation via alignment torques, radiative or mechanical (described below).
However, the so-called pinwheel torques also contribute in increasing the grain rotational velocity.
Proposed in Purcell (1979), pinwheel torques consist in formation and ejection of H2 from the grain
surface, photoelectric emission of electrons, and variations of the accommodation coefficient, i.e.,
the coefficient dictating the efficiency of the energy exchange during a collision of a gas particle on
the dust grain surface (it depends of the dust grain surface properties).

1.3.2.1 Magnetic alignment via paramagnetic relaxation

The Davis-Greenstein paramagnetic relaxation (Davis 1951; Purcell 1979; Roberge & Lazarian
1999; Das et al. 2010) consists in the alignment of the spin axis of a paramagnetic grain with the local
magnetic field via the dissipation of the magnetization energy. The precession of the magnetic field
seen in the grain solid body frame induces a dissipation of grain rotational energy into vibrational
energy through magnetic absorption, which gradually aligns ~J and ~B (a thorough explanation of
the Davis-Greenstein mechanism can be found in Guillet 2015). The torque resulting from this
mechanism is proportional to I1ω/τm, where τm is the magnetic relaxation timescale, I1 is the
grain’s moment of inertia, and ω the grain rotational velocity. τm scales with a2, which means that
this mechanism should concern small grains. Indeed, for grains larger than ∼ 0.1µm, paramagnetic
relaxation is too slow compared to the timescale for randomization by gaseous collisions. In
addition, τm also scales with the inverse of the square of the magnetic field amplitude; but the
typical ISM magnetic field intensities are not high enough to guarantee a substantial efficiency
of the paramagnetic relaxation. To overcome this problem, the concepts of grains harboring
superparamagnetic inclusions (Jones & Spitzer 1967; in order to significantly decrease the magnetic
relaxation timescale), and suprathermal rotation were introduced (Purcell 1979).

1.3.2.2 Radiative alignment torques

The torques produced by the angular momentum transfer during the interaction of a photon
with a grain, via absorption and scattering, are at the heart of the Radiative Alignment Torque
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(RAT) theory, which is currently considered as the dominant grain alignment mechanism. Originally
introduced in Dolginov & Mitrofanov (1976), this mechanism relies on the different scattering
efficiencies for an impinging photon beam decomposed in a right- and left-hand circularly polarized
light. For paramagnetic grains that are already precessing along ~B via the Barnett effect, the
grain’s helicity implies that this decomposition into two circularly polarized lights of unequal
scattering efficiencies causes the increase of the grain angular momentum. Averaged over the grain
rotation, these torques exerted by the radiation field impinging onto the grains spin the grains up
toward suprathermal rotation, which in turn increases the alignment of ~J with ~B via the gyroscopic
effect. Important theoretical developments have demonstrated that, for paramagnetic grains, RATs
are more efficient at aligning dust grains’ angular momentum with ~B than the Davis-Greenstein
paramagnetic relaxation mechanism (Draine & Weingartner 1996, 1997; Lazarian & Hoang 2007,
see Section 1.3.2.1).

The equation of motion of a grain of angular momentum ~J , subject to an external torque ~Γ,
and to rotational damping torques is given be the following:

d ~J
dt = ~Γ −

~J

τdamp
, (1.22)

where τdamp is the timescale of the rotational damping. It accounts for the several sources of
rotational damping caused by gaseous collisions (of typical time scale τgas), emission of infrared
(IR) photons at the grain’s surface (of typical time scale τIR), but also by the interactions between
the grains’ electric dipole moment with charged particles which is called the plasma drag (of typical
time scale τplasma drag). This provides that τ−1

damp = τ−1
gas + τ−1

IR + τ−1
plasma drag (Purcell & Spitzer

1971; Roberge et al. 1993; Draine & Lazarian 1998; Lazarian & Hoang 2019). For grains larger
than ∼ 0.1µm, the rotational damping is governed by neutral-grain collisions and IR emission.
The external torque ~Γ is the sum of all the different torques we have introduced here, i.e., the
Barnett torque, the torque caused by H2 formation, the torque from the Davis-Greenstein magnetic
relaxation mechanism, and radiative torques (Draine & Weingartner 1997). Solving this complex
equation of the grain’s dynamics allowed the derivation of the different parameter spaces describing
the efficiency of grain alignment.

In a stationary state, the maximum value of the grain angular momentum is thus given by:

Jmax = ΓJ × τdamp , (1.23)

where ΓJ is the component of the external torques projected on ~J . In the case where we only consider
the radiative torques, the grain’s angular momentum is maximum (JRAT

max ) when the orientation of
the magnetic field and the anisotropic component of the radiation field are parallel, and null when
both are perpendicular, yielding:

JRAT
max (ψ) = JRAT

max (ψ = 0) cos(ψ) , (1.24)

where ψ is the angle between the orientation of the magnetic field and the anisotropic component
of the radiation field.

When integrated along the radiation field spectrum, the grain alignment is ensured when the
maximum grain angular momentum induced by RATs is sufficiently high with respect to the thermal



1.3. THEORY OF GRAIN ALIGNMENT 62

angular moment Jth, where Jth is the angular momentum of a grain whose dynamics is governed
by the kinetic energy of the gas particles. Jth =

√
I‖kBTgas, where I‖ is the grain’s moment of

inertia calculated along a1, as we assume the internal alignment is achieved (a totally reasonable
assumption when J � Jth, see Section 1.3.1.3), i.e., ~J and ~a1 are collinear. A grain is considered
aligned when the following ratio:

JRAT
max
Jth

=
(∫

Γλdλ
)
τdamp

Jth
(1.25)

is higher than 3. In their calculations of the grain dynamics, Lazarian & Hoang (2007) found that
RATs is driving dust grain at two attractor points in the 2D phase trajectory diagram of the ratio
J/Jth as a function of cos(ξ), where ξ is the angle between ~J and ~B. Both points are located at
|cos(ξ)| = 1, but one is a low-J attractor point, i.e., the grain’s angular momentum is ∼ Jth, and
the other one is a high-J attractor point with J � Jth (an example of such diagram is presented
in Figure 1.27). Grains at the high-J attractor point can be considered as perfectly aligned, while
at the low-J attractor the grain alignment is only partial. Indeed, grain alignment at the low-J
attractor point is still possible, as gas bombardment can provide the grain some angular momentum,
but the average is only ∼ 20− 30% (Andersson et al. 2015; Lazarian & Hoang 2021). The fraction
of grains aligned at the high-J attractor point, which is much more stable because less sensitive to
randomization by gaseous collisions, is dictated by a large number of physical parameters, such as
the angle ψ, the grain shape, size, chemical composition, helicity, and the local physical conditions,
i.e., irradiation field (strength, spectrum, and anisotropy) and gas density. All these parameters
can influence the fraction of aligned grains that are at the high-J attractor point, and thus the
strength of the polarized emission.

The amplitude Γλ of RATs at the wavelength λ arising from the interaction of the anisotropic
component of the radiation field with an irregular grain of size a is given by:

Γλ = γλπa
2uλ

(
λ

2π

)
QΓ , (1.26)

where γλ is the anisotropy degree of the radiation field at the wavelength λ, uλ is such that
urad =

∫ 0
∞ uλdλ is the energy density of the radiation field, QΓ is the RAT efficiency, and a is the

grain size (Draine & Weingartner 1996, 1997; Lazarian & Hoang 2007).
When the angle Θ between anisotropy of the radiation field at the wavelength λ and the axis of

maximum moment of inertia a1 is zero, the RAT efficiency QΓ of a helical grain can be expressed
with an analytical model, determined by Lazarian & Hoang (2007) via the torques calculated
numerically with the DDSCAT code (Draine & Flatau 1994) for a set of irregular grains, which is
as follows:

QΓ ≈ 0.4
(
λ

a

)η
, (1.27)

where η = 0 for λ ≤ 2a, and η = −3 for λ � a. This dependency between QΓ and λ/a, the
ratio of the wavelength of impinging photons and grain size, is crucial because it determines which
grains are likely to be aligned or not, i.e., only grains of size larger than λ/2 can be aligned. Indeed
the torques decrease rapidly for λ > 2a. In the case where the wavelength is smaller than the grain
size, all the physical conditions mentioned above govern the fraction of grains that are actually
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Figure 8
Phase trajectories of grains in terms of the angular momentum J/(I1ωT) ( = J/Jtherm) and the angle ξ between the grain spin axis and
magnetic field. (a) A paramagnetic grain under radiative alignment torque (RAT) has only a low-J attractor point, B, and a repeller
point, A. For the same set of parameters a superparamagnetic grain (b) also has a suprathermal high-J attractor point, A′. The new
attractor enhances alignment by providing additional alignment phase space and an attractor point more stable against collisions. The
fact that most of the phase trajectories point toward the direction of the low-J attractor illustrates the dominance of the radiative
torques for the alignment even in the case of the superparamagnetic grain. Reproduced from Lazarian & Hoang (2008) with permission
of the AAS. (c) Grain alignment by RATs in the presence of pinwheel torques. The points C and D correspond to the locations of low-J
and high-J attractor points, respectively, in the absence of pinwheel torques. In the case of pinwheel torques, both attractors are lifted
to higher-J points ( points A and B), thereby enhancing the alignment. Reproduced from Hoang & Lazarian (2009a) with permission of
the AAS. Abbreviation: AMO, analytical model.

from thermal emission by the grain (Hoang & Lazarian 2009a). Because they are fixed with re-
spect to the grain-body coordinates, pinwheel torques cannot induce grain alignment themselves
but must be followed by some process, such as paramagnetic relaxation (Section 2.1.1; Purcell
1979, Lazarian & Draine 1999b). However, in addition to effecting paramagnetic alignment, the
pinwheel torques increase the momentum of the low-J attractor points under RAT alignment,
thus creating new attractor points with higher degrees of alignment (Hoang & Lazarian 2009a;
Figure 8b). Therefore, for sufficiently strong pinwheel torques, one may observe a correlation of
the observed polarization with the molecular hydrogen formation rate in the media (Section 3.8;
Spitzer & McGlynn 1979, Lazarian 1995, Lazarian & Draine 1997). Because RAT theory predicts
perfect alignment of superparamagnetic grains, the addition of pinwheel torques cannot enhance
the alignment. Therefore, if enhanced alignment is observed in the presence of pinwheel torques,
then not all grains can be superparamagnetic.

2.3.5. Comparison of radiative and paramagnetic alignment. DG alignment is still a popular
mechanism for dealing with ISM grain alignment in the literature and may still be important in
some astrophysical environments. However, in the presence of the much stronger RATs, DG
alignment cannot be the dominant mechanism for large a > 0.1 μm grains. As discussed above,
RATs not only introduce grain rotation (Draine & Weingartner 1996), which has been observed
in laboratory studies (Abbas et al. 2004), but they also induce grain alignment (Dolginov & Mytro-
phanov 1976, Draine & Weingartner 1997, Lazarian & Hoang 2007a). Therefore, the effects of
DG relaxation on the alignment of large ordinary paramagnetic grains are negligible for a typical
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Figure 1.27: Phase trajectories diagram of the ratio J/Jth as a function of cos(ξ), where ξ is the
angle between ~J and ~B, for a grain subject to RATs. These phase trajectories follow the values of
(J/Jth, cos(ξ))asafunctionoftime(thearrowsdenotethedirectionofthetime), forasampleofgrainsatdifferentinitialconditions.Ineachpanel,mostofthephasetrajectoriesendupatapositionwhere|cos(ξ)| =
1, meaning that radiative torques dominate the alignment. Panel (a): A paramagnetic grain is considered.
The only attractor point is B, at low-J . The point A at high-J is a repeller point. Panel (b): When
implementing a superparamagnetic grain, an attractor point A’ at high-J appears. Panel (c): Phase
trajectories diagram of grains subject to RATs and pinwheel torques. The points C and D correspond to
the low-J and high-J points of the phase trajectories diagram of a grain subject to RATs but not to
pinwheel torques. When pinwheel torques are implemented the low-J and high-J are shifted to higher
value of grain angular momentum, which enhances the alignment. Figures taken from Andersson et al.
(2015) who reproduced the work of Lazarian & Hoang (2008) and Hoang & Lazarian (2009b).

aligned (see Equation 1.25). When integrated over the entire spectrum on the radiation field and
normalized by urad, Equation 1.26 becomes:

Γ̄RAT = γ̄radπa
2urad

(
λ̄

2π

)
Q̄Γ , (1.28)

where
Q̄Γ =

∫ 0
∞ λQΓuλdλ∫ 0
∞ λuλdλ

, γ̄rad =
∫ 0
∞ γλuλdλ

urad
, λ̄ =

∫ 0
∞ λuλdλ

urad
. (1.29)

Therefore, the primary condition for grains to be aligned via RATs is to have a grain size larger than
the mean wavelength λ̄ multiplied by a numerical factor that depends on the source of irradiation.

However, when the angle Θ, i.e., the angle between ~a1 and the preferred direction of the radiation
field ~e1, differs from {0; π}, more torque components need to be taken into account. In the case
where the grains are aspherical but oblong, i.e., prolate or oblate, thus having an axis of symmetry,
two of the three components of the radiative torques Qe1 and Qe2 are responsible for spinning up
the grains, while Qe3 (where ~e1 ⊥ ~e2, and ~e3 = ~e1 × ~e2) only induces grain precession (Lazarian &
Hoang 2007). Qe1 and Qe2 depends directly on Θ, but their evolution as a function of Θ remains
approximately the same for the different grain shapes. It is the ratio qmax = Qmax

e1 /Qmax
e2 (where

Qmax
ei

= Qei
(Θi), with Θ1 = 0 and Θ2 = π/4) that ultimately determines the RATs efficiency.



1.3. THEORY OF GRAIN ALIGNMENT 64

Larmor precession rate is much larger than t-m
1 and t-gas

1 .
Therefore, the averaging of RATs over the Larmor precession
is justified.

In this section, we first disregard the thermal fluctuations
within the grain and assume a perfect coupling of the axis of
major inertia with J (e.g., LH07). Thus, the equations of
motion for w¢ = J J I T and t¢ =t t gas become

x x y
d x x

¢
=

¢
-

d

dt

MF

J

,
sin cos , 23m

¯ ( ) ( )

x y d x
¢
¢
= - ¢ +

dJ

dt
M JH , 1 sin , 24m

2¯ ( ) ( ) ( )
where w = kT I2T gas

1 2( ) , gl=M u a 2rad¯ , x yF ,¯ ( ), and
x yH ,¯ ( ) are aligning and spin-up torque components averaged

over the precession angle ψ (see Appendix A).

5.2. Conditions for High-J Attractor Points

Let (x J,s s) be stationary points satisfying equations
x¢ = ¢ =d dt dJ dt0, 0. Possible solutions of Equations (23)
and (24) are given by

x d x
x

d x x
+

- =
F

H

1 sin
sin cos 0. 25s s

s
s s

m
2

m

¯ ( )( )
¯ ( ) ( )

As shown in LH07, when averaged over the fast Larmor
precession, we have =F 0¯ at x =sin 0s . Therefore,
Equation (25) reveals that x =sin 0s are universal stationary
points. In addition, there exists intermediate stationary points
x p= 0,s ( ), depending on δm and RATs.

Following DW97, the stationary point (ξs, Js) is an attractor
if

+ < - <A D BC AD0, 0, 26( )
where

x
d x x=

¢
- = -

¢
A

M

J

dF

d
B

M

J
Fcos 2 , , 27

s
s

s
sm 2

¯ ¯ ( ) ( )

x
d x d x= - ¢ = - +C M

dH

d
J Dsin 2 , 1 sin . 28s s sm m

2
¯ ( ) ( )

For the universal stationary point x x= ¢ =J MHsin 0,s s s
¯ ( ),

the condition for the attractor point (Equation (26)) is reduced
to a single inequality

x
d- <

x =H

dF

d

1
0, 29

sin 0

m

s

¯
¯ ( )

which simply indicates that, to produce an attractor point, the
rate of increasing ξ from ξs by RATs must be lower than the
rate of decreasing ξ by magnetic relaxation δm. It can be seen
that the condition of thehigh-J attractor does not depend on the
anisotropy degree of radiation γ provided that g ¹ 0.

The discussion above is applied for helical grains of right
helicity, i.e., when the radiation is parallel to the field, the spin-
up torque H̄ is positive (LH07). It is applied also for left helicity
in which the high-J attractor points is x p x= >H, 0s s

¯ ( ) .

5.3. Results for High-J Attractor Points Using AMO

In a special case, when the anisotropic radiation direction is
parallel to the magnetic field (i.e., ψ= 0), using RATs from
AMO (see Appendix A), LH08 found that the new high-J

attractor point is present when δm satisfies the following
condition.

d d> =
- q

q

2
. 30m m,cri

max

max
( )

The above relation indicates that, in the case of ψ=0°, the
high-J attractor is always present even for ordinary para-
magnetism if qmax>2 (LH08).
To derive a parameter space for attractor points for arbitrary

angle ψ, we employ RATs from AMO and solve Equation (29)
numerically.
Figure 2 shows the contours of δm,cri required to produce

high-J attractor points in the plane of ψ and qmax. For a wide
range of explored parameters of qmax and ψ, high-J attractor
points are present for δm,cri�10, except for the case
ofψ=45°. For instance, for ψ=0, higher δm is required to
have high-J attractors for smaller qmax, consistent with the
analytical relation shown in Equation (30). It is noted that the
condition in Figure 2 is applicable to any value of a. Moreover,
the result is independent ofthe anisotropy γ, provided
that g ¹ 0.

5.4. Physical Parameters

For numerical simulations in the following, we adopt the
typical physical parameters for the average interstellar radiation
field (ISRF) in the solar neighborhood (Mathis et al. 1983) with
the energy radiation density of uISRF=8.64×10−13 erg cm−3

(see Equation (54)) and anisotropy degree γ=0.1 (DW97).
We also consider the typical CNM for the ISM with
nH=30 cm−3, Tgas=100 K, Td=20 K, and B=10μG
(see Table 1).

5.5. Trajectory Maps in the Steady Rotation Regime

To visualize grain alignment by RATs, it is convenient to
follow the temporal evolution of grain orientation from some

Figure 2. Contours of the critical value of magnetic relaxation parameter
required to produce high-J attractor points, δm,cri, in the plane of ψ and qmax.
Shaded areas indicate the existence of high-J attractor points produced by
RATs even for ordinary paramagnetic grains (i.e., no need of magnetic
relaxation). White areas indicate the space where the high-J attractor points are
only produced in the presence of magnetic relaxation. High-J attractors
areuniversal for δm,cri>10.
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Figure 1.28: Contours of the critical value of the magnetic relaxation parameter δm,cri in the 2D-plane
qmax as a function of ψ, i.e., the angle between ~e1 and ~B. Given two values for the two parameters qmax

and ψ, the critical value of the magnetic relaxation parameter δm,cri is the minimal value of δm (i.e., the
ratio τgas/τm) that is required to allow the existence of an high-J attractor point produced by RATs. The
magnetic relaxation parameter δm is proportional to the superparamagneticity of grains, i.e., how enhanced
is the grains magnetic susceptibility by superparamagnetic inclusions. The shaded areas correspond to
location in the 2D-plane (qmax;ψ) where RATs can produce high-J on ordinary paramagnetic grains. This
occurs when the grain’s axis of maximal RAT efficiency is close to the orientation of ~B, i.e., when qmax ≥ 1
and ψ ∼ 0 or qmax ≤ 1 and ψ ∼ π/2. Where this is not the case, higher magnetic susceptibility from
superparamagnetic inclusions and so higher δm is required to produce high-J attractor points, i.e., the
white regions. Figure taken from Hoang & Lazarian (2016).

The alignment torques arising from the magnetic relaxation of paramagnetic grains are negligible
compared to the RATs for grains ≥ 0.1µm. However, the enhancement of the magnetic response
of the grains (the magnetic susceptibility), i.e., the decrease of τm that can be achieved with
the presence of superparamagnetic inclusions within the grain material, allows to increase the
efficiency of the RAT mechanism. In the example of Figure 1.27, it is shown that while only a
high-J repeller point exists in the case of paramagnetic grains, RATs acting on superparamagnetic
grains develops a high-J attractor point (Lazarian & Hoang 2008). RATs remain the dominant
source of aligning torques, but the enhancement of the paramagnetic relaxation mechanism thus
causes the stabilization of the high-J attractor point. The magnetic relaxation parameter δm
introduced in Lazarian & Hoang (2008), which is equal to the ratio τgas/τm, is proportional to
the superparamagneticity of grains, i.e., how enhanced is the grains magnetic susceptibility by
superparamagnetic inclusions. Increasing δm allows to increase the number of configurations in the
2D-plane (qmax;ψ) where high-J attractor points can exist (Hoang & Lazarian 2016; see Figure
1.28). In addition, the fraction of grains fhigh−J that are actually driven to high-J attractor points
is larger when the magnetic relaxation parameter increases (see Figure 1.29).

Increasing the superparamagneticity of grains also decreases the time that is required to align
dust grains. While a fraction fhigh−J of dust grains are directly driven toward the high-J attractor
points on the timescale of a radiative precession (Lazarian & Hoang 2007), a fraction 1− fhigh−J
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presence of magnetic dissipation is a natural part of the
astrophysical grain alignment. Potentially, the observed
degrees of polarization may be achieved by RATs with no
assistance from the magnetic dissipation because the fraction of
grains in their ensemble of shapes with high-J attractors can be
larger than ∼50% (Herranen et al. 2020).

The final answer on the role of magnetic dissipation should be
achieved by comparing theoretical predictions with observations.
A set of the potential tests is formulated in Lazarian & Hoang
(2019). Later in this paper, we discuss the possibility of using the
processes of grain disruption to test the presence of magnetic
inclusions in dust grains.

We note that the magnetic dissipation alignment may dominate,
however, for small grains (see Hoang & Lazarian 2016b),
including those of nanoparticle size. The latter can be aligned
through the resonance relaxation process that is introduced in
Lazarian & Draine (2000).

The torques arising from magnetic dissipation can be
synergistic to RATs and increase the degree of alignment arising
from RATs. The unified grain alignment theory was introduced in
Lazarian & Hoang (2008) and numerically quantified in Hoang &
Lazarian (2016b). There, it was shown that the enhanced magnetic
dissipation can extend the parameter space in terms of qmax (see
Equation (20)) and ψ for grain alignment with high-J attractors.
Figure 6 shows the contours of δm,cri, the minimum value of δm
required for alignment with high-J attractors as a function of qmax

and ψ.

3.3.2. Fraction of Grains Directly Driven to High-J Attractors

Since grain alignment with high-J attractors is important for
quantifying the efficiency of grain alignment and rotational
disruption, we calculate the fraction of grains in an ensemble
that are driven to the high-J attractor, fhigh-J. Here the ensemble
refers to grains with the same qmax , but initially their angular
momenta have different angles with respect to the magnetic
field. We first solve the equations of motion for grains subject
to RATs, gas damping, and magnetic relaxation, following the
approach in Lazarian & Hoang (2008), where the effect of
collisional excitation is disregarded. We then calculate fhigh-J by

counting the fraction of grains that reach the high-J attractor.
Thus, the value of fhigh-J describes the fraction of grains that
directly move to the high-J attractor and experience fast
alignment and disruption.
Figure 7 shows the variation of fhigh-J versus qmax for

ordinary paramagnetic grains and grains with iron inclusions,
for two angles of the radiation and magnetic field. The minimal
adopted value of qmax is chosen to be 0.5, as suggested by the
calculations in Herranen et al. (2019). It is evident from
Figure 7 that the fraction of grains directly moved by RATs to
the high-J attractor depends on qmax , the angle between the
radiation and magnetic fields, and the magnetic response. For
ordinary paramagnetic grains, that is, grains with δm<1 one
has fhigh-J  0.25. This fraction increases with increasing δm
and becomes independent of ψ and qmax for δm103 at which
fhigh‐J∼0.45.
According to Herranen et al. (2019), the value qmax mostly

lies in the range 0.8–1.5. The upper panel of Figure 7 shows
fhigh‐J0.05 for δm1 when the radiation is parallel to the
magnetic field, that is, ψ=0. The alignment with respect to the
radiation direction corresponds to δm=0 and ψ=0. This

Figure 6. Parameter space for grain alignment with low-J and high-J attractors
for grains with enhanced magnetic response. The shaded areas correspond to
the parameter space defined in LH07 for grains to have high-J attractors for
negligible relaxation. The contours are given for borders of the area
corresponding to different δm. From Hoang & Lazarian (2016b).

Figure 7. Fraction of grains directly driven to the high-J attractor as a function
of =q Q Qe e

max
1
max max

2
for different values of grain magnetic susceptibility,

described by δm, assuming ψ=0° (upper panel) and ψ=60° (lower panel).
The grain size a=0.2 μm and the standard ISRF are assumed. Collisional
excitation by gas is disregarded.
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means that the fraction of grains that will have high-J attractors
when they are aligned with the radiation direction is expected
to be negligible. This suggests that the alignment with respect
to the radiation direction is not going to be perfect, and the
grains aligned with respect to the radiation are not expected
to rotate fast. This, as we discuss further, has important
consequences in terms of rotational disruption of dust.

Thus, in Figure 8, we adopt =q 1.2max and show fhigh-J as a
function of ψ, assuming different values of δm. We observe a
systematic tendency of increasing fhigh-J with the increase of ψ
for low δm, but it becomes independent of δm for grains with a
high level of iron inclusions.

3.3.3. Fast Alignment at High-J Attractors

Fast alignment on a timescale of the order of W-
k

1 was
introduced in LH07 and was shown to bring the majority of
grains to alignment at the low-J attractor points. On the other
hand, a fraction fhigh-J of grains can be driven directly toward
the high-J attractor points on the timescale W-

k
1 (see Figure 8).

Our present study shows that if grains are strongly magnetic,
the value of fhigh-J could reach 50%. This means that for this
fraction of grains, a perfect alignment can be achieved quickly.
Note that grains driven to low-J attractor points are weakly
aligned, with the net degree of alignment being less than 20%
(Hoang & Lazarian 2008). As we will show in the following
section, gas randomization can gradually transport grains from
the low-J to the high-J attractor, providing slow alignment, and
eventually perfect alignment.

4. Spin-up, Spin-down, and Randomization of Grains

RAT torques induce grain rotation and alignment. The rate
of grain rotation subject to RATs is controlled by the rotational
damping, and the degree of alignment is affected by the
processes of grain randomization.

4.1. RAT Amplitudes

Let uλ be the spectral energy density of a radiation field at
wavelength λ. The energy density of the radiation field is then

urad=∫uλdλ. To describe the strength of a radiation field, let
U=urad/uISRF, with uISRF=8.64×10−13 erg cm−3 being
the energy density of the average ISRF in the solar
neighborhood (Mathis et al. 1983). Thus, the typical value for
the ISRF is U= 1.
Let a=(3V/4π)1/3 be the effective size of a dust grain of

irregular shape with volume V. Such an irregular grain exposed
to an anisotropic radiation field experiences radiative torque
(RAT) due to differential absorption and scattering of left-
handed and right-handed photons. The magnitude of RAT is
defined as

⎜ ⎟⎛
⎝

⎞
⎠ ( )p g

l
p

G =l l Ga u Q
2

, 252

where γ is the anisotropy degree of the radiation field, andQΓ

is the RAT efficiency (Draine & Weingartner 1996). Typically,
γ≈0.1 for the diffuse ISRF, γ∼0.3–0.7 for molecular clouds
(Lazarian & Hoang 2007a), and γ=1 for unidirectional
radiation fields (e.g., from a nearby star).
The magnitude of RAT efficiency, QΓ, can be approximated

by a power law (Lazarian & Hoang 2007a):
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where η=0 for λ1.8a and η=−3 for λ>1.8a.
Numerical calculations of RATs for several shapes and
different optical constants using the DDSCAT code (Draine
& Flatau 1994) by Lazarian & Hoang (2007a) and Herranen
et al. (2019) show good agreement with the approximated
torque. The value of QΓ in Equation (26) is for the maximum
RAT efficiency corresponding to the radiation parallel to the
axis of maximum moment of inertia (or Θ=0). These
equations are introduced to discuss disruption size and
disruption time in Section 5. The torques averaged over the
narrow angles at high J would be larger than that averaged over
low-J attractors. Since here we are interested in the disruption,
this equation is justified because at high J the internal
alignment is perfect, producing Θ=0.
Let òl l l= lu d urad be the mean wavelength of the

radiation spectrum. For the ISRF, l m= 1.2 m. The average
radiative torque efficiency over the radiation spectrum is
defined as
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For interstellar grains with la 1.8, GQ can be approxi-
mated to Hoang & Lazarian (2014),
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and ~GQ 0.4 for l>a 1.8. For convenience, let =atrans

l̄ 1.8 be the transition size of grains from the flat to the power-
law stage of RATs. A rigorous derivation of the average RAT
efficiency over a radiation spectrum is presented in Hoang et al.
(2020b), where a slightly different scaling is obtained.

Figure 8. Same as Figure 7, but for the fraction of grains directly driven to the
high-J attractor as a function of the angle ψ between the radiation and the
magnetic field for different values of the grain magnetic susceptibility. The
typical value of =q 1.2max is assumed.
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Figure 1.29: Fractions of grains driven to the high-J attractor point fhigh−J as a function of qmax =
Qmax
e1 /Qmax

e2 (left panel, where ψ is fixed to 0◦), and ψ (right panel, where qmax is fixed to 1.2), for different
value of the magnetic relaxation parameter δm. At ψ = 0◦, the fraction of grains moved to the high-J
attractor increase with increasing qmax for ordinary paramagnetic grains, i.e., for grains with δm < 1.
The fraction fhigh−J increases with δm, and becomes independent of qmax when δm ≥ 103. At qmax = 1.2,
fhigh−J increases with increasing ψ, for ordinary paramagnetic grains. The fraction fhigh−J increases with
δm, and becomes independent of ψ when δm ≥ 103. Figures taken from Lazarian & Hoang (2021)

of grains driven to the low-J attractor point. Gaseous bombardments can gradually move grains
from the low-J attractor toward a high-J state, which is more stable because grains in the high-J
state are less affected by collisional disalignment; this would allow the eventual achievement of
a state of perfect alignment. Although this effect is slow, being achieved on the timescale of a
few gaseous damping timescale (see above), increasing the superparamagneticity decreases the
time required for grains to reach perfect alignment (Hoang & Lazarian 2016; Lazarian & Hoang 2021).

Other constraints on grain alignment Additional subtleties can occur in the dynamics of
grain aligned via RATs when H2 torques (Purcell 1979) are also acting onto the grain. Because H2
formation sites at the grain surface are short-lived, Purcell torques can evolve with time, and even
change from spin up to spin down torques. When the grain angular momentum reaches ∼ Jth, it
can flips (change sign); this is called a cross-over. The Purcell torques that decelerate the grain
rotation before the cross-over then accelerate the grain rotation after it. However, when the grain is
also subject to RAT, the dynamics is different because RATs are fixed with respect to the radiation
direction (Lazarian & Hoang 2007). Therefore, they do not change sign after a cross-over like
the Purcell torques do. RATs and Purcell torques are thus competing agains each other after a
cross-over, which causes the grain to be stuck at the low-J point (Hoang & Lazarian 2008).

In addition, Lazarian & Draine (1999b) has showed that Barnett fluctuations, i.e., the transfer
between grain rotational and thermal energy leading to a less efficient grain internal alignment
between ~a1 and ~J (Lazarian & Draine 1997), can cause the grain to flip while conserving ~J (see
also Weingartner & Draine 2003). This effect allows to avoid too much loss, or randomization,
of grain angular momentum during a cross-over. However if a grain undergoes thermal flipping
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too often compared to the alignment timescale, Purcell torques that changed sign at each grain
flips can lock the grain to low rotational velocities, i.e., preventing them to reach supra-thermal
velocities. This phenomena, which is called thermal trapping, might be at work for small grains
(0.1–0.01 µm, Lazarian & Draine 1999b), for which the Barnett effect is less efficient that larges
grains compared to collisional disalignment of gas particles. However, it has not been extensively
tested for the physical conditions of typical star forming regions.

1.3.2.3 Mechanical alignment torques

Mechanical alignment consists in the alignment of grains via the interaction of dust grains with
stream of gas whose velocity is different from the dust systemic velocities. Originally proposed by
Gold (1952b,a), the author showed that such gas-dust drift can cause the alignment between the
long axis of dust grains with the orientation of the gas flow. Further investigated by Purcell (1969);
Lazarian (1994, 1997); Roberge et al. (1995), this “Gold” mechanism requires supersonic gas-dust
drift to produce significant degree of alignment. However, Lazarian (1997) found that the degree of
alignment achieved by the Gold mechanism with typical ISM conditions, where the Mach number
can be supersonic, is not sufficient to reproduce observations.

More recently, the work of Lazarian & Hoang (2007) on the interactions between gas flow
and helical grains led to the development of a new type of mechanical grain alignment via
mechanical alignment torques (MATs). Similarly to the radiative torques applied onto grains
under an anisotropic radiation field, the anisotropic gas flow can produce mechanical torques when
interacting with helical grains (Lazarian & Hoang 2007), that can align grains (in both subsonic and
supersonic conditions) to a much better degree than the Gold mechanism. This was supported by
the analytical and numerical calculations of Das & Weingartner (2016); Hoang et al. (2018), where
the efficiency of the mechanical alignment torques were computed for several irregular grain shapes.
Hoang et al. (2018) have shown that highly irregular grains can achieve significant alignment with
low-J and high-J attractor points under both sub- and supersonic drift conditions. For weakly
irregular grains, supersonic drift is required to align grains to suprathermal rotation. The local
physical conditions then determine if grains align their angular momentum, i.e., their short axis,
with the magnetic field or with the direction of the gas drift (see Section 1.3.2.4). We note that
MATs thus produce an alignment in the same orientation as RATs, which is orthogonal to the one
produced by the Gold mechanism).

The theory of mechanical torques is less developed, and varies from the analytical model
introduced in Lazarian & Hoang (2007). While the radiation field samples the entire grain surface
and “feels” the entire grain geometry (because of the 1-γ isotropic component of the radiation
field), an anisotropic gas flow only samples the effective helicity “seen” by the gas flow. During the
time a grain gets aligned by mechanical torques, the facet of the grain interacting with the stream
of gas changes, and the grain effective helicity thus evolves as a function of time. This makes the
alignment process more difficult to model, compared to the RAT mechanism. Finally, contrary to
radiative torques, the efficiency of mechanical torques is not supposed to change as a function of
the grain size.
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1.3.2.4 Alignment axis, challenge between precession timescales

Radiative and mechanical torques are most likely the dominant mechanisms responsible for
grain alignment. However, the local conditions, such as the magnetic field strength, the radiation
field strength and anisotropy, the dust-gas drift, and the dust characteristics (composition, shape,
and size), dictate the privileged direction of alignment, i.e., along the magnetic field, the anisotropy
of the radiation field, or the direction of the flow. One way to analytically disentangle the privileged
direction of alignment is to determine what is the shortest precession timescale along those three
different directions.

The Larmor precession of the grain angular momentum around the ambient magnetic field is
given by :

τLarmor = 2πI1ω

µBarB
, (1.30)

where ω is the grain angular velocity, I1 is the grain’s moment of inertia along a1, B is the magnetic
field strength, µBar is the magnetic moment from the Barnett effect (whose vector is anti-parallel
to the grain rotation axis):

µBar = χ(0)V ~ω
gµB

, (1.31)

where V is the grain volume, where g is the gyromagnetic ratio, χ(0) is the zero-frequency magnetic
susceptibility, µB is the Bohr magneton (Draine & Weingartner 1996).

The timescale of the radiative precession, i.e., ~a1 around the radiation anisotropy, is dictated by
the third component of the RAT efficiency Qe3 :

τrad = 2πI1ω

γ̄raduradλa2Qe3

. (1.32)

Finally, the mechanical precession timescale of a grain around the direction of the gas flow has
a the following timescale:

τmech ' 36
(
ω

ωth
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vth
vd

)(
s

0.5

) 1
sin 2Θ yr , (1.33)

where vth = (kBTgas/mH)1/2, vd is the gas-dust drift velocity, s is the grain axial ratio, and Θ is this
time the angle between the grain axis of major inertia and the direction of the gas flow (Lazarian
& Hoang 2021).

The shortest timescale among τmech, τLarmor, and τrad, can dictate the axis of alignment, if it
is itself lower than τdamp. The competition between τmech and τrad will first govern whether RATs
or MATs are dominating the grain dynamics. Then the axis of grain alignment is dictated by the
minimum precession timescale between (τmech,τLarmor) (i.e., the gas-dust drift or the magnetic field),
or (τrad,τLarmor) (i.e., the anisotropic component of the radiation field or the magnetic field). The
alignment with respect to the radiation direction corresponds to a long timescale of the magnetic
relaxation (higher τm and higher τLarmor, and thus a low magnetic relaxation parameter δm). This
means that the fraction of grains at the high-J attractor point is negligible (see Figure 1.29,
Lazarian & Hoang 2021). Therefore, a small fraction of grains reach suprathermal rotation, the
alignment along the anisotropic component of the radiation flux is not perfect, and can exhibit
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lower polarization than if the grains were aligned with the magnetic field. The same reasoning can
apply to the MAT alignment with respect to the gas-dust drift. We will see that the competitions
between these different grain precession timescales are hard to observationally constrain given
the myriad physical quantities that play a role in the grain precession dynamics. A thorough
comparison between τrad and τLarmor for the environmental conditions of Class 0 protostars will be
performed in Chapter 4. However, we do not have the tools right now to accurately compute τmech
in our models. Therefore, we will discuss grain alignment via MATs only qualitatively.

1.4 Probing grain alignment via dust polarization
We are now able to introduce the topic comprising the bulk of the work of this Ph.D. project:

how can we constrain the mechanism aligning grains via the study of polarization? We have
introduced in Section 1.3 the theory of grain alignment. Well, aligned grains are responsible for
the observed polarization in two cases: when observing optical and near-infrared (NIR) continuum
polarization of starlight (presented in Section 1.4.1), and when observing the thermal polarized
emission of dust in the (sub-)millimeter (presented in Section 1.4.2). The former concerns line
of sight that are translucent enough to still see background starlight in the UV, optical, and
NIR continuum, while the latter concerns “obscure” line of sights that are opaque to background
starlight, i.e., the dense star forming regions visible in (sub-)millimeter wavelengths, where cold
dust emit their thermal emission. Polarized dust emission is the focus of this thesis, but we do
mention starlight polarization for reference. We then present in Section 1.4.3 a few observational
results of dust polarization, and finally briefly present the polarization radiative transfer code
POLARIS that we use in Chapter 3 and 4. We will introduce in Section 1.5 how the polarization is
observed/measured.

1.4.1 Starlight polarization by dust extinction
The polarization of starlight was first reported in Hall (1949); Hiltner (1949). Given the

homogeneity of the polarization measurement for neighbouring stars, it was inferred that this
polarization was caused by dust grains of the interstellar medium located between the background
star and the observer. Comparing of the level of polarization with the column density of dust,
Serkowski et al. (1975) showed that asymmetric dust grains are the cause of the observed optical
and near infra-red (NIR) continuum polarization. From these starlight polarization results, dust
grains were characterized as being elongated and having their main axis consistently aligned over
parsec scales. The origin of alignment was (and is still) debated, and alignment with magnetic field
lines (Spitzer & Tukey 1949; Davis & Greenstein 1949) or streamlines of gas flows (Gold 1952b)
were proposed. However, with observations of starlight polarization across the diffuse ISM, the
links between starlight polarization and magnetic field lines was deduced (Mathewson & Ford 1971),
and comparisons between polarized dust emission and synchrotron radiation, a well-understood
phenomenon, also confirmed this result (Andersson et al. 2015).

The extinction in the interstellar medium is caused by scattering plus absorption by grains
comparable in size to the wavelength (Martin & Whittet 1990). As the grains are aspherical, they
scatter and absorb starlight more efficiently if the electric field is parallel to the grains’ major axis,
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than to their minor axis. As the grains are consistently aligned with the magnetic field at the
large scales of the ISM, their asymmetry dictate a direction of preferred extinction. Therefore,
an incoming unpolarized light from a background star gets polarized parallel to the minor axis of
the aligned grains, when it propagates through the ISM. This phenomenon explains the starlight
polarization observed in the UV, optical, and NIR.

The two observables obtained from this type of measurement are the polarization position
angle χ providing the orientation of the mean magnetic field projected onto the plane of the sky,
and the polarization degree p. In the optically thin case (or weak extinction), dichroic extinction
polarization yields that p can be approximated by (τx − τy)/2, where τx and τy designates the dust
optical depths for the two grain’s principal axes. Then the polarization fraction is obtained dividing
p by the dust total optical depth τ . We do not further detail this method, as this is not the focus
of our work.

1.4.2 Polarization of thermal dust emission
Only the polarization of thermal dust emission concerns the ALMA dust polarization observations

we have worked on during this PhD. Aspherical grains emit thermally in the same way as the
dipole emission of a simple antenna. The spectrum of dust grains’ thermal emission is dictated by
their size, composition, temperature, and the electromagnetic wave they emit is partially polarized
parallel to their major axis. As presented in Section 1.3, the RAT mechanism can align the grains’
rotation axis, which is aligned to their minor axis, with magnetic field lines, making their linear
polarized emission to be orthogonal to magnetic field orientations. Assuming RAT in the analysis
of dust polarization observations, the projected magnetic field component in the plane of the sky is
obtained rotating χ by 90◦. This is what has been done to infer magnetic field lines in most of
the maps we have presented in Section 1.2, and in the ALMA observations we present here after.
The dust polarized intensity P is the analog of p, cited above in Section 1.4.1. Both polarized
intensity and polarization fraction directly help us to constrain the cause of polarized dust emission
in protostars. The evolution of these two quantities as a function of the physical conditions directly
reflects the characteristics of the occurring grain alignment mechanism, and the characteristics of
the aligned dust grains.

The polarization fraction of the polarized dust emission can be analytically expressed in the
case of an uniform medium, dust grain population, and constant intensity of the radiation field
along a line of sight, with the following formalism:

Pfrac, uniform = Pintr RFdis sin2γ , (1.34)

where R = (3
2〈cos2θ〉 − 1

2)(3
2〈cos2ξ〉 − 1

2) is the Rayleigh reduction factor, which accounts for
the imperfect alignment between the grain axis of major inertia and its angular momentum,
represented by the angle θ, as well as the alignment efficiency between the grain angular momentum
and the magnetic field, represented by the angle ξ (Greenberg 1968; Hoang & Lazarian 2014).
Fdis = 3

2〈cos2φ〉 − 1
2 is the reduction factor that accounts for magnetic field disorder along the

line-of-sight (the angle φ represents the angle between the uniform component of magnetic field
and the disorganized component), and γ is the angle between the magnetic field lines and the line
of sight. Pintr is the dust intrinsic polarization fraction, and depends on the fraction of aligned
grains (which rely on an interplay between the characteristics of a grain alignment mechanism and
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the physical conditions) and the grain characteristics (shape, composition, size). Pintr is wavelength
dependent. This formalism represents all the cause of grain alignment variation: magnetic field
structure, alignment, and dust properties, in an ideal case of homogeneous physical conditions. It
is worth to note that Fdis and γ are independent of the wavelength, thus the polarization spectrum
can provide clues about alignment and dust properties (examples given below).

1.4.3 Testing grain alignment theories
For a thorough review of the different observational test and constraints on the grain alignment

via RATs toward the interstellar medium and diffuse clouds, we refer to the review of Andersson et al.
(2015). In a few words, several methods have been used to observationally probe and characterize
the RAT mechanism. One of the most obvious constraint on this alignment mechanism is the
polarization efficiency, traced by the polarization fraction. Several mechanisms can explain the
usual drop in polarization fraction as a function of column density. One possibility is that magnetic
field tangling can increase toward denser environments, resulting in higher depolarization. We
note that two effects can be at play in this case: the fluctuations of magnetic field lines along
the line of sight, and the beam smearing effect (when the typical scale of the fluctuations of the
apparent magnetic field in the plane of the sky is smaller than the resolution element). The decrease
of polarization fraction as a function of column density has also been interpreted as a potential
decrease of alignment efficiency of the dust particles caused by less favorable physical conditions
of grain alignment. For example, the dust grain characteristics can change toward high column
density regions: the gaseous collisional de-alignment of dust grains increases with increasing density
(see a recent work by Soam et al. 2021a), and the radiation field responsible for RATs evolves as it
gets reprocessed in dense medium (Brauer et al. 2016) or attenuated with the distance from the
radiation source (Medan & Andersson 2019; Soam et al. 2021b). Toward prestellar & protostellar
cores, this phenomenon is known as the polarization hole phenomenon. An example is shown in
Figure 1.30, toward a starless core as well as a sample of Class 0 protostellar cores (Alves et al.
2014; Galametz et al. 2018, see also Jones et al. 2015). This polarization fraction decrease has also
been seen toward molecular clouds (see for example Whittet et al. 2008; Fissel et al. 2016; Planck
Collaboration et al. 2020), and dense cores (for example the JCMT and SOFIA observations cited
above in Section 1.2).

Properties of dust populating star forming cores as inferred from polarization The
capacity of a grain population to polarize the transmitted light (in extinction and thermal emission)
depends on grain shape, size, and composition. However, as explained above, neither Pfrac nor p/τ
are direct measurements of the alignment efficiency of dust grains in the optically thin case, but they
depend also on a variety of other factors, e.g., the structure of the magnetic field along the lines of
sight, the grain shape, size, optical properties, and the resolution of the observations. To this extent,
the wavelength dependance of polarization is also a powerful tool for probing grain alignment
because in an optically thin medium, the variations in the polarized signal are independent of the
magnetic field topology. The total intensity and polarized intensity are expected to evolve across
wavelength, which makes the polarization fraction spectrum difficult to interpret. The thermal
emission spectrum of a given grain component is a modified greybody emission (proportional to
Bν(Td)νβ, where Bν is the Planck function at the frequency ν and a dust temperature Td). However,
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Figure 10
(a) Combining the fractional polarization efficiency from optical (cyan), near-IR (NIR) (red; Clemens et al. 2012 and B-G Andersson,
J.A. Acosta Pulido, J.E. Vaillancourt, M. Charcos Llorens, S.S. Shenoy, in preparation) and 850 μm (black; Crutcher et al. 2004) yields a
break in the power-law exponent from −0.6 to −1.0 at AV = 20.5 mag in the LDN 183 cloud. At optical and NIR wavelengths the
plotted efficiency follows directly from the measured values of p/AV . At 850 μm the plotted efficiency follows from p and has been put
on the equivalent extinction scale by converting the intensity into optical extinction (pext = τ pemit and Iν = τ Bν (T ); also see Equation
6). The 850-μm polarization has been scaled by a constant offset to match the NIR data at similar extinction values (near ∼20 mag),
thereby allowing for variable, unknown grain temperatures and emissivities. Reprinted from Lazarian et al. (2015) with permission.
(b) Alves et al. (2014) probed the Pipe-109 cloud with optical (blue), NIR (red and orange) and 870-μm (black) polarimetry. They fit each
set of fractional polarization separately, finding a slope similar to that in LDN 183 for the submillimeter fractional polarization (pSM) at
AV > 20 mag. The flattening of the p/AV slope at AV ∼ 10 mag could indicate the radiative transfer effects predicted by Jones et al.
(1992). Reproduced from Alves et al. (2014) with permission c© ESO.

opacity (less than ∼15%) between AV = 0.1 mag and 10 mag (cf. Jones 1989; Section 3.1).
Therefore, the polarization curve has an advantage over single-wavelength observations in that its
shape (parameterized by λmax and K) is insensitive to the magnetic field topology and turbulence
in the cloud (see the sidebar, Polarization Reduction Factors). This argument applies even more
strongly in the FIR/millimeter band in which the opacities are much smaller.

As originally proposed by Davis & Greenstein (1951) both the spin-up and randomization
of the grains are driven by collisions with the gas. The theory then predicts that the alignment
efficiency should decrease with grain size and that grains with a > 0.1 μm should not be aligned
(cf. Draine 2011). However, inversion of the interstellar extinction and polarization curves (Kim
& Martin 1995) shows that the opposite is true (Figure 11b); grains with a ≤ 0.05 μm are not
aligned, whereas grains with a > 0.1 μm are well aligned.

UV polarization provides information on the alignment of the smallest grains. Only a small
fraction of observed lines of sight exhibit a significant UV polarization, relative to the standard
Serkowski curve for diffuse lines of sight (Clayton et al. 1995, Anderson et al. 1996). Some of these
sightlines may also show polarization in the 2175-Å extinction feature. Although the inversion
of the polarization curves for typical diffuse ISM sightlines indicates an abrupt small-size cutoff
of the aligned grains at a = 0.04–0.05 μm, the distribution of aligned grains extends to much
smaller sizes for these sightlines (Kim & Martin 1995; Figure 11b). The diffuse ISM cutoff in the
size distribution of aligned grains is consistent with the RAT alignment criterion λ < 2a, and the
Lyman limit (λ > 912 Å) of the general ISM radiation field. For the targets in which enhanced UV
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M. Galametz et al: Polarized dust emission in solar-type Class 0 protostars

Fig. 5. Polarization fractions as a function of Stokes I continuum
intensities at 0.87mm (top) or as a function of the H2 column
densities (bottom). Maps have been regenerated to share a com-
mon synthesized beam of about 5.5′′ and rebinned to have a grid
with a common pixel size of 1.8′′. The continuum flux densities
plotted in the top panel are in units of Jy/beam but are normal-
ized to the peak intensity for each object. The solid lines are the
best fit to the function p f rac ∝ (I/Imax)a. The H2 column densities
plotted on the bottom panel are in units of cm−2 and are derived
using Eq. 5 and 6.

SCUBA SMA

Fig. 6. Left: SCUBA 0.85mm continuum maps with polariza-
tion orientation overlaid from Wolf et al. (2003). The contour
lines mark 20%, 40%, 60%, and 80% of the maximum inten-
sity. Right: Zoom-in into the scales covered with the SMA at
0.87mm. The contours are the same than in Fig. 2. For both, the
bar length is proportional to the polarization fraction.

17

Figure 1.30: Drop of polarization fraction as a function of density in starless and protostellar cores. Left
panel: Evolution of the polarization fraction as a function of the visual extinction AV toward the Pipe-109
cloud, with optical (blue), NIR (red and orange) and 870 µm (black) polarimetry. The optical and NIR
data, whose polarization fraction is traced by p/AV , are from starlight polarization. The sub-millimeter
data, whose polarization fraction is Pfrac, are from polarized dust emission. The change in the slope in
the NIR observations at AV ∼ 10 suggests that the conditions for grain alignment change in the interior
of cores, possibly because of an evolution in the dust grain properties occurring in dense environments
(Jones et al. 1992; Goodman et al. 1995). Figure taken from Andersson et al. (2015) adapted from Alves
et al. 2014. Right panel: Polarization fractions as a function of total intensities toward a sample of Class 0
protostellar cores from SMA 870 µm observations. The solid color lines are power-laws best fit. This work
studies for the depolarization occurring inside protostellar cores at the envelope scales of ∼ 600− 5000 au.
Figure taken from Galametz et al. 2018.

across a large range of wavelength, the spectrum of aligned and non-aligned grains responsible
for the total and polarized emission can evolve differently, as for certain alignment mechanism
the grain alignment efficiency heavily depends on the grain size. This is why investigating the
wavelength dependence of P and Pfrac alongside can bring valuable insights.

In the UV, optical, and near-infrared, where polarization is caused by extinction of starlight
by aligned dust grains along the line of sight, the polarization curve as a function of wavelength
(Serkowski 1973) is known to depend on the size distribution of the aligned dust grains (Kim &
Martin 1995; Vaillancourt et al. 2020). This provided a key insight into dust grain characteristics
in diffuse mediums and clouds. In Class 0/I objects, only a few multiwavelength studies have been
conducted using the thermal dust emission at (sub-)millimeter wavelengths, but constraints on
the dust grain size distribution from polarization observations were brought by Alves et al. (2018);
Guillet et al. (2020a) (both papers must be accounted together as the latter paper re-interprets the
observations presented in the former one), and on optical thickness via the detection of dichroic
extinction (see Ko et al. 2020; Liu 2020). While, dust polarization can provide important constraint
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on the size of dust grains, it is also interesting to derive dust grain sizes via other methods, via
the derivation of dust grain emissivity spectral index β. Then comparing such results with the
results provided by dust polarization allows to derive further conclusion on the grain properties.
We will qualitatively perform such comparison in Section 2.3.4. The dust grain emissivity studies
are, however, challenging given that several elements can alter the grain size constrains, e.g., optical
depth, temperature gradient, and other dust properties.

The chemical dust composition can also be potentially constrained by dust polarization. For
example, in the case of the alignment of paramagnetic grains, superparamagnetic inclusions are
known to significantly increase the alignment efficiency (this is introduced in Section 1.3). The
presence of such inclusion was found via the identification of glass with embedded metals and
sulfides (GEMS) grains inside interplanetary dust from comets (Bradley 1994). In addition, it is
well established that silicate grains are aligned while carbon grains tend to not be aligned (Draine
& Fraisse 2009; Planck Collaboration et al. 2015c), which is consistent with the RAT requirements
to align grains (see Section 1.3).

Dust polarization in protoplanetary disks Before ALMA started producing the first
polarization results, the scientific community had large expectations to unveil the role of magnetic
fields in the evolution of protoplanetary disks (PPDs) via dust polarization (Stephens et al.
2014). However, several theoretical studies predicted that the dust polarization observed at sub-
millimeter wavelengths in disks can be caused by the self-scattering of thermal dust emission from
(sub)millimeter-sized dust grains, due to the structure and high optical thickness of these objects
(Cho & Lazarian 2007; Kataoka et al. 2015, 2016a). This phenomenon, which has been now seen
in several disks (Kataoka et al. 2016b; Stephens et al. 2017b; Lee et al. 2018b; Bacciotti et al.
2018; Dent et al. 2019; Girart et al. 2018; Hull et al. 2018; Ohashi & Kataoka 2019; Harrison et al.
2019), is explained by the anisotropy of the thermal dust emission scattered by dust grains. In
the case of an inclined disk, dust self-scattering produces a relatively homogenous polarization
pattern exhibiting polarization E-vectors parallel to the minor axis of the disk. While this effect
do not bring information about the physics of grain alignment and magnetic fields, the modelling
of self-scattering brought valuable insights about the characteristics of dust grains responsible
for this polarization. In particular, dust grain size can be constrained (Ohashi & Kataoka 2019;
Ohashi et al. 2020), as well as porosity (Tazaki et al. 2019b,a), dust settling (Yang et al. 2017;
Ueda et al. 2021), and disk mass can also be estimated in finer details (Ueda et al. 2020). We note
that polarization from self-scattering has also been identified toward the optically thick central
region of Class 0 protostellar cores (Segura-Cox et al. 2015; Cox et al. 2018; Harris et al. 2018;
Sadavoy et al. 2018a,b).

Nevertheless, a few observations of PPDs have suggested that the dust polarization in these
objects can also emanate from aligned grains. This is the case for a couple of 1.3 and 3 mm
observations that has exhibited an azimuthal pattern in the polarization E-vectors (Stephens et al.
2017b; Harrison et al. 2019; Mori et al. 2019; Sadavoy et al. 2019). The k-RAT mechanism has
been claimed (Kataoka et al. 2017), but appears to be incomplete to reproduce the observations
(Yang et al. 2019; Mori & Kataoka 2021). Guillet et al. (2020a) proposed another explanation: the
polarized dust emission produced by large enough aligned grains, emitting in the Mie regime, can
result in a linear polarization perpendicular to what is expected, i.e., with a linear dust polariza-
tion parallel to magnetic field lines producing the observed azimuthal pattern in the polarization
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E-vectors, in the case of a toroidal magnetic field. In addition, Mori et al. (2019) explained the
polarization pattern observed in the AS 209 Class II disk via grains mechanically aligned with the
gas flow. Finally, Lin et al. (2020) showed that temperature gradients along optically thick line
of sights, such as line of sights passing through the near side of highly inclined disk, can cause a
reversal by 90◦ of the polarization angle toward Class 0/I disks. There is thus room for further
investigations in the field of dust polarization observations of PPDs.

Our work will focus on dust polarization toward Class 0 protostars. In order to constrain the
occurring grain alignment mechanism in this type of objects, we investigate the physical conditions
(density, irradiation, optical thickness), the polarization spectrum, and the properties of aligned
dust grains. The method consisting in studying the dependance of the grain alignment efficiency
with the angle between the anisotropic component of the radiation field and the magnetic field
is not discussed in this work (see for example the work of Andersson et al. 2011 that successfully
used this method). It is likely that the heterogeneity of the magnetic field lines toward a Class 0
protostar would make the method degenerate.

1.4.4 Modelling the polarized dust emission
This work makes use of models, aiming at reproducing the results from the ALMA dust

polarization observations. Comparing models and observations in terms of grain alignment efficiency,
or physical conditions for example, allows us to test the physics we implement in these models.
The modelling process consists of two major steps: magneto-hydrodynamic (MHD) simulations
of protostellar formation and evolution, and radiative transfer. The first part is done with the
RAMSES code (Teyssier, R. 2002; Fromang et al. 2006; Commerçon et al. 2011b; Masson et al.
2012). We highlight that the MHD simulations were performed by Raphaël Mignon-Risse and
Antoine Verliat at CEA during the course of this PhD, and we are most grateful for this (see the
simulation details in the PhD thesis of Antoine Verliat and in Mignon-Risse et al. 2020). The
most important details of the RAMSES simulation are given alongside the modelling results in
Chapter 3 and 4, and we will not describe them here. The work consisting in performing synthetic
observations of these MHD simulations using the polarization radiative transfer code POLARIS
(Reissl et al. 2016) is performed by me, and a few details of how was used this radiative transfer
code are provided here-below.

1.4.4.1 Photon propagation and dust heating

POLARIS uses the four-component Stokes formalism (I, Q, U , V , see Section 1.5) to compute
the radiative transfer2. The first step of the code consists in computing the photon propagation
within the simulation cube, in order to derive the dust temperature in each cell, via a Monte-Carlo
photon transfer scheme. For each package of propagating photons, the probability of radiation-dust
interaction is determined in each cell, given the path length up to the given cell, the cross section
of extinction, and the dust density. The nature of the interaction is then either scattering, or
absorption with instantaneous re-emission (the dust grain albedo determines the probability of
scattering). If the photon package interacts with absorption and re-emission, a new wavelength is

2The public version of the code is available here

https://www1.astrophysik.uni-kiel.de/~polaris/downloads.html
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calculated and the dust thermic energy of the cell is adjusted. At this step, the potential alignment
of non-spherical dust grains do not influence the dust temperature calculations. In the photon
propagation and dust heating mode, POLARIS assumes that dust grains are spherical, in order to
reduce the computational efforts.

The source of photons is a point source mimicking the central protostellar embryo, and has a
black body spectrum parametrized by the user, with the surface temperature and radius. In the
work presented in Chapter 3, we also add the interstellar radiation field (ISRF) of Mathis et al.
(1983), emanating from the surface of the smallest sphere enclosing the grid that is used.

In POLARIS, the anisotropy of the radiation field in each cell at the wavelength λ is calculated
as follows:

γλ =
∑Nph
i=1 |~uλ,i|
|∑Nph

i=1 ~uλ,i|
, (1.35)

where ~uλ,i is the radiation field at the wavelength λ from the photon package i.
The dust composition we use corresponds to a standard ISM dust composition made of 62.5%

astro-silicates and 37.5% graphite grains (Mathis et al. 1977), that are oblate with an aspect ratio
of 0.5 (Hildebrand & Dragovan 1995). This aspect ratio is the ratio a/b, where ~a is the axis of
revolution of the grain of length 2a, and the two other axis of the grain are of length 2b. The
dust cross sections parameter files that we used are the one provided by POLARIS and are from
Weingartner & Draine 2001. The dust size distribution is a MRN-like distribution (Mathis et al.
1977), where the number of grains n(a) of effective radius a, is given by dn(a) ∝ a−3.5da, that goes
from amin (fixed to 5 nm in our work) to amax, which we vary from 0.5 µm to 50 µm.

1.4.4.2 Grain alignment

POLARIS do not solve the complex equations of motions of grain dynamics, this would be too
much complex, and the time dependancy of these equations (Draine & Weingartner 1997; Hoang &
Lazarian 2016; Lazarian & Hoang 2021) would actually requires to compute these equations on
the fly in the MHD simulations. During the first step of dust temperature calculation, POLARIS
computes the properties of the grain alignment mechanisms. The alignment status of dust grains are
calculated via the analytical formalism of the Rayleigh reduction factor of Equation 1.34. In each
cell, the Rayleigh reduction factor accounting for the imperfect internal alignment (3

2〈cos2θ〉 − 1
2) is

calculated from Lazarian & Roberge (1997), and the one accounting for the imperfect alignment
between the dust grain’s angular momentum and magnetic field (3

2〈cos2ξ〉 − 1
2) is calculated from

the imperfect Davis-Greenstein formalism (Davis 1951; Jones & Spitzer 1967; Spitzer & McGlynn
1979; Hong & Greenberg 1980; Das et al. 2010). Then the grains that are aligned by RATs are
evaluated using the criteria Jmax(ψ)/Jth ≥ 3 (see the RAT formalism of Section 1.3.2.2) that
determines the effective grain radius aalign. This calculation uses the dust temperature and the
radiation field spectrum and anisotropy from the Monte-Carlo photon propagation. The grains
larger than aalign are considered aligned and contribute to the polarization of the dust thermal
emission. The fraction of grains at the high-J attractor point fhigh−J (that sets the fraction of
grains perfectly aligned) is set by hand. The default value fhigh−J = 0.25 is used in Chapter 3,
while we explore a range of values from 0 to 1 in Chapter 4.

The Rayleigh reduction factor accounting for both imperfect internal alignment and RAT
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alignment is thus the following:

R ≈

fhigh−J + (1− fhigh−J)
(3

2〈cos2ξ〉 − 1
2

)
if a ≥ aalign

0 if a < aalign

(1.36)

The impact of the imperfect Davis-Greenstein alignment is not expected to be dominant in the
environment we study (theoretical reasons are in Section 1.3, but this is also something we observe
in POLARIS models only choosing the Davis-Greenstein without using RATs). However, in light
of recent development (Weingartner et al. 2021) showing that the Davis-Greenstein mechanism is
still not theoretically favored, a better efficiency of this alignment mechanism might be obtained
when super-paramagnetic dust grains are included, which reduces the magnetic relaxation timescale
with respect to the gaseous damping timescale. We do not attempt to explore this solution, i.e.,
to increase manually the efficiency of the imperfect Davis-Greenstein mechanism in POLARIS.
In light of the current RAT theoretical formalism, the increase of δm (see Section 1.3) increases
the effect of magnetic relaxation on the grain alignment, but RATs remain the dominant factor in
grain alignment dynamics (Lazarian & Hoang 2019, 2021). In terms of the study of the intrinsic
efficiency of the alignment mechanisms implemented in POLARIS, we limit ourselves to the impact
of the fraction fhigh−J on the RAT alignment mechanism efficiency, which in turn depends directly
on the super-paramagneticity of dust grains.

1.4.4.3 Ray-tracing of the dust thermal emission

The last step of the radiative transfer consists in computing the ray-tracing of the dust thermal
emission, given the dust temperature and alignment properties just calculated, (e.g., the aalign
parameter). In this step, the user selects the grain alignment hypothesis (e.g., RATs, Davis-
Greenstein, perfect alignment), and grain alignment parameter such as fhigh−J. The dust radiative
transfer extinction and emissivity coefficients are then calculated along a given line-of-sight at a
given wavelength of observation in order to compute the four Stokes maps. POLARIS provides
also the possibility to compute the emission from the self-scattering of dust grains (see Kuffmeier
et al. 2020 for an example), but this mode is monochromatic meaning without any absorption and
re-emission. We will see that both in the ALMA observations and the synthetic observations of
MHD simulations presented in this work, the optically thick regions are confined toward the very
center (most of the time a few resolution elements), which is why we do not use the self-scattering
mode of POLARIS in our work. However, we still discuss the contamination by self-scattering in
Chapter 2 and 3.

1.5 Observation of dust polarisation
Now that we have introduced the main scientific background of this thesis, we aim to now

briefly introduce, the technics of polarization imaging in interferometry (Wilson et al. 2009; Hull &
Plambeck 2015; Thompson et al. 2017). Polarization measurements are very important in radio
astronomy, as they bring a substantial amount of information about the emitting material, or the
material along the propagation of the electromagnetic wave. Produced by a number of processes,
the polarization from synchrotron radiation, Faraday rotation, Zeeman splitting, and dust emission,
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usually brings information about the magnetic field, while polarization from scattering does not (see
Section 1.4 for an introduction of the different causes of dust polarization). We start by introducing
the basic formalism of polarization in Section 1.5.1, then we present the details of interferometric
polarization in Section 1.5.2 and more especially as it is performed by the ALMA interferometer,
the telescope that we have used during this PhD.

1.5.1 Introduction to polarization
Etienne Louis Malus introduced in 1809 the designation of “polarization” in his work on the

reflection of light by a surface. The polarization of an electromagnetic wave is characterized by
the nature of the geometric figure realized by the head of the electric field vector in the 2D-plane
orthogonal to the propagation direction of this electromagnetic wave. An electromagnetic wave
is considered polarized if in this 2D plane, the power in the polarization along any given axis is
greater than in its orthogonal state.

1.5.1.1 The polarization ellipse

Let us consider the propagation of a perfectly monochromatic electromagnetic wave along the ~z.
The two components of the electric field in the xy-plane are :

Ex = Ax(t)cos(ωt − kz) (1.37)
Ey = Ay(t)cos(ωt − kz + δxy) , (1.38)

where Ex and Ey are the cartesian amplitude components, and δxy is the phase difference between
them. If δxy = 0 and if Ax and Ay do not depend on time, then Ex/Ey is constant and the
electromagnetic wave is completely linearly polarized. Now if we consider Ax = Ay and δxy = ±π/2,
then the polarization is perfectly circular. Finally the polarization is elliptical when the amplitudes
of the orthogonal vibrations are different, and have a non-zero phase difference.

The position angle χ corresponds to the angle of orientation of the long axis of the ellipse, and
is the thus the position angle of the linear polarization (named φ in Chapter 3).

1.5.1.2 The Stokes parameters

The measure of polarization used in astronomy is the set of four parameters introduced by Sir
George Stokes in 1852, called the Stokes parameters:

I = 〈A2
x(t)〉+ 〈A2

y(t)〉 (1.39)
Q = 〈A2

x(t)〉 − 〈A2
y(t)〉 (1.40)

U = 2〈Ax(t)Ay(t)cos(δxy)〉 (1.41)
V = −2〈Ax(t)Ay(t)sin(δxy)〉 , (1.42)

where 〈...〉 denotes the average of the various quantities over a period of time that is large compared
to amplitude and phase variation. This represents a statistically robust set of values. However,
while the monochromatic radiation is entirely polarized with I2 = Q2 + U2 + V 2, once averaged
over time and frequency we have: I2 > Q2 + U2 + V 2. We note that the Stokes parameters can
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also be expressed not only with the orthogonal x and y components of the electric field, but also
with the two opposite circular amplitude components, i.e., the right-circularly polarized (RCP) and
left-circularly polarized (LCP) components:

I = 〈A2
R(t)〉+ 〈A2

L(t)〉 (1.43)
Q = 2〈AR(t)AL(t)cos(δRL)〉 (1.44)
U = −2〈AR(t)AL(t)sin(δRL)〉 (1.45)
V = 〈A2

R(t)〉 − 〈A2
L(t)〉 . (1.46)

Formally, the complex notation is used whose real part is the actual signal, thus defining a
Hilbert transform. The electric field components in complex form are defined as:

Ex = εxe
−iωt (1.47)

Ey = εye
−iωt , (1.48)

and the Stokes parameters become:

I = 〈εxε∗x〉+ 〈εyε∗y〉 (1.49)
Q = 〈εxε∗x〉 − 〈εyε∗y〉 (1.50)
U = 〈εxε∗y〉+ 〈ε∗xεy〉 (1.51)
V = −i

(
〈εxε∗y〉 − 〈ε∗xεy〉

)
, (1.52)

where the ∗ denotes the complex conjugate.
In such formalism, Stokes Q and U characterize the linear polarization, while Stokes V charac-

terizes how circularly polarized is the up-coming electromagnetic wave. In radio astronomy, the
RCP component AR is defined using the Institute of Electrical and Electronics Engineers (IEEE,
IEEE 1997) such that AY lags the AX . This means that a RCP electromagnetic wave (purely
described by AR) stands: AY = −iAX .

1.5.1.3 Jones and Mueller matrices

Jones (1941) introduced a formalism with 2×2 matrices, to describe how is the polarized
electromagnetic wave affected during its propagation in the telescope receivers and optical systems,
which is as follows: [

EX
EY

]
out

= J
[
EX
EY

]
in
, (1.53)

where J is the Jones matrix. Via such transfer function, Jones matrices allow to describe the
response of the telescope to the polarized light wave, i.e., how each of the original signal gets affected
in amplitude or phase. The Jones matrices are of different nature, as they take into account the
gain differences G (encompassing the effects induced by the atmosphere, and different “electronic”
or instrumental effects such as those induced by the antenna response, the pointing) between the
two orthogonal polarization components, the bandpass effects B (the frequency-dependent version
of G), the leakage terms D (as each polarized feeds receives some of the other polarization), and
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the polarization characteristics of the feed F (linear versus circular feeds), which can be defined as
follows (for a telescope with linearly polarized feeds)3:

G =
[
gX e

iΨX 0
0 gY e

iΨY

]
(1.54)

B =
[
bX(ν) 0

0 bY (ν)

]
(1.55)

D =
[

1 εX e
iφX

εY e
−iφY 1

]
(1.56)

F =
[

cosα eiθ sinα
−e−iθ sinα cosα

]
(1.57)

In G, gX and gY are the voltage gains, and ΨX and ΨY are the corresponding phase delays. In
B, bX(ν) and bY (ν) are the bandpass corrections factors. In D, εX eiφX represents the fraction
of Y sensed by X, with the εX the gain of the cross-coupling and φX the phase delay. In F, α
characterizes the amount of coupling into the orthogonal polarization, and θ is the angle of that
coupling. As these effects combine linearly the total Jones matrix from Equation 1.53 can be
described as J = BGDF (matrix product here). These notations are however not convenient given
that the polarized light wave is only partially polarized. This requires to work with the Stokes
parameters Mueller matrices as follows (we refer to Heiles et al. 2001 for the expression of the
Mueller matrices associated to Jones matrices described above):

I
Q
U
V


measured

= M


I
Q
U
V


true

. (1.58)

Then, measuring M and inverting it allows to access to the true Stokes parameters, which is
precisely in what consists polarization calibration (see Section 1.5.2.2 below).

1.5.2 The ALMA interferometer
Here we introduce the measurement of polarization as it it performed by radio interferometers.

More especially, we extensively used the ALMA telescope during this PhD (see Figure 1.31).
Located in North Chile, in the middle of the Atacama desert, one of the most beautiful place in
the world, the ALMA interferometer consists in a network of 66 12m and 7m antennas. While the
configuration of the 7m antenna array is permanent, the antennas’ position of the 12m array can

3This formalism of Jones matrices is described in details in Heiles et al. (2001); Robishaw (2008); Hull (2014);
Robishaw & Heiles (2018).
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be re-arranged, among a set of 10 different spatial configurations, that are changing along the year.
The maximum distance for a pair of 12m antennas can vary from 150 meters (for the most compact
array) up to 16 kilometers (for the most extended array).

ALMA is based on heterodyning, which means that the incoming signal is mixed with a local
oscillator in the receiver frontend, before cross-correlations with other antennas’ signal is processed
in the correlator. ALMA can observe continuum as well as spectral lines, among a broad range
of frequency, from 100 GHz (corresponding to 3 mm, with band 3 receivers) up to 870 GHz
(corresponding to 300 µm, with band 10 receivers).

Figure 1.31: Picture of the ALMA array in front of the Chajnator volcano, taken the 3rd of October,
2018. Credit: V. Le Gouellec

1.5.2.1 Principles of interferometry

The long wavelengths of radio astronomy limits the use of single dish telescope as they offer a
poor angular resolution. Their beam pattern, which is a measure of the sensitivity of the telescope
to an incoming radio wave as a function of angle on the sky, offers an angular resolution of

θFWHM = 1.15 λ

D
(1.59)

with FWHM denoted the full width half maximum of the beam, λ the wavelength, and D the
diameter of the telescope reflector. Then, as the angular resolution depends inversely on the
telescope diameter, the millimeter/submillimeter-wavelength astronomy requires a diameter that is
unrealistically large to achieve high angular resolution. Instead, high angular resolution is achieved
with an array of individual telescopes, with each pair of antennas working as an interferometer.
Thus a new telescope is synthesized with a very large diameter. The vector describing the spatial
separation between each pair of antennas, known as the baseline, is symbolized as −→b . The angle
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at which the antennas receive radiation from the source relative to the zenith is θ. Then, for a
given pair of antennas, because the wave fronts projected in the equatorial plane arrive with an
extra path length distance to one antenna with respect to the other one, the arrival of the wave
front will occur with a time delay of τ for one antenna compared to the other one, creating a phase
difference between the two signals of ∆Φ:

τ = b

c
sin θ (1.60)

∆Φ = 2πντ (1.61)

In the case of an interferometer, θFWHM (FWHM of the beam) is usually adopted as the size of
the field-of-view called the primary beam, while the resolution of the interferometer, called the
synthesized beam, is proportional to λ/b, where b is the longest baseline length.

In the case of monochromatic waves observed with two antennas, when the antennas and the
source are in the equatorial plane under the approximation of small angles, the visibility function
(which is inferred from the cross-correlation operation between the two signals) of a point source of
flux density Fν that is offset from the phase center (the direction toward which the antennas are
pointing to) by an angle of ∆θ, is given by the following relation:

V (b, λ) = Fνe
i2πb∆θ/λ . (1.62)

We consider the visibility function of an extended source by summing the infinitesimal points of
emission considered as the source. We define the two dimensional intensity distribution by Iν(x, y),
where x and y are the angles relative to the phase center. The visibility function of the source
distribution then becomes:

V (b, λ) =
∫ ∫

Iν(x, y)ei2πx(b/λ)dx . (1.63)

Within our approximation of small angles, we are thus performing a Fourier transform to infer the
visibility functions. In the general case, the antenna configuration will be two dimensional and the
baseline will thus be a vector −→b while the unit vector −→n will denote the direction of the source
relative to the center of the baselines. We will have to take into account the Earth rotation, which
introduces a time dependence of source position with respect to each baseline. We define the vector
pointing to the phase center of the source from the center of the baselines as −→n0. The time delay
occurring is:

τ =
−→
b · (−→n −−→n0)

c
(1.64)

As observations do not occur at a single wavelength but within a frequency window ∆ν, bandpass
corrections are needed to account for the nonuniform sensitivity of observations with frequency. As
introduced earlier, the unit vector −→n indicates the direction of a position (x, y) in the source. We
then define the vector sum −→x +−→y = −→n −−→n0 being the coordinate vector in the source map. Finally,
we introduce the fundamental quantities in radio astronomy, the variables u and v, commonly
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expressed as kilo-wavelengths (kλ), that are the projections of the baseline vector onto the x and y
axes, defining the uv-plane coordinate system:

(u · x, v · y) = (
−→
b · −→x
λ

,

−→
b · −→y
λ

) . (1.65)

With the earth rotation over time, the number of uv points will fill the uv-plane as each baseline
will draw two curved lines (as the visibility function is symmetric we have: V (u, v) = V ?(−u,−v));
these are called uv-tracks (see an example on Figure 1.32).

Figure 1.32: Sampling of the uv-plane, known as the uv-coverage, of an ALMA observation of the Orion
KL Nebula at 3 mm with 39 antennas. The baselines range from 12 to 785 m. The u (x-axis) and v
(y-axis) represent the spatial frequencies in wavelength unit, λ, determined by the baseline projection on
the sky.

This distribution of data points in the uv-plane is crucial to understand the spatial frequencies
recovered by an observation. Considering the angular scale on the sky defined in Equation 1.66, the
largest angular scale recovered will be derived from the smallest baseline, and the tiniest angular
scale, i.e., the angular resolution, will be derived from the longest baseline.

θxy = λ
−→
b · (−→x +−→y )

(1.66)
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In a nutshell, the signal of each pair of antenna has been cross-correlated with each other during
an integration time. We thus infer from them the visibility functions V (u, v):

V (u, v) = 1
∆ν

∫ ∫ ∫
Iν(x, y)ei2π(ux+vy)dxdydν . (1.67)

A two-dimensional Fourier transform will be performed on this visibilities to yield the sky brightness
distribution Iν(x, y), producing an image of the source.

1.5.2.2 Polarization data calibration

We briefly present here the standard calibration process for ALMA polarization data reduction.4
The initial uncalibrated visibilities are corrupted for several reasons, arising from atmospheric
effects, instrumental variations over time, etc. Data reduction starts with System Temperature
(Tsys) and Water Vapour Radiometer (WVR) calibration phases. A first-order correction of the
atmospheric opacity as a function of time and frequency is performed by the Tsys calibration, which
attributes appropriate weights on each visibility. The WVR correction tables are applied to the
dataset in order to make the necessary corrections derived from the amount of atmospheric vapour
detected during the observations.

Then come the calibration steps that use the observations made of point source calibrators
that are frequently observed by ALMA to calibrate gains, bandpass, phase, etc. Each dataset
contains, in addition to observations of the source, observations of bandpass, amplitude, phase,
and polarization calibrators. We derive from them a variety a scaling factors that are applied to
our target source. The bandpass calibration, which corrects the gain evolution of the system with
respect to the frequency, is the first to be performed. Then follows the flux calibration, which
compares the measured flux intensity of a flux calibrator and apply a scale factor to the target
data with respect to the flux of that calibrator. Finally the amplitude and phase calibration is
applied and consists of performing amplitude and phase variation corrections as a function of time,
derived from observations of a phase calibrator.

The last step before being able to image a dataset is the polarization calibration. We focus
in this work on linear polarization; circular polarization will not be broached here. Similarly to
equations 1.49−1.52, in the case of orthogonal linear polarized feeds, all four Stokes visibilities
from the ijth baseline of the interferometer can be calculated with the two components EXi

and
EYj

of the electric field E of the incoming electromagnetic wave:

Iij = 〈EXi
E∗Xi
〉+ 〈EYj

E∗Yj
〉 (1.68)

Qij = 〈EXi
E∗Xi
〉 − 〈EYj

E∗Yj
〉 (1.69)

Uij = 〈EXi
E∗Yj
〉+ 〈E∗Xi

EYj
〉 (1.70)

Vij = −i
(
〈EXi

E∗Yj
〉 − 〈E∗Xi

EYj
〉
)
. (1.71)

The ALMA antennas are equipped with linearly polarized feeds, and the linear polarized
contribution is inferred from the two Stokes parameter Q and U . The polarized response of each

4 The 3C286 Polarization CASA Guide is a representative polarization data reduction tutorial, but however is
not quite up-to-date: https://casaguides.nrao.edu/index.php?title=3C286_Polarization

https://casaguides.nrao.edu/index.php?title=3C286_Polarization
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feed is known to exhibit a large correlation with the polarization state to which it is sensitive.
However, each feed is also sensitive to some extent to the orthogonal polarization state; this is
characterized by the “leakage” term, denoted d. This instrumental contribution to the cross-
polarized response is not affected by the parallactic angle ψ, but on the contrary the polarization
contribution from the source is. It is thus possible to separate the contribution from the source and
the one from the instrument. The Equations 1.72−1.75 present the linearized approximation of the
visibilities for crossed linearly polarized feeds, for a given baseline (indices i and j denoting the two
antennas):

VXX = (I +Qψ) + Uψ(d∗Xj
+ dXi

) (1.72)
VXY = Uψ + I(d∗Yj

+ dXi
) +Qψ(d∗Yj

− dXi
) (1.73)

VY X = Uψ + I(dYi
+ d∗Xj

) +Qψ(dYi
− d∗Xj

) (1.74)
VY Y = (I −Qψ) + Uψ(dYi

+ d∗Yj
) , (1.75)

where Qψ = Q cos 2ψ + U sin 2ψ and Uψ = −Q sin 2ψ + U cos 2ψ, which are dependent on the
parallactic angle that is bringing a time-dependent contribution in the linear polarization from the
source, scaled by the leakage terms. Moreover, both of the cross-hands visibilities are containing a
constant complex offset due to the leakage terms that is proportional to the total intensity I.

The polarization calibration performed in three main steps: the cross-hand delay, the XY -
phase, and the final leakage terms correction. The main idea is to separate the source and the
instrumental contributions in the visibilities thanks to frequent measurements of a strongly polarized
unresolved calibrator at different parallactic angles. Previously the bandpass and gain calibration
were performed with the phase of a reference antenna set to zero for XX and Y Y . Thus there is
the same relative phase offset for all antennas that is meant to be corrected for the cross-hand
terms. The cross-hand delay consists in correcting for the linear frequency dependence of the
two cross-hand correlations (XY and Y X), then the visibilities are corrected for any non-linear
phase variations in the XY -phase as a function of frequency, and for any source polarization
from the cross-hands. Finally, the absolute instrumental polarization contributions are (D-terms)
solved5. The application of these calibration steps allows us to produce maps of the corrected
Stokes parameter I, Q and U .

1.5.2.3 Imaging with the clean algorithm

The visibilities we now have in hand do not completely cover the uv-plane (1.32). Therefore,
this imperfect uv-coverage will affect the image in several ways. A simple discrete Fourier transform
(as shown in Equation 1.76) can be performed to infer a dirty image, as the existing samples
provide a rough approximation of the sky brightness. This dirty image is the convolution of the
true sky brightness and the point spread function of the interferometer, the so-called dirty beam.
This 2D-sensitivity pattern contains some structures called sidelobes that are distorting the sky
brightness distribution:

I(x, y) =
∑∑

V (ui, vj)e−i2π(uix+vjy)∆u∆v , (1.76)
5See Nagai et al. (2016) for a complete description of the ALMA polarization calibration processes.
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where the indices i and j correspond to the coverage of a given visibility.
The holes in the uv-plane are responsible for the sidelobes in the dirty beam and thus the image

obtained is highly distorted. The aim is thus to deconvolve the dirty beam form the map. This is
performed by the algorithm called clean (or tclean), developed by Högbom (1974). The global
idea is to the treat the map as an array of point sources and subtract the dirty beam pattern in
each small piece of flux. These pieces are then added back into the map after convolving them with
a new perfect beam pattern without sidelobes. Here are the main steps performed in the algorithm:

• A fraction of the flux density of the brightest pixel of the map (assumed to be real emission)
is stored in a list of clean components.

• The clean component is convolved with the dirty beam, and the resulting convolution is
subtracted from the map, yielding a residual map.

• These two first steps are repeated until the highest remaining pixel in the residual map has
reached a threshold, or until we reach a certain number of iteration informed by the user. At
this point, the residual is assumed to contain only random noise (in reality the final residual
map is often irregular, i.e., still have structures).

• The algorithm then calculates a clean beam, fitting a perfect 2D-Gaussian with no sidelobes
to the dirty beam.

• All the clean components are finally added back in the residual map after having been
convolved with the clean beam, to produce the clean map.

There are many parameters meant to be selected by the user to perform an efficient cleaning, e.g.,
the chosen areas to select the clean components called the clean boxes, the scales of the cleaning,
the criteria to stop the algorithm, ect. One of the most important is the uv weighting scheme. It
consists in attributing different weights to the visibilities along the uv-plane, in order to enhance
different spatial resolutions. For instance, if the longest baselines are more weighted, the resulting
resolution will be higher.

1.5.2.4 Self calibration

Even after deconvolving the dirty beam, the quality of the image can be improved substantially
with the self-calibration (see Brogan et al. 2018 for details about this technique). Usually the
troposphere is not stable enough during the observation phases, and nonlinear changes can occur
introducing errors in the accuracy of the calibration performed early on. Also because of other
effects such as the thermal expansion of electric cables, variations in electronic delays, or other
instrumental effects, the calibrated phases contain some discrepancies. The timescale of these errors
is typically lower than the repeated observations of the phase calibrator. For instance on the ijth
baseline, the true phase will be altered by phase errors of antennas i and j as follows:

φmeasured
ij = φtrueij + ∆φi −∆φj . (1.77)

Fortunately, a method exists to constrain the errors introduced by the phase delays, called the
closure phase. If we consider a triplet of antennas at each integration time, the closure phase will
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be the sum of the three visibility phases over the three baselines:

Φijk = φij + φjk + φki . (1.78)

We then substitute the errors between the measured and the true phases introduced in Equation
1.77:

Φmeasured
ijk = φtrueij + ∆φi −∆φj + φtruejk + ∆φj −∆φk + φtrueki + ∆φk −∆φi . (1.79)

Finally, adding the terms together, the antenna-based errors cancel and the closure phases are free
of errors:

Φmeasured
ijk = φtrueij + φtruejk + φtrueki . (1.80)

Self-calibration is thus an additional calibration process but using the source emission itself. The
self-calibration process respects the closure phase constraints in the imaging process. The phases
are allowed to vary during a given integration time with respect to the same preserved closures
phases, aiming to produce the minimum rms deviation between data and model produced by
clean. The result is a new cleaner map which now serves as a model for the new round of phase
self-calibration (usually three to five rounds are performed). Note the problem is mathematically
more and more over-determined as the number of antennas increases.

Another way to achieve self-calibration is to correct the antenna-based amplitude errors. This
method is not commonly used, as multiple iterations can introduce some difference in the total
flux of the maps. This time, we need to consider a quadruplet of antennas (ijkl). For a given ijth
baseline, an amplitude error corresponds to a multiplicative factors f(Ai)f(Aj) arising from the
two antennas:

Atrueij = [f(Ai)f(Aj)]−
1
2Ameasuredij . (1.81)

Then for each quadruplet of antennas, the closure amplitude will be free of the antenna-based
correction factors:

Ameasuredijkl =
Atrueij Atruekl

Atrueik Atruejl

, (1.82)

and the clean algorithm then performs similar minimisation as for the phase self-calibration.

1.5.2.5 The dust polarization quantities

As explained above, aligned oblong grains cause their own thermal dust emission, measured at
(sub-)millimeter wavelengths, to be polarized in the direction of their major axis (see Section 1.4 for
further details). Now that we have described the different calibration and imaging steps of the four
Stokes parameters, we can define the polarization quantities that we will manipulate throughout
this thesis to analyze the dust polarization emanating from protostars, i.e., the polarized intensity
P , the polarization fraction Pfrac, and the polarization position angle χ as follows:

P =
√
Q2 + U2 , (1.83)

Pfrac = P

I
, (1.84)
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χ = 1
2arctan

(
U
Q

)
. (1.85)

While Stokes U and Q can be positive or negative, P is always positive. The noise in Stokes
Q and U thus produce a bias in polarized intensity values, that needs to be corrected. We follow
the method from Wardle & Kronberg (1974) to derive the bias corrected polarized intensity values
Pdeb. For P/σP ≥ 3, we will assume Pdeb ≈

√
Q2 + U2 − σP 2, and for P/σP < 3 the probability

density function for the observed polarized intensity of a signal with true polarized intensity values
follows a Rice distribution (see Wardle & Kronberg 1974; Vaillancourt 2006; Hull & Plambeck 2015)

1.5.2.6 Estimating uncertainties in radio-interferometry polarization observations

Finally, we now briefly summarize the main methods used to estimate the signal-to-noise ratio
(S/N) of these polarization quantities. First, we estimate the noise of the Stokes I, Q, U . It is not
quite possible to derive the different covariance maps from interferometric polarization observations
that allow a better statistical treatment of the noise. Consequently, we estimate the noise of the
Stokes I, Q, U maps choosing by hand a region devoid of emission, to compute a root mean square
(rms) value, denoted σ. In practice we also use the median absolute deviation from astropy, or the
go noise from GILDAS, which derive a gaussian fit from the histogram of pixel values.

Stokes I is generally more dynamic range limited than Stokes Q and U . This comes from the
fact the S/N in Stokes I is much higher than the S/N in Stokes Q and U . Stokes I is thus more
affected by image recovery artifacts, and thus σI is often higher than σQ and σU . Therefore, in an
interferometric image there are generally regions that have higher S/N in Stokes Q and U than in
Stokes I. The adopted expressions of the σPfrac and σχ uncertainties are as follows:

σPfrac = Pfrac

√(
σP
P

)2
+
(
σI
I

)2
, (1.86)

σχ = 1
2P 2

√
(QσU)2 + (UσQ)2 . (1.87)

We assume generally that σQ ≈ σU ≈ σP (in the P -debiased map). Then, σχ becomes σP/(2P ).
Those errors scale with the primary beam response of the ALMA antenna (or reconstructed primary
beam response in the case of a mosaic). See Hull et al. (2020b) for a study quantifying the off-axis
errors of the polarization quantities of the ALMA interferometer.

1.6 Motivation, goal and outline of this thesis
The work presented in this manuscript started with the aim of reducing and analyzing ALMA

dust polarization observations of three Class 0 protostellar cores in the Serpens main star forming
region. The area was relatively new, and almost no one had observed the dust polarization and
associated magnetic fields before at scales below 500 au. As introduced above, magnetic fields
are thought to play a key role in the dynamical physical phenomena of infalling and outflowing
activities, as well as early disk formation. The goal was thus to characterize the morphology of
magnetic fields, and draw conclusions about their dynamical role. From the results brought by



1.6. MOTIVATION, GOAL AND OUTLINE OF THIS THESIS 87

the analysis of these observations, which are presented in Chapter 2, several scientific questions
emerged. We investigated if the detailed theory of the dust grain alignment mechanism(s) was able
to reproduce the observational results. We found that some requirements in the physical conditions
(e.g., dust grain characteristics, irradiation, magnetic field structure) are necessary, justifying the
need of more detailed quantification. In addition, the magnetic field morphologies exhibited by
these young star forming objects revealed that at these spatial scales, the magnetic field is still
highly connected to the dynamics of the envelope, highlight the potential role of magnetic fields in
the infall and ejection mechanisms.

Following the analysis and interpretation of these observations, we naturally thought that
another complementary approach was necessary to complete the characterization of the physics
behind dust polarization Class 0 protostars. Gathering these observations alongside similar other
ones published in the same period, we drew a Class 0 protostellar core prototypical picture in
polarized dust emission via a statistical analysis. Presented in Chapter 3, this work proposes a
method to quantity the grain alignment efficiency, which was found to be on average, quite high
at the typical column densities of Class 0 protostars. This motivated us to develop a further
understanding of one of the key physical condition potentially responsible for such a high grain
alignment efficiency: the radiation field in the inner regions of Class 0 protostars. Comparing dust
polarization observations with spectral line observations of molecules sensitive to the irradiation
and with radiative transfer calculations, we quantify this physical ingredient essential to grain
alignment in Chapter 4. We summarize the conclusions and perspectives of our work in Chapter 5.
Among the questions we attempted to answer in this PhD, several other questions emerged. We
briefly present in Chapter 6 some of these new questions in the context of possible future projects
that shall further develop our understanding of this domain. Finally, Appendix A presents our
co-author publications, and Appendix presents a couple of ALMA and NOEMA proposals for
observations B.



88

Chapter 2

ALMA dust polarization observations of
Class 0 protostellar cores

Contents
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
2.2 Article I: “Characterizing magnetic field morphologies in three Ser-

pens protostellar cores with ALMA” . . . . . . . . . . . . . . . . . . . 91
2.3 Discussions on Article I . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

2.3.1 Comparisons with other observations of Class 0 protostellar cores with
ALMA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116

2.3.2 Disentangling the potential grain alignment mechanism(s) . . . . . . . . . 120
2.3.3 The effect of temperature on polarized dust emission . . . . . . . . . . . . 122
2.3.4 Where do large grains come from at the Class 0 stage? . . . . . . . . . . . 123
2.3.5 On the variety of Class 0 protostellar magnetic field morphologies and

inner envelope structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
2.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127



2.1. INTRODUCTION 89

Now that we have introduced the scientific background of the questions we address during this
thesis, we start from now on to present the work achieved. In this first chapter, we focus on the
observations of the objects we are interested in, Class 0 protostellar cores. Five Class 0 protostellar
cores, observed at high angular resolution in dust polarization with ALMA, were published in Le
Gouellec et al. (2019) and Hull et al. (2020a). The first article (Le Gouellec et al. 2019) is shown in
Section 2.2, we then confront the results with the observations of Hull et al. (2020a), and further
discuss them in the specific scope of this thesis in Section 2.3.

2.1 Introduction
Following up on the work published in Hull et al. (2017b,a); Maury et al. (2018) was the first

objective of the thesis. Observing Class 0 protostellar cores in dust polarization at high angular
observations with ALMA was a new area and opened the new goal to characterize the morphology
of magnetic fields during the Class 0 protostellar evolutionary stage, at scales below ∼500 au. At
these spatial scales, only a few ALMA observations of this type of objects exist, and thus one
cannot describe the prototypical dust polarization picture of Class 0 sources yet. The approach
adopted in this chapter is to focus on a couple of objects in order to describe in detail the dust
polarization observational results, allowing us to test hypothesis on the physics of grain alignment
in Class 0 protostellar cores.

The three sources whose ALMA observations are presented in Le Gouellec et al. (2019) belong
to the Serpens Main star forming region (Loren et al. 1979; Ungerechts & Guesten 1984; White
et al. 1995), a dense core containing ∼ 1500 M�, located to the North of the Aquila rift, at a
distance of 4941 pc from Earth. Serpens Main is one of the youngest and most active local star
forming regions, forming low- to intermediate-mass stars (Lada & Lada 2003). Alongside a young
stellar cluster of approximately 15-40 M� (Strom et al. 1974; Eiroa & Casali 1992; Giovannetti et al.
1998), a new generation of embedded objects have been identified via far-infrared and submillimeter
observations (Casali et al. 1993; Hurt & Barsony 1996; Hurt et al. 1996), exhibiting clear and
widespread outflow activities (McMullin et al. 1994; Davis et al. 1999). The region seems to be
made of warmer material compared to the other closeby low-mass star forming regions (McMullin
et al. 2000). Molecular emission line profiles indicate a turbulent velocity on the order of 2-3 km s−1

(McMullin et al. 1994; Hogerheijde et al. 1999). One of the ALMA observations we present target
the intermediate-mass core Serpens SMM1. First identified in Nordh et al. (1982); Harvey et al.
(1984), it is the brightest and most massive protostellar core of the region. To the North of SMM1,
the two other sources we present Serpens Emb 8 and Emb 8 (N) are low-mass protostellar cores.

Figure 2.1 presents a large scale view in visual extinction of the Aquila rift/Serpens region
obtained with 2MASS data (Bontemps et al. 2010), as well as a map of polarized dust emission
targeting the Serpens Main star forming region observed with SCUBA on the JCMT (Davis et al.
2000; Matthews et al. 2009). The three sources we present here belong to the North-West clump
of Serpens Main, where the magnetic field exhibits an overall East-West orientation. Figure 2.1
clearly shows that the polarization fraction decreases with increasing total intensity. Davis et al.

1Distance updated from Zucker et al. (2019). The previous estimation of 436 pc from Ortiz-León et al. (2017)
was used in Le Gouellec et al. (2019). Therefore, the mass and luminosity values of the three Class 0 protostars
presented in Le Gouellec et al. (2019) are different to the values used in the Chapter 3.
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A&A 518, L85 (2010)

Fig. 1. Visual extinction map towards the whole Aquila rift/Serpens re-
gion derived by us from 2MASS data (see details in Schneider et al.
2010). The spatial resolution is 2! FWHM. The dashed blue rectangle
indicates the Herschel coverage. It comprises the bright HII region W40
(white circle), the Serpens South cluster (white star), and the HII region
Sh2-62, associated with the young star MWC297. The Aquila rift corre-
sponds to the large elongated structure from the northeast to the south-
west. Emisson from the Galactic plane is seen in the southeast corner.

in-orbit performance and scientific capabilities, and Swinyard
et al. (2010) for calibration methods and accuracy. A median
baseline was applied to the maps for each scan leg, and the naive
mapper was used as a mapmaking algorithm. The PACS data
were reduced in HIPE 3.0. We used an updated version of the
calibration files following the most recent prescriptions of the
PACS ICC (see Könyves et al. 2010 for details). Multiresolution
median and second-order deglitching, as well as a high-pass fil-
tering over the full scan leg length, were applied. The final PACS
maps were created using the photProject task, which performs
simple projection of the data cube on the map grid.

The resulting PACS maps are displayed in Fig. 2. Owing to
the rapid mapping speed, the resulting point spread functions
(PSFs) are elongated in the scan directions leading to cross-like
shapes of the PSFs with expected sizes of 5.9!! " 12.2!! at 70 µm
and 11.6!! " 15.7!! at 160 µm. The resulting rms in these maps
ranges from 50 to 1000 mJy/beam at 70 µm and from 120 to
2200 mJy/beam at 160 µm, depending on the level of back-
ground in the map. It is in the W40/Sh2-64 HII region that the
background level is the highest.

3. Overview and distance of the Aquila rift complex
The Aquila rift is a coherent, 5# long feature above the Galactic
plane at l = 28#, clearly visible on an extinction map de-
rived from the reddening of stars in 2MASS (Fig. 1). A dis-
tance of 225± 55 pc has been derived for this extinction wall,
using spectro-photometric studies of the optically visible stars
(Strai!ys et al. 2003). This distance is very similar to the usually
adopted distance of 260± 37 pc for the Serpens star-forming re-
gion1, located only 3# north (Strai!ys et al. 1996).

1 Note that a larger distance of 415± 25 pc has been recently claimed
for Serpens Main based on a VLBA parallax of EC95, a young AeBe
star embedded in Serpens Main (Dzib et al. 2010).

On the other hand, the most active and main extinction fea-
ture in the 2MASS extinction map is associated with the HII re-
gion W40/Sh2-64, which has so far been considered to be at
a distance ranging from 100 and 700 pc depending on author
(Smith et al. 1985; Vallee 1987, and references therein). These
distance estimates are mostly based on kinematical distances
that have large uncertainties. W40 could therefore be at the
same distance as Serpens. Recently, Gutermuth et al. (2008) re-
ported Spitzer observations of an embedded cluster, referred to
as Serpens South, in the Aquila rift region. This cluster is located
very close in projection on the sky to W40 (see Fig. 1) and thus
seems to be part of the W40 region. Gutermuth et al. (2008) pro-
posed that the Serpens South cluster should be part of Serpens
since it has the same velocity (6 km s$1). The molecular cloud
associated with W40 and traced by CII recombination lines
and CO (Zeilik & Lada 1978) has a velocity ranging from 4.5 to
6.5 km s$1, which is also roughly the same as Serpens. More re-
cent N2H+ observations of the entire W40/Serpens South region
confirm similar velocities in the whole region with velocity dif-
ferences of only %2 km s$1 (Maury et al. in prep.). It is therefore
more straightforward to consider that the W40 region is a sin-
gle complex at the same distance as Serpens. This distance also
suits the MWC297/Sh2-62 region since the young 10 M& star
MWC297 itself has an accepted distance of 250 pc (Drew et al.
1997). It is finally worth noting that the visual extinction map
by Cambrésy (1999) derived from optical star counts and only
tracing the first layer of the extinction wall has exactly the same
global aspect as the 2MASS extinction map of Fig. 1, suggest-
ing that both Serpens Main and the W40/Aquila rift/MWC297
region are associated with this extinction wall at 260 pc. We thus
adopt the distance of 260 pc for the entire region in the follow-
ing.

The 2MASS extinction map and the Herschel images (see
Appendix for PACS images and Könyves et al. 2010 for SPIRE
images) clearly show a massive cloud associated with W40. This
cloud corresponds to G28.74+3.52 in Zeilik & Lada (1978) and
has a mass of 1.1"104 M& (derived from our 2MASS extinction
map). The cloud associated with MWC297 is less massive (4.1"
103 M&), and we obtain a total mass of 3.1"104 M& for the whole
area covered by Herschel.

4. Results and analysis

4.1. Source detection and identification of protostars

A systematic source detection was performed on all 5 Herschel
bands using getsources (Men’shchikov et al. 2010). This code
uses a method based on a multiscale decomposition of the im-
ages to disentangle the emission of a population of spatially co-
herent sources in an optimized way in all bands simultaneously.
We built a sample of the best candidate protostars for the whole
field. These sources are clearly detected in all Herschel bands
(high significance level), and we require a detection at the short-
est Herschel wavelength, 70 µm (or 24 µm when Spitzer data
were available), to distinguish YSOs from starless cores. Since
the 24 and 70 µm emission should only trace warm dust from
the inner regions of the YSO envelopes, these sources can be
safely interpreted as protostars. The 70 µm fluxes have even
been recently recognized as a very good tracer of protostellar
luminosities (Dunham et al. 2008). On the other hand, in the
PDR region of W40 some extended emission from warm dust at
the HII region interface could contaminate this YSO detection
criterium. To avoid too stringent a contamination from this ex-
tended emission, we selected only sources with an FWHM size
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Fig. 1.—SCUBA 850 mm map of the Serpens cloud core (adapted from
Davis et al. 1999) with polarization vectors superposed. The length and ori-
entation of the vectors illustrate the polarization degree and position angle.
The data are binned over 9!. Only vectors in which the signal-to-noise ratio
in the polarized intensity is are plotted. Right ascension and decli-P/dP 1 3
nation axes are at epoch 1950.0.

Fig. 2.—Histograms showing spectra of degrees of (a, b) polarization and
(c, d) position angles around SMM-NW and SMM-SE. Only data in which
the 850 mm flux exceeds 5 times the standard deviation, , andP/dP 1 3 P !

are used in each plot.10%

Fig. 3.—Scatter diagram showing the distribution of P vs. intensity I across
the two regions observed in Serpens, SMM-NW and SMM-SE. Again, only
data in which the 850 mm flux exceeds 5 times the standard deviation,

, and are used. Linear least-square fits to the two sets ofP/dP 1 3 P ! 10%
data are superposed.

3. RESULTS AND DISCUSSION

3.1. Polarized 850 mm Emission in Serpens

In Figure 1, polarization vectors are superposed onto the 850
mm scan-map data of Davis et al. (1999). The 850 mm scan
map has been re-reduced using a different baseline removal
technique (where the compact sources are removed from the
map before a baseline is fitted; Jenness et al. 1998). The new
scan map no longer suffers from the “negative bowl” apparent
in the earlier map.
The dust emission from the Serpens core region, particularly

the more diffuse emission, is highly polarized relative to other
low-mass star-forming regions (see, e.g., Glenn, Walker, &
Young 1999). In Figures 2a and 2b, we plot polarization his-
tograms for SMM-NW and SMM-SE; the mean degree of po-
larization, P, in each region is 4.0% and 3.4%, respectively.
Greaves, Holland, & Ward-Thompson (1997) propose a cor-
relation between the evolutionary state and P, with P being
higher toward the less evolved, though more deeply embedded,
class 0 sources. The relatively young ages of the Serpens SMM
sources may therefore account for the high values measured in
this region.
The polarization vectors toward SMM-NW are more ordered

than those around SMM-SE. This is apparent in Figures 2c and
2d, where we plot histograms of their position angles. The
vectors around SMM-NW are largely orientated north-south;
the mean position angle is !170!. In the SMM-SE region, the
pattern of vectors is more chaotic. The degree of polarization
clearly decreases toward the intensity peaks in the region
(Fig. 1), with the higher values of P measured toward some
of the fainter sources and along the intervening filaments. This
is also evident in the scatter plot in Figure 3 and by the linear
fits to the SMM-NW and SMM-SE data sets (note that the data
points toward the two brightest point sources, SMM 1 and

SMM 4, where the flux is greater than 2.0 Jy beam [see Davis!1

et al. 1999], are excluded from this plot). This trend has been
noted in other star-forming cores (e.g., Minchin, Bonifácio, &
Murray 1996; Glenn et al. 1999) and may be due to either
(1) increased densities, and therefore collisional dealignment

Figure 2.1: Left: Visual extinction map of the whole Aquila rift/Serpens region from 2MASS data. Taken
from Bontemps et al. (2010). Right: The grey scale is the SCUBA 850 µm total intensity map toward the
Serpens Main region obtained with the JCMT from Davis et al. (1999). The length and orientation of the
white line segments represent the polarization fraction and E-vectors polarization position angles. The
three red crosses show the location of the three sources whose ALMA observations are presented in Le
Gouellec et al. (2019). Figure taken from Davis et al. (2000). Right ascension and declination axes are at
epoch 1950.0.

(2000) attributed this effect to increasing collisional de-alignment of dust grains or higher magnetic
disorganization with increasing density. Observations at smaller scales with SHARP on CSO
(Chapman et al. 2013), and CARMA facilities (Hull et al. 2014), revealed the polarized dust
emission associated with the embedded sources.

The ALMA observations that we present here (Figures 1, 5, and 8 of Le Gouellec et al. 2019)
reveal the surprising detailed structures in total and polarized intensity of the inner envelope of
Serpens SMM1, Emb 8, and Emb 8(N) Class 0 protostars. The first goal of our project was to
clearly understand the cause of such dust polarization detections. Apart from the possibility of
the self-scattering phenomenon occurring at the optically thick regions of Class 0 protostars, or
grains aligned with magnetic field lines via RATs, one needed to determine whether additional
grain alignment mechanism(s) can be responsible for the dust polarization we observe. Indeed
the specific local physical conditions encountered in these regions are expected to be drastically
different compared to the regions probed by previous observations at larger spatial scales. With
this aim, this first article attempts to analyze the total intensity, polarization position angles and
polarized intensity maps, and confront them with predictions from a couple of potential source of
polarized dust emission. To do so, we discuss the optical thickness of the thermal dust emission,
the propagation path length of photons, the spatial extent of polarized intensity, the polarization
fraction values, and the relative orientations of polarization angles with the gradients of continuum
emission. The analysis consists also in a detailed description of magnetic field morphologies, and role
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of magnetic fields in the evolution of the star forming core, at these small spatial scales. Assuming
we confidently trace magnetic field component projected on the plane of the sky with polarized dust
emission, we analyse the map of magnetic field lines, their potential link with funnelled material
feeding the protostar, how they inherit their large scale morphology and orientation, and how they
can be affected/overwhelmed by the dynamical processes occurring at the interior of cores, such as
ejection of material via jets and outflows.

With these high angular resolution observations, we report the detailed structures of the inner
envelope. We found that the thermal dust emission is enhanced toward the cavity walls of bipolar
outflow, indicating that these sources are really young, as the jet/outflow system pushes aside the
dense envelope, still surrounding the protostar. The total intensity from the envelope also exhibits
streamer structures, which may transport material to the central regions. The polarized dust
emission is enhanced toward both types of structures, these streams of material and cavity walls.
We will thus attempt to explain how the grain alignment can efficiently occur in these regions,
and characterize the subsequent magnetic field morphologies, in order to further characterize the
potential role of the magnetic field in the evolution of cores.

2.2 Article I: “Characterizing magnetic field morphologies
in three Serpens protostellar cores with ALMA”
Le Gouellec et al. (2019)
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Abstract

With the aim of characterizing the dynamical processes involved in the formation of young protostars, we present high-
angular-resolution ALMA dust polarization observations of the Class 0 protostellar cores SerpensSMM1, Emb8(N), and
Emb8. With spatial resolutions ranging from 150 to 40 au at 870μm, we find unexpectedly high values of the
polarization fraction along the outflow cavity walls in Serpens Emb 8(N). We use 3mm and 1mm molecular tracers to
investigate outflow and dense-gas properties and their correlation with the polarization. These observations allow us to
investigate the physical processes involved in the radiative alignment torques (RATs) acting on dust grains along the
outflow cavity walls, which experience irradiation from accretion processes and outflow shocks. The inner core of
SMM1-a presents a polarization pattern with a poloidal magnetic field at the bases of the two lobes of the bipolar outflow.
To the south of SMM1-a we see two polarized filaments, one of which seems to trace the redshifted outflow cavity wall.
The other may be an accretion streamer of material infalling onto the central protostar. We propose that the polarized
emission we see at millimeter wavelengths along the irradiated cavity walls can be reconciled with the expectations of
RAT theory if the aligned grains present at <500 au scales in Class 0 envelopes have grown larger than the 0.1 μm size
of dust grains in the interstellar medium. Our observations allow us to constrain the magnetic field morphologies of star-
forming sources within the central cores, along the outflow cavity walls, and in possible accretion streamers.

Key words: ISM: jets and outflows – ISM: magnetic fields – polarization – radiation mechanisms: thermal – stars:
protostars

Supporting material: data behind figures

1. Introduction

Protostellar cores are forming within the densest parts of
molecular clouds, where star formation mostly occurs along
organized filamentary structures (André et al. 2000, 2014). Within
these dense regions, prestellar cores, which are stellar precursors,
are collapsing under their own gravitational field and form Class 0
protostellar cores. At this evolutionary stage, the protostar is
accreting material from the surrounding envelope, where most of
the source’s mass is still located. The accretion is known to be
ruled by a variety of physical processes, of which the main
observational signature is the vigorous ejection of material in the
form of a bipolar outflow. The evolution of these young accreting
objects is well known to be strongly regulated by magnetic fields,

which impact protostellar disk formation (Wurster & Li 2018),
accretion and ejection processes, effects of turbulence (Offner &
Chaban 2017), and core fragmentation (Machida et al. 2005).
We can better understand these phenomena by observing the

polarization of thermal dust emission, which is the most
commonly used tracer of magnetic fields in the interstellar
medium (ISM), from the scales of molecular clouds down to the
∼100 au spatial scales of Class 0 disks. Dust grains are assumed
to produce polarized thermal emission thanks to the alignment of
their angular momentum (aligned along their minor axis) with
the ambient magnetic field, via the actions of radiative alignment
torques (RATs, Lazarian 2007; Andersson et al. 2015). Thus, the
emission we detect is polarized orthogonal to the magnetic field
component projected on the plane of the sky.
Single-dish observations of the magnetized ISM have

revealed organized magnetic field lines toward dense star-
forming filamentary structures, unveiling the role of the
magnetic field on 0.1 to 10 pc scales (Alves et al. 2008; Planck
Collaboration et al. 2016; Pattle et al. 2017). Interferometric
observatories such as the Submillimeter Array (SMA) and the
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Combined Array for Research in Millimeter-wave Astronomy
(CARMA) probed magnetic field morphologies at the scales of
the protostellar envelopes (∼1000 au). More recently, observa-
tions with the Atacama Large Millimeter/submillimeter Array
(ALMA) are able to resolve the tiniest features of protostellar
cores (see Li et al. 2014; Hull & Zhang 2019 for reviews).

At the core-envelope scale, dust polarization observations
have unveiled interesting results about the relative orientation
of the magnetic field with respect to the bipolar outflow. The
outflow of a protostellar core is considered to be closely linked
with the core rotation axis, because the outflow launching
mechanisms can consist of magnetohydrodynamic (MHD) disk
winds triggered within the rotating circumstellar disk (Pudritz
et al. 2006; Frank et al. 2014; Bally 2016). Consequently,
the study of the magnetic field orientation with respect to the
bipolar outflow axis is an important proxy to understand
the role played by the magnetic field in the regulation of the
angular momentum of a protostellar core. At envelope scales of
∼1000 au, Hull et al. (2014) and Hull & Zhang (2019) (with
twice the sample) found that the magnetic field is randomly
aligned compared with the outflow axis, suggesting that the
magnetic field at envelope scales is not affecting the
magnetically driven winds at disk scales. However, a more
recent work by Galametz et al. (2018) using a smaller sample,
suggested a bimodal distribution, exhibiting magnetic fields
that are preferentially aligned either parallel or perpendicular to
the outflow orientation. In addition, they noticed that there is
more large-scale rotation and multiple systems in cores where
there is a large angle between the main core-scale field and the
outflow axis. Simulations have shown that these results could
depend strongly on the relative strengths of the magnetic field,
turbulence, and rotation (e.g., Machida et al. 2006; Offner et al.
2016; Hull et al. 2017b; Lee et al. 2017).

The orientation of the magnetic field in protostellar cores has
been the focus of studies investigating the formation of disks,
which is strongly impacted by the phenomenon of magnetic
braking. This is the case because the magnetic field can remove
enough angular momentum from the envelope material to
impede the formation of large protostellar disks at early times
(Hennebelle et al. 2016). In this respect, Maury et al. (2019)
characterized the disk size distribution in a sample of Class 0
protostars and suggested that the magnetic field may indeed
play an important role in the formation of disk structure at the
earliest protostellar evolutionary stage.

The magnetic field morphologies seen in small-scale (i.e., a
fewhundred au) observations from CARMA, SMA, and ALMA
have unveiled a variety of scenarios. These include a few results
showing that the magnetic field seems to follow the edges of the
outflow cavity (Hull et al. 2017a; Maury et al. 2018; Hull et al.
2019), as well as magnetic field morphologies in young
embedded disk structures that seem to exhibit both poloidal
and toroidally wrapped field components (Stephens et al. 2013;
Rao et al. 2014; Segura-Cox et al. 2015; Alves et al. 2018; Harris
et al. 2018; Ohashi et al. 2018; Sadavoy et al. 2018a).

The Serpens region exhibits a filamentary structure with two
compact star-forming clumps, Serpens Main and Serpens
South, which are located at a distance of 436±9 pc
(Ortiz-León et al. 2017). The recent star formation episode
observed in this region has been tentatively interpreted as
resulting from a collision of two molecular clouds (Duarte-
Cabral et al. 2010, 2011). Serpens SMM1, Emb 8(N), and Emb
8 are three Class 0 protostars in the NW subcluster of Serpens

Main. The position of the peak dust continuum emission,
associated with these three protostellar cores and their
surrounding core fragments (possibly containing protostars),
can be found in Table 1.
The intermediate-mass protostellar source Serpens SMM115

is the most luminous source in the cloud (Lee et al. 2014), with
a luminosity of Lbol=100 Le (Kristensen et al. 2012). The
protostellar envelope was found to have a mass of about
Menv∼20Me (Enoch et al. 2011) and is surrounded by a disk-
like structure with Mdisk∼1.0Me and Rdisk∼300 au (Enoch
et al. 2009). ALMA observations from Hull et al. (2016) show
a one-sided, high-velocity, highly collimated molecular jet
(∼80 km s−1) from the central source SMM1-a. The base of the
narrow jet is surrounded by a wide-angle outflow cavity, whose
walls were observed in free–free emission by the Karl G.
Jansky Very Large Array (VLA) (Rodríguez-Kamenetzky et al.
2016). Hull et al. (2016) showed an extremely high-velocity
(EHV), one-sided redshifted molecular jet from the protobinary
system SMM1-b located to the NW of the central source. These
three sources were observed in full polarization by CARMA in
the TADPOL survey (Hull et al. 2014). Hull et al. (2016)
attributed the ionization of the outflow cavity walls to UV
radiation escaping from the accreting central protostar or to the
precession of the high-velocity jet, which would impact the
surrounding envelope. Goicoechea et al. (2012) proposed an
alternative scenario, where the ionizing radiation is caused by
distributed shocks throughout the outflow. Interferometric dust
polarization observations of this source have suggested that the
SE redshifted lobe of the bipolar outflow from SMM1-a is
shaping the magnetic field (Hull et al. 2017a). SMM1-a is also
known to host a hot corino-like central region, because a few
complex organic molecules (COMs) have previously been
detected, including methanol, methyl formate, dimethyl ether,
vinyl cyanide, and ethylene glycol (Kristensen et al. 2010;
Öberg et al. 2011; Tychoniec et al. 2018). Hot corinos are
thought to correspond to the central region of the protostar,
where the temperature is high enough to sublimate icy grain
mantles, which release COMs into the gas phase (Maury et al.
2014; Walsh et al. 2014).

Table 1
Serpens Source Information

Name αJ2000 δJ2000 Menv Lbol
(Me) (Le)

Serpens SMM1-a 18:29:49.81 +1:15:20.41
Serpens SMM1-b1 18:29:49.68 +1:15:21.09
Serpens SMM1-b2 18:29:49.66 +1:15:21.20 20 100
Serpens SMM1-c 18:29:49.93 +1:15:22.00
Serpens SMM1-d 18:29:49.99 +1:15:22.98

Serpens Emb 8 18:29:48.09 +1:16:43.30
Serpens Emb 8-b 18:29:48.13 +1:16:44.57 9.4 5.4
Serpens Emb 8-c 18:29:48.03 +1:16:42.70
Serpens Emb 8(N) 18:29:48.73 +1:16:55.61

Note.Values of envelope mass and bolometric luminosity are from
observations that encompass the whole core of SMM1 (Enoch et al. 2011;
Kristensen et al. 2012), as well as Emb 8 and Emb 8(N) together (Enoch et al.
2009, 2011).

15 Serpens SMM1 has been called by many other names, such as Serpens-
Emb6, Serpens FIRS1, Serpens-FIR1, IRAS 18273+0113, S68 FIR, S68
FIRS1, and S68-1b.
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Serpens Emb 8 and 8(N)16 are two low-mass protostellar
sources separated by 15 7, i.e., ∼7000 au. These sources were
observed in Enoch et al. (2009, 2011) with Bolocam and have a
combined envelope mass of Menv∼9.4Me and a bolometric
luminosity of Lbol=5.4 Le. These observations have a spatial
resolution of ∼13,500 au, thus encompassing the two proto-
stellar sources. ALMA dust polarization observations of
Serpens Emb 8 exhibited a chaotic magnetic field morphology;
the authors concluded that the magnetic field is most likely
weak with respect to the cloud-scale turbulence (Hull et al.
2017b).

Regarding the relative age of Emb 8 and 8(N), the
differences between the two bipolar outflows of both sources
offer a clue. Unlike Emb 8, Emb 8(N) exhibits a pristine EHV
jet on both sides, which has not propagated as far as the outflow
from Emb 8 (Dionatos et al. 2010; Tychoniec et al. 2019). As
molecular jets are generally an indication of the young age of a
protostar (Bally 2016), we propose that Emb 8(N) may be
younger. Moreover the outflow opening angles of these sources
are quite different, which can be related to age (Arce &
Sargent 2006; Velusamy et al. 2014; Hsieh et al. 2017). The
opening angle of Emb 8(N) is smaller, again suggesting a
younger age for Emb 8(N).

In this paper we present ALMA 870 μm polarization
observations toward the three Class 0 protostars Emb 8(N),
Serpens SMM1, and Serpens Emb 8. We describe in Section 2
the different observational data and the data reduction. In
Section 3 we present the dust polarization and total intensity
maps, as well as a few molecular line observations. Finally, we
discuss in Section 4 the different polarization patterns and the
potential grain alignment mechanisms implied, as well as the
relations between the bipolar outflow and the magnetic field
morphology. Finally, we draw our conclusions in Section 5.

2. ALMA Observations and Data Reduction

We present three 870 μm ALMA dust polarization observa-
tions of our three sources in Serpens. Each of the data sets A,
B, and C targeted all three sources, and they were taken on
2015 June 3 and 7, 2016 September 12 and 13, and 2017
July 31 (ALMA projects: 2013.1.00726.S, 2015.1.00768.S,
2016.1.00710.S; PI: C. Hull). The synthesized beam of our
observations varies from 0 33 to 0 11, corresponding to a
spatial resolution varying from ∼144 au in data set A up to
∼48 au in data set C, at a distance of 436 pc. Each data set
consists of four spectral windows of 2 GHz each, ranging in
frequency from 336.5 to 350.5 GHz. The details of the
observations can be found in Table 2. In data sets A, B, and
C the polarization calibrators were respectively J1751+0939,
J1751+0939, and J1924-2914, chosen for their high polariza-
tion fraction. The ALMA flux calibration accuracy in Band 7
(870 μm) is 10%. See Nagai et al. (2016) for a complete
description of the ALMA polarization system.

We faced some issues when imaging data sets B and C, since
they were “semi-pass,” because the requested resolution and
sensitivity were not reached. To improve our image quality, the
data sets were combined together following three different
schemes during the production of the Stokes images (see
Table 3). The choices of which data sets to merge depended on

which of them produced the best images at our multiple desired
spatial resolutions.
The polarized dust continuum images were produced by

using the CASA task clean, applying four rounds of
consecutive phase-only self-calibration, using the total intensity
(Stokes I) solutions as a model for the Stokes Q and U, with a
Briggs weighting parameter of robust=1. The three Stokes
parameters I, Q, and U were cleaned separately after the last
round of self-calibration using an appropriate residual threshold
and number of iterations. The linear polarization properties of
the radiation field from the thermal dust emission are given by
the Stokes parameters Q and U, whereas the Stokes I parameter
gives the total intensity of the dust continuum emission. The
quantities derived from the combined use of the three Stokes
maps are the polarized intensity P, the polarization fraction
Pfrac, and the polarization position angle χ:

( )= +P Q U 12 2

( )=P
P
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⎛
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2
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Although the Stokes parameters Q and U can be positive or
negative, the polarized intensity P is always positive. This
introduces a bias in the measurement of the polarized intensity,
especially for emission with a low signal-to-noise ratio (S/N),
where P is below the 3σP threshold, σP being the noise in the P
map. We corrected this bias in our P maps in order to arrive at
the corrected polarized intensity, following the method
described in Vaillancourt (2006) and Hull & Plambeck
(2015). Note that in Case-3, the Stokes parameters I and Q &
U come from different combinations of data sets (see Table 3).
Therefore, before debiasing P and making the P and I images,
we used the CASA task imsmooth to smooth the three Stokes
parameters I, Q, and U to have the same reconstructed beam
(by convolving the map with a 2D Gaussian kernel). The
resulting beam was chosen in such a way that it encompasses
perfectly the two beams resulting from the different combina-
tions. In addition, we performed a primary beam correction on
all the maps of total intensity and polarized intensity presented
in this article.

Table 2
ALMA Observation Details

Data Set Baselines Calibrators
(m)

bandpass J1751+0939
A 16.5–763 phase J1751+0939

flux Titan

bandpass J1751+0939
B 12.4–3042 phase J1751+0939

flux J1751+0939

bandpass
C 11.7–3320 phase See note

flux

Note.In data set C, all three calibrators were J1751+0939 in one execution,
and J1924-2914 in the other.

16 Serpens Emb 8 has also been called S68N, and Serpens Emb 8(N) also has
the name S68Nb.
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Finally, we present 1.3 mm (Band 6) and 3 mm (Band 3)
ALMA spectral-line data (ALMA projects: 2013.1.00726.S
and 2016.1.00710.S; PI: C. Hull), which were taken on 2014
August 18 and 2016 October 4, respectively, and have angular
resolutions of approximately 0 45×0 55 and 0 56×0 6.
The data include the following transitions: CO (J=2→1)
(used to trace the outflow, shown in Hull et al. 2016, 2017a for
the case of Serpens SMM1), 13CS (J=5→4), C18O (J=
2→1), and DCO+ (J=3→2).

3. Results

Below, we discuss our results from the dust polarization,
continuum, and spectral-line observations of the three proto-
stars Serpens Emb 8(N), SMM1, and Emb 8. In Figures 1, 5,
and 8 we describe the magnetic field morphology recovered at
several spatial scales probed by the ALMA data (for example,
data set C recovered angular scales from 0 11 to ∼1 3). In
Figures 2, 6, and 9 we discuss the spatial correlation of the dust
continuum emission, magnetic field orientation, and the
molecular outflows. In Figures 3, 7, and 10 we present maps
of polarization fraction and polarized intensity. Finally, in
Figure 4 we compare the dust polarization with the emission of
molecular species tracing the dense gas (13CS (J=5→4),
C18O (J=2→1), and DCO+ (J=3→2)) toward Serpens
Emb 8(N).

3.1. Serpens Emb 8(N)

Serpens Emb 8(N) has never been observed at such high
angular resolution. In Figure 1 we show multi-scale observa-
tions of the magnetic field and thermal dust continuum
emission around the protostar, with spatial resolutions of 146,
105, and 55 au (from data set A, Case-2, and Case-3: see
Table 3). We resolve progressively enhanced dust continuum
emission along the outflow cavity walls, although this becomes
faint at the highest angular resolution (Figure 1, bottom left
panel). This type of structure is created by the outflow, which
clears the cavity and causes material to accumulate beside the
outflow, resulting in a high-density, compact feature that is
enhanced because of how the emission is spatially filtered by
the ALMA interferometer. The intermediate-resolution map
(Figure 1, right panel) is the one that recovers the highest flux
density in both total intensity and polarized dust emission.
Most of the features are resolved out in the highest resolution

map, which may be because the emission is too faint, resulting
in a loss of signal due to a lack of sensitivity in the higher
resolution beam. Note that as the polarized intensity is less
limited in dynamic range than the total intensity, dust
polarization appears where there is no detection of Stokes I,
especially in the highest resolution maps we present of all three
sources.
Apart from the dust emission seen along the outflow walls, a

filament is seen in the low- and mid-resolution maps in the dust
continuum, orientated NW to SE, which has no obvious
relation with the protostellar outflow and appears unpolarized
(see Figure 1 top left and right panels). The mid-resolution map
clearly allows us to disentangle the outflow cavity walls (traced
by the high-resolution polarized emission) from this large
unpolarized filament. We see a clear asymmetry in the
polarization of the cavity walls, which may be linked to this
filament. On each side of the bipolar outflow, one side of the
outflow cavity walls is depolarized: the northern wall on the
redshifted side, and the southern wall on the blueshifted side.
These depolarized zones overlap with the large-scale filament,
suggesting that, for example, the polarized emission from the
cavity wall and from the large filamentary structure could have
blended together, resulting in the depolarization we see.
Indeed, the emission from infalling envelope material is known
to be polarized (e.g., in B335: Maury et al. 2018; BHR 71
IRS1: Hull et al. 2019; and in SMM1-a, see below). Given the
average flux of this filamentary structure, a detection of
polarized emission at 3σP would imply a polarization fraction
of 20%. We address the question of the local conditions
necessary to enhance the alignment of dust grains in
Section 4.4; in light of the fact that grain alignment in the
filament is not likely to be strongly enhanced, it is possible that
the filament appears unpolarized because the recovered
continuum is simply too faint to detect polarization. Therefore,
the filament may alter the polarized emission at places where it
is in the same line of sight as the outflow cavity walls.
This filament does not appear in the highest resolution map

(Figure 1 bottom left panel). If we broadly calculate what its
flux would have been at the highest angular resolution given
the flux measured in the mid-resolution map (Figure 1 right
panel), we obtain a value below the 3σI threshold, suggesting a
lack of sensitivity rather than a filtering effect. Moreover, the
fact that the data sets B and C (Tables 2, 3) have significantly
less integration time strengthens this hypothesis.

Table 3
Imaging Details

Case Source I Q and U θres Ipeak Irms Qrms Urms Figures

(arcsec) ( )mJy

beam ( )mJy

beam ( )mJy

beam ( )mJy

beam

Data set A Ser-Emb 8 A A 0.35×0.32 102 0.060 0.024 0.024 8–10
Ser-Emb 8(N) A A 0.35×0.32 55 0.066 0.024 0.025 1

Case-1 Ser-SMM1 ABC ABC 0.15×0.14 203 0.57 0.033 0.030 5–7, 14

Case-2 Ser-Emb 8 AC AC 0.20×0.16 75 0.18 0.024 0.024 8
Ser-Emb 8(N) AC AC 0.26×0.22 44 55 0.025 0.025 1–4

Ser-SMM1 C B 0.13×0.13 182 0.7 0.066 0.058 5, 11, 15
Case-3 Ser-Emb 8 C BC 0.12×0.11 53 0.2 0.033 0.033 8

Ser-Emb 8(N) C BC 0.14×0.11 53 150 0.035 0.035 1

Note.Case-1, Case-2, and Case-3 are different combinations of the data sets A, B, and C. θres is the angular resolution of the observations. Ipeak is the peak total
intensity of the Stokes I total intensity map. Irms, Qrms, and Urms are the noise values in the Stokes I, Q, and U maps, respectively. The values are calculated as flux
density per unit of synthesized beam θres. The maps of Serpens SMM1 and Emb 8 from data set A were previously published in Hull et al. (2017a, 2017b).
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Figure 2 presents the integrated blue- and redshifted
CO (J=2→1) emission around the protostar. CO faithfully
traces the outflowing gas in Class 0 protostars because it is still
mostly molecular at this stage of protostellar evolution (Arce
et al. 2007; Panoglou et al. 2012). The results exhibit a pristine,
very high-velocity,17 highly collimated molecular jet, strengthen-
ing the above assumption that the structures seen in the dust
continuum trace the cavity walls, because they perfectly embrace
the CO outflow. It is worth noting, however, that some vectors
show up within the CO emission, particularly on the blueshifted
side of the outflow. This polarized emission might be still linked to
the outflow cavity wall, and might simply overlap with the CO
emission because of projection effects. We shall also keep in mind
that the spatial resolution of the CO emission is twice as coarse as
the resolution of the dust continuum. A kinematic study by
Tychoniec et al. (2019) found that this collimated jet is consistent
with the young age of the source, considering the narrow opening
angle and the small dynamical age of the jet (the relative age of
Emb 8(N) and Emb 8 is discussed in Section 4.3).

The polarized dust intensity and polarization fraction in
Serpens Emb 8(N) are shown in Figure 3. As the polarization
fraction comes from the ratio of the polarized intensity P to the
total intensity I, it is important to consider the S/N of both P
(color scale) and I (contours) in order to determine whether the
corresponding polarization fraction is reliable. Therefore, in order
to derive the polarization fraction, we considered only emission
within the zones of 3σP and 5σI, where σP and σI are the rms
noise levels in polarized and total intensity, respectively. Figure 3
shows a significant amount of dust polarization along the outflow
cavity walls, whereas the central region is unpolarized, at this
resolution, where the Stokes I emission peaks. The lower-
resolution map (Figure 1, top left panel), however, shows a
detection of polarized emission associated with the Stokes I peak,
corresponding to a polarization fraction of ∼0.4%.
It is common to see a “polarization fraction hole” where the

dust continuum emission peaks. This can be due to collisional
dust de-alignment in high-density regimes (Lazarian 2005;
Bethell et al. 2007; Pelkonen et al. 2009), or higher magnetic
field dispersion in zones of high column density, because we
know the degree of organization of the magnetic field is a
key point to allow the detection of polarized dust emission
(Maury et al. 2018). In our case, we might observe this

Figure 1. Magnetic field around Serpens Emb 8(N). Line segments represent the magnetic field orientation, rotated by 90° from the dust polarization angle χ (the
length of the segments does not represent any quantity). They are plotted where the polarized intensity P>3σP. The color scale is the total intensity (Stokes I) of the
thermal dust emission, shown from 3σI. The gray contour indicates the 3σI level. Top left: data set A, see Table 3. σP=35 μJy beam−1, σI=66 μJy beam−1. The
peak polarized and total intensities are 0.51 mJy beam−1 and 55 mJy beam−1, respectively. The red ellipse in the lower left corner represents the synthesized beam of
ALMA from data set A only. The beam size is 0 35×0 32, with a position angle of −61°. 5. Right: combination of the data sets A and C, see Table 3 Case-2.
σP=35 μJy beam−1, σI=55 μJy beam−1. The peak polarized and total intensities are 0.38 mJy beam−1 and 44 mJy beam−1, respectively. The blue and red arrows
represent the directions of the blueshifted and redshifted lobes of the bipolar outflow, respectively. The beam size is 0 26×0 22, with a position angle of −64°.
Bottom left: combination of the data sets A, B, and C differently for Stokes I, Q, and U, see Table 3 Case-3. σP=43 μJy beam−1, σI=150 μJy beam−1. The peak
polarized and total intensities are 0.23 mJy beam−1 and 27 mJy beam−1, respectively. The beam size is 0 14×0 11, with a position angle of −60°. 8. The Stokes I,
Q, and U maps for the high-, mid-, and low-resolution observations are available in FITS format as the data behind the figure.

(The data used to create this figure are available.)

17 Note that we integrated the emission in such a way that we probe both the
high-velocity and EHV components of the outflow: see Tychoniec et al. (2019)
for details.
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phenomenon in the inner core of Emb 8 (N). However, line-of-
sight effects can result in a depolarized signal in the center of
the protostar as we see through zones where the redshifted and
blueshifted counterparts have both affected the polarized dust
emission. This effect can decrease the polarized intensity in the
equatorial plane, as has been seen in synthetic observations by
Frau et al. (2011), under the threshold of the 3σP level. In
addition, at our resolution, a sharp change in magnetic field
orientation can produce cancellation of the polarized signal
within the beam lying in the equatorial plane, leading to a
beam-sized depolarization zone (Kataoka et al. 2012; Lee et al.
2017; Kwon et al. 2019). However, almost no polarized
emission is detected at this location in the map with the highest
angular resolution (Figure 1 bottom left panel), and thus the
lack of polarization detection is likely due to low sensitivity at
higher resolution (see Table 3). Thus, there is probably
polarization toward the peak of the dust continuum emission,
and more sensitive, high-angular-resolution observations
should be able to recover it. In contrast, the polarization
fraction along the outflow cavity walls, within the 5σI and 3σP
zones, reaches 30% at 690 au and 36% at 1150 au from the
center of the protostar, along the northern edge of the
blueshifted outflow. The southern redshifted outflow cavity

wall is less polarized with a maximum in polarization fraction
of 25% at 790 au from the protostar.
Finally, Figure 4 presents the integrated intensity maps for

the emission of the three dense-gas tracers 13CS (J=5→4),
C18O (J=2→1), and DCO+ (J=3→2), which we com-
pare with the polarized intensity. It is striking to notice how
both 13CS and C18O show up roughly where we see polarized
continuum emission in an E–W orientation, aligned with the
outflow. C18O is typically optically thin in protostellar cores,
and thus traces high-density material that is warm enough to
trigger the sublimation of C18O that was frozen onto dust
grains. The spatial extent of this molecule has been used as a
tracer of protostellar accretion (Jørgensen et al. 2015; Visser
et al. 2015). 13CS peaks at the same place as C18O, but is less
spatially extended, and seems to be very well coupled with the
dust emission in the SW outflow cavity wall. The kinematics of
these two lines did not reveal any evidence of rotation in the
inner core, which has been seen previously in molecular line

Figure 2.Moment 0 map of CO (J=2→1) on a color scale overlaid with the
total intensity contours and magnetic field orientations around Serpens Emb
8(N). The moment 0 map is constructed by integrating emission from −53 to
0 km s−1 (blue) and from 15 to 40 km s−1 (red). vLSR is ∼8.5 km s−1. The
peaks of the red- and blueshifted moment 0 maps are 2.10 Jy beam−1 km s−1

and 2.52 Jy beam−1 km s−1, respectively. Same as Figure 1 (right) for the line
segments. The black contours trace the dust continuum from Case-2 (see
Table 3) at levels of 11, 16, 24, 44, 74, 128, 256×σI, where σI=
55 μJy beam−1. The red ellipse in the lower left corner represents the
synthesized beam of ALMA continuum observations. The beam size is
0 26×0 22, with a position angle of −64°. The green ellipse represents the
resolution from the molecular line maps. Its size is 0 53×0 45. Note that
the two lobes of the outflow have been plotted on different flux scales to
enhance their visibility; as a result, relative fluxes should not be inferred from
this image. The red and blueshifted moment 0 maps are available in FITS
format as the data behind the figure.

(The data used to create this figure are available.)
Figure 3. Dust polarization intensity (top) and polarization fraction (bottom) in
Serpens Emb 8(N) from Case-2. Same as Figure 1 (right) for the line segments.
The color scale in the top panel is the polarized intensity P, shown where
P>3σP. The color scale in the bottom panel is the polarized fraction Pfrac,
shown where P>3σP and I>5σI. The peak polarized intensity is
0.38 mJy beam−1. The black contours represent the total intensity (Stokes I)
at the following levels: 11, 16, 24, 44, 74, 128, 256×σI, where σI=
55 μJy beam−1.
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observations of Class 0 disk–envelope systems (Ohashi et al.
2014; Yen et al. 2015; Lee et al. 2016; Jacobsen et al. 2019;
Hsieh et al. 2019). Rather, the kinematic information suggests
that the gas is linked with the outflow motion. Finally, we
present the integrated moment 0 map of the DCO+ emission.
This molecule is formed from a reaction between H2D

+ and the
remnant CO in the gas phase. As low temperatures are essential
for deuterium fractionation, DCO+ is known to be a good
tracer of the cold, dense material located at the disk–envelope
interface (Jørgensen et al. 2004, 2011; Murillo et al.
2015, 2018). Its emission appears anticorrelated with the
polarization, and rather seems to trace the filamentary structure
mentioned above that is crossing over the protostar. This
anticorrelation with dust polarization has also been seen in
emission of N2D

+ in BHR 71 (Hull et al. 2019), suggesting that
tracers of cold, dense material such as DCO+, N2D

+, and
N2H

+ are good proxies for probing the conditions necessary for
dust-grain alignment in protostellar cores. Finally, we do not
detect an organized velocity gradient in the DCO+ at the
0.5 km s−1 spectral resolution of our data, and thus the role of
the aforementioned large-scale filamentary structure in the
formation of Serpens Emb 8(N) remains to be determined.

3.2. Serpens SMM1

We now present the results of our second source, Serpens
SMM1, an intermediate-mass Class 0 protostellar core. In
Figure 5 we present the magnetic field orientations and thermal
dust continuum emission. The CO (J=2→1) integrated
emission tracing the low-velocity bipolar outflow around the
protostar is shown in Figure 6. Lower resolution polarization
observations of this source (as well as the CO map presented
here) were first published in Hull et al. (2017a). They found
that the dust along the edges of the cavity of the wide-angle,
low-velocity redshifted outflow was highly polarized. How-
ever, they did not detect any polarization that was clearly
related to the redshifted EHV jet of SMM1, reported in Hull
et al. (2016). The results from our observations at higher

angular resolution in Figures 5 and 7 present a more complex
picture of the dust emission and magnetic field morphology,
with an angular resolution reaching 0 15×0 14 (∼57 au).
SMM1-c, SMM1-d, and the two binary components of SMM1-

b are now totally resolved (see Appendix A for a scheme of the
SMM1 core). The polarization to the west of SMM1-a and to the
south of SMM1-b has been mostly resolved out compared with
the lower resolution observations. Just a few remaining polariza-
tion detections are seen toward the binary and just to the south of
it, consistent with the results from Hull et al. (2017a). To the east
of SMM1-a we see weak polarization toward the E–W cavity
edge, which was already relatively faint in the lower angular
resolution data. Our results, however, show a clear filamentary
structure to the south of SMM1-a, visible in polarization and total
intensity. This structure consists of two highly polarized filaments
(hereafter designated as the Eastern and Western filaments, see
Appendix A for a schematic presentation of the different features
in SMM1), which have magnetic fields that clearly lie along their
major axes. These two filaments observed to the south of SMM1-
a appear to be connected to the central core, i.e., the resolved hot
corino of SMM1-a, which exhibits a complex polarization pattern.
We discuss the possible physical origin of these filaments in
Section 4.3.
In Figure 7 we present the dust polarization intensity and

polarization fraction around SMM1-a. It is immediately apparent
that the two filaments to the south of SMM1-a exhibit high
polarization fractions, reaching values of 10% or higher (the
Eastern filament reaches a maximum of 20%). In the zone where
the two filaments appear to cross, the polarization intensity and
orientation suggest that the superposition in the plane of the sky
of the emission emanating from the two filaments has caused the
polarization to cancel. Indeed, where the two filaments cross
there is a clearly depolarized zone the size of the beam
(Figure 7). This strengthens the idea that these filaments are two
separate structures. Moreover, to the east of the depolarized zone
the magnetic field orientation is a bit offset from the major axis of
the Eastern filament. This suggests that the polarization in this
location is coming from both filaments, resulting in an average

Figure 4. Moment 0 maps of 13CS (J=5→4), C18O (J=2→1), and DCO+ (J=3→2) around Serpens Emb 8(N). The black contours represent the total
intensity (Stokes I) at the following levels: 7, 11, 16, 24, 44, 74, 128, 256×σI, where σI=55 μJy beam−1, from Case-2. vLSR is about ∼8.5 km s−1. Left: moment 0
map of 13CS (J=5→4) in grayscale constructed by integrating emission from 5 to 12 km s−1. The rms noise level of the moment 0 map is 16 mJy beam−1 km s−1.
The peak of the moment 0 map is 0.12 Jy beam−1 km s−1. Middle: moment 0 map of C18O (J=2→1) in grayscale, constructed by integrating emission from 6 to
11.25 km s−1. The rms noise level of the moment 0 map is 12 mJy beam−1 km s−1. The peak of the moment 0 map is 0.11 Jy beam−1 km s−1. Right: moment 0 map
of DCO+ (J=3→2) in grayscale, constructed by integrating emission from 8 to 10 km s−1. The rms noise level of the moment 0 map is 13 mJy beam−1 km s−1.
The peak of the moment 0 map is 0.067 Jy beam−1 km s−1. Same as Figure 1 (right) for the line segments. The red and blue arrows represent the bipolar outflow
directions. The beam size of the continuum emission (red ellipse) is 0 26×0 22, with a position angle of −64°. The green ellipse represents the resolution from the
molecular line maps. Its size is 0 53×0 45.
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magnetic field orientation that is not perfectly aligned with either
of them. Finally, to the south of the curved Western filament, the
polarization is orientated perfectly N–S along the straight Eastern
filament. The potential causes of these highly polarized filaments
are discussed in Section 4.3.

As introduced in Section 3.1, we observe the “polarization
hole” phenomenon in the inner core of SMM1-a, where we see a
clear difference in polarization fraction between the hot corino
and the two southern filaments. However, inside this central
region (within the ∼32σI level, i.e., above the 9% level of the
peak total intensity), the polarization appears quite inhomoge-
neous. Both the polarized intensity and the polarization fraction
(achieving a maximum of 6%) exhibit strong peaks to the SE of
the Stokes I peak. This highly polarized spot clearly contrasts
with the remaining area within this central zone, which on
average has a polarization fraction of ∼1%. At first glance, the
inferred magnetic field orientation in this central region appears
quite radial. We discuss in Sections 4.1 and 4.2 the potential
causes of this polarization pattern in SMM1-a, which we
attribute primarily to a poloidal magnetic field morphology.

3.3. Serpens Emb 8

Finally, we present the ALMA dust polarization data of the
protostar Serpens Emb 8, located at ∼7000 au to the SW of
Serpens Emb 8(N). In Figure 8 we present two high-angular-
resolution maps of this source, with spatial resolutions of 80
and 50 au. Apart from the central source Emb 8 we now clearly
resolve the two companions, which we deem Emb 8-b and Emb
8-c (see Table 1 and the right panel of Figure 8). As was the
case for Serpens Emb 8(N), we attribute the loss of signal at
high resolution to a lack of sensitivity.

This source was the focus of Hull et al. (2017b), where they
compare the observed magnetic field morphology of data set A
with turbulent MHD simulations. They found that Serpens Emb 8
may have formed in a weakly magnetized environment, because
no obvious hourglass morphology was detected. Additionally,
they found no correlation between the magnetic morphology and
the gradient of the dust emission, suggesting that the field is not
strong enough to shape the structure of the dust. The magnetic
field morphology observed does not present major changes as we
increase in resolution from data set A (Hull et al. 2017b) to Case-3
(Figure 8 right panel). However, we now begin to resolve the
magnetic field orientation in the central core Emb 8, which
exhibits an homogeneous E–W pattern. As for the dust
polarization in the envelope, it mainly shows up around Emb
8-b and to the south of Emb 8, in a large arc-shaped structure that
is not strongly correlated with the outflow (like Emb 8(N), for
example). As for Emb 8-c, this source appears unpolarized.
In Figure 9 we present the magnetic field orientations from

data set A overlaid with Stokes I contours and the integrated
redshifted and blueshifted emission from CO (J=2→1) on a
color scale. Contrary to the two other protostars presented
above, the dust polarization is not clearly correlated with the
molecular outflow. It is worth noting some hints of outflow
cavity wall around the base of the blueshifted outflow, where
the dust emission seems to follow the wide-angle outflow;
however, there is almost no polarized dust emission in this area.
On the redshifted side, there are no obvious correlations,
because the CO emission is far from the detected dust emission.
Nevertheless, all the magnetic field orientations to the south of
Emb 8 are quite aligned with the outflow axis, suggesting that
the magnetic field may not be totally uncorrelated with the
bipolar outflow. Indeed, to the south of the central core, about

Figure 5. Magnetic field around Serpens SMM1. Line segments represent the magnetic field orientation, rotated by 90° from the dust polarization angle χ (the length
of the segments does not represent any quantity). They are plotted where the polarized intensity P>3σP. The color scale is the total intensity (Stokes I) of the thermal
dust emission, which is shown when I>3σI. Left: combination of data sets A, B, and C, see Table 3 Case-1. σP=53 μJy beam−1 and σI=0.57 mJy beam−1. The
peak polarized and total intensities are 6.28 mJy beam−1 and 203 mJy beam−1, respectively. The red ellipse in the lower left corner represents the beam size, i.e.,
0 15×0 14, with a position angle of −48°. 5. Right: combination of the data sets B and C, see Table 3 Case-3. σP=80 μJy beam−1 and σI=0.7 mJy beam−1. The
peak polarized and total intensities are 5.6 mJy beam−1 and 182 mJy beam−1, respectively. The red ellipse in the lower left corner represents the beam size, i.e.,
0 13×0 13, with a position angle of −58°. 8. The Stokes I, Q, and U maps for the high- and mid-resolution observations are available in FITS format as the data
behind the figure.

(The data used to create this figure are available.)
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70% of the magnetic field line segments are aligned with the
outflow axis within an offset of ±20°.

Finally in Figure 10 we present the maps of polarized intensity
and polarization fraction of Emb 8 from data set A. The polarized
intensity peaks in the central core, which has a polarization fraction
of 0.7%. The polarization fraction within the core increases
progressively to the north and south of the central core, achieving
values of up to 30% inside the regions of 5σI and 3σP.

4. Discussion

Our high-resolution polarimetric results from the three
protostars Serpens Emb 8(N), SMM1, and Emb 8 lead us to
discuss the causes of the polarization patterns in each of these
sources. We investigate the different environmental conditions
and try to cautiously infer the possible physical processes that
would lead to the different behaviors (e.g., polarization fraction
and spatial distribution) of the polarized thermal dust emission.
We start by focusing on the polarization pattern seen in the inner
cores of our sources, investigating first the optical thickness and
the correlation between the structure of the continuum emission
and the polarization (Section 4.1). Second, under the hypothesis
that the polarization reflects the magnetic field morphology, we
discuss the poloidal pattern of the magnetic field visible in the
inner core of two of our sources (Section 4.2). Third, we study the

correlation between the outflow morphology and the magnetic
field, especially around the outflow cavity walls (Section 4.3).
Finally, we investigate the cause of the enhancement of the
polarization along the cavity walls, focusing particularly on the
role played by the radiation field (Section 4.4).

4.1. Investigating Possible Grain-alignment Mechanisms
Causing Polarization in Inner Envelopes at Scales of

r<200 au

In protostellar envelopes, the long axes of dust grains are
expected to be oriented orthogonal to the surrounding magnetic
field (Andersson et al. 2015). This effect has been the target of
many observations in both low- and high-mass star-forming
regions (see Hull & Zhang 2019 for a review of interferometric
polarization observations). B-RATs (designating dust grains

Figure 6.Moment 0 map of CO (J=2→1) on a color scale overlaid with the
total intensity contours and magnetic field orientations around Serpens SMM1.
Same as Figure 5 (left) for the line segments. The moment 0 on the color scale
is constructed by integrating emission from −13 to 4 km s−1 (blue) and
from 10.5 to 30 km s−1 (red). vLSR is ∼8.5 km s−1. The peaks of the
red- and blueshifted moment 0 maps are 5.40 Jy beam−1 km s−1 and
3.90 Jy beam−1 km s−1, respectively. The black contours tracing the dust
continuum are 8, 12, 20, 32, 64×the rms noise σI in the Stokes I map, where
σI=0.57 mJy beam−1. The red ellipse in the lower left corner represents the
synthesized beam after combining data sets A, B, and C. The beam size is
0 15×0 14, with a position angle of −48°. 5. The green ellipse represents the
resolution from the molecular line map, and measures 0 53×0 45. Note that
the two lobes of the outflow have been plotted on different flux scales to
enhance their visibility; as a result, relative fluxes should not be inferred from
this image. The redshifted and blueshifted moment 0 maps are available in
FITS format as the data behind the figure.

(The data used to create this figure are available.)

Figure 7. Dust polarization intensity (top) and polarization fraction (bottom) in
SMM1a, from Case-1. Same as Figure 5 (left) for the line segments. The black
contours tracing the dust continuum are 8, 12, 20, 32, 64, 128, 220, 300×the
rms noise level σI in the Stokes I map, where σI=0.57 mJy beam−1. The color
scale in the top panel is the polarized intensity P, which is shown where
P>3σP. The color scale in the bottom panel is the polarization fraction Pfrac,
which is shown where P>3σP and I>5σI. The peak polarized intensity is
203 mJy beam−1. The red ellipse in the lower left corner represents the
synthesized beam after combining data sets A, B, and C and measures
0 15×0 14, with a position angle of −48°. 5.
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magnetically aligned via radiative alignment torques) is the
favored mechanism to explain the polarization at core/ISM
scales, although an improved version of the theory including
paramagnetic inclusions in dust grains had to be developed in
order to reproduce the high (∼20%) polarization fractions
observed by Planck in the diffuse ISM; see Hoang & Lazarian
(2016). Guillet et al. (2018) also proposed an explanation for
the high values of polarization fraction encountered at ISM
scales. Their models revealed that, when there is a high enough
mass fraction (∼0.8–1) of aligned grains, a combined
population of silicate and amorphous carbon grains can
reproduce these high polarization fractions. While this grain
alignment mechanism most likely continues to operate at the
high column densities typical of inner envelopes, the different
local conditions of radiation, temperature, opacity, and density
in these regions might cause other mechanisms to contribute to
the millimeter and submillimeter (hereafter “(sub)millimeter”)
polarization signal from dust. These effects include dust self-
scattering and alignment of dust grains with respect to the
radiation direction, both of which we explore below.

4.1.1. Grain Alignment via Radiative Torques

The polarization orientations in SMM1-a (where no addi-
tional rotation had been performed on the polarization angle χ)
from the highest resolution observation (Case-3 of Table 3) are
plotted in Figure 11. The central region of SMM1-a, inside the
32σI contour, exhibits a generally azimuthal polarization
pattern, which could be characteristic of dust grains that are
aligned with respect to the local radiation field, rather than with
the local magnetic field. In the theoretical study led by Lazarian
& Hoang (2007) and Tazaki et al. (2017), they found that in
environments such as protoplanetary disks, the Larmor

precession timescale of large dust grains (�100 μm) can be
longer than the gaseous damping timescale, which causes the
grains to be aligned via RATs with respect to the gradient in the
radiation field instead of with respect to the magnetic field. In
this case, sometimes known as “k-RAT” alignment, the long
axes of the dust grains may be aligned orthogonal to the
gradient in the radiation emanating from the central protostar.
In our high-angular-resolution observations of SMM1-a, we

compare the relative orientation between the polarization and the
radiation field in the center of the protostar. To do so, we use the
map of Stokes I gradient as a proxy for the radiation field. In this
way, we can test whether the polarization orientation is
perpendicular to the Stokes I gradient, which would be an
argument in favor of the k-RAT solution. A caveat of this
comparison is that inhomogeneous (i.e., aspherical) conditions of
temperature, density, and optical thickness may alter this
correlation. In addition, the photons that are primarily responsible
for the radiative torque acting on grains at a given location are
those with the largest energy density, i.e., those near the peak of
the spectral energy distribution (SED) at that location. These may
or may not be the (sub)millimeter photons that we detect with
ALMA. Nevertheless, we think this is a reasonable assumption,
which has been discussed before in the interpretation of high-
resolution ALMA results (Sadavoy et al. 2018a).
The bottom left panel of Figure 12 shows the distribution of

the differences between the inferred magnetic field position
angles18 and the Stokes I gradient in the inner core of SMM1-a

Figure 8.Magnetic field around Serpens Emb 8 from Case-1. Line segments represent the magnetic field orientation, rotated by 90° from the dust polarization angle χ
(the length of the segments does not represent any quantity). They are plotted where the polarized intensity P>3σP. The color scale is the total intensity (Stokes I) of
the thermal dust emission, which is shown where I>3σI. Left: combination of data sets A and C, see Table 3 Case-2. σP=30 μJy beam−1 and
σI=0.18 mJy beam−1. The peak polarized and total intensities are 0.48 mJy beam−1 and 75 mJy beam−1, respectively. The red ellipse in the lower left corner
represents the beam size, i.e., 0 20×0 16, with a position angle of −67°. Right: combination of data sets B and C, see Table 3 Case-3. σP=30 μJy beam−1 and
σI=0.2 mJy beam−1. The peak polarized and total intensities are 0.32 mJy beam−1 and 53 mJy beam−1, respectively. The red ellipse in the lower left corner
represents the beam size, i.e., 0 12×0 11, with a position angle of −62°. 7. The Stokes I, Q, and U maps for the high- and mid-resolution observations are available
in FITS format as the data behind the figure.

(The data used to create this figure are available.)

18 While here our aim is to test the k-RAT mechanisms by comparing the
relationship between the radiation field and the polarization (which is unrelated
to the magnetic field in k-RAT models), Figure 12 shows HROs using the
inferred magnetic field, because we ultimately conclude that the polarization in
all of our sources is most likely caused by magnetically aligned grains (see
Section 4.2).
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(details of the calculations can be found in Appendix B). The
resulting distribution is single-peaked, with a maximum at 0°,
which suggests a polarization orientation perpendicular to the
inferred radiation field. This implies that it is possible that dust
grains have been aligned with their minor axes along the
radiation gradient. However, several caveats remain in this
hypothesis: the distribution is quite broad, suggesting some
imperfections in this alignment solution. In addition, the peak
in polarized intensity yields a strong deviation from the perfect
azimuthal pattern.

This type of azimuthal polarization pattern caused by large
dust grains has been seen in the HL Tau disk at 3 mm
wavelengths (Kataoka et al. 2017; Stephens et al. 2017).
However, some caveats were raised by Yang et al. (2019), who
explained that k-RATs should enhance the polarized emission
along the major axis of an inclined disk instead of exhibiting
the azimuthally symmetric polarized intensity seen in HL Tau.
In the case of Class 0 protostars, the age of the system is a
determining factor for the amount of grain growth that has
occurred. However, the typical duration of the Class 0 stage of
∼0.2 Myr (Dunham et al. 2015; Kristensen & Dunham 2018)
seems to be long enough, because grain growth has been

inferred in a few young stellar objects (Chiang et al. 2012;
Sadavoy et al. 2016; Chacón-Tanarro et al. 2017; Agurto-
Gangas et al. 2019) and protoplanetary disks (e.g., Pérez et al.
2012, 2015; Trotta et al. 2013; Testi et al. 2014; Tazzari et al.
2016; Liu et al. 2017; Harsono et al. 2018; Huang et al. 2018).
However, based on the aforementioned results, the dust grain
size of �100 μm invoked in Tazaki et al. (2017) is at the upper
limit of the grain sizes inferred to-date in Class 0 protostars.
In order to constrain the physical conditions (and possibly

dust-grain growth) within the central cores and to discuss the
possible grain-alignment mechanisms, we investigated the
optical thickness of our sources by measuring the spectral
index α of the observed flux densities, given by
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We use the continuum observations from our ALMA Band 3
(3 mm) data set as well as our Band 7 (870 μm) data set B

Figure 9.Moment 0 map of CO (J=2→1) on a color scale overlaid with the
total intensity contours and magnetic field orientations around Serpens Emb 8.
Line segments represent the magnetic field orientation, rotated by 90° from the
dust polarization angle χ (the length of the segments does not represent any
quantity). They are plotted where the polarized intensity P>3σP, where
σP=25 μJy beam−1. The moment 0 on the color scale is constructed by
integrating emission from −10 to 6.5 km s−1 (blue) and from 11 to 21 km s−1

(red). vLSR is ∼8.5 km s−1. The peaks of the red- and blueshifted moment 0
maps are 1.65 Jy beam−1 km s−1 and 1.68 Jy beam−1 km s−1, respectively.
The black contours, which are tracing the dust continuum from data set A (see
Table 3), are 3, 6, 9, 13, 16, 24, 44, 74, 128×the rms noise σI in the Stokes I
map, where σI=60 μJy beam−1. The red ellipse in the lower left corner
represents the synthesized beam of ALMA continuum observations. The beam
size is 0 35×0 32, with a position angle of −63°. The green ellipse
represents the resolution from the molecular line maps, measuring
0 53×0 45. Note that the two lobes of the outflow have been plotted on
different flux scales to enhance their visibility; as a result, relative fluxes should
not be inferred from this image. The redshifted and blueshifted moment 0 maps
are available in FITS format as the data behind the figure.

(The data used to create this figure are available.)

Figure 10. Dust polarization intensity (top) and polarization fraction (bottom)
in Serpens Emb 8 from data set A. Same as Figure 9 for the line segments and
the Stokes I contours. The color scale in the top panel is the polarized intensity
P, which is shown where P>3σP. The color scale in the bottom panel is the
polarization fraction Pfrac, shown where P>3σP and I>5σI. The peak of the
polarized intensity is 0.69 mJy beam−1. The red ellipse in the lower left corner
represents the synthesized beam of ALMA continuum observations. The beam
size is 0 35×0 32, with a position angle of −63°.
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(Table 2), which are separated by a period of three weeks. To
measure the flux of SMM1-a, Emb 8(N), and Emb 8, we fit a
single 2D Gaussian component model to the visibilities of our
data sets using the UVMULTIFIT tool (Martí-Vidal et al. 2014).
Figure 13 shows the fit results and the spectral index α for the
inner core (∼200 au) of our sources. An optically thick source
would have a spectral index of α≈2 (blackbody case, in the
Rayleigh–Jeans regime), whereas a source considered to be
optically thin would have α�3. We were not able to spatially
resolve the spectral index in the inner cores of our sources because
the beam of the 3mm data set is significantly larger than the beam
of our Band 7 observations. We are thus averaging the optical
depth over the hot corino of SMM1-a with this Gaussian fitting.

In Figure 14 we present the brightness temperature over the
center of SMM1-a, overlaid with the Stokes I and polarized
intensity contours. The brightness temperature peaks at 101 K
and is as low as ∼20 K at the outer edges of the hot corino.
Moreover, we notice that inside the hot corino, the peaks in the
polarized emission identified above are located on either side of
the Stokes I peak (i.e., the horseshoe-shaped zone, which is
likely to be an optical depth effect), which suggests that the
polarized emission is not originating in the regions of highest
optical depth in the central core of SMM1-a.

The joint consideration of the brightness temperature map
and the derived spectral index value suggests that the very
inner ∼100 au zone is optically thick and/or has dust
emissivity properties that are significantly different from the
rest of the hot corino. Dust-grain growth may have begun in the
very center of the hot corino; however, to confirm this we will
need to further investigate the spatial distribution of the dust
emissivity index and the dust temperature (Bracco et al. 2017).
Tazaki et al. (2017) predict that the k-RAT mechanism requires
large dust grains in order to operate, so this grain-alignment
hypothesis may indeed be relevant in the inner core of

SMM1-a. However, two strong contradictions lead us to
discard k-RATs as the dominant polarization mechanism
occurring here: the first one is the breadth of the distribution
in the HRO histogram presented above. The second is that we
do not observe the polarized intensity predicted in Yang et al.
(2019), where their model predicts that the k-RAT mechanism
should enhance the polarized intensity along the major axis of
the protoplanetary disk structure, as mentioned above. This last
point is not straightforward for SMM1-a, because we do not
detect any hints of a flattened, rotationally supported structure
in any of our molecular line observations.

4.1.2. Dust Self-scattering

Polarized dust emission can also arise from self-scattering of
dust grains. If the dust grain sizes have reached ∼100 μm, the
self-scattering effect is expected to be the dominant polariza-
tion pattern in dense environments such as those found in
protoplanetary disks (Kataoka et al. 2015). Self-scattering is a
highly frequency-dependent phenomenon (Stephens et al.
2017), reaching a maximum efficiency for dust grains with
sizes of ∼λ/2π (Kataoka et al. 2015). Observations of dust
scattering in protoplanetary disks have found several polariza-
tion patterns, which are highly dependent on both the optical
thickness and inclination of the observed disks (Kataoka et al.
2016; Bacciotti et al. 2018; Girart et al. 2018; Hull et al. 2018;
Ohashi et al. 2018; Dent et al. 2019).
SMM1-a is most likely inclined (Yıldız et al. 2015 estimate

an inclination of 50° with respect to the line of sight), and its
hot corino, as seen above, might be optically thick in the center;
thus, the polarization might arise from the outer layer of this
central core. Sahu et al. (2019) proposed two scenarios to
describe the geometry of a different hot corino, namely that of
NGC 1333 IRAS 4A1: either an optically thick circumstellar
disk or a temperature-stratified dense envelope. If the structure
we see in SMM1-a is flattened by rotation, it is conceivable that
the asymmetry in the polarized intensity (which is brighter on
the near side, which we know thanks to the location of the
redshifted jet) is due to dust self-scattering. However, several
points fail to corroborate this hypothesis of self-scattering in
SMM1-a. First, the typical level of polarization fraction
expected from dust self-scattering is ∼1%, whereas we observe
a highly polarized spot in SMM1-a, which exhibits a
polarization fraction of 6%. Second, the polarization orienta-
tions (see Figure 11) do not fit the prediction of self-scattering
theory, especially around the highly polarized zone on the
redshifted side. Finally, as mentioned above, the current lack of
a detected disk structure toward SMM1-a makes it difficult to
interpret our results in the context of the self-scattering theory,
which requires a disk-like structure.
In their models, Yang et al. (2017) characterized the

polarization emanating from inclined disks where the scattering
grains had not yet settled to the disk mid-plane. In such disks,
the polarized intensity becomes more asymmetric (i.e., the
polarized emission gets brighter on the near side of the disk) as
the optical depth increases. We do see an asymmetry in the
polarized intensity in SMM1-a. However, unlike the models of
Yang et al., which show polarization primarily along the minor
axes of the disks, we see primarily azimuthal polarization,
inconsistent with dust self-scattering in an inclined disk.
In Serpens Emb 8, we do see polarization in the inner core

(∼200 au) at a level of 0.7%. The self-scattering phenomena
could indeed create this level of polarization fraction; however,

Figure 11. Polarization orientations in SMM1-a from Case-3. Same as Figure 5
(right panel) for the line segments, except that in this case, they are not rotated
by 90°, and instead represent the actual polarization orientations. The color
scale is the dust polarization intensity P. Both the color scale and the line
segments are shown where P>3σP, where σP=80 μJy beam−1. The black
contours represent the total intensity at 16, 38, 72, 130, 200×σI, where
σI=0.7 mJy beam−1. The beam size of the continuum emission (red ellipse) is
0 13×0 13.
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as mentioned above, we would expect the polarization
orientation to be along the minor axis of the source, which
can be inferred from the bipolar outflow axis (Cox et al. 2018).
In the case of Emb 8, the orientation of the polarization is not
aligned with its inferred minor axis. Moreover, given the
spectral index of its inner core (α≈3.36), it is most likely
optically thin. Consequently, we discard this hypothesis for
Emb 8 as well.
In these sources, it is not always straightforward to determine

which polarization mechanism causes the polarization from the
innermost regions of our sources. Overall, however, we
conclude that neither self-scattering nor grain alignment via
k-RATs is occurring in our sources. Moreover, a final caveat
regarding the potential occurrence of these two polarization
mechanisms is how the environmental conditions of the hot
corino would change the dust grain size distribution. For
example, the temperature and radiation from this high-column-
density zone may be adequate to trigger radiative torque
disruption (RATD), recently introduced in Hoang et al. (2019)
and Hoang et al. (2019). Via the RATD phenomenon, large
aggregates can be spun-up to suprathermal rotation speeds and
disrupted into individual icy grains, which would lower the

Figure 12. Calculated histograms of relative orientation (HROs) between the inferred magnetic field orientation and the density gradients in the total intensity maps (in
gray), or in the blueshifted (in blue) and redshifted (in red) moment 0 maps of the CO (J=2→1) low-velocity outflow in Emb 8(N) (top) and Serpens SMM1
(bottom). In SMM1-a, the dust emission is separated into the central hot corino and the two southern filaments. Furthermore, concerning the redshifted outflow lobe of
SMM1, we did not calculate the gradient in the central zone of SMM1-a, in order to focus more clearly on the correlation between the outflow cavity walls and the
magnetic field orientation. See Appendix B for the gradient maps and a detailed explanation of how the HROs were produced.

Figure 13. Flux evolution with frequency from the best-fit visibility models.
The y-axis is the integrated flux in jansky obtained fitting multiple 2D Gaussian
components to the source visibilities. The x-axis is the frequency in gigahertz.
Two data sets were used here, containing observations at 870 μm (Band 7) and
3 mm (Band 3). Each point is a fit to the visibilities from one spectral window,
displayed with an error bar of ±σ, where σ is the error that takes into account
both the error of the fitting algorithm on each point and the 10% uncertainty in
the ALMA flux calibration system.
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maximum dust grain size encountered in these kinds of
environments. If this is indeed the case, the resulting (smaller)
dust grain size distribution would make it likely that B-RATs
are the dominant grain-alignment mechanism even in the
bright, dense hot corino regions that we observe.

We did not discuss the case of Emb 8(N), because it exhibits
almost no detection in the center. In summary, we assume that
B-RATs are the dominant grain-alignment mechanism respon-
sible for the polarization detected in our three sources. Under
this assumption, we continue below by discussing the inferred
magnetic field maps we obtain in our three sources.

4.2. Poloidal Magnetic Field at Outflow Launching Points

Since our analysis presented in Section 4.1 suggests that
most of the polarization detected toward the continuum peaks
of our sources cannot be entirely due to self-scattering or
alignment with the radiation field, here we explore the
properties of the magnetic field as inferred from the detected
polarization patterns. We present maps where the polarization
orientations have been rotated by 90° to show the orientation of
the magnetic field projected on the plane of the sky.

Both Serpens SMM1-a and Emb 8(N) seem to exhibit
poloidal magnetic field morphologies in the central 200 au of
their cores. In Figure 15 we present the magnetic field
orientation in SMM1-a overlaid with the low-velocity blue-
and redshifted outflow and the EHV redshifted molecular jet,
revealing significant correlations between the outflowing
material and the magnetic field. Indeed, the magnetic field
seems to present a bipolar structure that follows the molecular
emission on both sides of the low-velocity CO outflow.
Moreover, the redshifted EHV jet axis appears perfectly
aligned with the magnetic field orientation within the highly
polarized zone, i.e., the SE part of the central core of SMM1-a.
This suggests a connection between the magnetic field in this

region and the base of the EHV jet. Another point that
corroborates the poloidal field hypothesis is the structure of the
polarized intensity map. Between the two highly polarized
zones in SMM1-a, respectively linked with the red- and
blueshifted sides of the outflow, is a depolarized delimitation
line that clearly divides the two sides of the poloidal magnetic
field in SMM1-a (see the thin white region in the center of the
color scale in Figure 15). This effect is also seen in Emb 8(N)
(see Section 3.1), and can be explained by the sharp change of
polarization orientation, which causes a line of depolarization
with a width equal to the beam size (Kwon et al. 2019).
Consequently, having such a depolarized line supports our
hypothesis that a poloidal magnetic field configuration is the
cause of the polarization in the central core of SMM1-a. The
case of the central 200 au in Emb 8(N) is less obvious, because
we do not detect a large amount of polarized intensity.
However, the observations at the lowest angular resolution
(Figure 1 top left panel) show a few detections in the center,
suggesting the presence of a poloidal magnetic field in the
central core of Emb 8(N).
We plotted the distribution of the difference in angle between

the magnetic field orientation and the gradient from the moment
0 map of the low-velocity red- and blueshifted outflow of
SMM1-a in Figure 12 (see the two bottom right panels). We
compare CO and polarization data with different angular
resolutions, which explains the small number of points displayed
in the histograms. To derive the gradient in the HRO histograms,
we select regions with strong gradients in the integrated blue-
and redshifted CO maps in order to pick up only the polarization
orientations associated with the edge of the outflow cavities
(see Appendix B for the gradient maps and details of the
calculations). In the case of the blueshifted outflow of SMM1-a,
the few beams contributing to the histogram are located to the
NW of the inner core of SMM1-a (see Figure 15). These few
points, while not statistically significant, still suggest that the
magnetic field is tracing the blueshifted outflow cavity. The few
points in the histogram on the redshifted side seem randomly
distributed, because the low-velocity redshifted outflow emission
is spatially extended and does not exclusively overlap with the
polarization in the central zone of SMM1-a.
The question remains, why is the polarized intensity so

different between the red- and blueshifted sides of the outflow
in SMM1-a? An asymmetry is clearly visible in the maps of
polarized intensity and polarization fraction (Figure 7). We see
an intense peak of 6% at the base of the one-sided, redshifted
molecular jet, which may be the cause of the enhanced
polarization efficiency. However, Rodríguez-Kamenetzky et al.
(2016, and references therein) and Dionatos et al. (2014)
detected ionized and atomic jets on the blueshifted side of
SMM1-a, where we see no signs of enhanced polarization.
Hoang et al. (2018) developed a new theory of grain

alignment by mechanical alignment torques (MATs). Unlike
the mechanical alignment theorized by Gold (1952), who
proposed that the major axes of dust grains could become
aligned parallel to the gas–dust flow, Hoang et al. found that
dust grains can become aligned with respect to the magnetic
field through mechanical torques induced by supersonic gas–
dust drift (in an outflow or a wind from an asymptotic giant
branch star, for example), yielding a polarization orientation
that is consistent with a poloidal magnetic field aligned with the
bipolar outflow axis. Consequently, the EHV redshifted jet may
trigger a significant amount of grain alignment efficiency via

Figure 14. Brightness temperature map of the inner core of SMM1-a from
Case-1. The color scale represents the brightness temperature calculated in the
Rayleigh–Jeans approximation at a wavelength of 870 μm. The brightness
temperature peaks at 101 K. The black contours represent the total intensity at
12, 20, 32, 64, 128, 220, 300×σI, where σI=0.57 mJy beam−1. The red
contours represent the polarized intensity at 3, 10, 17, 24, 32, 50, 68×σP,
where σP=53 μJy beam−1. The red ellipse in the lower left corner represents
the synthesized beam after combining data sets A, B, and C. The beam size is
0 15×0 14, with a position angle of −48°. 5.
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the MAT mechanism, which can contribute, along with RAT
alignment, to the observed intense polarization at the base of
the redshifted molecular jet. According to the RAT theory,
magnetic grain alignment can easily produce this 6% level of
polarization; however, such a high peak in polarization fraction
within the otherwise weakly polarized “polarization hole” is
quite unexpected, and has never been seen before so clearly, to
our knowledge. In summary, MATs may be occurring at the
same time as RATs, but it is not trivial to disentangle the
relative roles played by these two alignment mechanisms.

In their observations of the intermediate-mass Class 0 source
OMC-3 MMS 6 with ∼60 au resolution, Takahashi et al.
(2019) reported a similar asymmetry in the polarized emission
at the base of the redshifted outflow from that source, where
they argued that grains are most likely magnetically aligned. It
is therefore possible that this type of asymmetry in the
polarized intensity could be caused by inclination effects;
SMM1-a and OMC-3 MMS 6 have similar estimates for their
inclination angles. While Frau et al. (2011) did see symmetric,
double-peaked polarization profiles along the minor axes of
their models of collapsing, magnetized protostellar cores
(which did not take into account optical depth effects), they
did not see the same types of asymmetries seen here and in
Takahashi et al. (2019).

Outflow launching theories have predicted that magnetic
field lines can be wrapped by the rotation of the inner envelope
and the disk (Hennebelle & Ciardi 2009; Kataoka et al. 2012),
resulting in a toroidal magnetic field morphology that has
tentatively been seen in a few observations of protostellar cores
and disks (e.g., Rao et al. 2014; Alves et al. 2018; Ohashi et al.
2018). We do not detect this morphology here, suggesting that

the poloidal component of the magnetic field is dominant over
any rotation in SMM1-a. At the scales we resolve, we probe the
material at the disk–envelope interface, where we do not see
any evidence of a rotationally supported disk. In such a case, a
poloidal field aligned with the bipolar outflow axis is an
expected result from MHD simulations of jets and outflows
(Fendt 2006; Pudritz et al. 2007; Ramsey & Clarke 2019). A
possible proof of this scenario is the work by Lee et al. (2018),
who report linear spectral-line polarization in the SiO
molecular jet emanating from the Class 0 protostar HH 212.
The shear between the wind from the disk and the ambient
medium may produce a poloidal field at or near the interface,
which would be consistent with what is observed here,
provided that the interface region dominates the polarized
emission.
Given the ∼50° inclination of the system, the magnetic field

component orthogonal to the mid-plane Bz is likely to be
dominant over the radial component Br of the field, and will
be reflected in the projected field morphology in the plane of
the sky (Harris et al. 2018). This scenario is consistent with the
magnetic field morphology we see in the center of the SMM1-a
core, which is predominantly poloidal, but does have a
significant radial component, leading us to consider whether
SMM1 is actually more pole-on than previously thought. The
estimation of the source inclination made in Yıldız et al. (2015)
may not be particularly robust, because they simply examined
the shape of the outflow (i.e., whether the outflow lobes were
overlapping, and what is the spatial extent of the low-velocity
line wings) in the red- and blueshifted lobes, in order to infer
inclination values within bins of 10°, 30°, and 70°, with an
uncertainty of 30°. In addition, if SMM1 were close to edge-on,

Figure 15. Magnetic field and outflow around SMM1-a from Case-3. Same as Figure 5 (right panel) for the line segments. Same as Figure 11 for the polarized
intensity on the color scale and Stokes I contours. The blue contours represent the moment 0 map of the low-velocity blueshifted outflow, constructed by integrating
the emission of the CO (J=2→1) from −13 to 4 km s−1. The levels are 5, 6, 7, 8, 10, 12×0.4 Jy beam−1 km s−1, the rms noise level of the moment 0 map. The
red contours in the left panel represent the moment 0 map of the low-velocity redshifted outflow constructed by integrating the emission of the CO (J=2→1) from
16 to 21 km s−1. The levels are 6, 7, 8, 9, 10, 11, 12×0.14 Jy beam−1 km s−1, the rms noise level of the moment 0 map. Finally, the red contours in the right panel
represent the moment 0 map of the EHV redshifted jet constructed by integrating the emission of the CO (J=2→1) from 40 to 80 km s−1. The levels are 8, 10, 12,
14, 16×0.03 Jy beam−1 km s−1, the rms noise level of the moment 0 map. No blueshifted emission in shown in the right panel, because we do not see any trace of
the EHV jet on the blueshifted side. The beam size of the continuum emission (red ellipse) is 0 13×0 13. The green ellipse represents the resolution from the
molecular line maps, and measures 0 53×0 45.
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the fragments of the SMM1 core, SMM1-b, -c, and -d, should
lie close to the equatorial plane of the core, as inferred from the
bipolar outflow of SMM1-a. However, SMM1-b lies along the
outflow cavity, which favors a source configuration closer to
pole-on. The two other fragments SMM1-c and SMM1-d,
however, are aligned with the equatorial plane projected on the
plane of the sky. The fact remains that, assuming SMM1 has an
intrinsically poloidal magnetic field, a configuration closer to
pole-on could yield the radial component of the magnetic field
that we see projected on the plane of the sky toward the hot
corino of SMM1-a.

Finally, the presumed poloidal magnetic field morphology
can also result from the magnetic field lines being pinched by
the gravitational collapse of the core, typically known as the
“hourglass” magnetic field morphology (Girart et al. 2006).
Magnetic field orientations exhibiting a radial pattern similar to
what we see in the central core of SMM1-a have been seen
toward the high-mass star-forming region W51 (albeit at larger
scales and lower, ∼1000 au resolution) in the observations of
Koch et al. (2018), who attribute the pattern to gravitational
infall. While the first observations of hourglass-shaped fields
were seen at the ∼1000 au scales of protostellar envelopes, it is
not impossible that the detected poloidal magnetic field in the
inner ∼200 au core of SMM1-a is affected by this gravitational
pinching effect. This effect has been seen, for example, in the
magnetic field morphology probed in the inner few hundred au
of the B335 protostellar core (Maury et al. 2018).

Note that the collapse of magnetized material can also form a
flattened structure known as a “pseudodisk” (Galli &
Shu 1993). While the curved Western filament in SMM1-a is
most likely tracing one of the redshifted outflow cavity walls, it
is possible that the N–S oriented Eastern filament is linked to
this pseudodisk and traces infalling material. MHD simulations
showed enhanced infall of material at 45° between the
equatorial plane and the outflow axis of a protostar (Kölligan
& Kuiper 2018); this is similar to the orientation of the Eastern
filament. Projection effects could explain why these two
filaments might be of different natures—such as accretion
streamers or structures associated with outflow cavity walls
(see Section 4.3)—despite being so close to one another.

4.3. Magnetic Field Lines along Outflow Cavity Walls

At scales larger than the central 200 au, it is clear that
outflow activity is strongly linked with the magnetic field in the
two protostellar sources SMM1-a and Emb 8(N), because the
magnetic field morphology seems to follow the outflow cavity
walls from the central 200 au up to ∼1000 au.

In SMM1, our results at the highest angular resolution
resolve out most of the polarized emission except the two very
bright filaments to the south of SMM1-a. The distribution in the
HROs comparing the dust continuum emission with the
magnetic field from both filaments (calculated after removing
the central core emission, see Appendix B for details; see
Figure 12, bottom row, second from the left) exhibits a
distribution roughly peaking at 90°, which confirms that the
magnetic field lies along the two filamentary structures. As
mentioned in Section 4.2, the highly polarized Western
filament follows the edge of redshifted integrated CO emission,
indicating that it most likely corresponds to the outflow cavity
wall. The Eastern filament is clearly shifted from the outflow
axis, and does not overlap with any structure seen in the
moment 0 map of CO tracing the outflow. We propose that the

Eastern filament may correspond to a polarized accretion
streamer that is infalling onto the central protostar. Filamentary
structures seem to be common at scales 1000 au in
protostellar cores (Tobin et al. 2010; Lee et al. 2012; Cox
et al. 2018; Sadavoy et al. 2018b; Hull et al. 2019; Takahashi
et al. 2019), and many cases exhibit magnetic fields that lie
along the structures’ major axes. Accretion-related filamentary
structures have been seen in MHD simulations of magnetized,
collapsing cores (e.g., Seifried et al. 2015; Väisälä et al. 2019);
detailed comparisons of these types of simulations with high-
resolution observations such as those we present here will paint
a clearer picture of the nature of these magnetized structures
and their possible link to protostellar accretion processes.
Serpens Emb 8(N) presents a very pristine case of a magnetic

field aligned along the outflow cavity walls: indeed, the HRO
distributions in the top three panels of Figure 12, comparing the
magnetic field and both dust and CO moment 0 emission
gradients, all peak at ∼90°. Note that the distribution from the
gradient of the continuum dust emission map (top left panel of
Figure 12) has some points between 15° and 45° that correspond
to the magnetic field orientations located where the dust-emission
gradient is no longer dominated by the outflow cavity walls, but
rather by the central core emission (on the redshifted side). The
polarization patterns observed recently in B335 (Maury et al.
2018) and in BHR 71 IRS2 (Hull et al. 2019) appear quite similar
to the case of Emb 8(N), and have magnetic field lines that are
pinched in the equatorial plane and that clearly follow the outflow
cavity walls. In B335, comparisons with MHD simulations
(Maury et al. 2018; Yen et al. 2019) have led to the conclusion
that this source most likely formed in a magnetically dominated
environment. Future observations at higher angular resolution of
the kinematic properties and polarized emission in the central zone
of Emb 8(N) will allow us to better understand the physical
conditions responsible for this magnetic field structure.
The large-scale polarization data of this region, observed

with the SCUBA polarimeter on the James Clerk Maxwell
telescope (Davis et al. 2000; Matthews et al. 2009), indicate an
overall E–W orientation of the magnetic field in the Serpens
Main molecular cloud. It is interesting to examine the potential
influence of this large-scale magnetic field on our results at
high spatial resolution. The bipolar outflow of Emb 8(N) has an
orientation that is 20° different from purely E–W. Even in the
CARMA polarization data (Hull et al. 2014), the recovered
magnetic field is purely E–W. The results we present here show
an overall E–W magnetic field lying along the outflow cavity
walls (see Figures 1 and 16 for the HRO); however, in some
places the magnetic field deviates from the overall E–W
orientation and clearly follows the cavity edges, which
indicates that the magnetic field at this scale has been affected
by the outflow activity. As for the redshifted outflow of
SMM1-a, it is relevant to discuss the potential impact of the
outflow on the magnetic field. We previously identified
the Eastern filament as a potential accretion streamer, whereas
the Western filament is very likely the redshifted cavity wall,
which therefore exhibits an associated magnetic field com-
pletely different from the large-scale field. Hull et al. (2017a)
did not find in their energetic comparisons an obvious
difference between the magnetic and the outflow energies;
however, we think this hypothesis of having an outflow-shaped
magnetic field is reasonable, considering how the magnetic
field orientations at small scales have deviated from the large-
scale field morphology.
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Serpens Emb 8 seems dominated by polarized emission
mainly emanating from the envelope of the protostar, and thus
there is not as clear a correlation with the outflow. Still, the
thermal dust emission on the blueshifted side shows some hints
of outflow cavity walls, but with polarization that is a bit offset
to the east of this zone. To the SE of the Stokes I peak, there is
a large area of polarization corresponding to a magnetic field
that is perfectly aligned along the outflow axis, indicating that
the outflow might have influenced the magnetic field in this
zone. Emb 8 is similar in some ways to the protostar BHR 71
IRS1 (Hull et al. 2019), in the sense that the magnetic field
seems to be affected by both the outflow activity and the
envelope-based polarized emission, as can be seen in the
northern outflow cavity of BHR 71 IRS1.

As mentioned in Section 4.2, the high values of polarization
fraction we encounter near fast-moving material could be
explained by a contribution from the MAT mechanism to the
observed polarization, especially on the redshifted side of the
central core of SMM1-a and in Emb 8(N), which both exhibit very
high-velocity, highly collimated jets. Indeed, if we look at the
values of polarization fraction in Emb 8(N), which reach 36% on
the blueshifted side, we see that these detections are located on the
edge of the CO emission (Figure 2), indicating a possible
interaction between the molecular jet and the aligned dust grains
emitting this polarized emission. With RAT theory it is difficult to
reproduce these high polarization fractions, even with very
elongated aligned dust grains; consequently, it is conceivable that
both MATs and RATs are occurring in the type of environment
that we are seeing in Emb 8(N). This hypothesis is reinforced by
the fact that the polarization in the southern cavity wall of the
redshifted jet of Emb 8(N) is fainter and has a lower polarization
fraction precisely where the redshifted CO emission does not
overlap completely with the polarized dust emission. This suggests
that we may need to consider outflow evolution (for example,
precession with respect to the outflow cavity walls) in order to
better understand our observations. Finally, we note that we detect
values of high polarization fraction toward Serpens Emb 8 where
there is no intense gas–dust flow, i.e., far away from the bipolar
outflow (see Figure 10). However, Emb 8 has two little
companions, Emb 8-b and Emb 8-c, that may play a role in
enhancing the polarization observed in the core. In summary, the
local environmental conditions in protostars—particularly around
their molecular outflows and jets—may be conducive to alignment
from both MATs and RATs, thus yielding enhanced levels of dust
polarization. However, our observations are not yet able to
disentangle the roles played by each of these two grain alignment
mechanisms.

4.4. Addressing the Cause of Enhanced Polarization along
Cavity Walls

Our results lead us to the question, what are the physical
conditions necessary to achieve enhanced polarization in the
walls of an outflow cavity?
One local condition along outflow cavities that clearly

distinguishes them from the rest of the envelope is that they are
exposed to a strong, high-energy radiation field emanating from
the central protostar. Indeed, energetic photons are expected to
be generated by the accretion processes in the central protostar,
leading to a high flux of UV and X-ray photons that heat the
envelope via the photoelectric effect (Spaans et al. 1995;
Stäuber et al. 2004, 2005). As outflow cavities are cleared of
envelope material by the outflow itself, these energetic photons
can escape from the central protostar and travel throughout the
cavity. The shape of the cavity edges (e.g., parabolic) allows
this high-energy radiation to impinge upon the cavity walls
(Visser et al. 2012). Indeed, ionized cavity walls have been
seen toward SMM1-a by Hull et al. (2016), who analyzed free–
free emission seen in the VLA observations of Rodríguez-
Kamenetzky et al. (2016).
The inner surfaces of the cavity walls also see their chemical

composition evolve, thanks to molecular photodissociation by UV
photons (Drozdovskaya et al. 2015). Observations of light
hydrides, water, and high-J transitions of CO have led to a better
understanding of the effect of the UV field on the chemistry in
highly irradiated protostellar outflows (van Kempen et al. 2009;
Yıldız et al. 2012; Lee et al. 2015; Benz et al. 2016). The physics
of UV-irradiated shocks in these same regions has also been
addressed in a number of studies focusing on Herschel
observations (Goicoechea et al. 2012; Kristensen et al.
2013, 2017; Mottram et al. 2014, 2017; Karska et al. 2018).
Note that Tychoniec et al. (2019) report that the redshifted
molecular jet of Emb 8(N) has a bow shock visible in SiO
( = J 5 4) emission ∼3000 au from the central source; this
type of shock could contribute to the irradiation of the outflow
cavity walls and thus to the enhanced polarization we see.
UV-irradiated cavity walls toward Class 0 protostars have

been inferred from observations of UV-tracing molecules
such as c-C3H2 and CCH, which are expected to be seen in
photon-dominated regions (PDRs; Murillo et al. 2018).
These two molecules have been seen toward other highly
irradiated regions such as the Orion bar (Cuadrado et al.
2015), the Horsehead nebula (Guzmán et al. 2015), and
protoplanetary disks (Kastner et al. 2015; Bergin et al. 2016).
Of the Class 0 sources whose cavity walls show both UV-
tracing molecules and dust polarization, there are two so far
that exhibit an excellent correlation between the polarization

Figure 16. Distribution of the magnetic field position angles in our three protostars. We selected the position angles in the central ∼4″ zone around each protostar, and
where the polarized intensity was above the 3σP level, where σP is the rms noise level of the polarized intensity map.
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and the molecular emission. The first is B335; Imai et al.
(2016) found CCH and c-C3H2 emission along the cavity
walls, which also show enhanced polarization (Maury et al.
2018). The second is Ser-Emb 8(N), discussed above and
shown in Figure 17.19

The UV radiation field emanating from the material accreting
onto the central protostar is a good candidate to explain
enhanced polarization in the cavity walls via the RAT grain-
alignment mechanism. We see what appear to be thick layers of
polarization from magnetically aligned dust grains in the
outflow cavity walls of Emb 8(N) (∼200 au thick) and BHR 71
IRS2 (∼300 au thick). In an attempt to reveal the nature of the
radiation responsible for aligning the grains in outflow cavity
walls, Hull et al. (2019) calculated the depth to which UV and
longer-wavelength photons could penetrate in order to align
grains to the depth that they see in their observations, and also
to align a sufficient quantity of grains to produce the typical
polarization fractions that they (and we) detect.

Following the procedure of Hull et al. (2019), we estimate
the depth to which UV and longer-wavelength photons can
penetrate into the walls of the outflow cavities of Serpens Emb
8(N). From their PDR model results, Girart et al. (2005) found
that UV radiation is fully extincted at a visual magnitude of
∼1, which corresponds a column density between 1021 and

1022 cm−2 (Bohlin et al. 1978). We calculate the gas mass
inside a circular area of 300 au in diameter located at a distance
of 600 au from the protostar along the SW cavity wall of Emb
8(N), using the following relation between the flux density and
the gas mass:
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where Bν(Td) is the Planck function at the 343.5GHz frequency of
our observations, the distance d=440 pc, the estimated dust
temperature Td≈20K (Hull et al. 2017a), and the opacity κν at a
wavelength of 1mm is 2.74 cm2 g−1 (Ossenkopf &Henning 1994).
We assume a gas-to-dust ratio of 100. The flux density along the
cavity walls of Emb 8(N) is not constant and slowly decreases the
further we look from the central protostar. We selected the SW
outflow cavity wall because it is not just the brightest cavity wall, it
also presents resolved polarized dust emission that matches very
well the integrated intensity of the CCH emission line, as shown in
Figure 17. Note, however, that the CCH emission is even brighter
at >600 au distances from the central source, suggesting that UV
radiation efficiently drives UV-sensitive chemistry even where the
column density of the cavity wall has decreased.
We derive the column density in the cavity wall of Emb 8(N)

as follows:
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where mH is the mass of a hydrogen atom, μH2 is the mean
molecular weight per hydrogen molecule (μH2=2.8 for gas
composed of 71% hydrogen, 27% helium, and 2% metal mass;
Kauffmann et al. 2008), and A is the area over which we
derived the flux density. Given a flux density of ∼5.5 mJy
measured in a 200 au diameter circle located at 600 au from the
dust continuum peak of Emb 8(N), we obtain values of column
density between ∼3.4×1022 cm−2 and ∼2.5×1023 cm−2,
using dust temperatures of 100 K and 20 K, respectively. Note
that the gas temperature is usually much higher than the dust
temperature, as has been seen in models of UV-irradiated
outflow cavity walls (Visser et al. 2012; Drozdovskaya et al.
2015); however, the two temperatures are largely decoupled.
Note that these values of the envelope column density at small
scales are at best lower limits, as a result of the interferometric
filtering of the optically thin dust continuum emission. As a
result, these values strongly suggest that UV radiation cannot
penetrate deep inside the cavity walls.
Finally, we estimate the penetration depth of longer-

wavelength photons impinging on the cavity walls. Ossenkopf
& Henning (1994) calculated opacity values κν at different
wavelengths for gas number densities of 106 and 108 cm−3,20

and thus we use the κν values from Ossenkopf & Henning
(1994) corresponding to gas densities of 106 cm−3. The optical
depth is given by the following equation:

( )òt k r=n n ds. 7
s

0
dust

Figure 17. Moment 0 map of CCH ( =  =N J3 2,
 = F7 2 5 2, 4 3) around Serpens Emb 8(N). The black contours

represent the total intensity (Stokes I) at the following levels: 11, 16, 24, 44, 74,
128, 256×the rms level in the Stokes I dust emission map, where σI=55
μJy beam−1, from Case-2. vLSR is ∼8.5 km s−1. The grayscale is the moment 0
map of CCH constructed by integrating emission from 5.4 to 12.8 km s−1. The
rms noise level of the moment 0 map is 0.32 mJy beam−1 km s−1. Same as
Figure 1 (right) for the line segments, which represent the magnetic field. The
red and blue arrows represent the bipolar outflow directions. The beam size of
the continuum emission (red ellipse) is 0 26×0 22, with a position angle of
−64°. The green ellipse represents the resolution of the molecular line maps,
and measures 0 46×0 41.

19 Note that Serpens Emb 8 also shows CCH (M. van Gelder et al. 2019, in
preparation; ALMA project 2017.1.01174.S, PI E. van Dishoeck) toward much
of the polarized emission that is published in Hull et al. (2017b) and shown at
higher resolution in Figure 10. However, in this source, which has a chaotic
magnetic field morphology, the outflow cavities are not clear. Further work is
necessary to tell the full story of the relationship between UV-sensitive
chemistry and the enhanced polarization in Emb 8.

20 Our two derived gas densities for the SW cavity wall of Emb 8(N) are
1.24×108 cm−3 at 20 K and 1.74×107 cm−3 at 100 K.
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If we assume constant values of dust opacity κν and dust
mass density ρdust throughout the thickness of the cavity wall,
we can derive the path length s at an optical depth of τ=1 by
using s=1/κνρdust. Note the values of κν in Ossenkopf &
Henning (1994) are normalized by the dust mass density, and
thus we multiply these values by ρdust in our calculations.21 For
1 μm photons, the penetration depths assuming temperatures of
20 K and 100 K are ∼1 au and ∼7 au, respectively. For 10 μm
photons, the depths are ∼5 au and ∼35 au. For 100 μm
photons, the depths are ∼200 au and ∼1400 au. Finally, for
1 mm photons, the depths are ∼4200 au and ∼30,000 au.

RAT theory suggests that dust grains can only be spun-up
efficiently by photons whose wavelengths are comparable to
the dust grain size (Lazarian & Hoang 2007). Assuming this is
true, and given that most short-wavelength (10 μm) photons
do not penetrate to depths larger than a few tens of au, our
observations suggest that a population of large, >10 μm sized
dust grains should be present in the cavity walls of Serpens
Emb 8(N) to explain the ∼300 au thickness of the polarized
emission. Note that, in their study of the polarized outflow
cavities of BHR 71 IRS2, Hull et al. (2019) also find that only
long-wavelength (i.e., mid- to far-infrared) photons can
penetrate to depths similar to those where we see polarization
in the cavity walls of Serpens Emb 8(N).

Hull et al. conclude that this scenario of a “thick” layer of
aligned dust grains in BHR 71 is more likely than the scenario
where the polarization is produced by an extremely thin layer
of grains aligned only by UV/optical photons. However, even
given the likelihood of the thick-wall scenario, the numbers we
calculate above are still an upper limit to the penetration depth.
This is because the “thick” wall we see will have its thickness
increased, at least to a small degree, by the projection of the
curved cavity wall onto the plane of the sky.

Beyond outflow cavity walls, the high polarization fractions
observed at small radii, where dense protostellar envelopes are
optically thick to short-wavelength photons, require that grains
be large (>10 μm) in order to be to aligned via B-RATs with
the local (sub)millimeter radiation field, as shown for the first
time in Valdivia et al. (2019). While dust is known to grow to
such sizes in circumstellar disks (e.g., Pérez et al. 2012; Testi
et al. 2014; Stephens et al. 2017; Hull et al. 2018), this degree
of grain growth at large (∼500–1000 au) distances from the
central source is unexpected, although a recent work by
Galametz et al. (2019) has found that large grains (millimeter-
sized) might be present in Class 0 protostellar envelopes.
However, as was proposed in Wong et al. (2016), outflow
activity may be sufficient to transport large dust grains from the
innermost part of the core (where the large grains are most
likely formed) to the envelope, where we can detect their
presence via the dust polarization we observe in outflow cavity
walls (in the case of our calculations, at 600 au from the center
of the protostar).

Because the average size of the dust grains probed changes
with observing wavelength, it would be interesting to perform
longer-wavelength measurements of the polarized features we
detect that are presumably not being irradiated by a strong UV
field. Such observations would allow us to characterize the
environmental conditions (in terms of dust grain population and
radiation field) necessary for RATs to occur. Indeed, the

Eastern filament in SMM1-a, the polarization to the north of
the central core of Emb 8, the polarization detection in the
equatorial plane in B335 (Maury et al. 2018)), the “arm-like”
structure in OMC-3 MMS 6 (Takahashi et al. 2019), the
magnetized bridge in IRAS 16293 (Sadavoy et al. 2018b), and
the sharp filamentary structure to the NE of BHR 71 IRS1 (Hull
et al. 2019) are unlikely to be strongly illuminated by UV
radiation from the central protostar, because these structures are
not associated with the outflow cavity walls. This leaves us
with the question, where does the irradiation and/or anisotropic
radiation field necessary to align these grains via RATs come
from? While the answer is not yet clear, comparing dust
polarization observations with synthetic observations of MHD
models (see Valdivia et al. 2019) will enable a deeper
understanding of the dust grain populations in the innermost
regions of Class 0 envelopes.

5. Conclusions

We have presented ALMA dust polarization observations of
the three Class 0 protostars Serpens SMM1, Emb 8(N), and
Emb 8, at spatial scales from ∼150 au down to ∼40 au. The
conclusions we draw are as follows.

1. Serpens Emb 8(N) exhibits strong polarization along its
outflow cavity walls, with magnetic field orientations
aligned with the major axis of the dust emission.

2. In Emb 8(N), there is an obvious anticorrelation between
areas where we see polarized dust emission and emission
from warm dense-gas tracers such as C18O and 13CS, and
regions of cold, dense gas traced by DCO+.

3. Serpens SMM1-a presents several interesting polarized
emission zones. To the south of the central ∼200 au core
are two polarized filaments with magnetic field orienta-
tions along the filamentary structure. We identified one
filament as being the cavity wall of the redshifted
outflow; we speculate that the other one may be a
potential infalling accretion streamer.

4. The inner cores of SMM1-a and Emb 8(N) exhibit
poloidal magnetic fields that are perfectly aligned with
the bipolar outflows; no hints of toroidal magnetic fields
wrapped by core rotation have been found.

5. The polarized intensity map of the inner core of SMM1-a
presents a clear asymmetry, exhibiting an intense
polarized spot that peaks at 6% in polarization fraction.
This asymmetry in the polarized emission may be linked
to the fact we only see an EHV molecular jet on the
redshifted side of the bipolar outflow, which could
contribute to the high efficiency of the grain alignment in
this zone via a combination of the MAT and RAT
alignment mechanisms.

6. We propose that the enhanced polarization seen along
outflow cavity walls in Class 0 protostars is caused by
irradiation of the cavities, which have been cleared of
material by the outflow activity. Several studies (includ-
ing the spectral-line observations of Emb 8(N) that we
show here) have reported UV-tracing molecules along
outflow cavity walls, indicating chemistry driven by UV
irradiation in these regions. However, to align dust grains
deep within the walls of the cavity and to cause the high
polarization fraction that we see, longer-wavelength (i.e.,
mid- to far-infrared) photons may be necessary, which
would most effectively align large (>10 μm sized) grains.

21 The chosen κ values from Ossenkopf & Henning (1994) are the following:
κ1 μm=1.18×104 cm2 g−1, κ10 μm=2.35×103 cm2 g−1, κ100 μm=
5.92× 101 cm2 g−1, and κ1 mm=2.74 cm2 g−1.
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This challenges our current understanding of grain
growth in Class 0 sources.

7. High polarization fractions are seen in highly embedded
areas of Class 0 sources that are unlikely to be irradiated
by the central protostar. These regions include the
possible accretion streamer to the south of SMM1-a, the
polarized emission we see to the north of the central core
of Emb 8, and magnetized filamentary structures detected
toward several other sources. The question of what would
trigger the enhanced polarization in these regions—which
are highly embedded, and far away from any obvious
source of strong irradiation—remains open.

More work is needed to better understand the relationships
among the radiation field, chemistry, and dust-grain alignment
in young protostellar sources. Understanding better the
environmental conditions that trigger enhanced polarization in
embedded protostars will require working with next-generation
full-polarization radiative transfer such as POLARIS (Brauer
et al. 2016; Reissl et al. 2016, 2017); this future work will
ultimately improve our understanding of the role played by the
magnetic field in protostellar evolution.
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Appendix A
Scheme of the SMM1 Core

A schematic view of the Serpens SMM1 core is shown in
Figure 18.

Appendix B
Gradient Maps Derived for the Histograms in SMM1 and

Emb 8(N)

The histograms presented in Figure 12 show the distributions
of relative orientations between the magnetic field and the
intensity gradients of both the continuum dust emission and the
integrated CO (J=2→1) moment 0 emission, within the
Serpens SMM1-a and Emb 8(N) protostellar cores.
To produce the histograms, we select the magnetic field

orientations in pixels with emission over the 3σP threshold,
where σP is the rms noise value of the polarized intensity map.
In the case of the SMM1-a core, the emission from its
neighbors, i.e., SMM1-b, -c, and -d, is removed by hand in
order to take into account only the emission related to SMM1-
a. We consider separately the emission emanating from the
central inner core of SMM1-a (applying a threshold of 25σI,
where σI is the rms noise level of the Stokes I map) and the
emission emanating from the dust cavity walls and filaments
(where the selected emission is between 7σI and 25σI). As for
Emb 8(N), we just select the value above 11σI in the total
intensity map, in order to focus on the central core and to avoid
considering any emission from the large-scale dense, cold
filament described in Section 3.1. Concerning the blue- and
redshifted moment 0 maps, we use the same ranges of
integration as the those presented in Figures 2 and 6, applying
a threshold of three times the rms noise level of the moment
0 maps.
After calculating the gradient, we apply a selection on the

gradient values in order to focus on the relationship between
the magnetic field and the emission gradients in regions of high
gradient. This selects, for example, the clear outflow cavity
walls in the dust emission and moment 0 maps, the filamentary
structures of SMM1-a, and the central inner cores of our
protostars. In order to select regions of high gradient, we
consider only gradients >1/100×(peak – rms) for the
moment 0 maps, and >1/1000×(peak – rms) for the dust

Figure 18. Schematic view of Serpens SMM1. The color scale is the total
intensity (Stokes I) of the thermal dust emission from Case-1, shown when
I>3σI, from the combination of data sets A, B, and C; see Table 3 Case-1.
σI=0.57 mJy beam−1. The peak in the total intensity is 203 mJy beam−1. The
red ellipse in the lower left corner represents the beam size, measuring
0 15×0 14, with a position angle of −48°. 5.
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Figure 19. Gradient maps in Serpens Emb 8(N). The black contours trace the dust continuum from Case-2 at 11, 16, 24, 44, 74, 128, 256×σI in the total intensity
map of dust emission, where σI=55 μJy beam−1. Top: the color scale represents the gradient within the central zone of Emb 8(N), derived using the total intensity
map of dust emission. The gradients are computed where the emission is >11σI in this central region. Bottom left: gradient derived within the moment 0 map of the
blueshifted CO emission integrated from −53 to 0 km s−1. Bottom right: gradient derived within the moment 0 map of the redshifted CO emission integrated from 15
to 40 km s−1. The noise value in both moment 0 maps is 0.1 Jy beam−1 km s−1; the gradients are calculated where the integrated CO emission is >3×this value. All
gradients are displayed where where the gradient is >1/100×(peak – rms) in the moment 0 maps, and >1/1000×(peak – rms) in the dust emission maps.
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Figure 20. Gradient maps in Serpens SMM1-a. The black contours trace the dust continuum from Case-1 at 8, 12, 20, 32, 64, 128, 256×σI in the total intensity map
of dust emission, where σI=0.57 mJy beam−1. Top left: the color scale represents the gradient derived within the central zone of SMM1-a and using the total
intensity map of dust emission. The gradients are computed where the emission is >25σI in this central region. Top right: gradient derived within the filaments and
outflow cavities of SMM1-a and using the total intensity map. The gradients are computed where the emission is between 7σI and 25σI; we also remove the emission
from the other cores SMM1-b, -c, and -d. Bottom left: gradient derived within the moment 0 map of the blueshifted CO emission integrated from −13 to 4 km s−1.
Bottom right: gradient derived within the moment 0 map of the redshifted CO emission integrated from 10.5 to 30 km s−1. The noise values in the blue- and redshifted
CO moment 0 maps are 0.58 and 0.43 Jy beam−1 km s−1, respectively. The gradients are calculated where the integrated CO emission is >3×these values. All
gradients are displayed where the gradient is >1/100×(peak – rms) in the moment 0 maps, and >1/1000×(peak – rms) in the dust emission maps. Emission in the
central zone of SMM1-a and from SMM1-b has been removed in order to focus on the outflow cavities of SMM1-a.
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continuum maps. Where both a gradient value and a magnetic
field position angle are selected in the same location, a point is
added to the distribution. Finally, we Nyquist-sample the final
distributions presented in the histograms, i.e., using four points
per synthesized beam (two points in R.A. and two in decl.) in
both the dust or CO moment 0 maps. We present the gradient
maps in Figures 19 and 20.
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2.3. DISCUSSIONS ON ARTICLE I 116

2.3 Discussions on Article I
My work brings a variety of questions concerning our knowledge of grain alignment mechanisms,

and the morphology of magnetic fields. More especially, one needs to investigate how can we
reconcile the observed polarized dust emission with the current theory of grains aligned by RATs
with respect to magnetic field lines. To that extent, the surprising high values of polarization
fraction, and the maps of polarized intensity whose emission peaks in specific regions, need to be
understood. To pursue the discussion raised by article I (Le Gouellec et al. 2019), we present a
couple of other ALMA dust polarization observations of Class 0 protostellar cores in Section 2.3.1.
In Section 2.3.2, we discuss how these observations are consistent or not with RATs. We discuss
particularly the potential effect of temperature on grain alignment efficiency in Section 2.3.3. Our
results suggest that large dust grains must populate the inner envelope of Class 0 objects where we
detect polarized dust emission; we discuss the potential origin of these large grains, i.e., when and
where large dust grain growth may have occurred in the core, in Section 2.3.4. Finally, we discuss
the magnetic field morphologies we detect in our observations in Section 2.3.5, with respect to the
potential role the magnetic field is playing in the dynamics of the inner core.

2.3.1 Comparisons with other observations of Class 0 protostellar cores
with ALMA

ALMA dust polarization observations of Class 0 sources are still few (about 20). In addition to
three Serpens Class 0 protostellar cores we present in Le Gouellec et al. (2019), we present three
other bright objects observed in dust polarization with ALMA, that exhibits a large number of
detections in polarized dust emission. Figures 2.2 and 2.3 present the ALMA dust polarization
observations of the wide-binary Class 0 protostellar system BHR71 IRS1 and IRS2 published in Hull
et al. (2020a), while Figure 2.4 shows ALMA dust polarization observations of NGC1333 IRS4A
published in Ko et al. (2020). Contributing to the work performed on the BHR71 sources was part
of this PhD, while we add the IRAS4A source in the manuscript for its interesting observational
features.

The BHR71 system (Bourke et al. 1997; Garay et al. 1998; Bourke 2001; Parise et al. 2006;
Chen et al. 2008) is located at a distance of 200 pc from us, and is made of two binary components,
IRS1 and IRS2, separated by ∼ 3000 au. Recently, Tobin et al. (2019) reported the bolometric
luminosities to be 14.7 L� and 1.7 L� for IRS1 and IRS2 respectively, and the total mass to be
4.6 M� for the entire BHR71 system. The ALMA dust polarization observations consist in two
pointings, one on each protostar, with a spatial resolution of ∼ 200 au, performed at 1.3 mm.
We refer the reader to the paper presenting the dataset in detail (Hull et al. 2020a). For the
purpose on this thesis, we only discuss here the results from the dust polarization observations.
Figures 2.2 and 2.3 present the maps of magnetic field orientations, total intensity thermal dust
emission, and bipolar outflow traced by the CO (J =2→ 1) molecular emission line, toward IRS1
and IRS2. The two cores exhibit significantly different maps of polarized dust emission. In IRS2,
the majority of the polarized intensity is detected toward the walls of the bipolar outflow cavities
similarly to Serpens Emb 8(N), with magnetic field lines aligned with the major axis of these
outflow cavity walls, suggesting the magnetic field has been shaped by the outflow. Toward the
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much more luminous IRS1 core the polarization do not seem to be affected by the outflow and
the polarized intensity lies all over the inner core. Contrary to Emb 8(N) or IRS2, the polarized
dust emission emanates from outside the regions of the outflow cavity walls, possibly due to the
higher irradiation from the central protostellar regions, where magnetic field lines seem to reveal
the natal hourglass-shaped field, affected by the gravitational collapse of the core. In addition, the
sharp filament-like structure detected to the North-East of the central source in IRS1, which is
clearly offset from the redshifted outflow lobe, have been proposed to be an accretion streamer,
i.e., a channel of infalling material potentially collimated by the magnetic field, similarly to the
North-South filament located to the South of Serpens SMM1-a.
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Figure 2.2: Magnetic field lines around BHR71 IRS1. Line segments represent the magnetic field
orientation, rotated by 90° from the dust polarization angle (the length of the segments does not represent
any quantity). They are plotted where the polarized intensity P > 3σP . Left: the color scale is the total
intensity (Stokes I) of the thermal dust emission at 1.3 mm, shown from 3σP . The gray contour indicates
the 3σP level. The noise levels are σP = 25µJy beam−1, σI = 300µJy beam−1. The peak polarized
and total intensities are 1.85 mJy beam−1 and 468 mJy beam−1, respectively. Right: Moment 0 map of
CO (J =2→ 1) on a color scale (from Tobin et al. 2019) overlaid with the total intensity contours. The
moment 0 map is constructed by integrating emission from -40 to -6 km s−1 (blue) and from -2.2 to -29.9
km s−1 (red). The black contours trace the dust continuum from at levels of 3, 6, 9, 13, 16, 24, 44, 74, 128,
256×σI . The two lobes of the outflow have been plotted on different flux scales to enhance their visibility;
as a result, relative fluxes should not be inferred from this image. The ellipses in the lower-left corners of
two panels represent the ALMA synthesized beam (resolution element), which measures 1.′′10× 0.′′89 for
the dust polarization observations (red ellipse, equivalent to a linear resolution of ∼ 200 au at a distance
of 200 pc), and 1.′′50× 1.′′33 for the CO (J =2→ 1) molecular line observations.

Figure 2.4 presents the ALMA dust polarization observations at 870 µm of the low-mass Class 0
protostellar core NGC1333 IRAS4A located in the Perseus molecular cloud, at a distance of 294 pc.
The core is made of two components, IRAS4A1 (to the South-East) and IRAS4A2 (North-West),
and both of them launch a molecular bipolar outflow (Santangelo et al. 2015; Ching et al. 2016; De
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Figure 2.3: Magnetic field lines around BHR71 IRS2. Same as Figure 2.2. The noise levels are σP = 25µJy
beam−1, σI = 150µJy beam−1. The peak polarized and total intensities are 0.2 mJy beam−1 and 31 mJy
beam−1, respectively.

Simone et al. 2020b; Podio et al. 2020c; Taquet et al. 2020). Previously to the ALMA observations
published in Ko et al. (2020), this source has been characterized at larger scales by a number of
dust polarization observations (Akeson et al. 1996; Akeson & Carlstrom 1997; Girart et al. 2006;
Gonçalves et al. 2008; Frau et al. 2011; Hull et al. 2014; Cox et al. 2015; Liu et al. 2016a; Galametz
et al. 2018) that revealed a hourglass shape magnetic field morphology. The maps presented in
Figure 2.4 are from the ALMA datasets published in Ko et al. (2020), that were re-reduced and
imaged for Le Gouellec et al. (2020) (see Chapter 3). Ko et al. (2020) focuses on the polarized
dust emission toward the central ∼ 100 au of IRAS4A1. Thanks to multi-wavelength observations
(including Karl G. Jansky Very Large Array millimeter observations), they showed that this central
region is optically thick at least at wavelength shorter than 1.3 mm (the high optical depth of the
central region of IRAS4A1 at (sub-) millimeter wavelength has also been probed in Sahu et al.
2019; Su et al. 2019; De Simone et al. 2020a), and undergoes a flip in polarization position angle of
90◦ between the 870 µm & 1.3 mm ALMA and the 6.3 mm & 16.7 mm VLA observations. They
propose that these dust polarization observations from the innermost region of the IRAS4A1 core
result from dichroic extinction, i.e., probe the absorption of foreground aligned dust against the
weakly or unpolarized warm dust emission coming from the center. Liu (2020) also reported this
effect toward another Class 0 source in Orion, OMC3 MMS6, using a similar method.

Outside the inner ∼ 100 au of IRAS4A1, the maps shown in Figure 2.4 reveal the details of
the magnetic field morphology, and structures of the total intensity and polarized dust emission.
The total intensity to the South of IRAS4A1, and the corresponding “patch” of polarized intensity,
seem to trace the blueshifted outflow cavity. To the North-East of IRAS4A1, the Stokes I emission
is fainter, but an associated large structure of enhanced polarized intensity embraces the redshifted
outflow cavity as traced by the CO molecular emission line. Toward IRAS4A2, the structures in
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Figure 2.4: Magnetic field lines around NGC1333 IRAS4A, from 870 µm observations. Same as Figure 2.2 for
the top panels. The noise levels are σP = 44µJy beam−1, σI = 430µJy beam−1. The peak polarized and total
intensities are 12.8 mJy beam−1 and 210 mJy beam−1, respectively. The moment 0 map of CO (J =2→ 1) is
constructed by integrating emission from -30 to 4 km s−1 (blue) and from 10 to 55.5 km s−1 (red). The resolution
of the dust polarization observations are 0.′′21× 0.′′12 (yellow ellipse, equivalent to a linear resolution of ∼ 50 au
at a distance of 294 pc), and 0.′′49× 0.′′31 for the CO observations (red ellipse). Bottom: The color scale and grey
contours trace the polarized intensity shown, from 3σP and at levels of 3, 5, 7, 9, 11, 16, 24, 44×σP , respectively.
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total intensity appear to correspond either to the equatorial mid-planes of the core, or the base of
the outflow cavities. The polarized dust emission is clearly enhanced to the South of the source,
where it overlaps with the blueshifted outflow cavity. The redshifted outflow cavity of IRAS4A2
also overlaps with polarized dust emission, but the polarized intensity is less clearly enhanced
than to the blueshifted cavity. Finally, to the East of IRAS4A1 and to the West of IRAS4A2, the
polarized emission is also enhanced. These regions of the envelope, with no overlap with the CO
molecular emission line, trace the equatorial mid-plane of the two cores, exhibiting magnetic field
lines oriented predominantly along the plane connecting the two sources.

Overall, the magnetic field lines toward the outer core (say spatial scales of ≥ 1000 au) reflect the
morphology observed with lower angular resolution observations (Girart et al. 2006; Gonçalves et al.
2008; Hull et al. 2014). Nevertheless, at smaller scales (say spatial scales of ≤ 500 au), magnetic
field lines exhibit more complex morphologies. The field lines appear twisted, are re-oriented toward
the two protostars, suggesting magnetic fields either guide and collimate collapsing material, or
get dynamically overwhelmed by the infalling flows of matter. Given the details of the ALMA
polarized intensity maps, the hourglass shape from the previous observations likely results from
the smoothing of these complex morphologies linked with the infalling envelope and the irradiated
outflow cavity walls. The ALMA dust polarization observations of IRAS4A seems to fall between
the dichotomy raised in BHR71, with polarized dust emission not only detected toward outflow
cavity walls, and but also all over the core, and equatorial mid-planes. We note that this comparison
is biased by the fact that the spatial resolution achieved in the 870 µm observations of IRAS4A
is significantly higher. In addition, the emission could be dominated by low spatial frequencies,
especially toward these large patches of polarized intensity where the polarization position angles
are very homogeneous. Further investigation of this dataset could include an exploration of different
weightings, and different ALMA configurations can determine whether the accuracy of the spatial
reconstruction of the polarized signal suffers from incomplete uv-coverage. Finally, it is not clear if
in IRAS4A, the magnetic fields has been shaped by the outflow activity.

2.3.2 Disentangling the potential grain alignment mechanism(s)
In addition to the morphology of the polarized dust emission, the ALMA dust polarization

observations presented here reveal also that the encountered values of fractional polarization are
high, compared to what is expected from the theory of grain alignment by RATs and from our
current understanding of the characteristics of dust grain populating the inner envelope of young
protostellar cores. This suggests that we need to elucidate the physical conditions encountered
by dust grains in these specific regions, for us to reconcile grain alignment theories with these
observations.

The optical thickness appears to be a crucial ingredient to take into account before analyzing
the polarized dust emission from the inner core (≤ 400 au). A multi-wavelength study of the
thermal dust emission can thus help to fully understand the dust polarization observations. The
self-scattering effect can emanate from the central optically thick regions of the core, where the
linear polarization thus do not trace magnetic field lines (see for example Cox et al. 2018; Harris
et al. 2018; Sadavoy et al. 2018a,b, 2019 for detections of self-scattering in Class 0 cores). In
addition dichroic extinction due to self-absorption can also occur in optically thick line-of-sight.
Among the cores we present in Section 2.3.1 and in Le Gouellec et al. (2019), these effects likely
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concern only the central 100 au of IRAS4A1. We discuss in 2.2 the optical thickness of the central
∼ 200 au of SMM1-a, and find that even if this central region could be optically thick at 870 µm,
the polarized intensity and morphology of the polarization position angles, point toward grains
aligned with magnetic field lines.

The decrease of polarization fraction as a function of column density observed in Le Gouellec
et al. (2019); Hull et al. (2020a) is an expected result from the RAT theory. The interpretation
justifying the drop of polarization fraction by the extinction of UV photons by dust grains in starless
dense clouds (Andersson & Potter 2007; Jones et al. 2015) is disfavored in Class 0 protostellar cores,
because of the embedded central protostellar embryo, which can provide additional photons to align
grains. This decrease in polarization fraction can be more likely explained by the combined effects
of the depolarization caused by the magnetic disorder along the line of sight, that can increase with
the column density (Jones et al. 1992; Planck Collaboration et al. 2015b, 2020, see also Chapter
3 and Le Gouellec et al. 2020), the increasing gaseous collisional de-alignment with the column
density, and also eventually a change in dust grain characteristics (shape, composition, and shape)
with increasing density.

The high values of polarization fraction are thus encountered toward the outer core, where the
SNR values in Stokes I and P are low. In addition, filtering effects in Stokes I (more dynamic-range
limited than P ) could be responsible for artificial high value of polarization fraction. The high
values of 10-20% reported in Le Gouellec et al. (2019); Hull et al. (2020a), toward high SNR
regions though, are still difficult to reproduce by models, as they correspond to very efficient grain
alignment. The irradiation seems to be the agent enhancing grain alignment efficiency, as suggested
by the enhancement of polarized intensity toward the irradiated outflow cavity walls. We note
that, however, the filament-like streamer structures and equatorial planes that also exhibits high
polarized dust emission, are not likely under a strong irradiation field, which raises the question of
how can RATs still be efficient at aligning dust grains in these obscured, poorly irradiated regions?
The radiation field strength is not the only parameter to consider when analyzing the conditions of
grain alignment—one must also consider grain size. Indeed, radiation field is heavily reprocessed by
the dense envelope material and its mean wavelength is increased as it propagates, making it able to
only align large dust grains. As developed in these two articles, considering the photon penetration
path length estimated with the density of the material (in cavity walls of BHR71 IRS2 and Emb
8(N), or the filament to the South of SMM1-a, for example), and the dependence between the RAT
efficiency (see Equation 1.27) with the mean wavelength of the radiation spectrum, we conclude
that aligned grains in such embedded environments must be ≥ 10 µm if RAT is the alignment
mechanism (see Valdivia et al. 2019).

While we invoke ≥ 10 µm dust grains in the inner envelope probed by our ALMA observations,
the possibility of grain size ≥ 100 µm is right now totally unconstrained. This is however, the
order of magnitude in grain size that would be necessary to trigger k-RAT mechanism, in the
very dense and irradiated environment of the inner core (Tazaki et al. 2017). In addition, this
mechanism seems to be at odd with some of our observations, where the polarization position angles
that trace the electric vector field do not exhibit the expected azimuthal pattern from the k-RAT
mechanism, considering a radial radiation field emanating from the central protostellar regions
(this is the case in SMM1, BHR71 IRS1, IRAS4A). The magnetic field morphology inferred from
polarized dust emission appears coherent with respect to the speculated infall dynamics of the inner
envelope (the streamer structures we discuss), previous larger scale observations of magnetic field,
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and outflow feedback potentially affecting the magnetic field morphology toward outflow cavity
walls. However, this is less obvious from the polarization position angles toward Serpens Emb
8(N) and the blueshifted outflow cavity of BHR71 IRS2, where the polarized dust emission only
emanate from the outflow cavity walls, and can possibly be associated to an electric vector field
radial pattern. Therefore, we conclude that the k-RAT mechanism ought not to be responsible for
the main part of the polarized dust emission we present, especially given the grain size argument.
We will quantitatively address the viability of k-RAT in the specific conditions of outflow cavities
in Chapter 4.

Finally, a theory of grain alignment via mechanical alignment torques (MATs) has been developed
in Lazarian & Hoang (2007); Hoang et al. (2018); Lazarian & Hoang (2021). The MAT mechanism
is a candidate to be at work alongside RATs in star forming objects, given the dynamic environment
of the infalling and outflowing gas, and possible entrained large dust grains (Wong et al. 2016,
see Section 2.3.4). This mechanism consists in mechanical torques applied on dust grains by the
collisions of gas particles. MATs can drive grain alignment for subsonically (but also supersonically)
drifting grains similarly to RATs, with low-J and high-J attractors points. This can lead to grain
aligned with respect to magnetic field lines or along the drift velocity direction. It is not clear
right know if MATs are at work in the interiors of star forming cores, given the uncertainty on our
knowledge of the gas-dust drift in an outflow cavity, and along infalling/streamer structure. One
potential source of drift between gas and dust is the ambipolar diffusion, which can cause a drift
between the small charged grains and neutral gas (see Roberge et al. 1995 for example). Another
source of drift is the fact that large dust grains tend to decouple from the gas which can lead to
significant drift in protoplanetary disks for example (Kataoka et al. 2019; Tatsuuma & Kataoka
2021). This latter source of gas-dust drift has been quantified in simulations of collapsing cores via
the implementation of dust dynamics in the RAMSES code (Lebreuilly et al. 2019; Lebreuilly 2020;
Lebreuilly et al. 2020). Whether it is significant enough for MATs to contribute to grain alignment
is beyond the scope of this thesis. However, see Section 6.4 for perspectives about potential future
work.

2.3.3 The effect of temperature on polarized dust emission
An additional strong argument favoring RATs as the mechanism responsible for the observed

polarized dust emission is the dust temperature argument, that is possible to constrained via
chemistry. Indeed, toward the dense interior of cores, the dust temperature is controlled by the
radiation field emanating from the protostar that heats the inner envelope. Such a radial gradient
in temperature typically govern which chemical specie is in the gas phase, given that different
molecules may have different sublimation temperatures. The thermal structure of the infalling
envelope alongside chemical processes in the gas phase thus control the spatial segregation of gas
species.

In particular, CO, its isotopologues and N2D+ trace relatively distinct regions of the core. CO is
frozen-out onto dust grains at temperature below ∼ 20-25 K toward typical densities of star forming
cores n > 105 cm−3 (Frerking et al. 1982; Benson & Myers 1989). CO thus evaporates from the
dust grains in the inner regions on the envelope, where the temperature is higher. However, in the
gas phase CO efficiently destroys N2D+ (Aikawa et al. 2001; Jørgensen et al. 2011; Vasyunina et al.
2012; Tobin et al. 2013). Moreover, the formation pathway of N2D+ is shut off at temperature
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higher than ∼ 20 K, because its chemical precursor H2D+ gets depleted (see Herbst 1982; Roberts &
Millar 2000). These reasons explain the clear anti-correlation observed between C18O and N2D+ in
BHR71 IRS1 and IRS2 (Tobin et al. 2019; Hull et al. 2020a). Similar temperature effects have been
found in other Class 0 protostellar cores in the CO and N2H+ molecular emission lines (Jørgensen
et al. 2004; Chen et al. 2008; Kwon et al. 2015; Anderl et al. 2016, 2020).

Figure 2.5 presents the spatial segregation between CO, N2D+, and polarized dust emission
toward BHR71 IRS1 and IRS2 cores. The polarized dust emission seems to be anti-correlated with
the N2D+ molecular emission line in both cores. More especially, toward the northern edge of the
redshifted outflow cavity of IRS2, dust polarization is strictly detected between the cavity traced
by CO, and a cold layer of dense envelope traced by N2D+. Similarly, the equatorial mid-plane
of IRS1 on the East side of the core do not present detected dust polarization beyond ∼ 1000 au,
but a wide-angle cold region detected in N2D+, suggesting of a cold equatorial mid-plane. Same
anti-correlation has been detected in Serpens Emb 8(N) between the polarized dust emission and
the DCO+ (J = 3→ 2) spectral line tracing the cold regions (≤ 20K, this molecule is formed in
cold gas where the deuterium chemistry is active, but not so cold to avoid too high CO depletion
onto dust grains) of the ≤ 2000 au envelope (Jørgensen et al. 2011; Murillo et al. 2015).

The transition zone between polarized and unpolarized regions seems to coincide with a change
in the gas phase chemistry occurring at T∼ 20K, where CO and its isotopologues get depleted
from the gas phase and freeze-out onto dust grain’s surface. However, the irradiation field coming
from the central protostellar embryo and accretion onto it is the main source of heating in the inner
core (≤ 2000 au), where we detect polarization. This anti-correlation between cold gas tracer and
polarized intensity suggests that where the radiation field emanating from the central regions has
been too much attenuated, it is no longer sufficient to efficiently aligned grains. This argumentation
thus favors the RAT mechanism, whose efficiency is highly sensitive to the strength of the radiation
field.

2.3.4 Where do large grains come from at the Class 0 stage?
We saw that RAT theory requires large grains to be present within the dense structures

associated with enhanced polarized dust emission, that are encountered in the inner cores of Class
0 objects. This claim is not at odd with our current knowledge of the dust grains populating
the envelopes of those objects. According to the results obtained on the “coreshine” phenomenon
(Pagani et al. 2010; Steinacker et al. 2010; Andersen et al. 2013; Lefèvre et al. 2014; Steinacker
et al. 2015; Jones et al. 2016), dust grains must have already grown ≥ 0.5µm at the scale cores
(∼ 5000− 10000 au). Furthermore, recent studies looking at the dust emissivity index β in Class
0/I objects at envelope scales found evidence for large grains (Kwon et al. 2009; Chiang et al.
2012; Miotello et al. 2014; Bracco et al. 2017; Li et al. 2017b; Galametz et al. 2019; Nakatani et al.
2020; Ohashi et al. 2021), as the low values of the dust emissivity spectral index β they found at
millimeter wavelengths can be explained by dust grain growth (Ossenkopf & Henning 1994; Draine
2006; Ysard et al. 2019). The maximum size of dust grains that can be inferred from these studies
is however degenerate given the impact that the dust composition, and the profile of the dust
temperature along the line of sight, can have on the shape of the spectral energy distributions. For
example, using the THEMIS model (Jones et al. 2013), Ysard et al. (2019) has shown that varying
the composition of mixtures of amorphous hydrogenated carbon grains and amorphous silicates
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Figure 2.5: N2D+, polarized dust emission and molecular outflow toward BHR71 IRS1 and IRS2. Same
as the right panels of Figure 2.2 and 2.3 for magnetic field lines and CO (J =2→ 1) molecular emission
line. The black contours show the N2D+ (J = 3→2) emission at levels of 3, 4, 6, 8, 10× 0.04 Jy beam−1

km s−1, which is the rms noise level in the moment 0 map. The red ellipse is the resolution of the dust
polarization observation. The yellow and green ellipses (that overlap because very similar in size) are the
resolution of the molecular line observations.

strongly influenced the thermal emission of dust grains across wavelengths. In addition, depending
on the grain growth process, the large dust grains that these multiwavelength studies have revealed
may consist in large aggregates, which in turn can strongly affect their effective porosity, and thus
their mass absorption coefficient. This is for example an ingredient that is needed to be taken into
account in the modelling of the polarization signal caused by dust self-scattering in protoplanetary
disks (Kataoka et al. 2014; Kirchschlager et al. 2019; Tazaki et al. 2019a; Brunngräber & Wolf
2021).

There is thus significant evidence that grain growth has occurred at larger scales than the scales
probed by the ALMA dust polarization presented here. The values of grain size we estimate via our
calculations of photon penetrations path length within the observed polarized structures are subject
to uncertainties coming from the adopted dust temperature and grain opacity values used to derive
the mass of structures. However, even considering high dust temperatures values, the obtained
column density of the cavity walls and streamers are still too high to allow short wavelength
(≤ 10µm) photons to penetrate deep enough (the typical size of the structures associated with
enhanced polarized dust emission). Now, one must investigate whether these densities could trigger
the necessary grain growth, i.e., if the timescale of grain growth occurring at these densities could
correspond to the dynamical timescale of these structures. Ormel et al. (2009); Hirashita & Li
(2013) developed grain coagulation models to predict the typical timescale necessary to grow large
grains. This timescale highly depends on the material density, as the denser the medium, the stickier
the grains are. Therefore, the speed of the coagulation processes occurring during the protostellar



2.3. DISCUSSIONS ON ARTICLE I 125

collapse must be enhanced within the densest structures of the inner envelope that we detect in
polarized dust emission. Using similar modelling, Wong et al. (2016) proposed that envelope density
of nH = 105 cm−3 do not allow fast enough coagulation with respect to the free-fall time scale,
e.g., building 10µm grains would require 7-10 tff (at this density of 105 cm−3, see Equation 1.7).
Therefore the authors Wong et al. concluded that grain growth must occur at higher densities, and
derived that to grow grains above 300 µm in a reasonable amount of time, density higher than
1010 cm−3 (corresponding to the circumstellar disk) are required (for example, in their models 10µm
grains would require ∼ 1 tff to grow within a 1010 cm−3 medium). As a consequence, to explain the
presence of large grains in the inner envelope, they proposed that the gas drag by the outflow/wind
activity can efficiently “launch” large grains from the upper-layers of the inner disk (see also the
recent work by Tsukamoto et al. 2021 that reaches similar conclusions). A potential limit of this
scenario is the potential vertical dust grain size segregation, or dust-settling, of the circumstellar
disk, which predicts that large grains lie in the mid-plane and that the upper-layers are populated
in small grains. We also note that, the density reached in the polarized, high density structures we
present typically reach nH ' 106 − 109 cm−3, which could also justify that dust grains can have
the time to grow in situ, toward the densest parts of the collapsing envelope.

Detailed quantifications of the gas-dust drift velocities, and differential velocities between two
dust species, are required to determine whether dust shattering/ fragmentation may be a problem,
precluding efficient grain growth, and/or survival of dust grains in the outflow (Blum & Wurm
2008; Wada et al. 2009, 2013; Yamamoto et al. 2014; Gundlach & Blum 2015). In addition, one
needs to investigate the kinematics of the dense outflow cavity walls with respect to the outflow
itself, to see if this dust delivery from the outflow can efficiently populated the cavity walls in large
grains. Future coupling between dust dynamics module developed by Lebreuilly et al. (2019) and
the newly developed dust coagulation on-the-fly solver of Lombart & Laibe (2021) shall enable to
accurately determine the origin of large grains of the inner envelope of Class 0 objects.

Finally, for the grain growth argument to be validated, we need to ensure that the timescale to
grow grains is large compared to the typical time necessary to align dust grains with magnetic field
lines. Indeed, if dust grains grow in situ within the envelope, i.e., during the infall, the grain-grain
collisions that result in grain growth may affect the state of alignment of the resulting grown grains.
These grains may have to reach again a state of alignment, either via low-J or high-J alignment, to
produce back an efficient polarization. Such grain alignment timescales are introduced in Section
1.3.2.4 and will be discussed in Section 4.4.4 for typical Class 0 protostellar envelope conditions.
We noted above that the typical timescale necessary to grow grains in situ within the collapsing
envelope corresponds to a couple of free-fall times tff, where tff ' 103 − 3× 104 years for densities
of 106 − 109 cm−3. If dust grains experience a fast alignment, i.e., if grains are directly driven to a
high-J attractor point (Lazarian & Hoang 2007), the grain alignment timescale is much shorter
than such grain growth timescale. However, if grains are firstly driven to a low-J attractor point,
the grain alignment timescale may be comparable to the grain growth timescale (Hoang & Lazarian
2008, 2016; see Section 4.4.4 for further details on grain alignment timescale comparisons).
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2.3.5 On the variety of Class 0 protostellar magnetic field morpholo-
gies and inner envelope structure

Although some of our results of dust polarization observations are not yet fully explained/reproduced
by RAT theory and modelling, we think this is reasonable to attribute the detected linear polariza-
tion to grains aligned with magnetic field lines. The magnetic field morphologies thus suggested by
these ALMA observations, exhibit various and interesting structures, that seem to point toward
potential role of magnetic fields in the dynamical evolution of star forming cores. Among the few
Class 0 cores which have been mapped at high sensitivity with ALMA observations—i.e., Serpens
Emb 8, Emb 8(N) and SMM1 (Hull et al. 2017b,a; Le Gouellec et al. 2019), BHR71 IRS1 and
IRS2 (Hull et al. 2020a), B335 (Maury et al. 2018), NGC1333 IRAS4A (Ko et al. 2020), L1448
IRS2 (Kwon et al. 2019), OMC3 MMS6 (Takahashi et al. 2019)—a variety of density structures
and magnetic morphology within the inner envelopes have been detected. It seems reasonable to
compare these morphologies with the major physical processes at work in the formation of stars
at the protostellar evolutionary stage: the accretion and ejection of material (via the infalling
envelope and bipolar outflows, respectively), as well as core and disk fragmentation. All of these
core characteristics depend on the evolution, as a function of spatial scales, of the balance between
the competing magnetic, gravitational, turbulent, thermic, and rotational energies.

While B335, Serpens Emb 8 (N), BHR71 IRS1 and IRS2, exhibit axisymmetric envelope
structures and magnetic field morphologies, a couple of other cores (such as Serpens Emb 8 and
SMM1) appear much more disorganized and chaotic, with filament-like polarized structures for
example, and present a significant level of fragmentation. Indeed, the fragments of Serpens Emb 8
have been detected in Le Gouellec et al. (2019) (whose protostellar nature have not been confirmed),
and the fragments SMM1-b and SMM1-d have been identified as protostars in Hull et al. (2017a).
Toward IRAS4A, the magnetic field lines seem more organized, with respect to the structures
in density, at spatial scales larger than the projected separation of ∼ 530 au between IRAS4A1
and IRAS4A2. Below these scales, the magnetic field disorganization seems to increase. In L1448
IRS2, the binary system separation is very tight (about the order of magnitude of the angular
resolution), and the magnetic field lines exhibit a typical hourglass shape dictated by the infall. On
the contrary, the magnetic field toward the wide-binary BHR71 system do not seem to be affected
by the fragmentation, as each individual core is resolved at a spatial scale lower than ∼ 3000
au, which is the projected distance separating IRS1 and IRS2. As introduced in Section 1.2.3.2,
simulations of collapsing cores have shown that the strength of the initial magnetic field relative to
that of turbulence, can dictate the predisposition a core has to fragment. The fragmentation can in
turn cause a transition between an organized versus a disorganized magnetic field. Depending on
the fragmentation mechanism, i.e., disk fragmentation versus turbulent fragmentation at core scales
(see Kratter et al. 2010; Offner et al. 2010 for example), this transition can occur at different scales.
We can thus speculate that the core initial magnetic field energy, compared to the turbulent energy,
was higher in cores whose collapse appears more likely magnetically regulated, like in B335 for
example (Maury et al. 2018). Besides, there may be a hint that some initial (large scale) topologies
of magnetic field may be more prone to regulate the development of angular momentum in the
inner envelopes, and thus the subsequent multiplicity (Galametz et al. 2018, 2019).

The characteristics of the inner-envelope structures, and their corresponding magnetic field
morphologies, may also affect the way accretion is occurring onto the protostar. While the current
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paradigm of mass accretion at core scales consists in spherically-symmetric collapse, the highly
polarized streamer structures may change this pattern, once their kinematic nature will be unveiled
(see Sections 6.2 and 6.3). More especially, one will need to identify the potential role of magnetic
fields in funnelling material via such filament-like structures toward the center of the protostar,
and if this can significantly affect, or not, the mass accretion rate and efficiency. Recently, strong
evidences have been found for the fact that non-spherically-symmetric collapse, in the form of
streamer structures is clearly happening, in Class 0/1 systems (Yen et al. 2014; Alves et al. 2019;
Yen et al. 2019; Alves et al. 2020; Pineda et al. 2020).

Besides, the HRO analysis performed on the two filaments and central region of SMM1-a
suggests a transition of pattern, between that of magnetically regulated to gravity-dominated
structures (see Koch et al. 2012, 2014, 2018). However, this remains an hypothesis, as we do
not know whether the magnetic field dynamically drives these streamers, or if the magnetic field
gets overwhelmed by the rotational, gravitational, or turbulent energies, especially given the fact
that the candidate magnetically regulated cores do not exhibit such streamer structures (we refer
here to the isolated B335 core, see Maury et al. 2018). However, upcoming detailed kinematic
studies will reveal a higher level of complexity in the infall dynamics than initially thought in B335
(Cabedo et al. 2021). Finally, the candidate detections of outflow-shaped magnetic fields in BHR71
IRS2 also suggests a balance of energies, between that of magnetic and outflowing energies. This
potentially points toward an additional feedback effect of bipolar outflow on their surrounding
environment. Unfortunately, further investigations for such energetic comparisons suffer from the
uncertainty/feasibility of the methods allowing to derive absolute values of magnetic field strength
in cores, at the small spatial scales considered here.

2.4 Summary
In this chapter, we have presented and described ALMA dust polarization observations of the

Class 0 protostars Serpens SMM1, Emb 8(N), and Emb 8 (Le Gouellec et al. 2019), BHR71 IRS1
and IRS2 (Hull et al. 2020a), and NGC1333 IRAS4A from (Ko et al. 2020), at spatial resolution
ranging from ∼ 200 au down to ∼30 au.

The density structures of the inner envelope seem to be driven by the infalling and outflowing
activities, with the detection of filament-like/streamer structures likely tracing infalling material,
and cavity walls of the bipolar outflow, clearly identified in the continuum thermal dust emission
maps. These features are detected in dust polarization and exhibits high polarization degree,
pointing toward an efficient grain alignment mechanism. The magnetic field morphologies present
strong links with the density structures shown in the total intensity maps. Most of the time, the
orientation of magnetic fields follow the major axis of the streamer structures and outflow cavity
walls, suggesting a strong link between the dynamics of the inner core with the magnetic field.
However, the exact role of magnetic field with respect to the infalling and outflowing activities is
still unclear, i.e., if the magnetic field is regulating these structures or it has been overwhelmed
by dynamical processes, as we do not perform detailed energetics comparisons. The example of
SMM1-a is relevant in the sense that our ALMA observations pick up the range scales where
a transition is occurring, between a magnetic field mostly aligned with the major axis of the
density structures, and a gravity-dominated magnetic field pattern toward the central hot-corino of
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SMM1-a.
This set of ALMA observations reveal that the interiors of Class 0 envelopes feature the perfect

physical conditions to cause an efficient grain alignment. The links raised in this chapter between
the irradiation field (toward the outflow cavity walls) and the dust temperature, with the polarized
dust emission, favor the RAT mechanism for being the cause of dust grains alignment with magnetic
field lines. However, given the evaluation of the column density and photon penetration path
length toward the structures exhibiting high polarized intensity, we can reconcile the expectations
of RAT theory with these observations only if the aligned grains located at ≤ 1000 au scales in
Class 0 envelopes have grown larger (typically ≥ 10µm) than the 0.1 µm size of dust grains in
the interstellar medium. Quantitative arguments concerning the physical conditions and thus
now needed to further interpret these dust polarization observations. With this goal in mind,
comparisons with models are performed in Chapter 3 and Chapter 4.
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Chapter 3

Quantifying the average dust grain
alignment efficiency in Class 0
protostellar cores
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As in all scientific fields based on observations, while the first step consists in observing and
analyzing in detail a couple of sources/detections, the second step often leads the work toward a
larger sample of observations, to obtain statistical trends, and eventually to draw a prototypical
picture of what is happening in a specific environment. A couple of ALMA observations of Class 0
protostellar cores are analyzed in detail in Chapter 2. We now gather a larger sample of ALMA
observations of Class 0 objects located in the low- and intermediate-mass local star forming regions,
in order to target the physics behind polarized dust emission: the dust grain alignment efficiency
(this work has been published in Le Gouellec et al. 2020). Gathering this sample of observations
allows us to build a prototypical picture of the dust grain alignment efficiency in Class 0 protostellar
cores. Indeed, this physical quantity is key in our understanding of the grain alignment mechanism
at work within the inner envelope of Class 0 protostellar cores. We will attempt to reproduce this
alignment efficiency with models, and draw conclusions about the physical ingredients needed to
explain the observed dust polarization, i.e., the physical conditions, and dust grain characteristics.

3.1 Introduction
To understand the causes of the polarized dust emission observed by ALMA toward Class 0

objects, there are two crucial points we need to consider, that affect our capability to confront
grain alignment theories and dust polarization observations: (1) the observations results from a
propagation of a signal along the line of sight in an optically thin medium where the physical
conditions are heterogenous, and (2) the spatial filtering done by the ALMA interferometer as well
as the noise added by the atmosphere and the telescope.

The first point represents a significant gap between the details of a grain alignment theory and
a dust polarization observations. For a given environment and grain population, the local physical
conditions dictate the maximum polarization fraction their thermal emission can provide. However,
along an integration along a line of sight, the resulting polarized dust emission depends on all the
conditions encountered in the medium. A Class 0 protostellar core is a heavily stratified object,
and the conditions to which the grain alignment is sensitive, can drastically change between the
inner and the outer core, as well as between outflow cavities and equatorial planes. In addition
to the physical conditions, the magnetic field orientation also evolves along the line of sight. The
disorganization of magnetic field lines along the line of sight in the regions that account the most
for the received dust thermal emission, is a direct cause for depolarization. This precludes us from
accessing the intrinsic maximum polarization produced by aligned dust grains, which is the physical
quantity we look for in order to constrain the grain alignment mechanism(s) occurring in cores.
A formalism of this effect is exposed by the Rayleigh reduction factor which depends on the Fdis
parameter (see Equation 1.34). In order to take into account this cause of depolarization, one can
attempt to estimate the disorganization of magnetic field lines along the line of sight, which is what
we do in this chapter. We use the dispersion of the polarization position angles in the plane of
the sky S, as a proxy for the disorganization of magnetic field lines along the line of sight. This
means we assume that the disorganization of the projected component of the magnetic field onto
the plane of the sky is correlated with the disorganization of magnetic field lines along the line
of sight. This method was analytically introduced in Planck Collaboration et al. (2020), and the
dispersion S was used on the Planck observations in Planck Collaboration et al. (2015a,b, 2020).
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Therefore, assuming the fluctuations of the magnetic field lines are isotropic, we use the product of
the local dispersion S and the polarization fraction Pfrac, that we plot as function of the column
density, as a proxy for the dust grain alignment efficiency reached in a given line of sight.

The second point represents an important source of uncertainty and requires us to adapt the
method developed in Planck Collaboration et al. (2020). Indeed, ALMA observations are only
sensitive to a given range of scales, and the noise properties of the different Stokes maps can
suffer from dynamic range limitations. Alongside a dozen ALMA dust polarization (sub)millimeter-
wavelength observations of Class 0 protostars that we have gathered for this project, we run MHD
models of star forming cores that we synthetically observed with the polarization radiative transfer
code POLARIS (see Section 1.4.4), and artificially filtered with ALMA. The use of models allows
us to investigate the impact of interferometric observations on the statistical results from the S,
Pfrac, and S × Pfrac distributions toward protostellar cores.

In addition, these models also constrain our knowledge of the grain alignment occurring in cores.
As we vary the grain alignment hypothesis (in our models grains are aligned via RATs or perfectly
aligned) alongside various parameters in the radiative transfer calculations, we aim to compare the
S, Pfrac, and S × Pfrac distributions between these models and the ALMA observations we gather.
S × Pfrac is the main tool we use to discuss and constrain the observed grain alignment efficiency.
While we will extensively investigate the impact of several physical parameters adjusted in radiative
transfer calculations onto S × Pfrac in Chapter 4, the aims of this chapter are to introduce these
statistical tools and build a prototypical picture of the grain alignment efficiency in cores. The
models explore a range of parameters, i.e., the initial conditions of the MHD simulations, to account
for the heterogeneity in the characteristics of the selected sample of Class 0 protostellar cores
observed with ALMA.

3.2 Article II: “A statistical analysis of dust polarization
properties in ALMA observations of Class 0 protostel-
lar cores” Le Gouellec et al. (2020)
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ABSTRACT

Context. Recent observational progress has challenged the dust grain-alignment theories used to explain the polarized dust emission
routinely observed in star-forming cores.
Aims. In an effort to improve our understanding of the dust grain alignment mechanism(s), we have gathered a dozen ALMA maps
of (sub)millimeter-wavelength polarized dust emission from Class 0 protostars and carried out a comprehensive statistical analysis of
dust polarization quantities.
Methods. We analyze the statistical properties of the polarization fraction Pfrac and the dispersion of polarization position angles S.
More specifically, we investigate the relationship between S and Pfrac as well as the evolution of the product S × Pfrac as a function
of the column density of the gas in the protostellar envelopes. We compare the observed trends with those found in polarization
observations of dust in the interstellar medium and in synthetic observations of non-ideal magneto-hydrodynamic (MHD) simulations
of protostellar cores.
Results. We find a significant S ∝ Pfrac

−0.79 correlation in the polarized dust emission from protostellar envelopes seen with ALMA;
the power-law index significantly differs from the one observed by Planck in star-forming clouds. The product S × Pfrac, which is
sensitive to the dust grain alignment efficiency, is approximately constant across three orders of magnitude in envelope column density
(from NH2 = 1022 cm−2 to NH2 = 1025 cm−2), with a mean value of 0.36+0.10

−0.17. This suggests that the grain alignment mechanism producing
the bulk of the polarized dust emission in star-forming cores may not systematically depend on the local conditions such as the local gas
density. However, in the lowest-luminosity sources in our sample, we find a hint of less efficient dust grain alignment with increasing
column density. Our observations and their comparison with synthetic observations of MHD models suggest that the total intensity
versus the polarized dust are distributed at different intrinsic spatial scales, which can affect the statistics from the ALMA observations,
for example, by producing artificially high Pfrac. Finally, synthetic observations of MHD models implementing radiative alignment
torques (RATs) show that the statistical estimator S × Pfrac is sensitive to the strength of the radiation field in the core. Moreover, we
find that the simulations with a uniform perfect alignment (PA) of dust grains yield, on average, much higher S × Pfrac values than
those implementing RATs; the ALMA values lie among those predicted by PA, and they are significantly higher than the ones obtained
with RATs, especially at large column densities.
Conclusions. Ultimately, our results suggest that dust alignment mechanism(s) are efficient at producing dust polarized emission in
the various local conditions typical of Class 0 protostars. The grain alignment efficiency found in these objects seems to be higher
than the efficiency produced by the standard RAT alignment of paramagnetic grains. Further studies will be needed to understand
how more efficient grain alignment via, for example, different irradiation conditions, dust grain characteristics, or additional grain
alignment mechanisms can reproduce the observations.

Key words. ISM: jets and outflows – ISM: magnetic fields – polarization – stars: formation – stars: magnetic field – stars: protostars
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1. Introduction

Magnetic fields have been considered to play a key role in the
formation of molecular clouds and in the regulation of star for-
mation (Shu et al. 1987; McKee et al. 1993; McKee & Ostriker
2007). For example, fields are partially responsible for setting
the star formation rate (Krumholz & Federrath 2019), as the
gas motions tend to follow the orientations of magnetic fields,
whose strengths can regulate the gravitational collapse of these
structures (Mouschovias & Ciolek 1999). Past observations of
molecular clouds have shown that the magnetic field seems to be
a key player in the formation of parsec-scale density structures
(Planck Collaboration Int. XXXV. 2016; Soler 2019; Seifried
et al. 2020), and it appears to regulate star formation inside
these structures (Li et al. 2017). One of the main ways to char-
acterize the spatial distribution of magnetic fields is to observe
the polarized thermal emission from dust grains. Indeed, since
dust grains are not perfectly spherical, they tend to align them-
selves with the ambient magnetic field under some conditions
(Lazarian 2007; Andersson et al. 2015), resulting in polarized
thermal emission that can be used to infer the magnetic field
orientation that is integrated along the line of sight. This linear
polarization emanating from this dust grain population is orthog-
onal to the magnetic field component projected on the plane of
the sky.

Observations of magnetic fields via polarized dust emission
are still subject to caveats due to the strong dependence of grain
alignment on the local environmental conditions. Understand-
ing the impact of the key factors enabling dust grain alignment
via the radiative alignment torques (RATs) theory – such as the
degree of anisotropy of the radiation field, the dust grain size
distribution, the gas temperature, and the density distribution –
has been the focus of numerical works where radiative transfer
was performed on magneto-hydrodynamic (MHD) simulations
(Padoan et al. 2001; Bethell et al. 2007; Pelkonen et al. 2009;
Brauer et al. 2016). One of their main goals was to investigate
the widespread phenomenon of depolarization, that is the drop
in the ratio of linearly polarized dust emission to the total inten-
sity emission toward high density zones in molecular clouds
and cores; this is the so-called polarization hole phenomenon.
Single-dish observations of molecular clouds (Poidevin et al.
2013; Fissel et al. 2016), single-dish observations of a star-
less core (Alves et al. 2014), and high-resolution interferometric
observations of Class 0 protostellar cores (Hull et al. 2014;
Galametz et al. 2018) have found a significant decrease in the
polarization fraction with increasing column density, and inter-
preted this drop as either depolarization caused by disorganized
magnetic field lines smeared out in the synthesized beam (i.e.,
the resolution element of the observations) or alternatively as a
possible loss of alignment efficiency of the dust particles caused
by a lack of irradiation and/or changes in dust grain character-
istics toward high column density regions. This depolarization
phenomenon was analyzed in the scope of several possible phys-
ical explanations as follows: the collisional de-alignment of dust
grains due to high gas temperature and density (Reissl et al.
2020); the reddening of the radiation field when reprocessed dur-
ing its propagation (Lazarian 2007); the change in grain size
and shape due to coagulation and the formation of icy man-
tles (Juárez et al. 2017); the lack of the necessary anisotropy
in the radiation field as a result of high optical depth (Brauer
et al. 2016 studied the drop of polarization degree in dense
regions of Bok globules); and the level of disorder of the mag-
netic field lines caused by turbulence (Falceta-Gonçalves et al.
2008). Most of the time, high angular resolution observations of

dust polarization revealed that the drops in the polarization frac-
tion in observations of cores at a coarse angular resolution were
partly explained by beam smearing, that is to say fluctuations of
magnetic fields in the plane of the sky could not be resolved in
high density zones. However, while these higher angular reso-
lution observations did tend to detect polarized emission in the
holes seen in the low-resolution data, these same high resolution
observations saw their own polarization holes at smaller scales,
as pointed out in Galametz et al. (2018).

In observations, this depolarization effect was also quanti-
fied thanks to the statistical analysis of both the polarization
fraction and the local dispersion of polarization angles (Planck
Collaboration Int. XIX 2015; Planck Collaboration Int. XX
2015). Assuming perfect alignment efficiency of the dust grains
with magnetic field lines, both quantities are correlated with the
level of disorder in the magnetic field, and thus both vary as a
function of the amount of local fluctuations of the magnetic field.
The polarization fraction is sensitive to the cancellation of polar-
ization along the line of sight and hence to the fluctuations of
the apparent magnetic field along the line of sight. Conversely,
the dispersion of polarization angles provides the fluctuation
of the apparent magnetic field orientations in the plane of the
sky. Assuming the fluctuations of the magnetic field lines are
isotropic, the product of these two quantities gives access to the
dust grain alignment efficiency: Planck Collaboration XII (2020)
analyzed these statistical estimators as a function of column den-
sity from the diffuse interstellar medium (ISM) to molecular
clouds, probing column density up to 1022 cm−2. They found no
variation of dust grain alignment efficiency with varying condi-
tions typical of these environments. More recently, Reissl et al.
(2020) applied this statistical tool to simulations of the diffuse
ISM in order to quantify the relative influence that radiative
torque intensity and gas pressure have on the dust grain align-
ment efficiency. They found no significant differences in dust
grain alignment efficiency when analyzing polarization from
perfectly aligned dust grains versus those aligned by RATs in
these environments embedded in the interstellar radiation field.

Given the uncertain validity of RATs in high density environ-
ments where irradiation is much less homogeneous and is shifted
to long wavelengths, the dense parts of protostellar cores rep-
resent regions of interest. While ALMA has recently produced
a large number of high-sensitivity observations of young stel-
lar objects, the thermal dust emission emitted by the youngest
sources, known as prestellar cores, is heavily spatially filtered by
ALMA and thus hardly detected (Dunham et al. 2016), render-
ing investigations of their polarized dust emission at high spatial
resolution challenging. However, once these cores initiate their
gravitational collapse, because their densest regions become
warm enough to dissociate H2, a compact structure forms around
the nascent embedded protostar, which enables interferomet-
ric observations. These youngest protostellar objects, known as
Class 0 protostars (André et al. 2000, 2014), are engaged in a
short but vigorous accretion phase during which the central pro-
tostar will gather most of its final mass, triggering also ejection
of material in the form of bipolar outflows visible in molecular
emission lines. These sources are ideal for our study because dur-
ing this phase, most of the thermal dust emission is emitted by
the envelope surrounding the central embryo; during the (later)
Class I phase, the envelope has already been largely accreted
and dissipated. Here, we focus on the ALMA dust polarization
observations of Class 0 envelopes to optimize the number of
detections. Most of these recent observations have shown that
specific regions of the cores such as the walls of the bipolar
outflow cavities, potential magnetized accretion streamers, and
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core equatorial plane are preferentially polarized (Hull et al.
2017a,b, 2020; Maury et al. 2018; Sadavoy et al. 2018a,b; Kwon
et al. 2019; Takahashi et al. 2019; Le Gouellec et al. 2019). The
specific locations of the recovered polarized emission raise ques-
tions regarding the local conditions required to align a significant
fraction of dust grains along magnetic lines, and thus to pro-
duce the level of polarized emission observed. Our goal in this
paper is to investigate the statistical behavior of polarized dust
emission observed with ALMA within protostellar envelopes, by
adapting and applying some of the tools previously developed to
characterize polarized dust emission at cloud scales.

The paper is structured as follows. In Sect. 2, we introduce
the statistical tools we use to analyze the polarized dust emission
detected by ALMA in young protostars, and we present the sam-
ple of ALMA observations of Class 0 objects that are the focus of
this statistical study. We present the methodology and results of
the statistics in Sect. 3. Finally, we discuss the results we obtain
regarding the dust grain alignment in young protostellar objects
in Sect. 4, along with comparisons between the ALMA observa-
tions and synthetic observations of MHD simulations. We draw
our conclusions in Sect. 5.

2. ALMA observations of Class 0 protostars

2.1. Statistical tools

Our objective is to characterize the polarized emission ema-
nating from Class 0 protostellar cores, at envelope scales,
targeting the emission from circumstellar material at radii of
∼10−2000 au. The properties of the linear polarization of ther-
mal dust emission are expressed by the Stokes parameters Q and
U. Stokes I represents the total intensity. We denote the polarized
intensity P (defined as P =

√
Q2 + U2, which we systematically

debias, see Sect. 3.1), the polarization fraction Pfrac (defined as
Pfrac = P/I), and the polarization position angle φ (defined as
φ= 0.5 arctan U

Q ).
In the diffuse ISM and molecular clouds, Planck

Collaboration Int. XIX (2015), Planck Collaboration Int.
XX (2015), and Planck Collaboration XII (2020) found a corre-
lation between the local dispersion of the polarization position
angle and the polarization fraction. A similar correlation was
found in Alves et al. (2008), using optical background-starlight
polarization observations of the Pipe Nebula. The polariza-
tion angle dispersion function S, which quantifies the local
(non)-uniformity of the polarization angle, is defined as follows:

S (r, δ) =

√√√
1
N

N∑

i = 1

[φ(r + δi) − φ(r)]2 , (1)

where the angle dispersion is calculated at a given position r
and for a given neighborhood δ, which is also known as the lag.
The lag describes the area over which the dispersion of polariza-
tion angles is derived, and thus corresponds to the characteristic
length scale at which we quantify the disorganization of polar-
ization position angles. The computation is performed on N
neighboring pixels contained in an annulus centered on r, having
inner and outer radii of δ/2 and 3δ/2, respectively; each of the N
pixels is indexed by i, and located at r + δi (Planck Collaboration
XII 2020). Planck Collaboration XII (2020) developed an analyt-
ical model (briefly described in Appendix A) that relates the two
quantities S and Pfrac. They found, among other results, that S ∝
Pfrac

−1 in the diffuse ISM and molecular clouds: this correlation
is shown as a red solid line in our plots. Exploring the evolution

of the quantity S × Pfrac – which is a proxy for grain alignment
efficiency – as a function of the column density and the dust
temperature, Planck Collaboration XII (2020) did not detect a
significant drop of efficiency with increasing column density.
We apply a modified version of this technique to ALMA obser-
vations assuming the dust grains are aligned with the ambient
magnetic field at the typical scales of a protostellar core.

The dispersion of the polarization position angles S gives
us information about the level of disorder in the magnetic field
projected in the plane of the sky; the higher the value of S, the
more disorganized the apparent magnetic field. S will saturate
at the value of π/

√
N, as (φ= 0◦) ≡ (φ= 180◦) in a polarization

map. In this study, we distinguish between the disorganization
of the apparent magnetic field lines as seen by the observer and
the actual (3-dimensional) turbulent component of the magnetic
field. Indeed, if a given, moderately turbulent magnetic field is
oriented closer to the line of sight, the observed dispersion S
will be larger. In contrast, a uniform magnetic field will have
dispersion S close to zero, regardless of the line of sight. These
facts limit the capability of S to trace the turbulent component of
the magnetic field. However, we should also note that the value
of the polarized intensity P (and thus Pfrac) directly depends on
the orientation of the magnetic with respect to the line of sight.
Thus, in the extreme line-of-sight cases where S reaches high
values, P may drop below the detection limit.

The polarization fraction Pfrac is another tool linked with the
disorganization of the magnetic field. A disorganized magnetic
field along the line of sight will result in a low value of Pfrac as
seen by the observer. Consequently, assuming an isotropic tur-
bulent component of the magnetic field, and given the caveats
listed above, S and Pfrac are directly linked to level of disorder
in the magnetic field lines in a core.

The aim of the study presented here is to search for, com-
pare, and interpret the possible physical causes for a correlation
between S and Pfrac in Class 0 protostars. In this objective, we
gathered ALMA observations of polarized dust emission taken
toward these type of objects in the recent years.

2.2. ALMA observations of polarized dust emission in
Class 0 protostellar cores

In its polarized mode, ALMA produces visibility measurement
sets of the three Stokes parameters I, Q, and U, which can be
imaged and combined to produce maps of the polarized dust
emission. We gathered publicly available ALMA dust polar-
ization observations toward nearby, low- and intermediate-mass
Class 0 protostars. Since the statistical tools we use require a
large number of statistically independent measurements at the
typical scale of the object studied, we selected observations
with the most extended polarized dust emission. The regions of
interest in these protostellar cores correspond to the inner enve-
lope scales (∼10–2000 au). Therefore, we selected the ALMA
datasets whose polarized dust emission was observed with com-
binations of sensitivity and angular resolution that allow us to
detect low levels of polarized emission beyond the peak of con-
tinuum emission, at these inner envelopes typical scales. We
present the resulting sample in Table 1.

We use the three Stokes maps provided by the authors of
the corresponding publications (see Table 1) to create the polar-
ized emission maps. In the case of NGC 1333 IRAS4A, however,
because these data were not yet published at the time we started
our investigations, we calibrated and imaged these observations
ourselves. We produced the polarized dust continuum images
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Table 1. Summary of analyzed ALMA observations.

Name θres
(a) σI

(b) σP
(b) NH2

(c) λ Pfrac,max
(d) MRS (e) Reference ( f )

(au)
(

mJy
beam

) (
mJy
beam

)
(1023 cm−2) (mm) (103au)

Serpens Emb 6 161 0.05 0.060 0.46–67 0.87 19%± 4 2.5 Hull et al. (2017b)

Serpens Emb 8 161 0.07 0.025 0.11–9.7 0.87 42%± 9 2.5 Hull et al. (2017a)
Serpens Emb 8(N) 161 0.08 0.035 0.28–8.7 39%± 11 Le Gouellec et al. (2019)

BHR71 IRS1 200 0.30 0.025 0.13–14 1.3 24%± 5 4.3 Hull et al. (2020)
BHR71 IRS2 200 0.15 0.025 0.071–14 19%± 4

B335
101 0.06 0.002 0.063–3.7 1.3 26%± 6 2.2 Maury et al. (2018),48 0.04 0.010 0.15–5.7 1.5 25%± 7 0.7 Maury et al. (in prep.)122 0.03 0.005 0.17–3.1 3.0 30%± 7 3.0

IRAS 16293A/B 36 0.28 0.025 0.73–61 1.3 35%± 7 0.59 Sadavoy et al. (2018b)

VLA 1623A/B 34 0.09 0.027 0.84–59 1.3 21%± 7 0.62 Sadavoy et al. (2018a)

L1448 IRS2 134 0.85 0.020 0.21–4.8 1.3 32%± 6 1.5 Kwon et al. (2019)

OMC3 MMS6 (g) 56 0.23 0.022 3.7–145 1.3 24%± 5 0.43 Takahashi et al. (2019)12 0.08 0.020 43–167 24%± 4 0.095

IRAS4A 112 0.4 0.045 0.87–62 1.3 41%± 8 1.2 Ko et al. (2020)47 0.50 0.046 1.7–65 0.87 36%± 7 0.8

Notes. This table presents the details of the ALMA observations. For further information about the individual sources, see Table B.1. (a)Angular
resolution in au. We took the effective synthesized beam size (where the beam is the resolution elements) of the ALMA maps. (b)rms noise in the
maps of total intensity I and polarized intensity P. (c)Typical H2 column densities probed in the protostellar envelope by the ALMA observations,
selecting the pixels with total intensity values greater than 5 times the rms noise in the Stokes I map. The column density of each pixel was derived
following the method described in Sect. 2.2. Each pointing in BHR 71 contains both of the components of the wide binary. Thus, the corresponding
ranges in column density include all emission from both BHR 71 IRS1 and IRS2. (d)The maximum value of polarization fraction in the core,
selecting the pixels with total intensity values greater than 5 times the rms noise in the Stokes I map. (e)Maximum recoverable scale. ( f )Reference
of the publication(s) presenting the corresponding ALMA polarization dataset(s). (g)Takahashi et al. (2019) presented the ALMA observations of
OMC3 MMS6 in two separate datasets, as the angular resolutions of the two datasets were very different, and thus probe distinct regions of the
envelope.

using the task tclean in version 5.4 of CASA (McMullin et al.
2007). We applied four rounds of consecutive phase-only self-
calibration, using the total intensity (Stokes I) solutions as the
model, with a Briggs weighting parameter of robust= 1. The
three Stokes parameters I, Q, and U were cleaned separately
after the last round of self-calibration using an appropriate resid-
ual threshold and number of iterations. In order to calculate
appropriate thresholds for the data (see the method developed in
Sect. 3.1), we require an homogeneous level of noise across the
individual fields of view, and thus we do not perform any pri-
mary beam correction at this step of the analysis. However, the
total intensity maps are primary beam corrected before deriving
the column density whose ranges are reported in Table 1.

It is crucial, when building polarized dust emission maps
from the combination of the Stokes maps, to have a robust assess-
ment of the rms noise levels in each of these maps. This is
particularly important to consider in our statistical measurements
so that we do not introduce noise bias, since values of polariza-
tion fraction Pfrac can be affected significantly when dividing by
Stokes I values that are uncertain. Here, we compute the rms
noise values in each of the three Stokes maps I, Q, and U (σI ,
σQ, and σU respectively) by measuring the root mean square
in an area without strong emission. We notice that typically
σQ ≈ σU , so we use a single valueσP ≡ σQ ≈ σU . We present
in Fig. 1 the distribution of Pfrac and polarization position angles
φ in the region where the Stokes I is >5σI , from all individual
maps of all sources at each wavelength. In these histograms, the

uncertainties in Pfrac, and φ (in radians) are showed as shaded
areas, and are calculated as follows:

σPfrac =Pfrac

√(
σP

P

)2
+

(
σI

I

)2
, (2)

σφ =
1
2
σP

P
. (3)

Finally, assuming the dust emission recovered in the ALMA
observations (at scales of 10–2000 au) is optically thin, we cal-
culate the column density from the total intensity dust emission
maps as follows:

NH2 =
S νd2

AµH2 mHκνBν(Td(r))
, (4)

where S ν the flux density measured, d is the distance to the
source (see Table 1), Bν(Td(r)) is the Planck function at the
frequency ν of our observations for dust of a given tempera-
ture Td(r) (see below), κν is the opacity at a specific wavelength
taken from Ossenkopf & Henning (1994), mH is the mass of a
hydrogen atom, µH2 is the mean molecular weight per hydrogen
molecule (µH2 = 2.8 for gas composed of 71% hydrogen, 27%
helium, and 2% metals by mass; Kauffmann et al. 2008), and A
is the area over which we calculate the flux density. We assume
a gas-to-dust ratio of 100. The value of the dust temperature at
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Fig. 1. Histograms of polarization fraction Pfrac (left) and polarization position angle φ (right) for all the sources of our sample. The histogram lines
have been smoothed with a 1D-Gaussian kernel of a size of 0.2% in Pfrac and 2◦ in φ. The shaded areas correspond to the mean of the uncertainty
in the values of Pfrac and φ within each bin of the histograms. Among the two datasets we have toward OMC3 MMS6, “OMC3 MMS6 H” and
“OMC3 MMS6 L” denote the high and low resolution observations, respectively.

a radius r from the position of the protostellar embryo (assumed
to coincide with the peak position of the dust continuum emis-
sion in the ALMA Stokes I map), can be estimated assuming
that only the central protostellar object heats the dust in the inner
envelope, following Terebey et al. (1993) and Motte & André
(2001):

Td(r) = 38 K
( r
100 au

)−0.4
(

Lint

1L�

)0.2

, (5)

where Lint is internal luminosity of the protostar, which is
directly linked to the protostellar accretion luminosity. While
for some of these sources – Serpens Emb 8, Serpens Emb
8(N), B335, L1448 IRS2, and NGC1333 IRAS4A – the inter-
nal luminosities are known from the Herschel Gould Belt survey
(André et al. 2010) and were used in Maury et al. (2019), Maret
et al. (2020) and Belloche et al. (2020), for others we derived
the internal luminosities using archival fluxes at 70 µm from
Herschel PACS using the relation from Dunham et al. (2008)
(see Table B.1). We find that the ALMA observations are sen-
sitive to material in the inner envelope with typical column
densities ∼1022−1025 cm−2. The individual ranges of column
densities probed in each map are reported in Table 1.

Finally, while most of the polarized dust emission toward
the sample of sources we present is caused by thermal emis-
sion of dust grains aligned with respect to the magnetic field,
this may not be the case where the dust emission becomes
optically thick and where the radiation from dust is highly
anisotropic (such as protoplanetary disks); in these regions the
polarized dust emission can be caused by the self-scattering of
thermal dust emission (Kataoka et al. 2015). Within the sample
of sources we present, two of them have been clearly identi-
fied as having polarized dust emission due to self-scattering in
their inner region; these are the two Ophiuchus sources, IRAS
16293A/B and VLA 1623A/B (Sadavoy et al. 2018a,b, 2019).

We estimate that only 2% of the pixels could be contaminated in
IRAS16293A/B, whereas up to 40% of the pixels could contain
polarized emission mostly due to self-scattering (based on the
pattern of polarization position angles) in VLA1623A/B. Thus,
we exclude these pixels from our analysis. Moreover, in our sam-
ple the dust emission is also optically thick in the inner 100 au
region of IRAS4A (Ko et al. 2020): this represents <1% of the
pixels in both our observations at 1.3 and 0.87 mm. We also
exclude these pixels from our analysis. We note that although
Kwon et al. (2019) and Takahashi et al. (2019) disfavored self-
scattering as the cause of the linear polarization at the very center
of the L1448 IRS2 and OMC3 MMS6 cores, respectively, we
cannot rule it out. However, if scattering were present in these
sources, it would only affect the few pixels at the peak of the
dust continuum emission.

3. Analysis of polarized dust emission in Class 0
protostellar cores

3.1. Applying Planck statistical tools to interferometric
observations

We aim to apply the statistical tools developed for the analy-
sis of the Planck maps of the polarized ISM to interferometric
ALMA observations. We compare the statistical properties of
dust polarization in the dense regions of protostellar cores with
the properties found in larger-scale star-forming clouds. How-
ever, using interferometric data requires us to adapt the Planck
collaboration’s methods for investigating large-scale maps. For
example, unlike ALMA observations, Planck observations are
not affected by spatial filtering. We treat the ALMA polariza-
tion products as follows. We regrid the maps of the three Stokes
parameters I, Q, and U to a Nyquist sampling, with exactly
4 pixels per beam in terms of area. We then calculate the polar-
ization angle dispersion function S in each pixel i of the Stokes
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maps, with respect to each of its n = 8 nearest neighboring pixels
j as follows:

S (δ)i =

√√√
1
n

n∑

j = 1

[
1
2

arctan
Q( j)U(i) − U( j)Q(i)
Q(i)Q( j) + U(i)U( j)

]2

. (6)

Considering the sampling described above, the equivalent δ
parameter (see also Eq. (1)) is approximately 1/2 of a beam
width (comparable to the value chosen in Planck Collaboration
XII 2020). We note that the measured value of S scales with the
pixel gridding. Indeed, at a given angular resolution, changing
the gridding pattern (i.e., how many pixels a beam contains) to
a fewer number of pixels per beam leads to a measurement of S
that covers a larger area, and thus the lag δ is larger. This in turn
causes us to quantify the disorganization of the magnetic field
across a larger physical area. As the angular resolution of the
observations is fixed, increasing the lag will cause S to increase,
as we lose spatial coherence in the apparent magnetic field,
which in turn causes an increase in the calculated level of disor-
ganization in the apparent magnetic field. We perform the same
analysis with different gridding and choose the value of 4 pixels
per beam area in order to strike a balance between statistical
accuracy (i.e., using a large number of points) and independence
of the individual points. Finally, as explained in Sect. 2.1, the way
the dispersion S is derived causes the distribution to saturate,
as a completely random distribution of polarization angles will
produce a maximum value of S of π/

√
n ∼ 63◦ (as we chose

n = 8).
While Planck Collaboration XII (2020) produced covariance

maps and were able to assess finely the noise properties at dif-
ferent spatial scales, interferometric maps are severely affected
by imaging systematics such as the limited dynamic range of
the images. Furthermore, Stokes I images tend to be much more
dynamic range limited than Stokes Q and U images. In addi-
tion, the sources lie at different distances, which leads us to
probe different angular extents. Finally, the data we analyze are
heterogeneous in their uv-coverage and sensitivity. Therefore,
the noise is neither spatially homogeneous nor correlated in the
ALMA maps. Consequently, we compute the rms noise σ in
each Stokes map, using regions close to the observation pointing
center but devoid of emission. This is how we define the signal-
to-noise ratio (S/N) of polarized intensity (i.e., P/σP). We note
that when creating these polarized emission maps, one must to
correct for the bias that occurs at low S/N levels: to do so and
to construct fully sampled P maps, we follow the method from
Wardle & Kronberg (1974; see also Hull & Plambeck 2015 for
an application of this method to interferometric data).

We follow the method introduced in Planck Collaboration
XII (2020) to compute a pixel-selection criterion in order to test
appropriately the correlation between S and Pfrac in our objects.
This pixel-selection is a cutoff based on Stokes I, which allows
us to remove the noise-biased data. We obtain this cutoff by
analyzing the average S/N of the polarized intensity P, which
typically increases with increasing Stokes I. When this average
S/N of P, plotted as a function of the total intensity Stokes I for
each dataset, meets the value S/N = 5, we use the correspond-
ing value of Stokes I as the pixel-selection cutoff for the given
dataset. We show an example in Fig. 2 (top panel), where we
plot the S/N of the polarized intensity map as a function of the
total intensity for the 1.3 mm observations of the B335 core. The
vertical dotted line, which denotes this cutoff value of Stokes I,
thus corresponds to the value of Stokes I where 〈P/σP〉I ≥ 5.
We then take all points lying above this cutoff in Stokes I and

form the sample to which we apply our statistical method. How-
ever, if this method provides a threshold limit of Stokes I below
5σI , we chose 5σI as the cutoff for the dataset.

As shown in the lower panel of Fig. 2, the values of S × Pfrac
diverge at Stokes I values lower than the aforementioned thresh-
old, as a consequence of the noise-bias of S and Pfrac at low
values of Stokes I. It is important to note that we have not per-
formed any selection based on the P values; we select only on
the I values in order to keep the pixels exhibiting low polarized
intensity that contain the information of depolarization, which
is essential for our statistical analysis. As an example, in Fig. 3
we show the maps of Stokes I, polarized intensity P, polariza-
tion fraction Pfrac, and dispersion of polarization angles S from
the 1.3 mm observations of the B335 core. The contours indicate
both the threshold in Stokes I found with the method introduced
above, as well as the 5σI level. Similar maps of all sources can
be seen in Fig. B.2.

3.2. Results from the statistical analysis of the polarized dust
emission in protostellar envelopes

We present here the outcome of the statistical analysis of the
polarized dust emission from the sample of ALMA observa-
tions presented in Table 1. In Fig. B.3 we show he distribution
of the dispersion of the polarization angles S as a function of
the polarization fraction Pfrac in the 15 maps probing the dust
emission in protostellar cores. In these plots, the running mean
of Pfrac (shown as black points and line) shows the average trend
and evolution of S with Pfrac. In particular, one can clearly see
the area of the distribution affected by the saturation effect of S
described above, and that the distribution is linear in the logarith-
mic two-dimensional (2D) space outside of this saturated area. In
each distribution, the points are colored based on their Stokes I
value. The relationship between S and Pfrac observed by Planck
at cloud scales is reported in each diagram as a red line, for ref-
erence. We find a global trend similar to the Planck findings,
with high values of polarization fraction Pfrac associated with
low dispersion in polarization angles S in regions of faint Stokes
I values. Conversely, we see high S and low Pfrac in regions with
bright Stokes I. We list in Table 2 the values of the power law
indexes α derived from the fit to the S ∝ Pfrac

−α relation in each
individual core. These values range from α= 0.523± 0.094 to
α= 0.866± 0.040.

In order to take full advantage of the statistical power of our
methodology and to discuss global properties of the polarized
dust emission in Class 0 protostars, we have merged all data from
each of the 15 ALMA observations. Figure 4 shows the merged
distribution of S as a function of Pfrac, along with the linear fit
previously described, which is defined by the two parameters α
and f such that S = f /Pfrac

α. We note that at low values of Pfrac,
the distribution of S flattens because of the saturation of S for
high dispersion values. This is an artifact arising from the def-
inition of S, and thus these points should be excluded from the
linear fit. To do so, we establish a threshold in Pfrac of 1.3%,
indicated by the vertical dot-dashed gray line in Fig. 4, which
denotes the Pfrac level beyond which the distribution is linear.
We calculate this threshold by determining where the α value
from the linear fit would no longer have changed if we had moved
the threshold up in polarization fraction. We obtain a power law
index α= 0.79± 0.03, which is flatter than the results and the
analytical correlation found with Planck observations at larger
scales, where S ∝ Pfrac

−1.
Merging all the ALMA data does not enable us to investigate

the relation between S and Pfrac with respect to Stokes I because
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Fig. 2. Illustration of how we compute the pixel-selection cutoff in
Stokes I in the 1.3 mm observation of the B335 core. Top: evolution
of the S/N of the polarized intensity, i.e., P/σP, as a function of the
total intensity Stokes I in Jy str−1. The dot-dashed horizontal black line
is at the value of P/σP = 5. The dotted vertical line is the selected cutoff
in Stokes I described in Sect. 3.1. The dot-dashed vertical line is the
5σI value. The solid line is the running mean, which is calculated along
the Stokes I; the shaded area represents ± the standard deviation of the
Gaussian fit performed on each bin. Bottom: S × Pfrac for the selected
pixels as a function of the total intensity. To the left of the cutoff in
Stokes I (the red dotted line, plotted as in the top panel), the points are
no longer plotted and the running mean turns in a translucent dashed
line. Each color corresponds to an angular resolution: red is the original
resolution, whereas blue and green are 4× and 9× lower resolution (in
terms of beam area), respectively. We note that, as expected, one see
that decreasing the resolution, and thus increasing the spatial length of
the lag, causes on the dispersion S to increase as well, on average (see
Sect. 2.1).

of the heterogeneous properties of the sources and observations
(e.g., the wavelength of the observations). Thus, we use the
column density (calculated as described in Sect. 2.2) of the indi-
vidual lines of sight in order to collect all the data points in

Table 2. Power law index α of the correlation between S and Pfrac as
S ∝ Pfrac

−α.

Source name λ No. of pts. Cutoff α

(mm)
(

mJy
beam

)

Serpens Emb 6 0.87 314 13.3 0.523 ± 0.094

Serpens Emb 8 0.87 206 2.85 0.616 ± 0.114

Serpens Emb 8(N) 0.87 42 5.63 0.648 ± 0.277

BHR71 IRS1 1.3 500 1.50 0.594 ± 0.114

BHR71 IRS2 1.3 197 2.58 0.599 ± 0.129

B335
1.3 835 4.80 0.678 ± 0.070
1.5 114 1.11 0.601 ± 0.223
3.0 288 0.20 0.792 ± 0.197

IRAS 16293A/B 1.3 1241 3.00 0.517 ± 0.073

VLA 1623A/B 1.3 61 7.15 0.639 ± 0.447

L1448 IRS2 1.3 358 0.48 0.675 ± 0.101

OMC3 MMS6
1.3 1323 1.39 0.756 ± 0.062
1.3 873 1.54 0.685 ± 0.073

IRAS4A
1.3 890 2.00 0.828 ± 0.065
0.87 2756 2.50 0.864 ± 0.041

Notes. Results from the correlations presented in Fig. B.3. We list the
values of the power law indexes α and associated uncertainties obtained
from the linear fits, as well as the wavelength of observations λ, the
number of points selected in each case, and the cutoff in Stokes I
applied.

a single plot. Figure 5 presents the variation of S, Pfrac, and
S × Pfrac as a function of the local column density NH2 in the
envelopes. Figure 6 shows the same distribution of points, but
where all column density values are normalized to the max-
imum column density in the map including all optically thin
lines of sight (e.g., excluding highly extinct lines of sight where
polarized dust emission could be severely contaminated by self-
scattering)1. We notice a global trend in the merged data shown
in Fig. 6 of increasing S and decreasing Pfrac with increasing col-
umn density. Figure B.4 presents the results of linear regressions
on the trends of S and Pfrac as a function of NH2 in individual
cores: the resulting polar-law indices and R-squared values sug-
gest a significant decrease of Pfrac with increasing NH2 across the
sample, and hints of increasing S with column density, although
these latter trends are noisier. This suggests that the behavior of
the disorganization of the apparent magnetic field evolves in the
same way from the outer to the inner core, despite the widely
varying ranges of column density in each core (see Table 1).

4. Discussion

4.1. Comparing the statistical properties of the polarized dust
emission in protostellar cores with those in star-forming
clouds

The statistical analysis of the polarized dust emission from the
sample of 15 datasets analyzed (see Table 1) reveals a signifi-
cant correlation between the dispersion of polarization angles S
observed in the plane of the sky and the polarization fraction

1 We note that in VLA1623 for example, the highest column density is
probed in one of these line-of-sights and reaches values of 1025 cm−2.
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Fig. 3. Maps from the 1.3 mm observations of the B335 core. Top left: total intensity (Stokes I) thermal dust emission in color scale. The emission
is shown from 3σI where σI is the rms noise in the Stokes I map. Top right: polarized intensity P in colorscale. Bottom left: polarization fraction
Pfrac in colorscale, shown where I > 3σI . Bottom right: dispersion S of polarization position angles in color scale; the pixel size corresponds to
the pixel size considered in the statistics. The dashed white contour represents the 5σI level. The solid white contour represents the threshold level
of Stokes I calculated as described in Sect. 3.1, above which the mean S/N of P > 5. The beam size is 1.′′14 × 0.′′90, with a position angle of 89.1◦.

Pfrac measured in each line of sight in these 11 protostellar
envelopes. However, the S ∝ Pfrac

−0.79 relationship we find at
core scales is shallower than the S ∝ Pfrac

−1 relationship found
at larger scales in the Planck observations of star-forming clouds
(Planck Collaboration XII 2020). Moreover, we obtain on aver-
age higher values of S and Pfrac than those found in the lower
density molecular clouds probed by Planck. Here we discuss
possible origins of the different polarization properties at pro-
tostellar scales versus cloud scales. We start by investigating
the nature of the disorganized component of the magnetic field
(Sect. 4.1.1); we then address the different intrinsic spatial scales
of total intensity versus polarized emission (Sect. 4.1.2), and
how interferometric filtering may affect observed polarization
properties (Sect. 4.1.3).

4.1.1. The physics governing the disorganized component of
the magnetic field

The correlation between S and Pfrac is governed by the level of
disorganization of the apparent magnetic field lines projected on

the plane of the sky. The magnetic field is also linked with the
kinematics of the gas, assuming the gas is well coupled to the
field. The polarization is detected as long as the main orien-
tation of the magnetic field is not along the line of sight (see
Sect. 2.1), which is unlikely to be common considering the rel-
atively high polarization fractions observed in the protostellar
envelopes considered here.

The differences in the power law index α relating S and Pfrac
between the Planck results at cloud scales and the correlation
found at core scales with ALMA data (see our correlation and
the red line in Fig. 4) may be caused by different natures of
the disorganized components of the magnetic field at these two
spatial scales, where local physical conditions are very differ-
ent. In the analytical model of Planck Collaboration XII (2020),
the function fm(δ), which depends on the lag, quantifies the
disorganized component of the magnetic field relative to its uni-
form component. Using the dependence of fm(δ) as a function
of δ, one cannot adequately perform the extrapolation of the
correlation’s intercept value we found (which we denote as f
in Fig. 4) between the Planck and ALMA scales, because the

A11, page 8 of 32



V. J. M. Le Gouellec et al.: Polarization statistics of ALMA observations of Class 0 cores

10−3 10−2 10−1

Pfrac

100

101

S
(d

eg
)

Correlation between S and Pfrac

Planck distribution
Running Mean of Pfrac
R2 score = 0.515, α = 0.785 ± 0.032, f = 0.602 ± 0.058

0.6 0.7 0.8 0.9 1.0
0

99

199

299 α

0.4 0.5 0.6 0.7 0.8

58

116

174 f

1 5 13 24
counts

Fig. 4. Distributions of the dispersion of polarization position angles S
as a function of the polarization fraction Pfrac from all of the datasets
merged together. The points were selected according the method devel-
oped in Sect. 3.1. The color scale represents the number density of
points in the plot. The solid black line and black points represent the
running mean of Pfrac; the associated black error bars are ± the standard
deviation of each bin. We plot the linear fit in purple, which is a linear
regression. We take into account the saturation of S in the derivation of
the linear fit by applying a threshold in polarization fraction, indicated
by the vertical dot-dashed gray line. This threshold denotes the Pfrac
level beyond which the distribution is linear. The solid red line corre-
sponds to the Planck correlation from Planck Collaboration XII (2020),
which we scaled down to the highest angular resolution of our ALMA
observations. The red shaded area extends up to the same Planck corre-
lation, scaled down this time to the largest field of view of our ALMA
observations. As we gather all of the ALMA observations at their var-
ious angular resolutions, this red shaded area encompasses all of the
corresponding scalings of the Planck correlation. The two parameters
f and α are derived from the linear fit, where the analytical correla-
tion is as follows: S = f /Pα

frac. The histograms in the two little subplots
show the distributions of the values of α and f values derived from a
large number of randomly chosen subsamples of points. We calculate
the uncertainties in f and α as standard deviations of Gaussian fits to
those histograms.

underlying analytical model used to express the dependence of
this function on the scale relies on the hypothesis that the disor-
ganized component of the magnetic field is isotropic, which in
turn reflects the properties of the turbulent cascade at work in
the diffuse ISM2. This model would predict values of fm(δ) (and
thus levels of turbulence) that are too small at core scales; the
vertical shift between the red line and our correlation confirms
this point (Fig. 4). For typical low-mass cores, the contribution
of the turbulence from the ISM is expected to be negligible.

2 We note that our sources are at different distances and have been
observed at different resolutions. Therefore, the variation of the lag δ
among all of our 15 datasets causes the parameter fm(δ) to vary. How-
ever, this variation does not affect our results as the dependence of the
variations of fm(δ) caused by the different values of δ fall within the
uncertainty of our ALMA correlation (the standard deviation of all the
extrapolated values of fm(δ) from the fifteen datasets is 0.004). Never-
theless, all the processes responsible for the disorder in the magnetic
field are not necessarily associated with a peculiar physical scale, but
rather are phenomena that act across a range of scales, from the enve-
lope to the disk. In consequence, the lag does not represent any intrinsic
turbulent length scale within a core.

However, cores are observed to be turbulent at some level: typi-
cal linewidths are subsonic in the ∼1000 au-scale inner envelopes
of Class 0 protostellar cores (Gaudel et al. 2020), to trans-sonic at
low-mass star-forming cores scales (Friesen et al. 2017; Keown
et al. 2017). In addition, within these cores, it is expected that
the disorganized component of an initially homogeneous mag-
netic field at core scales would originate from gravo-turbulence
induced by collapse motions (Vazquez-Semadeni 2012; Mocz
et al. 2017; Ballesteros-Paredes et al. 2018; Vázquez-Semadeni
et al. 2019) and outflow phenomena (Zhang et al. 2005; Arce
et al. 2007; Plunkett et al. 2013; Frank et al. 2014; Plunkett et al.
2015).

Moreover, we note that an adaption of the Planck
Collaboration XII (2020) analytical model (the original ver-
sion of which included multiple layers of turbulence along the
line of sight; see Appendix A) using the specific case of a
single-layer model of randomly oriented magnetic field predicts
S ∝ Pfrac

−0.5. It is therefore possible that the flatter correlation
between S and Pfrac observed in cores is due to a smaller num-
ber of contributing layers along the line of sight, resulting in an
overall less disorganized component of the apparent magnetic
field compared with that produced by the multiscale turbulence
at work in the ISM.

The two left panels of Fig. 6 show the evolution of S and
Pfrac as a function of the normalized envelope column density
NH2 in the envelopes. It seems that S and Pfrac show opposite
trends, which are the result of an increase in the fluctuations
in the apparent magnetic field with increasing column density.
We note that a similar trend in Pfrac was found with increas-
ing column density in the diffuse ISM of the Vela C molecular
cloud (Fissel et al. 2016). In spite of this intrinsic increase of
complexity of the apparent magnetic field with increasing local
column density, we still detect substantially organized magnetic
fields, as shown by the relatively high values of polarization
fraction observed in cores even at high column densities (>3%
at NH2 > 1024 cm−2). In addition, despite of the fact that at the
core scale, the main sources of the magnetic field disorder are
the dynamical phenomena occurring in the core (e.g., gravita-
tional collapse, outflows, rotation), we tend to detect strongly
polarized emission linked to organized magnetic fields in regions
associated with infalling material.

The angular resolution remains an important factor in the
statistical analysis of dust polarization observations, because
depolarization effects can occur if the resolution of the obser-
vations is not high enough to resolve the characteristic length
scales of the phenomena driving the small-scale magnetic field
morphologies both along the line of sight as well as in the plane
of the sky. Beyond the heterogeneity in the characteristics of
the ALMA observations that we analyze (such as the angu-
lar resolutions and the dynamic range), at the scales we probe
here, the magnetic field strength, ionization fraction, gravita-
tional potential, and gas kinematics will affect how an initially
uniform magnetic field at envelope scales will develop a com-
plex topology. Given the simple assumption that the gravitational
potential is isotropic, considering that the typical spatial reso-
lution we have is on the order of or smaller than the typical
Jeans length at the envelope densities we probe, the typical spa-
tial scales at which gravity is expected to significantly distort
the magnetic field lines are mostly resolved at the scales (a few
beams) where we compute the dispersion S. Nevertheless, if the
magnetic field is highly complex at smaller scales than the ones
we probe, then indeed Pfrac drops and conversely S rises toward
its highest values.
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Fig. 5. Distributions of the dispersion of polarization position angles S (top left), the polarization fraction Pfrac (bottom left), and S × Pfrac (right),
as a function of the column density NH2 , where the data from all the cores are merged. The color scale represents number density of points in the
plots. The solid black line and black points represent the running mean of S, Pfrac, and S × Pfrac; the associated black error bars are ± the standard
deviation of each bin.
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Fig. 6. Same as Fig. 5, but where the column density in each core has been normalized to the column density peak NH2 ,peak. The horizontal dot-
dashed gray line indicates the mean of all the S × Pfrac values, 0.36+0.10

−0.17. These uncertainty values are represented by the shaded area, which spans
the range between the first and third quartiles of the S × Pfrac distribution.
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4.1.2. On the differences in the intrinsic scales of the total
intensity (Stokes I) and polarized (Stokes Q and U)
emission

The spatial distributions of both the polarized and unpolarized
emission in the plane of the sky show characteristics that are
likely to affect the polarization fraction toward protostellar cores,
and thus the statistical results we present in this paper.

A qualitative view of typical ALMA maps of the dust emis-
sion from cores often reveals that the emission in Stokes Q and
U looks sharper and more extended that in Stokes I. We have
therefore examined the spatial power spectra, which quantify the
power present at each spatial scale, of the Stokes I, Q, and U
emission in each of our 15 datasets (see Appendix C). Each
spectrum is normalized to its maximum value, which allows us
to compare the relative power of the emission as a function of
spatial scale. We find that, generally, once normalized to its max-
imum value, the power in the Stokes Q and U maps tends to be
larger than the power in Stokes I sometimes by more than one
order of magnitude. A larger fraction of the total polarized power
resides at larger spatial scales, which explains why the polar-
ized intensity maps appears less peaked than the total intensity
maps. This effect could be due to severe dynamic-range limita-
tions and image recovery artifacts affecting the Stokes I maps.
However, we stress that the discrepancies in power between Q
and U versus I, in the majority of the sources, are more and more
significant as we probe larger spatial scales. Since all Stokes
are from the same electromagnetic waves received by the same
interferometer, if the polarized and unpolarized emission origi-
nally had similar spatial distributions, there would be no reason
that interferometric filtering would create such differences in
the power recovered at different angular scales for the differ-
ent Stokes parameters. Thus, it is likely that these power spectra
reflect the different intrinsic (“true”) spatial distribution of polar-
ized and total dust emission at typical core scales probed with
ALMA observations.

The differences in the spatial distribution of power between
Stokes maps toward protostellar cores could be the underly-
ing cause of the high values of polarization fractions observed
at lowest observed column densities, which correspond to the
largest radii in the envelopes (indeed, see the trend of Fig. 6 and
the core-by-core analysis of Fig. B.4 where we see that the high
polarization fraction values correspond to low column density
values). While models do not predict such high levels of polar-
ization (see Sect. 4.1.3 and the simulation and radiative transfer
presented in Appendix D), this may contribute to the shallower
correlation we find in the S versus Pfrac relation from the ALMA
observations with respect to the trend obtained with large-scale
cloud observations: indeed, a decrease in the highest values of
Pfrac would result in a relation closer to S ∝ Pfrac

−1, found in
Planck and predicted by their analytical model.

Confirmation of this result will require further investigation,
as it is crucial to understand how much the scales of emission
differ between polarized and total intensity emission. Quantify-
ing this would allow us to remove the biases in the values of
polarization fraction derived from interferometric observations.

4.1.3. On the effect of spatial filtering on statistical
polarization properties

One major issue we face with the ALMA dust polarization
observations is spatial filtering by the interferometer, which
removes the scales of emission that are not included in the uv-
coverage of the dataset. In contrast to the statistical analysis

of dust polarization performed with single dish instruments
such as Planck (Planck Collaboration Int. XIX 2015; Planck
Collaboration Int. XX 2015; Planck Collaboration XII 2020),
BLASTPOL in Fissel et al. (2016), and SCUPOL (Poidevin et al.
2013), our analysis of interferometric data requires us to char-
acterize how the filtering alters the polarization quantities we
use in our statistics. With this aim, we use a set of synthetically
observed non-ideal MHD simulations computed with RAMSES
(Teyssier 2002; Fromang et al. 2006) that follow the gravitational
collapse of cores whose range of initial mass and turbulence
reproduce the main characteristics of the sources from our sam-
ple. The set consists of six simulations of collapsing cores (with
total masses of 30, 60, and 100 M�). We perform radiative trans-
fer on these models using the POLARIS code (Reissl et al. 2016),
which produces the Stokes I, Q, and U maps and assumes either
that a constant fraction of the dust grains are perfectly aligned
everywhere (perfect alignment, known as “PA” hereafter) or that
paramagnetic grains are aligned via radiative torques, known as
“RATs” hereafter (e.g., Lazarian 2007). We note that the hypoth-
esis of perfect alignment is not physical, and we do not aim to
reproduce or interpret the polarized dust emission from Class 0
envelopes as resulting from perfect alignment. However, while
we recognize that an hypothesis of perfect dust alignment is
not a physical model but a phenomenological one, it has been
suggested that the properties of dust polarization at the larger
scales of the diffuse ISM (especially the results of S × Pfrac)
can be explained and reproduced with perfect alignment (Planck
Collaboration XII 2020; Seifried et al. 2020). In the first part
of our discussion we aim to compare our results with those
obtained at larger scales, and thus perfect alignment remains
an interesting point of comparison with RATs, and is a useful
benchmark to compare how different physical models of grain
alignment affect the statistical properties of the polarized emis-
sion. In addition, a case where the grains are perfectly aligned is
only taking into account the source-specific geometrical effects
governing the resulting polarization maps, and thus is useful to
understand where alignment drops or is suppressed. We present
all the details of the simulations and the radiative transfer cal-
culations in Appendix D. In order to produce realistic synthetic
observations to compare with the ALMA datasets, we use the
CASA simulator (with the typical ALMA uv-coverage of these
observations) to implement the effects of interferometric filter-
ing and atmospheric noise on the POLARIS synthetic emission
maps.

In Fig. 7 we present the histograms of S and Pfrac (where
all simulations have been merged) before and after filtering,
assuming RATs or PA3. We note that if no spatial filtering is
applied to the synthetic maps, it is difficult to reproduce the
rather high values of polarization fraction typically observed
in ALMA observations of protostellar cores using models that
only include grain alignment via RATs (despite the fact that we
include relatively large grains in our calculations; see details in
Appendix D); this was pointed out previously in Valdivia et al.
(2019). We find that spatial filtering systematically causes the
entire distributions of the dispersion of polarization angles S
and the polarization fraction Pfrac to increase. These increases
also translate into an increase in the mean values of S × Pfrac

3 We note that merging all the simulations does not change the result,
as each simulation of the six we present in Appendix D sees their values
of S and Pfrac increase. This increase is also seen in Figs. D.3 and D.4.
The effects of filtering in the case of the three massive simulations
(Fig. D.4) are marginal, most likely because these cores are very bright
and exhibit magnetic fields that are on average more organized than the
three less massive simulations.
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Fig. 7. Histograms of polarization fraction Pfrac (left) and dispersion of polarization angles S (right) for all ALMA cores (dashed lines), and for all
simulations (solid lines; with grain alignment via perfect alignment [PA] or radiative torques [RATs], and with or without filtering). The histogram
lines have been smoothed with a 1D-Gaussian kernel of a size of 0.2% in Pfrac and 2◦ in S. In both panels, the shaded areas correspond to the mean
of the uncertainty in Pfrac and S within each bin of the histogram. Right panel: we do plot the errors in S, derived following Alina et al. (2016). We
do not show uncertainties for the synthetically observed simulations, as they have not been filtered by the CASA simulator.

(see Fig. 8 for the evolution of S × Pfrac as a function of the
column density, in different simulations and implementing grain
alignment via both PA and RATs). In addition, one can see that
the effect of filtering in Fig. 8 seems to be stronger at low col-
umn densities. This makes sense because the low column density
regions lie at large scales (within the envelope probed by our
ALMA observations), where the power spectra in the Stokes
I versus Stokes Q and U maps show large discrepancies (see
Sect. 4.1.2). It is therefore possible that some of the high values
of polarization fraction Pfrac found in the ALMA dust polar-
ization observations of protostars may be related to the spatial
filtering of the intrinsically different spatial distributions of the
polarized versus total intensity emission.

While there is significant uncertainty in the reliability of the
calculated values of Pfrac given our analysis of both filtering and
power spectra, we note that the statistical behavior of Pfrac cor-
responds to what is predicted by theory and models. In addition,
the distributions of Pfrac we present in Fig. 1 peak at reasonable
values (∼5%); the high values of Pfrac that we find in the ALMA
observations are located in the tail of the Pfrac distribution.

As a thought experiment, we apply the same kind of filtering
that ALMA produces to the Planck maps by artificially plac-
ing them further away so each map has the angular size of the
ALMA field of view at 870 µm. We then synthetically observe
them with the CASA simulator using a combination of ALMA
antenna configurations similar to those used to observe the sam-
ple of cores analyzed here. We find that this simple exercise
indeed confirms the change of the power law index of the cor-
relation between S and Pfrac: from an initial 0.94 before filtering
to 0.48 after filtering (see Fig. 9). This change is drastic, and the
power law index we obtain is much smaller than the ones we
obtain from the ALMA observations. This can be explained by
the fact that the emission from the Planck observations corre-
sponds to very diffuse regions, and thus the filtering removes
a significant part of the initial flux in the three Stokes maps,

which yields a more dramatic effect of the spatial filtering on
the recovered correlation between S and Pfrac.

4.2. On the dust grain alignment efficiency inside a Class 0
protostellar core

In this section we discuss how our statistical analysis of polar-
ized dust emission properties has improved our understanding
of the dust grain alignment process at work in Class 0 proto-
stellar envelopes. We mainly focus on the interpretation of the
evolution of S × Pfrac as a function of column density, both in
ALMA observations (Sects. 4.2.1 and 4.2.2) and synthetic obser-
vations of MHD models of protostellar evolution (Sect. 4.2.3).
Finally, we investigate how the statistical properties of the polar-
ized emission from Class 0 protostellar cores may be explained
by different dust grain characteristics (Sect. 4.2.4) or additional
grain alignment mechanisms (Sect. 4.2.5).

4.2.1. S × Pfrac suggests no strong radial dependence of the
average dust grain alignment efficiency in protostellar
envelopes

According to the analytical model developed for the ISM by the
Planck collaboration (see Appendix A), the product S × Pfrac
is a proxy for the maximum dust grain alignment efficiency
Pfrac,max

4, and is statistically independent of the magnetic field
configuration. This value of Pfrac,max is influenced by a variety of
parameters, such as the collisional de-alignment of grains by gas
particles (which scales with density); the dust grain size, shape,
and composition; and the local irradiation conditions. We stress
that the absolute average values of S × Pfrac that we present here
cannot be compared directly with the values derived from the

4 For a brief discussion of a recently developed alternative method for
evaluating the dust grain alignment efficiency, see Appendix E.
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Fig. 8. Observed distributions of the mean values of S × Pfrac as a function of the column density NH2 (normalized by its maximum value, NH2 ,peak)
of all the ALMA cores (triangles) and of all the models (crosses). Left: the four lines representing the simulations correspond to results from all the
simulations merged together, using RATs or PA, both filtered and not filtered. Right: we focus on the simulations implementing RATs only, both
filtered and not filtered, separating the three simulations with low protostellar accretion luminosity from the three with high accretion luminosity.
The shaded areas represent ± the standard deviation of the Gaussian fit performed on each bin of points. The error bars correspond to these
standard deviation values divided by the square root of the number of points in each bin.
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Planck data because of possibly different physical origins of the
turbulent component of the magnetic field at ISM versus core
scales. However, if the turbulent component of the magnetic field
is still on average isotropic at core scales, then, as S and Pfrac are
inversely dependent on the disorganization level of the apparent
magnetic field, it is reasonable to assume that S × Pfrac traces
the intrinsic capability of dust grains to align themselves with
the local magnetic field.

We show in Fig. 6 that the product S × Pfrac obtained with
all the ALMA dust polarization observations is remarkably con-
stant as a function of column density in protostars, with an
average value of 0.36+0.10

−0.17. Despite the increasing complexity
of the magnetic field topology from core to disk scales, the
drastically different local physical conditions (e.g., density, pres-
sure, temperature, and irradiation conditions), the flat profile of
the average S × Pfrac over two orders of magnitude in column
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density suggests that, within the statistical uncertainties reported
in Fig. 6, the grain alignment efficiency remains approximately
constant throughout a protostellar envelope. This is reminiscent
of the Planck results in star-forming clouds: it suggest that both
in the ISM and in cores, the dust grain alignment mechanism(s)
at work do not appear to be very sensitive to local physical
conditions.

We stress that in the range of column densities accessible
to ALMA, the models implementing RATs (when all averaged
together) show a decrease of a factor of two in S × Pfrac relative
to what we see from the ALMA data (see Fig. 8 left). In the
sections that follow, we explore possible reasons (e.g., different
local environmental conditions) for the discrepancy between our
ALMA results and the models implementing grain alignment via
RATs.

4.2.2. The effects of environmental conditions on dust grain
alignment efficiency

Our findings that the average grain alignment efficiency does
not strongly depend on the local column density in protostel-
lar cores is, however, at odds with the expected behavior of
grain alignment with respect to the quite inhomogeneous local
conditions in cores. For example, the rise of gas pressure and
density near the center of the protostellar core, which causes the
gaseous damping timescale to decrease, is a crucial factor that
theoretically leads to a loss of dust grain alignment efficiency
(Reissl et al. 2020). Furthermore, observations have revealed
that radiation, presumably caused by accretion processes near
the central protostar, causes enhanced polarized emission along
the cavity walls of bipolar outflows (Hull et al. 2017b, 2020;
Maury et al. 2018; Le Gouellec et al. 2019). Finally, indications
of larger dust grain size with respect to the ISM dust grain pop-
ulation have been found in embedded objects (Miotello et al.
2014; Valdivia et al. 2019; Galametz et al. 2019; Hull et al. 2020;
Le Gouellec et al. 2019). This suggests that, in the context of
the RAT alignment mechanism, these phenomena may counter-
balance one another, thus precluding a significant variation of
alignment efficiency as a function of column density. Then the
constant trend of S × Pfrac could be due to averaging all the
observations from our sample, whereas the individual protostars
may have very different local conditions at a given normal-
ized column densities because, for example, their luminosity and
absolute densities are different. In addition, we note that the stat-
istical weights (in terms of number of independent points, see
Table 2) of each observation are very different. Therefore, aver-
aging all the observations may cause observations with larger
weights to mask the results of those with lower weights.

Hence, to examine in more detail some of these physical pro-
cesses that are thought to cause the efficiency of RATs to vary,
we perform two separations in our datasets. First, we separate
the “low” and “high” luminosity cores (i.e., high [bolometric
luminosity >10 L�]: NGC1333 IRAS4A, OMC3 MMS6, Ser-
pens Emb 6, IRAS 16293, BHR71; low [bolometric luminosity
<10 L�]: Serpens Emb 8, Serpens Emb 8(N), B335, VLA 1623,
L1448 IRS2) in order to investigate whether the strength of the
central source of irradiation affects the dust grain alignment effi-
ciency in the entire core. We note that the value of 10 L� is arbi-
trary, and simply allow us to separate the sample into two bins in
luminosity. Second, we separate the emission from the outflow
cavities versus that from the envelope on each side of the out-
flow by taking the emission from inside and outside of the cone
of the bipolar outflow (see Figs. B.1 and B.2 and Appendix B).
While the magnetic field lines in outflow cavity walls are very
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Fig. 10. Observed distributions of S × Pfrac as a function of the column
density NH2 , which is normalized to its maximum value NH2 ,peak, for all
the cores, and for other cases we tried, including separating high- and
low-luminosity cores, as well as outflow cavity walls versus envelope
emission. The solid lines are the running means, and the shaded areas
are ± the standard deviation of each bin of points. The error bars cor-
respond to these standard deviation values divided by the square root of
the number of points in each bin.

organized (having small values of S), which contributes to
the observed high values of polarization fraction, the enhance-
ment of polarized emission in these regions seems to be linked
with irradiation conditions favorable to dust grain alignment
via RATs. Indeed, detections of CCH spectral line emission –
a molecular tracer known to be sensitive to irradiation – toward
outflow cavity walls in B335 (Imai et al. 2016) and in Serpens
Emb 8(N) (Le Gouellec et al. 2019) support this hypothesis.
On the contrary, the envelope emission not associated with the
outflow is not expected to have such favorable irradiation con-
ditions because of the larger amount of dense envelope material
located at all depths along the photon propagation path through
the envelope.

In Fig. 10 we present, for each of these four cases, the evolu-
tion of S × Pfrac as a function of the normalized column density.
The trends of S × Pfrac in outflow cavity versus envelope emis-
sion are very similar. Thus, despite very different irradiation
conditions in the outflow cavities and the surrounding envelope,
these differences seem insufficient to cause observable changes
in the grain alignment efficiency between these two regions.
Assuming grains are aligned via RATs, the grains embedded
in the envelope thus must still receive amounts of anisotropic
irradiation that are sufficient to align grains. However, we do
see significant differences in the trends of S × Pfrac between
the low- and high-luminosity cores. The distribution from the
high-luminosity cores follows the constant trend from the two
previous cases (i.e., outflow cavity and envelope emission), as
well as the trend seen when all the datasets are merged together.
On the other hand, the distribution from the low-luminosity
cores shows a clear decrease in S × Pfrac as a function of col-
umn density, which indicates less efficient grain alignment in the
highest density regions of these cores. As the product S × Pfrac
is also dependent on the function fm(δ) (see Sect. 4.1.1), this
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may indicate that these low-luminosity cores are subject to dif-
ferent amounts of the gravo-turbulent motions responsible for
the correlation between S and Pfrac. However, while this would
modify the average values of S and Pfrac, it is unclear that this
would result in such a strong decrease of S × Pfrac with the col-
umn density, and there are no obvious reasons why only the
low-luminosity cores would be affected.

A possible explanation for this decrease of S × Pfrac toward
low-luminosity cores is the amount of irradiation received by
dust grains with respect to their position in the protostellar enve-
lope. Indeed, the subsample of low-luminosity cores tend to
have smaller envelope masses than the high-luminosity cores.
Therefore, the optically thin regions of dust emission in the
low-luminosity cores tend be closer to the protostellar embryo.
However, as the irradiation emanating from the low-luminosity
protostellar embryo at the center of the envelope is smaller rela-
tively to the high-luminosity protostars, dust grains located close
to the peak in column density may be less efficiently aligned
in the low-luminosity cores, which causes the drop we see of
S × Pfrac toward these sources. On the contrary, the thermal
dust emission emanating from the outer envelope of the low-
luminosity cores (i.e., where 10−2 < NH2/NH2,peak < 10−1) may
correspond to column densities that are low enough to still be
permeated by the interstellar radiation field. This would increase
dust grain alignment efficiency and could potentially justify the
on-average higher S × Pfrac values of the low- versus the high-
luminosity cores, in this range of normalized column density.
In addition, the higher irradiation emanating from the central
protostar of the high-luminosity cores may propagate far enough
to maintain a relatively high grain alignment efficiency, even at
larger envelope radii.

Finally, we note that the overall larger column densities
in more massive protostars (which is the case for the high-
luminosity cores of our sample) also leads to a larger amount
of material being optically thick: it is possible that a decrease of
S × Pfrac also happens in these cores, but within the inner enve-
lope radii where dust emission becomes optically thick (and is
thus hidden) at (sub)-mm wavelengths. For example, the cen-
tral region ∼200 au of Serpens Emb 6 (Le Gouellec et al. 2019)
was found to be likely optically thick at 870 µm; Takahashi
et al. (2019) also reported an optically thick ∼200 au central
region in the high-luminosity source OMC3 MMS6. However,
Le Gouellec et al. (2019) reported optically thin central regions
in the low-luminosity cores Serpens Emb 8 and Serpens Emb
8(N). We examine the maps of integrated optical depth in the
synthetic observations of our numerical protostellar models and
find that, indeed, the central regions (i.e., the inner ∼100 au in
the three low-luminosity simulations, and the inner ∼200 au of
the high-luminosity simulations) are optically thick. Neverthe-
less, the trends of S × Pfrac as a function of column density for
the simulations implementing RATs show relatively flat profiles
for both the low- and high-luminosity cases (Fig. 8).

4.2.3. The role of protostellar luminosity in aligning grains via
RATs in MHD models

Analyzing the statistics from the simulations using the mean of
S × Pfrac estimator as a function of NH2 yields the result shown
in Fig. 8, where we compare in the left panel the observational
distribution presented in Fig. 6 with the distributions from all the
simulations, implementing RATs or PA, both filtered and not fil-
tered. Similarly, in the right panel of Fig. 8 we compare the same
observational distribution with the distributions from the simula-
tions implementing RATs, separating the three simulations with

more massive cores and hence higher luminosities from the three
others with lower masses and lower luminosities. As we index
the irradiation emanating from the central protostar directly to
its mass, the three more massive simulations have a stronger
radiation field in the core. We find that, in the case of RATs,
S × Pfrac is on average higher in high-luminosity sources than
in low-luminosity sources (Fig. 8 right panel). This shows that
the statistical estimator S × Pfrac is sensitive to dust grain align-
ment efficiency, as expected from RAT theory, which predicts
that grain alignment efficiency scales with the strength of the
local radiation field. Finally, we note that in the case of perfect
alignment, as all of the susceptible grains are aligned with the
magnetic field, we see even higher average values of S × Pfrac
(Fig. 8 left panel).

We note that the three massive simulations correspond to
much higher-mass cores that those in our sample of Class 0
protostellar cores. Moreover, these simulations do not have ini-
tial turbulence, and are quite axisymmetric at the time steps we
choose, which may be inconsistent with the requirement of the
analytical model that the disorganized component of the mag-
netic field be isotropic in order to justify tracing dust grain
alignment efficiency with S × Pfrac. We stress that, however,
at all column densities probed in our sample of protostars, the
observed S × Pfrac values are overall larger than those predicted
by models with dust grains aligned via RATs, but are consis-
tent with S × Pfrac values predicted by models where grains are
perfectly aligned (see the left panel of Fig. 8). The perfect align-
ment hypothesis allows us to estimate the typical S × Pfrac values
produced by the combination of perfect local alignment and geo-
metrical effects along the line of sight and in the plane of the sky,
and in consequence suggests that the grain alignment efficiency
in protostellar envelopes is higher than the efficiency produced
by standard RATs alone (see also Kuffmeier et al. 2020 for a sim-
ilar result). Only models implementing RATs in high-luminosity
cores (see Fig. 8, right panel) produce values that are marginally
consistent with the observed values of S × Pfrac in our sample
of protostars. Our results thus suggest that the efficiency of grain
alignment via RATs does not match most observations, and high-
light the importance of investigating the potentially key role of
protostellar irradiation, in our future efforts to reproduce the
observed S × Pfrac. We stress, however, that implementing dif-
ferent dust-grain properties (see Sect. 4.2.4) as well as different
grain alignment mechanisms (see Sect. 4.2.5) could potentially
allow models to approach the values of S × Pfrac seen in ALMA
observations.

4.2.4. Different dust grain properties

Other potential origins for the differences in dust polarization
properties in protostellar environments with respect to the ISM,
are the different dust properties, such as, e.g., dust grain size,
structure, or even composition. The plethora of dust polariza-
tion detections toward the densest regions of young protostellar
cores indicate that dust grains are still aligned down to very small
scales (∼100 au) close to the embedded protostar, where dust
grain characteristics may not be well constrained.

Estimations of photon-penetration length scales in submil-
limeter wavelength ALMA observations of protostellar cores
have revealed that, given the wavelength of the radiation imping-
ing on the dust grains, the detected dust polarization should
emanate from dust grains larger than the (sub-)micron-sized dust
grain size expected in a typical ISM population (Hull et al.
2020; Le Gouellec et al. 2019). Radiative transfer studies assum-
ing dust grains aligned by RATs of simulations of low-mass
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collapsing cores have shown that the typical amount of polariza-
tion detected in observations can be reproduced by simulations
if the implemented maximum dust grain size exceeds 10 µm
(Valdivia et al. 2019). In addition, indications of such large grains
have been found in multiwavelength observations of protostellar
envelopes in studies analyzing dust grain emissivities (Miotello
et al. 2014; Galametz et al. 2019). Finally, while the typical
elongation of dust grains in star-forming environments is uncon-
strained observationally, grain alignment may strongly depend
on this parameter; further efforts that use dust models to pro-
duce predictive observational tests would help further constrain
the effect of grain elongation.

Finally, grain alignment efficiency closer to the observed val-
ues traced by S × Pfrac in protostellar envelopes (see Sect. 4.2.3,
where we find that the observed level of dust grain alignment
efficiency is not reproduced by standard RATs in the radia-
tive transfer calculations of our models) may be reached if we
change the paramagnetic properties of the dust grains used in
our radiative transfer calculations. Assuming RATs are the main
mechanism aligning grains in protostellar environments, con-
sidering dust grains with super-paramagnetic inclusions allows
RATs to align more grains (Hoang & Lazarian 2016). This mod-
ified RAT theory was tested in models of the diffuse interstellar
medium by Reissl et al. (2020), who found that RATs acting
on super-paramagnetic grains produce values of grain align-
ment efficiency very similar to those obtained when grains are
perfectly aligned.

4.2.5. Other grain alignment mechanisms

Despite a global agreement in the trends, the statistical prop-
erties of polarized dust emission seen in ALMA observations
of protostellar cores cannot be fully reproduced by the synthetic
observations of MHD simulations of young, collapsing protostel-
lar cores. The distributions of S versus Pfrac from the simulations
(see Figs. D.3 and D.4) show clear trends, but they do not match
those found from the ALMA observations (Fig. 4). As men-
tioned in Sect. 4.2.4, we lack detailed understanding of dust
grain properties in the protostellar envelopes probed by ALMA
observations. In addition, although we demonstrate the influence
of irradiation on the efficiency of grain alignment via RATs in
the S × Pfrac analysis of our models (see Sect. 4.2.3), we see in
Sect. 4.2.2 that no major differences in dust grain alignment effi-
ciency were found between two regions of the cores that should
experience different irradiation conditions: the outflow cavity
walls, and the regions in the envelope not associated with the
outflow. Finally, the average values of S × Pfrac from ALMA
observations do not seem to match the values obtained from
models implementing RATs, but rather show a better match with
perfect alignment.

One possibility to explain the aforementioned issues, assum-
ing our protostellar MHD models accurately represent the envi-
ronments of young protostars, is that we may not fully understand
all of the mechanisms causing the linear polarization we detect,
and that an additional mechanism(s) may be dominant over RATs
when the latter are no longer effective. The dynamical context of
some dust polarization observations, especially in the outflow
cavity walls or accretion streamers, may favor other theories of
grain alignment such as Mechanical Alignment Torques (MATs).
Introduced in Hoang et al. (2018), the MAT theory describes the
alignment of dust grains with respect to the magnetic field ori-
entation via mechanical torques induced by supersonic gas-dust
drift (in an outflow, for example). It is, however, not yet clear
how one could identify the occurrence of this new dust grain

alignment mechanism in the objects we study here. In addition,
the dust grain size distribution may be affected by RAdiative
Torque Disruption (RATD; Hoang et al. 2019; Hoang & Tram
2020), which predicts that the dust-grain size distribution will
shift to smaller values due to the disruption of large aggregates
that are spun-up to suprathermal rotation speeds and thus broken
apart by radiative torques.

The statistical analysis of the dust polarization we perform in
this article, thanks to the tools of S and Pfrac, is able to charac-
terize the processes at work in the alignment of dust grains in the
envelopes of Class 0 protostellar cores, such as the role played by
the radiation field. However, additional methods must be devel-
oped in order to identify the potential occurrence of recently
proposed grain alignment mechanisms.

5. Conclusions

We perform a statistical analysis of the polarized dust emis-
sion emanating from a sample of fifteen ALMA observations
toward eleven Class 0 protostellar cores (namely: Serpens Emb 6,
Serpens Emb 8, Serpens Emb 8(N), BHR71 IRS1, BHR71 IRS2,
B335, IRAS 16293, VLA 1623, L1448 IRS2, OMC3 MMS6,
and NGC 1333 IRAS4A), at wavelengths ranging from 870 µm
to 3 mm. The conclusions we draw are as follows.
1. We find a significant correlation between the dispersion of

polarization angles S and polarization fraction Pfrac in the
polarized dust emission from protostellar envelopes, with
a resulting correlation of S ∝ Pfrac

−0.79. This correlation is
sensitive to the morphology of the disorganized component
of the magnetic field and to other intrinsic characteristics of
the polarized emission. This correlation found in the ALMA
cores has a smaller power law index than the correlation
found at larger scales in the Planck observations of star-
forming clouds, where they found S ∝ Pfrac

−1. This could
be a consequence of the different nature of turbulence in
Class 0 sources versus the ISM (i.e., due to gravitational
infall, rotation, and outflowing motions); or due to interfer-
ometric filtering, which produces artificially high Pfrac in
ALMA observations; as well as of the possibility that grain
alignment varies with local conditions, which are signifi-
cantly different between the star-forming molecular clouds
and protostellar cores. Finally, our observations and their
comparison to synthetic observations of protostellar mod-
els suggest that additional alignment mechanisms may be at
work in protostars (see point 6).

2. We find that the flattening of the correlation between S and
Pfrac in our ALMA results versus the larger-scale Planck
results can be reconciled with the Planck analytical model if
it is modified to include only one layer of randomly oriented
magnetic field to represent the disorganized component of
the field. This results in an overall less disorganized com-
ponent of the apparent magnetic field compared with that
produced by the multiscale turbulence at work in the ISM.

3. The product S × Pfrac, which is sensitive to dust grain align-
ment efficiency, shows a constant profile as a function of
column density in the sample of cores analyzed, with a
constant value of 0.36+0.10

−0.17. This suggests that the grain
alignment mechanism producing the polarization observed
at millimeter wavelengths, over 3 orders of magnitude in
column density (from NH2 = 1022 cm−2 to NH2 = 1025 cm−2),
may not depend strongly on the local conditions such as gas
density and temperature.

4. We examine the statistical properties of polarized dust emis-
sion emanating from the outflow cavity walls versus the
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regions of the envelope not associated with the outflow.
These regions are expected to experience drastically differ-
ent irradiation conditions. We do not find any obvious differ-
ence in dust grain alignment efficiency between the two.

5. However, we find hints that, contrary to the highest luminos-
ity cores in our sample, the lowest luminosity sources expe-
rience a decrease of their dust grain alignment efficiency
at higher column densities. The environmental conditions
in the central regions of the envelopes are indeed expected
to disfavor the alignment of dust grains via the Radiative
Alignment Torque (RAT) mechanism, as a result of the
lower level of irradiation emanating from the central proto-
star of the low-luminosity cores relative to the high-lumino-
sity cores. The density of the outer envelope of these low-
luminosity cores may be tenuous enough to be permeated
by the interstellar radiation field, thus increasing dust
grain alignment efficiency with increasing radii. Finally, the
higher irradiation emanating from the central protostar of the
high-luminosity cores may propagate far enough to maintain
a relatively high grain alignment efficiency, even at larger
envelope radii.

6. We use synthetic observations of the polarized dust emis-
sion in a small sample of outputs from non-ideal MHD
simulations of protostellar collapse. We apply the S × Pfrac
analysis to these synthetic maps of polarized dust emission,
assuming either grain alignment via Radiative Alignment
Torques (RATs) or perfect alignment (PA; i.e., alignment of
all susceptible grains), and we show that the statistical esti-
mators used in our work seem to be sensitive to the overall
efficiency of grain alignment. Furthermore, our S × Pfrac
analysis of the simulations implementing RATs suggests
that the average value of this estimator is sensitive to the
radiation field strength in the core. Finally, the simulations
with perfect alignment yield on average higher S × Pfrac
values than those implementing RATs.

7. When implementing RAT alignment in our radiative transfer
calculations, we do not reproduce with our simulations the S
versus Pfrac statistics obtained from the ALMA observations.
This may suggest that the simulations are not fully adequate
representations of the Class 0 protostellar envelopes in our
observations, or that the S versus Pfrac correlation is not
sensitive to the details of the physical mechanism(s) aligning
the dust grains. The values of S × Pfrac obtained from the
ALMA observations seems to lie among the values pre-
dicted by PA, and are significantly higher than those found
in models including RATs alone, especially at high column
density. This suggests that, to be able to reproduce the dust
alignment efficiency found in cores, one needs either more
efficient RATs than the classical RATs with paramagnetic
grains, an extra alignment mechanism(s), or different
irradiation conditions than those assumed in models.

8. Our results suggest that the continuum and polarized dust
emission in the ALMA observations have different intrinsic
spatial scales, which affects the statistics. We show that
the differences in emitting power of the different Stokes
parameters as a function of spatial scale can produce
artificially high Pfrac, especially at large scales where Stokes
I has on average less power with respect to Stokes Q and
U. Finally, this work on synthetic observations suggests that
interferometric filtering biases the values of S and Pfrac,
causing artificially high values of both.

While the work we present here has shed light on the physics
of dust grain alignment in Class 0 protostellar cores, many open
questions remain about the details of the physical environment

at envelope scales. Future investigations involving detailed com-
parisons of the observations of cores with those reproduced by
simulations, alongside observations of chemical tracers associ-
ated with the polarized dust emission, will illuminate the role
played by the local conditions in producing the polarization
observed at small scales in Class 0 protostellar envelopes.
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Appendix A: Planck analytical model

Planck Collaboration XII (2020) developed an analytical model
able to reproduce the phenomenological properties of polarized
dust emission. They assumed the total emission arises from a
small number N of independent layers, each of them emitting
a fraction 1/N of the total intensity. The magnetic field was
described as the sum of a uniform and an isotropic turbulent
component. This model is based on a few essential parameters,
including the maximum polarization fraction Pfrac,max (which
will tell us about the intrinsic capability of the grains to align
themselves with respect to the magnetic field), the ratio of the
standard deviation of the turbulent magnetic field to the magni-
tude of the ordered field fm, and the spectral index αM of this
turbulent component. At a given location, the analytical rela-
tionship between the dispersion of polarization angles S and the
polarization fraction Pfrac was found to be the following:

S2(δ) =
f 2
m(δ)
3N

P2
frac,max

P2
frac

A , (A.1)

with

A=

N∑

i = 1

(
sin2 2∆φi sin2 Γi + cos2 2∆φi cos2 Γi

)
, (A.2)

where φ is the polarization position angle, ∆φi = φ − φi, δ is the
lag (as introduced in Sect. 3.1, the lag describes the surface over
which the dispersion S is derived, and thus corresponds to the
characteristic length scale at which we quantify the disorgani-
zation of polarization position angles), and Γi is the inclination
angle of the magnetic field

−→
Bi in a given layer i with respect to

the plane of the sky. The value of A is approximated as follows:

〈A〉Pfrac ∼ 1/
√

2 , (A.3)

such that we obtain:

〈S (δ)〉Pfrac ≈
fm(δ)√

6N

Pfrac,max

Pfrac
, (A.4)

where the factor fm(δ) represents the typical relative fluctuation
of the magnetic field at the scales corresponding to the annulus
between δ/2 and 3δ/2. This factor was defined as follows:

fm(δ) =
σBi (δ)

Bi
, (A.5)

where σBi (δ) is the fluctuation of the magnetic field
−→
Bi. This

function was modeled as follows:

fm(δ) = 0.164 fM
(
ω

160′
)−1−αM/2

, (A.6)

where ω is the full width half maximum of the spatial resolu-
tion of the observations. The parameter values used in Planck
Collaboration XII (2020) are: αM =−2.36, fM = 0.9, N = 7, and
Pfrac,max = 0.26. Using these values yielded the following analyt-
ical relation:

〈S (δ)〉Pfrac =
0.339
Pfrac

(
ω

160′
)0.18

. (A.7)

In the plots where we relate S and Pfrac, we plot this relation in
red, using the analytical coefficient of 0.339. The Planck team
found a coefficient of 0.31 from their observations.

When considering the results of the Planck team, this ana-
lytical model yields a dispersion of polarization angles S that is
proportional to Pfrac

−1. However, for our study, the specific case
of N = 1 is relevant. This gives:

S2(δ) =
f 2
m(δ)
3

P2
frac,max

P2
frac

cos2 Γ. (A.8)

In this specific case:

Pfrac =Pfrac,max cos2 Γ , (A.9)

and thus we obtain:

S(δ) = fm(δ)

√
Pfrac,max

3Pfrac
. (A.10)

Consequently, in the specific case of N = 1, S is proportional to
Pfrac

−1/2 in the analytical model.

Appendix B: ALMA cores

In Table B.1 we list the details and the coordinates of each source
in our sample. In Table B.2 we present the outflow properties of
each source. In Fig. B.2 we present the maps of Stokes I, polar-
ized intensity P, and polarization angle dispersion S, for all of
the ALMA observations. The white dotted lines show the sepa-
ration between the outflow cavities and the envelope emission
not associated with the outflow cavities. We characterize this
separation in Fig. B.1, where e and c denote the thickness of
the equatorial planes (separating the two lobes of the outflow)
and the outflow cavity walls, respectively, as fit by eye using
the polarized intensity maps. The outflow position angles and
opening angles are taken from the literature.

Figure B.3 shows the S vs. Pfrac correlations for all the
datasets.

c

e

Fig. B.1. Scheme of the separation we have performed in our polarized
intensity maps. The red and yellow areas are defined as the outflow cav-
ity and the envelope emission not associated with the outflow cavities,
respectively.
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Fig. B.2. Left: total intensity (Stokes I); center: polarized intensity P; right: dispersion of polarization angles S. The solid white contour represents
the threshold in Stokes I used to select the data, as described in Sect. 3.1.The white dotted lines denote the cone of the bipolar outflow that we use
to separate the statistics in the outflow cavities versus those in the regions of the envelope not associated with the outflow cavities. (see Fig. B.1).
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Fig. B.3. Distributions of the dispersion of polarization position angles S with respect to the polarization fraction Pfrac for each of the sources of
our sample. Same as Fig. 4, except that here the color scale represents the value of Stokes I of the corresponding point, in Jy str−1.
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Fig. B.4. Distributions of the dispersion of polarization position angles S (blue) and the polarization fraction Pfrac (red) as a function of the
normalized column density NH2/NH2 ,peak, for all the cores. The solid lines and points represent the running mean of S and Pfrac; the associated
shaded areas are ± the standard deviation of each bin. The dashed lines are the linear fits, which are linear regressions done in the logarithmic
space, whose slopes and uncertainties are calculated the same way as in Fig. 4.
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Table B.1. Details of individual sources.

Name αJ2000 δJ2000 Menv
(a) Lbol

(a) Lint
(b) Dist. (c) Features (d)

(M�) (L�) (L�) (pc)

Serpens Emb 6 18:29:49.81 01:15:20.41 27.2 134.6 111.3 (∗) 484 C,E

Serpens Emb 8 18:29:48.09 01:16:43.30 12.8 7.3 13.6 (†)
484 E

Serpens Emb 8(N) 18:29:48.73 01:16:55.61 1.3 (∗) C

BHR71 IRS1 12:01:36.51 −65:08:49.31 4.6 14.7 11.8 (∗) 200 E
BHR71 IRS2 12:01:34.04 −65:08:47.87 – 1.7 C

B335 19:37:00.91 07:34:09.60 1.44 2.7 1.4 165 C,E

IRAS 16293A 16:32:22.87 −24:28:36.63 4.3 30.2 19 (∗) 144 E
IRAS 16293B 16:32:22.61 −24:28:32.61

VLA1623A/B 16:26:26.35 −24:24:30.55 0.8 4.4 1.2 (∗) 144 E

L1448 IRS2 03:25:22.41 30:45:13.21 1.3 7.0 4.7 294 C,E

OMC3 MMS6 05:35:23.42 −05:01:30.53 36 38.4 27.3 (∗) 432 C,E

NGC1333 IRAS4A 03:29:10.55 31:13:31.00 12.3 14.2 4.7 294 C,E

Notes. We scale the masses and luminosities found in the literature to the distances we adopt. (a)Envelope mass Menv and bolometric luminosity
Lbol values for Serpens Emb 6 are from observations that encompass the whole Emb 6 core (Enoch et al. 2011; Kristensen et al. 2012). The values
calculated for Serpens Emb 8 and Emb 8(N) include both sources together (Enoch et al. 2009, 2011). Tobin et al. (2019) for BHR71. Kurono et al.
(2013) and Maury et al. (2018) for B335. Pineda et al. (2012) and Jørgensen et al. (2016) for IRAS 16293A/B. Froebrich (2005) and Karska et al.
(2018) for VLA1623A/B. Sadavoy et al. (2014) and Karska et al. (2018) for L1448 IRS2. Karska et al. (2018) and Galametz et al. (2019) for IRAS4A.
Chini et al. (1997) and Manoj et al. (2016) for OMC3 MMS6. (b)Internal luminosity. Values with (∗)are calculated via the relation from Dunham
et al. (2008) using fluxes from archival data of Herschel PACS at 70 µm. Galametz et al. (2019) for Serpens Emb 8. Yang et al. (2017) for BHR 71.
Galametz et al. (2018) for B335. Galametz et al. (2019) for L1448 IRS2 and NGC1333 IRAS4A. In the cases where the internal luminosities is
quoted for a core that actually consists of two binaries, we index the respective internal luminosity of each protostar with their respective peak in
total intensity. (c)Distance reported in the literature. Zucker et al. (2019) for the Perseus, Ophiuchus, Serpens, and Orion sources. Watson (2020) for
B335. Seidensticker & Schmidt-Kaler (1989); Bourke (2001) for BHR71. (d)Main features present in the maps of total and/or polarized intensity.
C: Cavities, i.e., outflow cavity wall of the bipolar outflow. E: emission from the envelope that is not associated with the bipolar outflow. (†)For
Serpens Emb 8 Lbol < Lint, which is unphysical. The two values are derived from studies using two different telescopes: Lbol from BOLOCAM
(Enoch et al. 2009, 2011), and Lint from Herschel (Galametz et al. 2019). However, Enoch et al. (2011) mention the source was saturated at 70 µm,
so Lbol is likely an underestimate.
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Table B.2. Outflow details of individual sources.

Name Position angles (a) Opening angles (a) e (b) c (c)

(deg) (deg) (au) (au)

Serpens Emb 6 135 80 290 350

Serpens Emb 8 129 34 290 290
Serpens Emb 8(N) –73 14 290 350

BHR71 IRS1 174 55 600 600
BHR71 IRS2 –31 47 600 600

B335 (d) 99 63 180 200

IRAS 16293A (e) 90, 135 30, 30 90 90
IRAS 16293B (e) — — — —

VLA1623A/B ( f ) 125 30 60 60

L1448 IRS2 134 70 310 430

OMC3 MMS6 (g) 171 20 200, 40 180, 40

NGC1333 IRAS4A (h) –9, 19 40, 40 160, 160 160, 160

Notes. (a)Position angles of bipolar outflows and outflow opening angles, measured counterclockwise from the north, taken from the literature.
If the red- and blueshifted lobes have different position angles, we average them together. Hull et al. (2017b), Aso et al. (2019), Tychoniec et al.
(2019) and Le Gouellec et al. (2019) for Serpens Emb 6, Emb 8 and Emb 8(N). Tobin et al. (2019) for BHR71 IRS1 and IRS2. Takahashi & Ho
(2012) and Hull et al. (2014) for OMC3 MMS6. Hull et al. (2014), Velusamy et al. (2014) and Tobin et al. (2018) for L1448 IRS2 and B335.
Santangelo et al. (2015a), Ching et al. (2016) and Tobin et al. (2018) for IRAS4A. Santangelo et al. (2015b) and Murillo et al. (2018) for VLA
1623. Yeh et al. (2008), Kristensen et al. (2013), Girart et al. (2014) and van der Wiel et al. (2019) for IRAS 16293. (b)Thickness of the equatorial
planes, fit by eye. (c)Thickness of outflow cavity walls, fit by eye. (d)We show the average values of e and c obtained from the observations at the
three different wavelengths. (e)Both outflows are from IRAS 16293A; IRAS 16293B does not have any detected outflow. The parameters e and c
have been determined by eye thanks to the previously published CO emission. Furthermore, IRAS 16293B lies within one of the outflow cones of
IRAS 16293A; however, we consider it to be envelope emission. ( f )VLA1623A/B do not have clearly identifiable outflow cavities in the polarized
dust emission. Therefore we consider all the emission of this source to be coming from the envelope. However, we keep the parameters e and c
(determined by eye thanks to the CO emission) in this table and the white-dotted lines in Fig. B.2 to simply indicate the location and shape of the
outflow. (g)We report e and c for the two datasets separately, as they have very different angular resolutions. (h)We report values separately for the
two protostars in this core, IRAS4A1 and IRAS4A2.

Appendix C: Power spectra as a function of
spatial scale in the ALMA observations

The power spectra of the maps of the Class 0 sources observed
with ALMA are shown in Fig. C.1. To produce these power
spectra we perform 2D Fourier transforms of the Stokes I, Q,
and U maps and take their normalized absolute magnitude, after
which we calculate the azimuthal average to derive the power
with respect to the spatial scale.

We make an attempt to recover the missing flux at large
spatial scales of Stokes I with respect to Stokes Q and U. To
correct the Stokes I power spectrum across a given range of spa-
tial scales, we scale up the flux in Stokes I using the differences
between the Stokes I and the Stokes Q and U power spectra at

those same spatial scales. The idea behind this correction is to
solve the problem of high Pfrac values discussed in Sects. 4.1.2
and 4.1.3. Unfortunately, this simplistic method is not robust;
as the Stokes I signal at large scales is buried in noise, we do
not properly recover the initial missing flux. Furthermore, this
simple method creates artifacts in the Stokes I maps.

We produced power spectra of the Stokes maps from the sim-
ulations in the same way that we do for the ALMA observations.
We find the same discrepancies between the power in Stokes I
and the power in Stokes Q and U at large scales. However, as
our simulations do not reproduce rigorously the variety of mor-
phologies we detect in the Class 0 ALMA observations, we do
not show these additional plots.
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Fig. C.1. Normalized power spectra of the three Stokes maps I, Q, and U, toward all the cores of the sample as a function of spatial scale, in au,
ranging from the beam size up the maximum recoverable scale. Solid Lines: Stokes I. Dashed and dot-dashed lines: Stokes Q and U, respectively.
Each color corresponds to an angular resolution. Red is the original angular resolution. Blue is four times lower resolution (in terms of beam area).
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Appendix D: MHD simulations and their synthetic
observations

In order to characterize better the statistics we obtain from
our analysis of ALMA dust polarization observations of Class
0 protostars, we perform synthetic observations of non-ideal
radiation-magneto-hydrodynamic (MHD) simulations of proto-
stellar collapse, exploring the impact that a range of parameters –
such as the dust grain alignment hypothesis, the initial mass and
turbulence of the simulation, and the effect of interferometric
filtering – have on the statistics from these simulations.

We use six different setups for the simulations performed
with the RAMSES code (Teyssier 2002; Fromang et al. 2006;
Commerçon et al. 2011; Masson et al. 2012), where sink parti-
cles are implemented (Krumholz et al. 2004; Bleuler & Teyssier
2014). Mignon-Risse et al. (2020) and Verliat et al. (in prep.)
present in detail similar simulations; however, their simulations
employ a novel radiative transfer method that the simulations we
use here do not. Three of the simulations follow the collapse of
magnetized, intermediate-mass dense cores without initial tur-
bulence, while the three others follow the collapse of weakly
magnetized, low-mass cores with initial turbulence. The idea
behind our analysis of these simulations is to choose differ-
ent physical conditions to represent the variety of environments
present in the observed ALMA cores. To this aim, we use as
our models six simulation outputs with central stellar masses
between 0.5 and 7 M� that sample randomly a domain in ini-
tial mass, magnetic energy, turbulent energy, as is also the case
with our observations. The details of models we use can be
found in Table D.1. In this paper, we do not aim to reproduce
or interpret the polarized dust emission from Class 0 envelopes
as resulting from perfect alignment. With the goal to assess the
statistical properties of polarization, one model already provides
enough data points to make a statistical analysis: the inclusion
of several models only allow to illustrate that there may be some
local conditions (turbulence) affecting slightly the trends, and
that irradiation due to the central protostar is key.

We perform radiative transfer calculations on these simu-
lations using the POLARIS code (Reissl et al. 2016), which
calculate the local dust temperature and dust grain alignment
efficiency of oblong dust grains with respect to the magnetic
field orientation following the RAT theory developed in Lazarian
& Hoang (2007) and Hoang & Lazarian (2014). In each run of
POLARIS, we either choose to calculate the grain alignment
of each dust grain via RATs, or we employ the Perfect align-
ment (PA) hypothesis, which assumes that all susceptible grains
are aligned with their long axes perpendicular to the local mag-
netic field orientation. We derive the temperature of the central
object from the luminosity of the blackbody, which is indexed
to the mass of the sink following the empirical correlation from
Weiss et al. (2004). We also include the interstellar radiation field
using a value of G0 = 1 (Mathis et al. 1983). In order to com-
pute the radiative transfer in a reasonable amount of time, we
must delete the mass in the highest density cells surrounding the
sink (in a ∼15 au diameter region). This may result in an over-
estimated radiation field in the core, as the photons will not be
processed by the material we remove. We assume a gas-to-dust
ratio of 100. The dust grain population is composed of 62.5%
astronomical silicates and 37.5% graphite grains (Mathis et al.
1977); we note that this composition governs the ultimate num-
ber of aligned grains in the PA regime, as silicates can be aligned
with the magnetic field much more easily than graphite or car-
bonaceous grains (Andersson et al. 2015, and references therein).
The dust grains are oblate with an aspect ratio of 0.5 (Hildebrand

& Dragovan 1995) and they follow a standard MRN-like dis-
tribution (Mathis et al. 1977) with cutoff sizes of amin = 2 nm
and amax = 10 µm. We choose this latter value as the maximum
grain size in POLARIS in light of recent work that has hinted at
the presence of grains larger than the typical ∼0.1 µm ISM dust
grains in Class 0 envelopes (e.g., Valdivia et al. 2019; Galametz
et al. 2019; Hull et al. 2020; Le Gouellec et al. 2019). The radia-
tion field resulting from the radiative transfer, impinging on the
dust grains in the protostellar envelope, comprises low-energy
submillimeter photons whose wavelength need to be comparable
to the size of dust grains in order to efficiently align the grains
via RATs.

We synthetically observe the MHD simulations with
POLARIS at 870 µm, at a distance of 400 pc, in maps 8000 au
in size with pixel sizes of 8 au. We observed each of the six sim-
ulations along two independent, orthogonal lines of sight. As a
result, we analyze twelve different POLARIS synthetic obser-
vations, each of which was produced assuming grain alignment
via either RATs or PA. Thus, this sample of twelve models and
our fifteen ALMA datasets yield a similar numbers of cases
to which we can apply our statistical analysis. From POLARIS
we obtain the three Stokes parameters I, Q, and U, which we
convolve with a 2D Gaussian kernel to smooth out the differ-
ent resolutions of the cells based on local density, which is due
to the use of Adaptive Mesh Refinement (AMR). We choose a
pixel size of 8 au with POLARIS; however, within the 8000 au
core, there are many different cell sizes, which degrades the spa-
tial resolution in some regions of our radiative transfer maps.
In order to have independent points while running our statis-
tics, we smooth the resulting Stokes maps to 80 au resolution,
which is the largest cell size in the central region of the synthetic
observation. Beyond this central region, the AMR cell sizes are
even larger than 80 au, but we compute the statistics within the
central ∼1500 au zone, where the AMR cell size is smaller than
80 au. At this point, we obtain in this central zone a first set of
“perfect” maps on which we calculate the same statistical esti-
mators used to study the polarization properties of our ALMA
observations; we denote these perfect synthetic observations,
“without filtering.” In addition, we use the CASA simulator to
interferometrically filter the synthetically observed maps, mim-
icking ALMA observations. For each simulation, we combine
synthetic observations from ALMA configurations C-3, C-5, and
C-6, with an exposure time of 6000 s per antenna configuration.
The resulting synthesized beams (resolution elements) of these
filtered maps have an effective size of 80 au. After filtering the
maps with the CASA simulator, we compute our statistics in the
same way that we do with the ALMA data, using the threshold
criterion of Stokes I explained in Sect. 3.1. We denote this lat-
ter set of results, “with filtering.” Similar to Fig. B.2, we present
in Figs. D.1 and D.2 the maps of Stokes I, polarized intensity
P, and dispersion of polarization angles S for all the projections
of the MHD simulations we used, before and after filtering. In
these Figures, we only show the perfect alignment case, as the
emission in these maps is clearer than in the case of alignment
via RATs.

We present in Figs. D.3 and D.4 the distribution of the
polarization fraction Pfrac as a function of the dispersion of polar-
ization angles S in the synthetically observed maps, separating
the three simulations that implement initial turbulence and have
lower total mass from the three others that do not implement tur-
bulence and have a much higher total mass. In each Figure, we
plot Pfrac versus S using PA and RATs, before and after spatial
filtering.
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Fig. D.1. Same as Fig. B.2, but for the simulations. On the left the cores are filtered, on the right they are not.
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Table D.1. Simulation information.

Name Total mass Sink mass Magnetization (µ) Turbulent Mach number Age
(M�) (M�) (kyr)

High-luminosity model I 100 4.1 5 0 39.2

High-luminosity model II 100 3.7 5 0 37.1

High-luminosity model III 60 7.4 5 0 35.6

Low-luminosity model I 30 1.3 9 2 148

Low-luminosity model II (a) 30 2.0 9 2 187

Low-luminosity model III (b) 30 0.8 9 2 153

Notes. All the simulations have a spatial resolution of a few au, and implement ambipolar diffusion. The initial density profile is ρ ∝ 1/(1 + r2)
in runs I, II, III, and is uniform in runs IV, V, and VI. For each of them we select a time step at which the simulation exhibits compact features in
density similar to those that we see in the ALMA observations, i.e., bright emission from the infalling envelope, disk-like structures, and bipolar
outflow cavities. (a)The sink mass is that of the largest central sink. This core is fragmenting, and thus there are several other, smaller sinks. (b)The
jet is implemented by hand, with a speed of 66% of the escape speed, and an opening angle of 30◦. The corresponding outflowing mass ejected by
the sink is 1/3 of the mass accreted by the sink.
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Fig. D.2. Same as Fig. B.2, but for the simulations. On the left the cores are filtered, on the right they are not.

In Fig. D.3, we see that both Pfrac and S are higher in the case
of perfect alignment. In the case where we use the perfect align-
ment hypothesis, the detected polarized emission covers larger
regions of the core than with RATs. Indeed, fewer grains are
aligned if we assume RATs; this explains the distribution of
polarization fraction, which is directly sensitive to the dust grain
alignment efficiency, and is lower in the case of RATs. It also

explains the lack of detection when assuming RATs and filter-
ing the maps, as we add atmospheric noise to non-filtered maps
that are only marginally polarized. The correlation between S
and Pfrac seems to be the closest to the observational correla-
tion presented in Fig. 4 when we consider the lower-mass cases
where the simulations have initial turbulence, have perfect grain
alignment, and are spatially filtered.
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Fig. D.3. Statistics toward all the low-luminosity simulations. Same as Fig. 4. Top-left: perfect alignment before filtering. Top-right: perfect
alignment after filtering. Bottom-left: RATs before filtering. Bottom-right: RATs after filtering.

The results from the statistics using the other set of three
simulations (see Fig. D.4), which have higher mass and no
turbulence, behave differently. The observed S versus Pfrac cor-
relations do not vary significantly whether we filter the maps
or not, or whether we use RATs or perfect alignment. This
can be explained by the fact that the central heating source is
much hotter than in the lower-mass simulations: the simulations
used in Fig. D.4 have larger initial masses, and are synthetically
observed at later times in terms of core evolution, which means

that their sinks are more massive, being on the order of a few
solar masses. In consequence, RATs appear to be so efficient
that the statistics obtained from these simulations are very close
to those obtained when we assume perfect alignment. The corre-
lations fitted to the distributions do not vary significantly within
these four subcases; however, we still notice that on average, the
distributions from the perfect alignment cases tend to have larger
values of S and Pfrac, which is the expected behavior.
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Fig. D.4. Same as Fig. D.3, for all of the high-luminosity simulations.

Appendix E: Π Investigations

In the analytical model of Planck Collaboration XII (2020), they
demonstrate the S × Pfrac estimator can trace the Pfrac,max param-
eter, given some assumptions such as that the intensity maps
should not vary strongly and there should be only small differ-
ences of polarization position angles ∆φ between adjacent cells,
implying that tan ∆φ ≈ ∆φ and Q jQ − U jU w P2. Finally, the
assumption that 〈S 〉 and

√
〈S 2〉 behave the same is also made

in the analytical model. These assumptions may not be valid in
the emission maps of Class 0 protostellar cores, as we observe,
for example, strong gradients in Stokes I maps. We present here
a new estimator of Pfrac,max, called Π, the derivation of which
does not require these assumptions. This new estimator will be
investigated in detail by Guillet et al. (in prep.). In order to derive
the relation between Π, Pfrac,max, and fm(δ), we follow the same

method presented in Appendix A and Appendix E of Planck
Collaboration XII (2020):

Π =
1

2P

√√√
1
N

∑

j

(
Q jU − QU j

I j

)2

. (E.1)

Therefore, we have:

Π =Pfrac,max
fm(δ)√

6N
. (E.2)

In Figs. E.1–E.3 we show the comparisons between the
results provided by Π and S × Pfrac. These plots show that
the results are only marginally different, and thus we do not
recompute our results using this new estimator.
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Fig. E.1. Distributions of S × Pfrac (left) and Π (right) as a function of the column density NH2 , normalized in each core by its maximum value
NH2 ,peak. The color scale represents number density of points in the plots. The solid black (red) lines and black (red) points represent the running
mean of S × Pfrac (Π); the associated error bars are ± the standard deviation of each bin. To facilitate the visual comparison, the running means of
both S × Pfrac and Π a re plotted in both panels.
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Fig. E.1. Distributions of S × Pfrac (left) and Π (right) as a function of the column density NH2 , normalized in each core by its maximum value
NH2 ,peak. The color scale represents number density of points in the plots. The solid black (red) lines and black (red) points represent the running
mean of S × Pfrac (Π); the associated error bars are ± the standard deviation of each bin. To facilitate the visual comparison, the running means of
both S × Pfrac and Π a re plotted in both panels.

Fig. E.2. Same as Fig. E.1, but comparing the mean (shown in both panels of Fig. E.1) with the median.
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Fig. E.2. Same as Fig. E.1, but comparing the mean (shown in both panels of Fig. E.1) with the median.
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Fig. E.3. Left: Stokes I; center: Π; right: S × Pfrac. The white contour represents the threshold in Stokes I used to select the data.
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3.3 Discussions on Article II
This work analyzes the S, Pfrac, and S × Pfrac distributions obtained with ALMA maps

of (sub)millimeter-wavelength polarized dust emission from Class 0 protostars, and synthetic
observations of non-ideal MHD simulations of protostellar cores. We develop further a few points
concerning the methodology of this work. The caveats and assumptions made while performing
this statistical analysis are presented in Sections 3.3.1, 3.3.2, and 3.3.3, especially the impact of
the observations on the statistics, and the assumptions made in the analysis and interpretations of
the S distributions. In Section 3.3.4 we then discuss the grain alignment mechanism occurring,
with the help of the S × Pfrac tool, that we use as a proxy for the dust grain alignment efficiency.
The evolution of the magnetic field structure as a function of spatial scales that is probed by the
correlation between S and Pfrac, as presented in the article, is developed at the end of this thesis,
in Section 6.1.

3.3.1 Impact of the pixel sampling and lag δ
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Figure 3.1: Impact of pixel sampling on the correlation between S and Pfrac. Same as Figure 4 of the
article Le Gouellec et al. (2020). Left: 3 pixels per beam area. Right: 4 pixels per beam area.

The spatial sampling of the pixels, i.e., the amount of pixels a beam contains in terms of area, is
a parameter that directly affects the spatial extent over which the dispersion S is computed. In the
article, the ALMA observations and the simulations have been recomputed with an homogeneous
Nyquist gridding pattern of strictly 4 pixels per beam area. Thus, in the case of a Nyquist sampling,
the measurement of one value of S at a given pixel is computed on a grid of 3x3 pixels, and covers
9/4 beams. At a given angular resolution, changing the gridding pattern of how many pixels a beam
contains toward a fewer number of pixels per beam leads to larger pixels, and thus a measurement
of S that covers a larger area on the sky, which finally results in a larger lag δ. This in turn causes
us to quantify the disorganization of the magnetic field across a larger physical area. As the angular
resolution of the observations is fixed, increasing the lag will cause S to increase, as we lose spatial
coherence in the apparent magnetic field, which in turn causes an increase in the calculated level of
disorganization in the apparent magnetic field.



3.3. DISCUSSIONS ON ARTICLE II 166

We have performed a reanalysis of our data using 3 pixels per beam instead of 4; in Figure 3.1
we present versions of Figure 4 of the article using both of these samplings (3 and 4 pixels per
beam). The slope found in both cases remains the same within the error bars, while the parameter
f is slightly higher when considering 3 pixels per beam (as expected, because the dispersion S
scales with the considered physical scale). However, this effect on f does not affect our conclusions,
as we refrained from interpreting the absolute value of f in this paper because its physical origin
remains complex and model dependent. In Planck Collaboration et al. (2020), they notice the same
bias in the measurement of S; they concluded that it was reasonable to take a lag δ of FWHM/2,
and found no strong effects of this choice of lag in their statistics.
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Figure 3.2: Impact of the lag δ on the correlation between S and Pfrac. Same as Figure 4 of the article
Le Gouellec et al. (2020), but we fit all the points in the linear regression, i.e., we do not exclude the S
saturated points indicated by the vertical grey line in the article. Top left: δ =FWHM/2. Top right:
δ =FWHM. Bottom: δ = 2×FWHM.

The value of the lag δ is crucial in our method, as it directly determines the length scale over
which the local dispersion of polarization position angles is quantified. To a certain extent, increasing
too much the lag would cause the deterioration of the correlation between the disorganization of
magnetic field lines in a given line of sight, and the disorganization of magnetic field lines in the
plane of the sky. One could think that, while computing S around a given pixel, we must take the
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smallest lag possible to ensure the strongest link between the polarization fraction of the pixel and
S. However, the beam resolution element represents the smallest scales recovered by an observation.
Therefore, we must guarantee a high enough statistical independence while computing S. The
Nyquist sampling corresponds to a coverage of 9/4 beams in each measurement of S, which was
found reasonable. The choice of area (per unit of beam as well as pixel area) over which we compute
S, is thus a balance between the two goals of statistical independence and strong correlation with
Pfrac. In Figure 3.2, we show the correlation between S and Pfrac for three values of the lag δ:
FWHM/2, FWHM, and 2×FWHM, computed with a Nyquist pattern. The correlation between S
and Pfrac becomes clearly poorer when the lag increases (most of the of S are saturated), justifying
the choice of δ =FWHM/2.

3.3.2 The impacts of observations on the dust polarization quantities
Thanks to the artificial ALMA observations performed onto the synthetic observations of

our MHD models, we were able to show in our article the effects of filtering on the statistical
distributions of S × Pfrac. In addition, Figure 3.3 presents the S and Pfrac distributions of all our
models implementing perfect alignment, or RAT, with and without filtering. At low column density,
the data points selected by our pixel selection criteria are clearly affected by the artificial ALMA
observations, exhibiting higher values at NH2/NH2,peak ≤ 2 − 3 10−2. This is most likely due to
noise affecting the values of S and Pfrac among the data points of lowest S/N ratio, in spite of our
pixel selection criteria. In addition, as there is no reason why spatial filtering could affect more
the Stokes I maps than the Stokes Q and U (and resulting P ) maps, the results from the power
spectrum analysis suggest that the polarized and total intensity may have have different intrinsic
(“true”) spatial distribution in their emission, as noted in the article. In addition, dynamic-range
limitations and image recovery artifacts seem to affect more the Stokes I maps than the Stokes Q
and U maps. Therefore, the increase of Pfrac with decreasing column density, must be affected by
these effects. The divergence of S ×Pfrac at low column density is thus an artifact and must not be
interpreted as regions of higher grain alignment efficiency without further quantifications of these
effects.

The increase of the polarization fraction values caused by filtering can be also explained by
the differences between the power spectrum of Stokes I, and the power spectrum of Stokes Q &
U . In Le Gouellec et al. (2020), we show how significantly different these power spectrua can be
for several ALMA observations of Class 0 objects. The main reason is that the power spectra of
the Stokes parameters of a given polarized dust emission morphology are intrinsically different
before passing through the interferometer. Indeed, while Stokes I is only sensitive to the total
dust thermal emission (which depends on the dust temperature, dust characteristics, density of
the material in the line of sight), Stokes Q & U are also sensitive to the geometry of the magnetic
field and evolution of the dust grain alignment efficiency along the line of sight. In a given layer
indexed by i of the Planck geometrical model (Planck Collaboration et al. 2020), the Stokes Q & U
parameters are given by:

Qi = Pfrac,max Ii sin2 γi cos 2ψi , (3.1)
Ui = Pfrac,max Ii sin2 γi sin 2ψi , (3.2)

where γi is the angle between the magnetic field of the layer i and the line of sight, ψi corresponds
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Figure 3.3: Distribution of S and Pfrac in ALMA observations and models. Same as Figure B.4 from
the Le Gouellec et al. (2020). The different plots present the distributions of S and Pfrac for the ALMA
observations, all models implementing perfect alignment, or RAT, with and without filtering.
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to the angle of the magnetic field of the layer i projected in the plane of the sky. These expressions
illustrate why the power spectrum of Stokes Q & U and I should be different. Contrary to Stokes
I, the power spectrum of Stokes Q & U also possess the information of how (γ, ψ, Pfrac,max) evolve
along the line of sight. This explains why the maps of Stokes I often look different from the maps of
Stokes Q, U , and polarized intensity P , which frequently exhibit sharper features. As the ability of
the ALMA interferometer to recover signal across the spatial frequencies sampled by the telescope
can vary, the signal contained in Q/I and U/I may be affected differently by filtering than the
signal contained in I. This could be an explanation for the increase of polarization fraction values
in filtered versus non-filtered maps.

3.3.3 On the orientation of magnetic field with respect to the line-of-
sight

In our statistical analysis, there is one quantity whose influence on our results is assumed to be
negligible. This quantity is the angle between the magnetic field and the line of sight, which has a
direct impact on the polarization fraction and polarized intensity (see the angle γ in Equation 1.34).
When the magnetic field lies in the plane of the sky, the polarized signal is maximal, while the
polarization is minimal when the magnetic field is parallel to the line of sight. Across the diffuse
ISM, the disorganization of magnetic field lines along the line of sight and in the plane of the sky,
as well as the angle between the magnetic field and the line of sight, must account for much of the
variation in S and Pfrac (Fissel et al. 2016; Clark 2018; Clark & Hensley 2019; Hensley et al. 2019;
Panopoulou et al. 2019; Planck Collaboration et al. 2020). S quantifies how disorganized is the
apparent magnetic field, i.e., the projected component of the magnetic field. This means that, at a
given level of disorganization of the magnetic field, a mean magnetic field orientation close to the
line of sight implies a higher value of S than when the field orientation is close to the plane of the
sky. Similarly, at a given value of γ, S increases with increasing disorganization of the magnetic
field. In our paper we attributed the correlation between S and Pfrac to the evolution of the level
of disorganization of the magnetic field in each core, and not to changes in the average line-of-sight
orientation of the magnetic field. However, the mean of this latter value in each core can have an
impact on the statistics.

Planck Collaboration et al. (2020) attribute the S vs. Pfrac correlation to the disorganized
component of the magnetic field. In their analytical model, the dependence that the model has with
the angle between the magnetic field and the line of sight gets attenuated by their modelling of the
disorganized component of the magnetic field via a set of randomly oriented magnetic field layers
(see the value attributed to A in Equation E.43 of Planck Collaboration et al. 2020). However,
using the Planck observations of the polarized dust emission toward the diffuse ISM, Hensley et al.
(2019) neglect the impact of the magnetic field structure and argue that the angle between the
magnetic field and the line of sight could govern the correlations between S and the polarized and
total intensity. Indeed, the authors attributed the positive correlation between the dust thermal
emission per NH I and S to the link between the effective cross section and thus total emission from
dust grains aligned with the magnetic field, and the view angle. This suggests that γ may indeed
have an effect on the distribution of S, and on S vs. Pfrac correlation (see also Guerra et al. 2021
for tentative correlation between γ and S using SOFIA HAWC+).

It would be interesting to quantify the impact of γ in the correlation we derived in this article.
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However, the method developed in Hensley et al. (2019) requires to use two independent measure-
ments of the dust thermal emission and gas column density, allowing to cancel the dependence of
the total intensity with the dust mass. However, the complexity of the chemistry in protostellar
cores makes any direct estimates of the gas column density difficult. In addition, a dust to gas ratio
also has to be assumed, which is a quantity subject to variations in cores (Lebreuilly et al. 2020).
This exercise is thus not trivial toward star forming cores. Nevertheless, several arguments lead us
to think that our statistical results are mainly due to the the disorganized component of magnetic
field. The S distributions we have derived as a function of the column density (toward all of the
observations, more obviously toward IRAS4A, MMS6, and L1448 IRS2 for example; but also in our
models, see Figure 3.3) suggests that the apparent magnetic field is much more disorganized close
to the protostar, i.e., at high column density. As there is no particular reason why the orientation
of magnetic field lines could be closer to the line of sight toward the center of cores, the increase of
S with the column density could be attributed to an increase of the disorganization level of the
magnetic field. Therefore, we attribute the evolution of S and Pfrac as a function of column density
to disorganization level of magnetic fields.

The different slope of the S vs. Pfrac correlation compared to one of Planck Collaboration et al.
(2020) (Figure 4 of Le Gouellec et al. 2020) can be caused by different natures of the disorganized
components of the magnetic field at these two spatial scales, which is expected between the diffuse
ISM and protostellar cores. In the former, magnetic field disorganizations are driven by pure
turbulence. In the latter, collapse motions (but also potentially outflow activity) are governing for
the magnetic field morphology, which in turn appears much more organized, i.e., with a strong
uniform component compared to the disorganized component. Using models of molecular clouds,
Sullivan et al. (2021) (see also the related work of King et al. 2018; Chen et al. 2019a) found
that the magnetic field strength (the authors vary the initial Alvénic mach number), the mean
disorganization S in the cloud, but also the mean γ value, contribute to the slope fo the S vs. Pfrac
correlation of the cloud. In our work, we do not explore sufficiently the MHD simulation parameters
to investigate such effects. The discrepancies in the slopes of the S vs. Pfrac correlations we derive
in Le Gouellec et al. (2020) can thus be explained by variation in those parameters averaged over
the cores.

3.3.4 How can we constrain the dust grain alignment mechanism(s)
occurring in cores?

In spite of the caveats from our methods and assumptions described in Section 3.3.1, 3.3.2,
and 3.3.3, the S × Pfrac values of ALMA observations indicate that the grain alignment efficiency
is higher than the efficiencies in the model implementing RATs, and is on average constant as a
function of the column density of the inner core.

This flat distribution of S ×Pfrac is not necessarily in contradiction with RATs. Grain alignment
via RATs is a balance between gaseous collisional de-alignment and the radiative torques that
are aligning the dust grains. Inside the inner core resolved by ALMA, it is therefore possible to
imagine that the physical conditions are conducting to efficient grain alignment, within the dense
and irradiated central region. However, we note that Figure 10 from Le Gouellec et al. (2020)
suggests a different profile of grain alignment efficiency, with decreasing values of S × Pfrac for
increasing column density, toward the cores of lowest luminosity in our sample. Therefore, the
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large scatter of the S × Pfrac distribution, when merging all ALMA observations, may average a
range of core-specific evolution of grain alignment efficiency as a function of column density. One
potential improvements would be to analyze in detail the calculations of temperature toward the
regions where we derive the S × Pfrac distributions, i.e., outflow cavity walls versus the envelope.
The latter is expected to be colder than the outflow cavities, which could change the distributions
of S × Pfrac as a function of the normalized column density of Figure 10 from Le Gouellec et al.
(2020). In addition, we have argued above that the values of γ inside a protostar are not expected
to drive the drop of Pfrac and increase of S as a function of the column density, but that the mean
value of γ in a core can affect the average value of S, and so the one of S × Pfrac. If a core has a
mean γ value closer to 0◦ (i.e., magnetic field oriented along the line of sight), the increase of the
disorganization in magnetic field lines with increasing column density can cause higher increase of
S, than if the core would have γ close to 90◦ (i.e., magnetic field orientation in the plane of the
sky). This effect could a source of scatter of the S × Pfrac distribution. Finally, the dust grain
characteristics as a function of the column density can also be core-specific. For example, region of
higher density favor more efficient grain growth, which is a crucial ingredients for the alignment of
grains by RATs. Galametz et al. (2019) recently showed that the gradient linking the dust grain
emissivity spectral index β (calculated with SMA observations at 1 and 3 mm) to the envelope
scales is strongly correlated to the envelope mass of the Class 0 object, suggesting that less massive
cores have more homogeneous dust properties. It is thus not possible to determine whether the
trends of the S ×Pfrac distributions can constrain the grain alignment mechanism occurring in cores.
Nevertheless, given the heterogeneity of the core properties, there is no reason why RATs could not
cause such a range of different S ×Pfrac distribution within our sample of Class 0 protostellar cores.

The fact that the S ×Pfrac values obtained in ALMA observations are of the order of the values
of S × Pfrac produced by models implementing perfectly aligned grains, and are higher than the
values produced by models implementing RATs, is however more puzzling. This is not necessarily
in disagreement with the RAT, as many physical parameters may be unrealistic in our models.
Moreover, we note that the power-law index that we fit on the Pfrac distributions as a function of
column density in the ALMA observations is more consistent with the models implementing RATs
than with the models implementing perfectly aligned grains (see Figure 3.3, right column panel
of the top and middle rows, and the bottom panel). Several hypothesis can justify why models
implementing RATs fail to match the average ALMA values of grain alignment efficiency. In our
models, the maximum polarization fraction that a population of dust grain is able to produce
depends on the different implemented flavors of the RAT mechanism (e.g., the fraction of grains at
the high-J attractor point, see Section 1.3), the local physical conditions that affect the efficiency
of RATs (temperature, density, and irradiation), the different dust properties (size, shape, and
composition), and the wavelength of observations. In the set of models presented in this article,
25% of grains at the high-J attractor point and are thus considered as perfectly aligned internally
(see Section 1.4.4), one maximum grain size and shape is used, and the models are observed at 870
µm while the ALMA observations span a large range of (sub-) millimeter wavelengths (from 3 mm
to 870 µm). These parameters must be explored more deeply in order to further constrain our
understanding of the cause of dust polarization in cores. There is therefore room for improvements
concerning our modelling of the grain alignment efficiency, a key parameter that can constrain
the grain alignment mechanism occurring in the interiors of cores, as traced by the S × Pfrac
distributions. For example, the effect of the radiation field strength in the core heated by the
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central protostar has been identified as a key factor acting on the S × Pfrac distributions (Figure
8 of Le Gouellec et al. 2020). This represents the major motivation we had to conduct the work
presented in Chapter 4.

3.4 Summary
In this chapter, we quantify the S, Pfrac, and S × Pfrac statistical distributions obtained with a

sample of ALMA dust polarization observations of Class 0 protostars, and synthetic observations of
non-ideal MHD simulations of protostellar cores. Gathering these ALMA observations and models
allow us to build a prototypical picture of these dust polarization quantities within the interior
of Class 0 protostellar cores. We refer here to the conclusions in Le Gouellec et al. (2020), that
presents the main results of this statistical analysis. The main point we would like to emphasize,
is that the S × Pfrac analysis opens an opportunity to constrain the grain alignment mechanism
occurring in the interiors of cores. Overall, the statistical analysis we perform lead us to think that
the grain alignment is on average very efficient, and constant, in the interiors of cores. The polarized
dust emission from the synthetic observations performed onto MHD models of collapsing cores, that
implement the RAT mechanism, fails at reproducing the high level of grain alignment efficiency
obtained with ALMA observations, that is only reproducible with models implementing perfectly
aligned grains. The next chapter thus focuses on the investigation of the physical conditions and
the grain alignment physics implemented in the model that could help us to reconcile the ALMA
observations of the inner regions of Class 0 protostellar cores with our current modelling of polarized
dust emission from these regions.
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In this chapter, we perform a detailed analysis of ALMA dust polarization and molecular
line observations. We use the method and results from Chapter 3 concerning the dust grain
alignment efficiency, and perform a detailed modelling of the dust polarized emission toward Class
0 protostellar cores via synthetic observations of MHD simulations with POLARIS. The aim is
to follow up on the work presented in Chapter 3, in reproducing the grain alignment efficiency
that we measure in Class 0 protostellar cores with ALMA, thanks to radiative transfer modelling.
Alongside ALMA observations of polarized dust emission, we will use a couple of ALMA spectral
line observations of specific molecular tracers, that will allow us to probe one of the key ingredients
in dust grain alignment: the irradiation field.

4.1 Introduction
The detailed mapping of the Class 0 protostellar cores physical conditions at the scales of the

inner envelope ('50 - 500au), now accessible thanks to ALMA, is required to constrain the grain
alignment mechanisms that could be able to cause the observed linear polarized dust emission. I
remind of the final aim of this work, that is to interpret the role of magnetic fields at those scales
of protostellar cores, at the Class 0 phase, while disk formation and vigorous accretion onto the
protostar occur. Understanding maps of magnetic field lines projected onto the plane of the sky,
requires a good understanding of both RATs and the physical conditions encountered by dust
grains. Therefore, as we assume RAT is the dominant grain alignment mechanism in cores, we
aim to quantify these physical conditions within the framework of the RAT mechanism, which is
responsible for the alignment of grains with magnetic field lines.

In Section 1.3, where we exposed the theory of the RAT mechanism, we presented to which
physical parameters the grain alignment via RATs is sensitive. The grain alignment efficiency is a
balance between the radiative torques efficiency (that are spinning dust grains up) which depends
on the dust grains characteristics (size, shape, composition) and the radiation field spectrum (mean
wavelength, strength, and anisotropy), and the collisional de-alignment of dust grains due to high
gas pressure. In practice, all these parameters dictate the fraction of grains that are aligned, i.e.,
for which grains the local conditions enable their alignment with magnetic field lines. A dust grain
is considered aligned if its alignment is sufficiently stable, i.e., if the grain’s angular momentum
is sufficiently large compared to the grain thermal angular velocity: for Jmax(ψ)/Jth ≈ 3 (Hoang
& Lazarian 2008 see Section 1.3). This ratio of angular momentum defines the condition for
grains to be aligned, which translates into a critical grain size aalign. Dust grains larger than aalign
can be considered aligned, and this condition is thus set by the environment parameters, i.e.,
radiation field, gas density, and temperature. Among those grains, however, Lazarian & Hoang
(2007) found that grains are driven toward two attractor points in the 2D-space diagram of grain
angular momentum value versus the angle of the local magnetic field orientation has with the grain
angular momentum. A fraction of grains fhigh−J are driven toward high-J attractor points (grain
angular momentum J � Jmax), and a fraction 1-fhigh−J of grains are driven to low-J attractor
points (grain angular momentum of the order of the thermal value Jth). The high-J attractor
point corresponds to perfectly aligned grains, while the low-J attractor point corresponds to grain
imperfectly aligned, that due to internal thermal fluctuations have non-negligible angle between the
grain angular momentum and its axis of major moment of inertia. The parameter fhigh−J is crucial
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in our modelling, as it sets the total efficiency of grain alignment for a population of grains. The
loss of alignment is indeed expected to be significant at low-J attractor point (this is quantified in
our calculations). In addition, the fraction fhigh−J is highly sensitive to the magnetic susceptibility
of dust grains, that can be increased with increasing amount of superparamagnetic inclusions, such
as iron inclusions (Lazarian & Hoang 2008; Hoang & Lazarian 2016). As the superparamagneticity
of grains is still poorly constrained in observations, we vary the fhigh−J parameter in our radiative
transfer calculations and look for the impact on the resulting dust polarization.

In observations, once we correct the polarization fraction for the disorder of magnetic field lines
(see Chapter 3 for a discussion about magnetic field geometry with respect to the line-of-sight), the
S × Pfrac product (i.e., the product of the dispersion of polarization angles times the polarization
fraction, see Chapter 3) thus remains sensitive to various physical parameters along the line of
sight. In a word, dust grains get aligned if the physical conditions allow RATs to efficiently spin up
grains, and if dust chemical properties (superparamagnetic inclusions) cause the resulting rotation
to provide an efficient grain alignment. All of this depends on the shape and size of grains that,
once the alignment scenarii are set, dictate the radiative transfer in the core, and the resulting
linear polarization of thermal dust emission. How can we confront ALMA observations with models,
in order to further investigate the causes of polarized dust emission of Class 0 protostellar cores?
While we already observed a prototypical evolution of S × Pfrac along column density in cores,
probing very efficient grain alignment (of the order of perfectly aligned grains, see Chapter 3), we
aim to investigate now an additional physical ingredient from ALMA observations and models: the
irradiation field. In our radiative transfer calculations, we study the impact of the strength of the
irradiation field, but also the magnetic susceptibility of grains, and maximum grain size, in order
to constrain each parameter while exploring the degeneracies of fixing the two other ones.

Assuming that RAT is the dominant mechanism aligning dust grains, the irradiation field
strength, anisotropy, and spectrum are key ingredients to ensure high enough radiative torques (see
Equation 1.26). In a Class 0 protostellar core, the sources of irradiation are of different types: the
external source of the interstellar radiation field, and internal sources, such as the photospheric
luminosity of the central protostellar embryo, the accretion luminosity produced by the accretion
shock as matter falls onto this central object, and the shocks occurring in the outflow cavities.
The radiation field, as photons propagate in the core, is responsible for setting the gas and dust
temperature, and evolves toward longer wavelength photons as it is reprocessed in the core. As
the radiation field intensity, anisotropy, and orientation with respect to magnetic field orientation
dictate the strength of radiative torques applied on dust grains, its mean wavelength (which
changes as a function of position in the core, since the spectrum reddens as the photons propagate
outward) dictates the size distribution of dust grains on which RATs are efficient. It seems therefore
interesting to study the propagation of photons, in our radiative transfer calculations, and in ALMA
observations. Direct observations of the radiation field and dust temperature at the spatial scales
we target are very difficult in such environments. Indirect observations are however possible, via
observations of specific molecular tracers, sensitive to the ionization of the gas phase caused by the
penetration of UV-photons. The physical conditions of the entire core, e.g., its mass, also regulates
how deep the interstellar radiation field can penetrate in the core, and thus where its heating effect
will stop. Finally, the morphology of the inner envelope density structures directly dictates the
propagation scheme of high energy photons. For example, Serpens Emb 8, and Serpens Emb 8(N)
exhibit drastic morphological differences in the ALMA dust continuum and polarized dust emission
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(Le Gouellec et al. 2019). Serpens Emb 8(N) appears much more axisymmetric than Serpens Emb
8, which may affect the map of the radiation field in the inner core.

During the Class 0 phase, the UV and X-ray emissions from the protostar and the accretion onto
it, highly influence the chemistry of the inner envelope (Stäuber et al. 2004, 2005). For instance,
far-infrared rotational lines of CO and H2O from the bulk of the emission of young protostars
(Spaans et al. 1995; Hogerheijde et al. 1998; van Kempen et al. 2009a; Kristensen et al. 2013),
were reproduced by models accounting for UV-heated gas and/or shocks along outflow cavity walls
(Goicoechea et al. 2012; Visser et al. 2012; Lee et al. 2015b). The UV photons, that penetrate cavity
walls or are scattered into cavities, are responsible for heating the gas in cavity walls, which can be
also probed by [CI] and [CII] lines, whose presence indeed suggest the presence of UV-irradiated
shocks in YSOs (van Kempen et al. 2009b; Goicoechea et al. 2012; Yıldız et al. 2012). Those high
energy photons, coming from the accretion disk around the central protostellar embryo, are thus
creating Photon Dominated Regions (PDR) conditions toward the irradiated outflow cavity walls,
in the region of the cavities close to the protostellar embryo (whose delimitation is difficult to
quantify as it depends on the accretion status and the morphology and density of outflow cavities),
where UV radiation has not been strongly extinct/attenuated yet. Further away from the central
object, additional UV-photons can emanate from bow shocks of the outflow (Böhm et al. 1993), if
J-shocks are present (Neufeld & Dalgarno 1989a,b), and/or by small scale shocks along the walls
of the cavities (Curiel et al. 1995; Saucedo et al. 2003; Walter et al. 2003). These photons also heat
the cavity walls, and could thus extend the PDR conditions further away.

Those chemical arguments are highly relevant within our quest to understand and reproduce
the dust polarization observed toward the inner core of Class 0 protostellar core. Temperature
and irradiation spectrum in cavities can be constrained via detailed modelling of the observed
molecular and atomic lines in the far-infrared and submillimeter. However, this would imply to
construct PDR as well as irradiated shocks modelling of the Class 0 objects we are interested in,
which is beyond the scope of this work. Such approach represents an entire project. It would serve
the understanding of the chemistry, and also the study of the dust grain alignment mechanism(s),
occurring in the interiors of protostars. We have chosen the first order approach, which is to
compare the maps of polarized intensity with those of specific chemical tracer of irradiation, i.e.,
C2H, c-C3H2, CS, and SO. These species have been elected either because their formation pathway
requires a significant amount of UV-irradiation (corresponding to chemistry similar to what is
encountered at the edge of PDR zones, e.g., the Horsehead PDR; Cuadrado et al. 2015; Guzmán
et al. 2014, 2015), or because they are known to trace shocks, themselves a source of UV-photons.

In Section 4.2, we present ALMA dust polarization observations alongside ALMA molecular line
observations of C2H, c-C3H2, CS, and SO, in the same Class 0 protostellar cores. Then in Section
4.3, we present the MHD model of a protostellar core, that we synthetically observe with the
polarization radiative transfer core POLARIS. Finally, in Section 4.4, we discuss the comparisons
between the dust polarization and irradiation tracer observational results, with the polarization
maps and grain alignment efficiency derived from our modelling. We discuss the origin of the
molecules we target, and attempt to qualitatively discuss the level of irradiation implemented in
the models, with the radiation field probed by those molecules. We draw our conclusions for this
chapter in Section 4.5.
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4.2 ALMA Observations and results

Table 4.1: ALMA dust polarization and molecular line observations details

Name Menv
a Lbol

a Dist.b λc Spectral Lines d νe

M� L� pc (mm) (GHz)

B335 1.44 2.7 165 1.3

C2H (N=3–2, J=7/2–5/2, F=4–3) 262.004260
C2H (N=3–2, J=7/2–5/2, F=3–2) 262.006482

CS (J=5–4) 244.935644
c-C3H2 (52,3–43,2) 249.054368

L1448 IRS2 1.3 7.0 294 1.3
C2H (N=3–2, J=5/2–3/2, F=3–2) 262.064986
C2H (N=3–2, J=5/2–3/2, F=2–1) 262.067469

CS (J=5–4) 244.935644

NGC1333 IRAS4A 12.3 14.2 294 1.3

C2H (N=3–2, J=7/2–5/2, F=4–3) 262.004260
C2H (N=3–2, J=7/2–5/2, F=3–2) 262.006482

CS (J=5-4) 244.935644
SO (NJ=67–56) 261.843684

Serpens Emb 8
12.8 7.3 484 0.87

C2H (N=3–2, J=7/2–5/2, F=4–3) 262.004260
C2H (N=3–2, J=7/2–5/2, F=3–2) 262.006482

SO (NJ=67–56) 261.843684

Serpens Emb 8(N) C2H;(N=3–2, J=7/2–5/2, F=4–3) 262.004260
C2H (N=3–2, J=7/2–5/2, F=3–2) 262.006482

BHR71 IRS1 4.6 14.7 200 1.3 c-C3H2 (61,6–50,5) 217.8222

B1-c 5.0 5.3 294 1.3
C2H (N=3–2, J=7/2–5/2, F=4–3) 262.004260
C2H (N=3–2, J=7/2–5/2, F=3–2) 262.006482

SO (NJ=67–56) 261.843684

Note. — For the CCH spectral lines presented in the figures below, we integrated over the two hyperfine
structures in order to construct the moment 0 maps.
a Envelope mass Menv and bolometric luminosity Lbol values. The values calculated for Serpens Emb 8
and Emb 8(N) include both sources together (Enoch et al. 2009, 2011). Tobin et al. (2019) for BHR71.
Kurono et al. (2013); Maury et al. (2018) for B335. Sadavoy et al. (2014); Karska et al. (2018) for L1448
IRS2. Karska et al. (2018); Galametz et al. (2019) for IRAS4A. Enoch et al. (2009); Karska et al. (2018)
for B1-c.
b Distance reported in the literature. Zucker et al. (2019) for the Perseus, Ophiuchus, Serpens, and Orion
sources. Watson (2020) for B335. Seidensticker & Schmidt-Kaler (1989); Bourke (2001) for BHR71. We
scale the masses and luminosities found in the literature to the distances listed here.
c Wavelength of dust polarization observations.
d Spectral lines that we present in this study.
e Frequency of spectral line observations.
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Figure 4.1: Magnetic fields, polarized intensity, and molecular line observations around the B335 Class 0 protostellar
core. Top left: Line segments represent magnetic field lines, rotated by 90◦ from the dust polarization angle (the
length of the segments does not represent any quantity). They are plotted where the polarized intensity P > 3σP .
The grey color scale is the total intensity (Stokes I) of the thermal dust emission, shown from 3σI . The white
contours trace the total intensity at levels of 5 ,8, 11, 16, 24, 44, 74, 128, 256 ×σI . The blue and red contours trace
the moment 0 map of the blueshifted (by integrating emission from –25 to 7 km s−1) and redshifted (by integrating
emission from 10 to 35 km s−1) CO (J =2→ 1) map at levels of 3, 5, 7, 9, 11, 16, 24, 44, 74, 128, 256, 400 × the
rms noise level of the map. Top right, bottom left, and bottom right panels: On each panel, the color scale is the
dust polarization intensity, shown from 3σP . The crosses indicate the peak of the dust continuum map. The thin
grey contours trace the dust polarization intensity, at levels of 3, 5, 7, 9, 11, 16, 24, 44 ×σP . The thick light blue
contours trace the moment 0 map of the C2H (by integrating emission from 7 to 12.5 km s−1), CS (from 6 to 11
km s−1), and c-C3H2 (from 7 to 9.5 km s−1) molecular emission spectral line (see Table 4.1 for details of the line
transitions), at levels of 3, 5, 7, 9, 11, 16, 24, 44 × the rms noise level of each map. At bottom left corner, of each
plot, ellipses represent the beam resolution element of a given dataset: yellow for polarized dust emission, red for
CO bipolar outflow emission, and white for the CCH, CS, and c-C3H2 spectral emission lines. ALMA 1.3mm dust
polarized emission from Maury et al. (2018) and Maury et al. in preparation. ALMA CO(J =2→ 1) bipolar outflow
emission from Cabedo et al. (2021). C2H, CS, and c-C3H2 emission lines from Imai et al. (2016).
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Figure 4.2: Magnetic fields, polarized intensity, and molecular line observations around the L1448 IRS2
Class 0 protostellar core. Same as Figure 4.1. The blue and red contours trace the moment 0 map of the
blueshifted (by integrating emission from –16.5 to 3 km s−1) and redshifted (by integrating emission from
6 to 21.5 km s−1). The thick light blue contours (on top-right and bottom panels) trace the moment 0
map of the C2H (by integrating emission from 3 to 8 km s−1), CS (by integrating emission from 2 to 6
km s−1) molecular emission spectral line. ALMA 1.3mm dust polarized emission from Kwon et al. (2019).
ALMA CO(J =2→ 1) bipolar outflow emission from Tobin et al. (2018). C2H and CS emission line from
ALMA project 2016.1.01501.S, Y. Zhang in preparation.

As introduced above, the molecules we study here, i.e., C2H, c-C3H2, CS, have been detected
toward PDRs, and the role of the irradiation field (enhancing the ionization) in their chemical
formation pathway have been well established. In addition, SO is a tracer of shocks, which can
be sources of UV-photons. We compare here the maps of polarized flux with those of integrated
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Figure 4.3: Magnetic fields, polarized intensity, and molecular line observations around the NC1333
IRAS4A Class 0 protostellar core. Same as Figure 4.1. The blue and red contours trace the moment 0 map
of the blueshifted (by integrating emission from –30 to 4 km s−1) and redshifted (by integrating emission
from 10 to 55.5 km s−1). The thick light blue contours (on top-right and bottom panels) trace the moment
0 map of the C2H (by integrating emission from 2.5 to 15.5 km s−1), CS (by integrating emission from -10
to 19.5 km s−1), and SO (by integrating emission from -10 to 19.5 km s−1) molecular emission spectral line.
The two crosses are located at the two peaks of the dust continuum map. IRAS4A1 is to the South-East
of IRAS4A2. ALMA 1.3mm dust polarized emission from Ko et al. (2020). ALMA CO(J =2→ 1) bipolar
outflow emission from T.C. Ching 2016.1.01089.S. C2H, CS, and SO emission line from ALMA project
2013.1.01102.

moment 0 molecular emission lines to investigate whether the dust polarization is enhanced in
strongly irradiated zones. The goal is to understand the physical conditions that favor efficient
grain alignment, as alignment of dust grains in zones of strong irradiation is expected to be more
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Figure 4.4: Magnetic fields, polarized intensity, and molecular line observations around the Serpens Emb
8 Class 0 protostellar core. Same as Figure 4.1. The blue and red contours trace the moment 0 map of the
blueshifted (by integrating emission from –10 to 6.5 km s−1) and redshifted (by integrating emission from
10 to 21 km s−1). The thick light blue contours (on top-right and bottom panels) trace the moment 0 map
of the C2H (by integrating emission from 4.4 to 12.6 km s−1), SO (by integrating emission from -1.5 to
15.5 km s−1) molecular emission spectral line. ALMA band 0.87mm dust polarized emission from Hull
et al. (2017a). ALMA CO(J =2→ 1) bipolar outflow emission from Le Gouellec et al. (2019). C2H, SO
emission line from van Gelder et al. (2020).

efficient. We will discuss and develop the chemistry of these molecules in Section 4.4.2.

We present ALMA observations toward seven Class 0 protostellar cores: B335, L1448 IRS2,
NGC1333 IRAS4A, Serpens Emb 8, Serpens Emb 8(N), B1-c, and BHR71 IRS1, in Figures 4.1, 4.2,
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Figure 4.5: Magnetic fields, polarized intensity, and molecular line observations around the Serpens Emb
8(N) Class 0 protostellar core. Same as Figure 4.1. The blue and red contours trace the moment 0 map of
the blueshifted (by integrating emission from –10 to 6.5 km s−1) and redshifted (by integrating emission
from 10 to 21 km s−1). The thick light blue contours (on top-right and bottom panels) trace the moment 0
map of the C2H (by integrating emission from 5.4 to 12.8 km s−1) molecular emission spectral line. ALMA
band 0.87mm dust polarized emission, ALMA CO(J =2→ 1) bipolar outflow emission, C2H emission line
from Le Gouellec et al. (2019).

4.3, 4.4, 4.5, 4.6, and 4.7, respectively. In each source, we present observations of the polarized
emission, and dust continuum, as well as molecular line observations that we use to either trace
the bipolar outflow (with the CO (J =2→ 1) transition, except for B1-c, for which we use the
CO (J =3→ 2) transition observed with the SMA), or to probe the irradiation field in the inner core
(with the C2H, c-C3H2, CS, and SO molecular species). Details on the sources, ALMA observations,
and transition details of the spectral lines we target, can be found in Table 4.1. These sources
have been selected because their ALMA observations exhibit extended polarized dust emission
throughout the inner envelope (∼10-2000 au), and ALMA datasets of the chemical tracers we
target were publically available, offering similar uv-coverage compared the the dust polarization
observations (except for BHR71 IRS1, for which the molecular line observations we present were
taken with the 7m ACA array).

We present 1.3 mm and 870 µm ALMA dust polarization observations of seven Class 0 objects.
The polarized dust emission maps of B335, Serpens Emb 8, Serpens Emb 8(N), and BHR71 IRS1
are taken from Le Gouellec et al. (2019, 2020); Hull et al. (2020a), and details about the data
reduction can be found in the corresponding references. For this project we have calibrated and
imaged the ALMA dust polarization observations toward L1448 IRS2, NGC1333 IRAS4A, and
B1-c. To produce the polarized dust continuum emission maps we used the tclean task of the
CASA software (McMullin et al. 2007), with its 5.6 version. We applied three to four rounds of
consecutive phase-only self-calibration (Brogan et al. 2018), using the total intensity (Stokes I)
solutions as the model, with a Briggs weighting parameter of 0.5 to 1, depending on the source,



4.2. ALMA OBSERVATIONS AND RESULTS 184

3h33m17.4s17.6s17.8s18.0s18.2s18.4s

Right Ascension (J2000)

+31◦09′27′′

30′′

33′′

36′′

D
ec

li
n

a
ti

o
n

(J
20

0
0)

400 au

10−3 10−2 10−1

Dust Continuum Intensity (Jy beam−1)

3h33m17.4s17.6s17.8s18.0s18.2s18.4s

Right Ascension (J2000)

+31◦09′27′′

30′′

33′′

36′′

D
ec

li
n

a
ti

o
n

(J
2
0
00

)

C2H

400 au

0.0004

0.0006

0.0008

0.0010

0.0012

0.0014

P
ol

ar
iz

ed
fl

u
x

d
en

si
ty

(J
y

b
ea

m
−

1
)

3h33m17.4s17.6s17.8s18.0s18.2s18.4s

Right Ascension (J2000)

+31◦09′27′′

30′′

33′′

36′′

D
ec

li
n

a
ti

on
(J

20
00

)

SO

400 au

0.0004

0.0006

0.0008

0.0010

0.0012

0.0014

P
ol

ar
iz

ed
fl

u
x

d
en

si
ty

(J
y

b
ea

m
−

1
)

Figure 4.6: Magnetic fields, polarized intensity, and molecular line observations around the B1-c Class
0 protostellar core. Same as Figure 4.1. The blue and red contours trace the moment 0 map of the
blueshifted (by integrating emission from –8.5 to 5.5 km s−1) and redshifted (by integrating emission from
9 to 20 km s−1). The thick light blue contours (on top-right and bottom panels) trace the moment 0 map
of the C2H (by integrating emission from 5 to 11.5 km s−1), SO (by integrating emission from -10 to 26
km s−1) molecular emission spectral line. ALMA Band 0.87mm dust polarized emission from Cox et al.
(2018). SMA (MASSES) CO (J =3→ 2) bipolar outflow emission from Stephens et al. (2017a). C2H and
SO emission line from van Gelder et al. (2020), maps were not published, only the spectra.

and appropriate integration time intervals. The three Stokes parameters I, Q, and U were cleaned
separately after the last round of self-calibration, using an appropriate residual threshold, and
number of iterations. We then created the polarized intensity maps following the method from
Wardle & Kronberg (1974); Hull & Plambeck (2015).
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Figure 4.7: Magnetic fields, polarized intensity, and molecular line observations around the BHR71 IRS1
Class 0 protostellar core. Same as Figure 4.1. The blue and red contours trace the moment 0 map of the
blueshifted (by integrating emission from –40 to –6 km s−1) and redshifted (by integrating emission from 2
to 30 km s−1). The thick light blue contours (on top-right and bottom panels) trace the moment 0 map
of the c-C3H2 (by integrating emission from –6 to –3 km s−1) molecular emission spectral line. ALMA
band 1.3mm dust polarized emission from Hull et al. (2020a). ALMA CO(J =2→ 1) bipolar outflow
emission from Tobin et al. (2019). ALMA ACA 7m Band 6 c-C3H2 emission line from Tychoniec et al. in
preparation.

A variety of ALMA 12m and 7m datasets at 1.3 mm have been used to target the molecular
emission lines of C2H, c-C3H2, CS. The angular resolutions of the ALMA 12m datasets are about
0.3.′′-0.8.′′, while the ALMA 7m dataset that we use for BHR71 IRS1 has an angular resolution of
∼6.3.′′. The datasets were pipeline calibrated and manually phase-only self-calibrated1 (except for
BHR71 IRS1), with the CASA software version 5.6 (McMullin et al. 2007). The images were made
with the tclean task. The images were produced with an adapted mask constructed manually in
each channel covering the entire emission. Concerning the outflow traced by the CO molecular line,
that we use to target the morphology and extent of outflow cavities, we pipeline calibrated and
manually phase-only self-calibrated ALMA 12m observations of the CO (J =2→ 1) transition for
L1448 IRS2, NGC1333 IRAS4A. The CO molecular line observations are from Cabedo et al. (2021)
in B335, Hull et al. (2017b) in Serpens Emb 8, Le Gouellec et al. (2019); Tychoniec et al. (2019) in
Serpens Emb 8(N), Stephens et al. (2017a) in B1-c, and Hull et al. (2020a) in BHR71 IRS1.

B335: Figure 4.1 present on top of the dust polarization observations (Maury et al. 2018 and
Maury et al. in preparation), the moment 0 maps of the C2H, c-C3H2, CS molecular lines from
Imai et al. (2016). The dataset also includes the SO (NJ=67→ 56) transition that we do not show
here, as the line is only detected at the dust continuum peak. As pointed out in Maury et al.

1For the self-calibration of the spectral lines, we apply the phase self-calibration solutions calculated with the
continuum maps devoid of spectral lines on the individual spectral line measurement sets.
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(2018), the polarized dust emission in B335 is bimodal. The polarized flux is either enhanced
along the outflow cavity walls with on average magnetic field orientations East-West following the
walls of the cavities, or enhanced toward the equatorial plane of the core (the northern patch of
polarized dust emission) where magnetic field orientations are North-South. This bi-modality is
also well-noticed in the histogram of polarization position (Maury et al. 2018), and is actually
present in a few other published observations of Class 0 cores (Le Gouellec et al. 2020). The
emission of the carbon chain molecules C2H, c-C3H2, and the CS molecular emission, are clearly
enhanced toward the outflow cavities. C2H and CS emission appear across the bulk of the bipolar
cavity traced by the CO emission, with enhancement along the cavity walls, up to ∼1500 au
for the southern edges. The c-C3H2 emission is fainter, located at the base of outflow cavity
walls. Polarized flux and these molecular emission lines thus appear to spatially overlap toward
outflow cavity walls. However, the equatorial plane to the north of the dust continuum peak,
that is strongly polarized, seems to be devoid of irradiation tracer molecular emission line, sug-
gesting a different nature of the irradiation conditions in the mid-plane, compared to the outflow
cavity walls. This concerns only the northern part of the core, as the southern is much less polarized.

L1448 IRS2: Figure 4.2 present on top of the dust polarization observations (Kwon et al.
2019), the moment 0 maps of the C2H, and CS molecular lines from Y. Zhang in preparation
(ALMA project 2016.1.01501.S, PI: N. Sakai). The dataset also includes the SO (NJ=67→ 56) and
SO (NJ=66→ 55) transitions that we do not show here, as the emission only peaks at the dust con-
tinuum peak. The polarized dust emission is enhanced on each side of blue- and redshifted outflow,
embracing the cavities. Magnetic field lines exhibit a very pinched hourglass-like morphology. The
depolarization in the mid-plane is likely due to beam smearing effects. C2H molecular line is more
extended than CS, but emission from both molecular lines appears enhanced toward the walls of
the cavities, as is the case for the polarized dust emission.

NGC1333 IRAS4A: Figure 4.3 present on top of the dust polarization observations (Ko et al.
2020), the moment 0 maps of the C2H, CS, and SO molecular lines from ALMA project 2013.1.01102
(PI: N. Sakai). Similarly to the SMA dust polarization of this wide-binary (Girart et al. 2006), the
magnetic field global morphology exhibits a pinched hourglass-like morphology aligned with the
direction of the bipolar outflows. The ALMA observations revealed however striking features in
polarized dust emission, which we presented in detail in Chapter 2, that seem to trace the outflow
cavity walls of both protostars IRAS4A1 (at South-East) and IRAS4A2 (at North-West) as well as
the infalling equatorial planes. The polarized dust emission, enhanced along outflow cavity walls,
overlap precisely with the CS molecular emission line. SO molecular line peaks toward the blue-
and redshifted outflow of IRAS4A2, and only in the blueshifted lobe of the IRAS4A1 outflow. In
such a bright Class 0 object, where dust polarization is strong and extended across the inner ∼2000
au of the core, C2H emission is surprisingly not extended compared to the two previous objects we
described. The C2H molecular emission line exhibits small peaks in the blue- and redshifted outflow
of IRAS4A2, and a weak ∼5σ detection toward the eastern wall of the IRAS4A1 redshifted cavity.

Serpens Emb 8: Figure 4.4 presents on top of the dust polarization observations (Hull et al.
2017a), the moment 0 maps of the C2H and SO molecular lines from van Gelder et al. (2020). In
this core, the scenario seems to be also surprising, given the drastic difference between the extent of
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the C2H emission with respect to the polarized dust emission. The C2H emission is extended much
further than the polarized dust emission in the central regions of the envelope. Where it overlaps
with the polarized dust emission, the C2H emission morphology seems to exhibit structures that
correlate with the polarized intensity map, especially to the South-East of the core. At the base
of the cavity walls of the blueshifted outflow, the C2H emission is also enhanced and exhibits a
"V-shape" pattern, confirming cavity walls are the ideal conditions to trigger the formation pathway
of this molecule. SO and C2H peak also further away from the core, to the cavity walls of the
North-West blueshifted outflow, where faint dust emission is detected. The emission from the SO
line exhibits an elongated structure toward the center of the core, that overlaps with one patch of
polarized dust emission. Finally, the SO also peaks in the redshifted outflow lobe.

Serpens Emb 8(N): Figure 4.4 present on top of the dust polarization observations, the
moment 0 maps of the C2H molecular line, that we already presented in Le Gouellec et al. (2019).
C2H peaks in the outflow cavities, with an asymmetry in the emission strength (it is stronger on the
redshifted side), and is slightly spatially shifted from the polarized dust emission. Indeed, on the
redshifted side C2H peaks further away than the polarized dust emission, and on the blueshifted side
C2H peaks inside the cavity while the polarized dust emission is enhanced toward the walls of the
cavity. The disorganization of the structures in dust and polarized dust emission of Serpens Emb 8,
relative to Serpens Emb 8(N) which is much more symmetric and organized, suggests that irradiation
may have escaped more easily throughout the inner core in Emb 8. This would justify why the
C2H emission is so different between the two sources, i.e., only peaking in the walls of the cav-
ity in Emb 8(N) versus everywhere in the inner envelope and in the blueshifted outflow lobe in Emb 8.

B1-c: For this core, we present in Figure 4.6 the dust polarization observations from Cox et al.
(2018), and the moment 0 maps of the C2H and SO molecular line from van Gelder et al. (2020).
The ALMA dust polarization data unfortunately do not show extended polarized dust emission,
possibly because of limited sensitivity in the observations, but maybe also because the object is
more evolved, as it is sometimes classified as a Class 0/I in the literature. This also could explained
why the emission from the envelope is faint and not extended. No ALMA CO molecular line data
to trace the bipolar outflow exists, we thus use archival SMA observations for the MASSES survey
(Stephens et al. 2017a). In spite of the fact that dust polarization observation only present a few
detections that seems to be located the base of the outflow cavity (also indicated by the average
orientation of magnetic fields, but this remains an hypothesis), the molecular emission is clearly
detected and supports the point we argue here. Indeed, the C2H molecular emission line seems to
clearly embrace the walls of the cavity, on each pole of the bipolar outflow, as traced by the SMA
observations, indicating that the outflow cavity walls endure a high irradiation conditions compare
to other parts of the core. In addition, SO peaks inside the cavities, in the blue- and redshifted lobes.

BHR71 IRS1: Finally, we present in Figure 4.7 the dust polarization observations from Hull
et al. (2020a), alongside ALMA ACA 7m observations of c-C3H2 (ALMA project 2017.1.01350, PI: L.
Tychoniec). As a result of the low resolution of the ACA observations, it is not possible here to com-
pare the spatial extent of polarized dust emission relative to the UV chemistry we target. However,
we notice the c-C3H2 molecular emission line is elongated in the direction of the bipolar outflow,
suggesting that this molecule has been produced toward the irradiated walls of the cavity. In this



4.2. ALMA OBSERVATIONS AND RESULTS 188

source, the polarized dust emission is not only associated with the cavity walls; the polarization sig-
nal exhibits also elongated structures embedded in the envelope, being potential accretion streamers.
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Figure 4.8: Spectra of molecular emission lines in NGC1333 IRAS4A2. The solid lines show the spectra
of the C2H, CS, and SO molecular emission lines, toward the North (left panel) and the South of IRAS4A2
(right panel). The emission has been summed over a circle of 1.5 in radius, centered on the two peaks of
C2H visible in the integrated moment 0 map seen in Figure 4.3, including all pixels.

To illustrate the spatial segregation of the different emission lines we present here, we show as
an example the spectra of the emission lines we have toward the IRAS4A core in Figure 4.8. The
dynamical origin of the CS, SO, and C2H seems to be different. In IRAS4A, CS peaks all over the
two bipolar outflows, C2H emission is only located toward two point-like sources in IRAS4A2, and
SO emission seems to be mainly located toward specific regions of apparent interactions between
cavity and outflows. The hyperfine structure of C2H is well visible and peaks close to the vlsr
compared to SO. SO exhibits a more extended emission, both in the red- and blueshifted lobe.
This indicates to what extent the molecular species we target belong to the outflow or the material
entrained by the outflow (this is the case for SO), or if it belongs the envelope/cavity walls (like
C2H). While C2H seems to trace the irradiated walls of the cavity, located “between” the outflowing
gas of the outflow and the infalling gas from the envelope, SO seems to be linked with the outflowing
gas, and as a shock tracer, is peaking up toward the interaction zone between cavity walls and
outflows. As the chemistry of CS lies between those two cases, the line exhibits a broader spectrum
spectra than C2H, but a significantly narrower profile than SO. Toward B335 and L1448 IRS2, the
picture is slightly different, as CS peaks in a location similar to where C2H does.

In summary, the two carbon chain molecules C2H and c-C3H2, seem preferentially located
where significant irradiation impacts a given part of the envelope. In the case of a symmetric
core exhibiting organized structures, where the irradiation is expected to preferentially escape
via the outflow cavities, these two molecules peaks toward the outflow cavity walls, that appear
preferentially polarized. In the case of more disorganized core like Serpens Emb 8, the irradiation is
able to escape through various direction, which can explain why C2H peaks all over the entire core.



4.3. MODEL OF A COLLAPSING PROTOSTELLAR CORE 189

CS and SO peak on average in outflow cavities, while SO peaks preferentially where jet/outflows
potentially interact with the walls (like in IRAS4A and Emb 8), which could suggest shocked gas
toward these locations. As the strength of the radiation field has strong impact on the efficiency
of radiative torques (that in turn is able to drive a larger amount of dust grains to suprathermal
rotation), these signatures of UV-photons provided by the analysis of these spectral lines argue
toward good conditions for grain alignment in outflow cavities. There are however, regions of the
Emb 8 core where the irradiation seems significant, but no polarization is detected. Several reasons
can explain why the polarized dust emission on these regions, e.g., a more disorganized apparent
magnetic field, or a mean magnetic field orientation closer to the line of sight. Finally, significant
dust polarization signals are observed toward locations that are likely not under a strong radiation
field: equatorial mid-planes and envelope emission (North of B335, mid planes of IRAS4A), and the
candidate accretion streamers (BHR71 IRS1). Then one needs to understand, how can the local
physical conditions in these regions favor dust grain alignment? This question will be addressed
thanks to the radiation transfer calculations that we present in Section 4.3.

4.3 Model of a collapsing protostellar core
In this section, we present the radiative transfer calculations we have performed onto a non-ideal

radiation-magneto-hydrodynamic (MHD) simulation. The aims are first, to reproduce the features
we commonly observe with high-angular resolution ALMA dust polarization and dust continuum
observations of Class 0 protostellar cores, then to explore the impact of the local physical conditions
on the resulting dust polarization, and finally to quantify the impact of those physical conditions
on the dust grain alignment efficiency. Ultimately, we want to compare the values of dust grain
alignment efficiency we obtain in the simulations with the ones encountered in ALMA observations.
This goal would imply to explore both, the physical initial conditions of the MHD simulation of
star forming cores (e.g., initial mass, density profile, magnetic and turbulent energy, etc..), and
the parameters of the radiative transfer calculations that we fix (e.g., dust grain characteristics,
grain alignment hypothesis and parameters, protostellar luminosity). Indeed, the observations we
present in Section 4.2 do not focus on one single star forming object, but span a range of envelope
masses, bolometric luminosities, accretion luminosities, and physical conditions of parental clouds.
Therefore, we choose to represent a prototypical star forming object in our MHD simulation, rather
than to reproduce specific objects. We present however, in chapter 6 a couple of perspectives about
future work that aim at performing such study in an attempt to replicate the observed properties
of different star forming cores. The approach here, which uses only one simulation, allows us to
explore the range of several parameters in the radiative transfer calculations, namely the fraction
of grain aligned at the high-J attractor point, the protostar luminosity, and the maximum dust
grain size.

4.3.1 RAMSES MHD simulation
We use the RAMSES code (Teyssier, R. 2002; Fromang et al. 2006; Commerçon et al. 2011b;

Masson et al. 2012) with the implementation of sink particles (Krumholz et al. 2004; Bleuler &
Teyssier 2014) and Adaptive Mesh Refinement (AMR) to simulate the gravitational collapse of a
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Figure 4.9: Snapshot of our MHD simulation. Left panel: The core is seen edge-on. The color scale and
white contours represents the gas column density. The yellow streamlines trace the orientation of the
density weighted average magnetic field along the line-of-sight. The white arrows represent the velocity
field in a slice in the simulation centered on the sink particle. Right panel: The contours and white arrows
are the same as in the left panel. The colorscale represents a slice of gas density, centered on the sink
particle. In both panels, the little white circle is the full width half maximum of a circular gaussian kernel
we use to slightly smooth the highest resolution of the AMR grid, for visibility.

protostellar core, with non-ideal radiation-magneto-hydrodynamic calculations. We use the hybrid
method developed by Mignon-Risse et al. (2020), which consists in a hybrid radiative transfer
method using the gray M1 closure relation for the radiation emanating from the protostellar embryo,
and the grey flux-limited diffusion approach for photons emitted elsewhere in the simulation. This
simulation belongs to a set of simulations developed by Antoine Verliat. Verliat et al. in preparation
will aim at varying the parameters used in this simulation, to study the evolution of protostellar
cores, and especially the role of jets, initial turbulent and magnetic energy, accretion efficiency and
luminosity, and protostellar outflow feedback. The reference scenario we adopt here follows the
collapse of a magnetized (the mass-to-flux ratio µ is 5), intermediate-mass core of 30M� initial
mass, without initial turbulence, and with an initial density profile of ρ ∝ 1/(1+r2).

Constructing this model was motivated by our quest to reproduce the observable features of
Class 0 cores, observed at high angular resolution with ALMA. While outflow and jet are ubiquitous
in young protostellar cores (Bally 2016; Ray & Ferreira 2020), their complete modelling remain
difficult. The main reason is that they are launched at sub-au scales, while the largest scale we
need to implement to model an isolated collapsing core is ∼0.1 pc (the tiniest resolution element of
the simulation, that uses the AMR, is ∼5 au). In addition, the physics occurring at the sub-au
scales of the accretion demand very small time-steps in the calculations, which in turn, correspond
to non-realistic computational times. Magneto-centrifugal outflows can be launched, however, their
energetics do not correspond to the protostellar jets observed in Class 0 cores. Therefore, a jet is
implemented by hand at the creation of the sink particle. This jet ejects one third of the accreted
material, with a speed of 66% of the escape speed, and with an opening angle of 30◦. We present
in Figure 4.9 the snapshot of this simulation that we use from now on, the core is 38.52 kyr old,



4.3. MODEL OF A COLLAPSING PROTOSTELLAR CORE 191

and the central sink, which mimics the protostar, is 14.8 kyr old, and has a mass of 1.2 M�. As
no initial turbulence is implemented, the collapse proceeds isotropically and the core exhibits a
symmetric structure, which favors the accumulation of material toward the over densities along the
outflow cavity walls, visible in the column density map. The line-of-sight we use from now on is an
edge-on projection of the core.

The Class 0 protostellar cores observed by ALMA we refer to from the beginning of this work
are located in close-by low- and intermediate mass star forming regions. They span a range of total
envelope mass of ∼1-40M�, and are likely of heterogenous evolutionary ages. Not all of these cores
exhibits these pristine and symmetric envelope structures we observe in this simulation, which
suggests that the cores observed by ALMA have been formed in a variety of environments, i.e.,
with different relative amount of large-scale turbulent, gravitational, and magnetic energies. We
chose not to implement initial turbulence in order to obtain a pristine case of protostellar collapse,
and understand more easily the propagation of photons in the radiative transfer calculations. For
example, if turbulence is implemented, precession of the outflow is caused by the sink particle’ spin
axis changes, that are due to the turbulent accretion flow. This causes outflow broadening and
additional entrained material (Rosen & Krumholz 2020). This could have limited our interpretations,
especially when we identify the physical conditions of specific regions in the models, e.g., outflow
cavities versus equatorial mid-planes. The turbulence in a core is also responsible for delaying the
formation of the sink in simulations. The simulation snapshot we have chosen corresponds to a
relatively young star forming core, compared to what is derived from observations for Class 0/I
objects. The absence of initial turbulence (and thus the more rapid formation of the sink) can thus
explain this young age. The initial mass-to-flux ratio, which varies significantly among star forming
cores (Hennebelle 2018), also plays a role in regulating the core dynamics during the collapse. We
chose a reasonably magnetized core with µ = 5.

Finally, the luminosity from the accretion onto the sink and the associated radiative pressure
(Hennebelle et al. 2020b; Rosen & Krumholz 2020), alongside the mechanical energy of the
outflow/jet system, provide a significant protostellar feedback in star forming regions, and are thus
important to reproduce the star forming activity of a given region. However, the effects of the
accretion luminosity and radiative pressure on the evolution of the protostar are not implemented
in this simulation. We investigate the heating from the total protostar luminosity (photospheric
and accretion luminosities) in our radiative transfer calculations, and look at the resulting radiative
field. From the jet and outflow launching models, the fraction of accretion energy that translates
into radiative energy is still a free parameter in models (Ostriker & Shu 1995; Offner et al. 2009).
Therefore, we chose to explore a broad range of protostar luminosities.

4.3.2 Radiative transfer with POLARIS
We perform radiative transfer calculations on this simulation using the POLARIS code (Reissl

et al. 2016), which calculates the local dust temperature and dust grain alignment efficiency of
oblong dust grains with respect the magnetic field orientation following the RAT theory developed
in Lazarian & Hoang (2007); Hoang & Lazarian (2014). The POLARIS code computes first the
propagation of photons alongside the dust temperature via a MCMC analysis, and then computes
the RAT grain alignment equations, using the density, radiation field temperature, and dust
grain properties, in each cell of the grid. Finally the code computes the radiative transfer in full
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polarization, at a given wavelength of observations and line-of-sight.
The only source of heating we include is the one emanating from the central source. We assume

the impact of the ISRF can be neglected in those embedded objects, also because of the high
angular resolution of this synthetic observations. We also do not consider external heating from
neighboring protostellar cores. This is a caveat given that a major portion of the Class 0 core
observed with ALMA that we present here (except for B335, which is an isolated Bok globule)
belong to a cluster of star forming objects, that could provide radiative feedback in the local star
forming region2. The temperature of the central blackbody is one of the parameter we vary in
our different sets of calculations, and is derived as follows. From the sink particle, the protostar
photospheric heating and a fraction of the accretion energy are radiated away. However, the
main difficulty relies on the fact that these sources of radiation have their origin at the sub-au
scale of the protostellar core central region and inner accretion disk, completely embedded in the
representation we have of this inner region via the sink particle, that is a few au in size. The
parameters of the equivalent protostellar embryo are derived from the models developed by Kuiper
& Yorke (2013) (see also Hosokawa & Omukai 2009), that provide the radius and luminosity of
the central protostellar object. Then the effective accretion luminosity needs to be derived (see
Equation 1.20). This is, however, a very degenerate quantity for several reasons: a fraction of the
accretion energy can be radiated away through mechanical processes such as jets, the accretion
is known to be episodic and can undergo bursting phases of accretion (see Section 1.1.2.4), and
the accretion rate onto the sink may be different from the actual accretion rate of material onto
the central protostellar embryo. In addition, in our simulation the accretion rates onto the sink
are large, with average values of Macc ∼ 10−5 − 10−4 M� (the accretion rate onto the sink in our
simulation can vary by 1 to 2 orders of magnitude), compared to the commonly observed values
inferred from bolometric luminosities of low- and intermediate mass Class 0 star forming objects
(i.e., Macc ∼ 10−7 − 10−5 M�; Evans et al. 2009). Therefore, the determination of the exact value
of the luminosity escaping out the sink particle is degenerate. In order to account for the variable
accretion activity, we have chosen to explore a range of luminosities, from 0.1 to 100 L�, varying
the temperature of the central blackbody T?, and choosing for R?, the equivalent radius derived
from the models cited above (where T? and R? are the parameters implemented in POLARIS that
sets the characteristics of the central blackbody, i.e., the source of heating).

The radiation field that escapes from the surface of the central protostellar embryo and the
accretion shock is different in nature, compared to the radiation field escaping out the sink particle.
The radiation field escaping out of the sink particle is supposed to have already been reprocessed
by high density/opacity material. This causes the spectrum of the blackbody radiation field to
evolve. In other words, while the luminosity L? ∝ T4

?R2
? must remain constant, the two parameters

T? and R? evolve in such a way that the spectrum becomes less rich in high energy photons as
they propagate. However, the radiation field is expected to be reprocessed very quickly toward
longer wavelength photons. Therefore, given the spatial scale we study, the shape of the blackbody
spectrum ought not have a large impact on our results. Although, in the current version of this
work presented here we fix R? and vary T? in order to vary L?, we will investigate and quantify the

2This remark is purely qualitative and remain an hypothesis. From observations of star forming regions, it is
hard to probe the relative influence of individual protostellar objects on the large-scale temperature/irradiation of
the regions. However, looking at the NIR images of Serpens for example (Enoch et al. 2011), we can see that the
emission from the brightest cores extend far away from the objects, and may even affect neighbors.
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impact of varying (R?,T?) at constant luminosities before submitting this work for plublication.

Table 4.2: Radiative transfer calculations details

RT calculations set fhigh−J Luminosity Maximum dust grain size
L� µm

Set I 1.0 20

0.5
2

10
50

Set II

0.0

20 10
0.25
0.5
0.75
1.0

Set III 1.0

0.1

10
1.0

20
50
100

Set IV 0.25 20

0.5
2

10
50

Set V 1.0

0.1

0.2
1.0

20
50
100

Set VI 0.25

0.1

10
1.0

20
50
100

Note. — The values of the parameters we vary in the POLARIS radiative transfer calculations, i.e.,
fraction of aligned grains at the high-J attractor point fhigh−J, luminosity of the central object, and
maximum dust grain size. Each set gathers four or five radiative transfer runs where one parameter varies.
Each radiative transfer run produces synthetic observaitons at 0.87, 1.3 and 3mm, and assumes that the
RAT mechanism is responsible for aligning the dust grains with respect to the magnetic field.

The dust grain population that we implement in POLARIS is detailed in Section 1.4.4. As the
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Figure 4.10: Dust polarization radiative transfer results of the reference case (amax = 10µm, fhigh−J = 1,
and L? = 20L�). The plots are from one run of POLARIS, where our simulation have been synthetically
observed in dust polarization at 0.87mm. Top left panel: The color scale and black contours represent the
dust continuum total intensity (Stokes I). The white arrows represent the velocity field in a slice in the
simulation centered on the sink particle. Top right panel: The color scale represents the polarized intensity
(
√
Q2 + U2). The yellow streamlines trace the orientation of the density weighted average magnetic field

along the line-of-sight. The line segments represents the polarization position angles orientations. Bottom
left panel: The color scale represents the fractional polarization. Bottom right panel: The color scale is the
optical depth computed during the ray-tracing of the radiative transfer. In the bottom panels, the white
contours trace the total intensity.

maximum grain size seems to be a key parameter that controls the resulting amount of polarized
flux obtained in synthetic observations (Valdivia et al. 2019), we vary this parameter amax from
0.2 to 50µm. We choose these values in light of recent works that have hinted at the presence
of grains larger than the typical ∼ 0.1µm ISM dust grains in Class 0/I envelopes (e.g., Miotello
et al. 2014; Valdivia et al. 2019; Le Gouellec et al. 2019; Galametz et al. 2019; Hull et al. 2020a;
Nakatani et al. 2020; Ohashi et al. 2021). Indeed, as exposed in Chapter 2, the reprocessed radiation
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Figure 4.11: Temperature maps from RAMSES and POLARIS. The left panel presents the temperature
map of the RAMSES simulation cube from the slice centered on the sink particle, while the right panel
shows the resulting temperature resulting from the radiative transfer performed by POLARIS for the
reference case (amax = 10µm, fhigh−J = 1, and L? = 20L�).

field impinging on the dust grains in the protostellar envelope needs to comprise photons whose
wavelength are comparable to the size of dust grains in order to efficiently align the grains via
RATs. Given the density of the inner envelope structures, only low-energy submillimeter photons
can propagate, which in turn corresponds to grains with sizes >1 µm. We assume a gas-to-dust
ratio of 100. Finally, the third parameter that we vary in the radiative transfer runs is the fraction
of aligned grains at the high-J attractor point fhigh−J. This fraction is directly linked to the super
paramagneticity of dust grains, which in turn is governed by the amount of iron inclusions grains
possess (Jones & Spitzer 1967). Table 4.2 presents all the sets of radiative transfer runs that we
have performed on our simulation, varying amax, fhigh−J, and the luminosity, L?.

We synthetically observe this MHD simulation snapshot in an edge-on configuration, with
POLARIS at 870 µm, 1.3mm and 3mm, at a distance of 400 pc, in maps 8000 au in size with pixel
sizes of 8 au. We present the “reference” case of the dust polarization maps calculated by one
POLARIS radiative transfer run in Figure 4.10. This reference case corresponds to the radiative
transfer with amax = 10µm, fhigh−J = 1, and L? = 20L�, performed at 0.87mm. The results are
satisfying in the sense that we are able to reproduce, thanks to the implementation of the jet, an
important feature we observe with ALMA toward star forming cores, which is the cavity walls in
the dust continuum emission. The outflowing activity has pushed aside material that accumulate
in a shell-like structure. The outflow cavity walls, as the junction of the matter from the collapsing
envelope and the outflow that clear cavities while entraining gas, appear bright in total intensity.
This enhancement is less visible when analyzing the column density map of Figure 4.9, suggesting
that the cavity walls are preferentially heated. Indeed, the radiation field in the direction of the
outflow heats the dust in the cavity walls, enhancing the total (Stokes I) thermal dust emission. Our
radiative transfer results also reproduced the enhanced polarized dust emission toward the outflow
cavity walls, another common signature observed in ALMA observations. The line-of-sights toward
the base of the cavities (up to ∼ 700 au from the center), and the inner mid-planes (up to ∼ 400
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au), exhibit low fractional polarization (∼ 1%), which is explained by the highly disorganized
magnetic field in those regions. In contrast, the outflow cavity walls, and outer mid-planes, exhibit
enhanced signal in polarized dust emission, up to ∼ 15%. Analyzing the optical depth map, we
can assume the emission is optically thin in the core, except for the inner ∼ 200au, that exhibit
optical depth larger than unity, which correspond to the dense inner circumstellar disk.

The enhancement that we obtain toward the cavity walls in total intensity and polarized dust
emission is explained by the propagation of the photons computed by POLARIS. Figure 4.11, that
presents the 2D-slices of temperature before and after the radiative transfer calculation (left and
right, respectively), shows how the material in outflow cavities are preferentially heated, compared
to the equatorial mid-planes. In this case, the temperature reaches ∼100K in the central 100au,
and at 1000au from the protostar, reached ∼40K in the direction of the cavities but only ∼ 20 K
in the direction of equatorial mid-planes. Between before and after the radiative transfer computed
by POLARIS, the differences are large, especially toward the outflow cavities. During the non-ideal
MHD simulation, RAMSES takes into account the dynamics of the gas to compute the local
temperature. Given the velocity of the corresponding cells, the values of the ion-neutral gas friction
parameter gets significantly high, and causes the encountered high gas temperature in a thin layer
along the cavity walls. This physics is not accounted for in POLARIS, which only derive the local
heating given the propagation of photons, and density/opacity of cells encountered in the photons
propagation pathways. In other words, the dynamics of the outflow can represent a source of
heating, and in turn a modification in the local physical conditions for grain alignment, that we do
not have access to in our radiative transfer calculations.

−2000 −1000 0 1000 2000
spatial scale(au)

−2000

−1000

0

1000

2000

sp
at

ia
l

sc
al

e(
au

)

100 km s−1

10−3

10−2

D
u

st
C

on
ti

nu
u

m
In

te
n

si
ty

(J
y

b
ea

m
−

1
)

−2000 −1000 0 1000 2000
spatial scale(au)

−2000

−1000

0

1000

2000

sp
at

ia
l

sc
al

e(
au

) 10−4

P
ol

ar
iz

ed
flu

x
d

en
si

ty
(J

y
b

ea
m
−

1
)

Figure 4.12: Dust polarization radiative transfer results of the reference case after spatial filtering with
the CASA simulator, mimicking ALMA interferometric observations. Left panel: Synthetically observed
dust continuum total intensity (Stokes I, color scale) is plotted with the velocity field of the central slice
in the MHD simulation. Stokes I is shown when I>3σI , where σI = 0.56mJy beam−1. Right panel: The
color scale is the polarized intensity, which is shown where P >3σP , where σP = 8µJy beam−1. The
lines segments represent the magnetic field orientations inferred from the dust polarization map. They
are plotted where P >5σP . The white circle at the bottom left corner, is the resolution of the ALMA
synthetic observations, and is 80 au is size.
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We use the CASA simulator to interferometrically filter the synthetically observed maps,
mimicking ALMA observations. For each simulation, we combine synthetic observations from
ALMA configurations C-1, C-3, and C-6, with an exposure time of 3h per antenna configuration.
After an appropriate slight smoothing, the resulting synthesized beams (resolution elements) of these
filtered maps have an effective size of 80 au, when observed at 0.87mm (and 120 au, when observed
at 1.3mm). We present in Figure 4.12 the resulting polarized dust emission maps after the ALMA
synthetic observations. By doing so, the large scale emission (i.e., the emission corresponding to
low spatial frequency signal) is removed and a standard sky noise model is applied on the data. We
recover a significant part of the total intensity signal inside the central ∼ 2000 au, while the detection
of the polarized intensity suffers more from the resulting sensitivity (as we explain in Section
4.3.4 the intrinsic grain alignment efficiency is low in our model compared to observations). The
main features in the polarized intensity map are the polarized outflow cavity walls and equatorial
mid-plane. We note also that ∼ 100-200 au up and down from the equatorial plane, we recover the
an horizontal apparent magnetic field, suggesting a significant toroidal magnetic field component
(also seen in Figure 4.10 and 4.9).

Interferometric filtering has strong impacts on the polarization fraction (as we saw in Chapter
3). In order to present the results provided by the polarization fraction maps, we thus prefer in this
study to look at the grain alignment efficiency (see Section 4.3.4, where we quantify the impact
of the radiative transfer parameters on the grain alignment efficiency probed in dust polarization
maps, before and after artificial ALMA spatial filtering). In Section 4.3.3, we present the results
from the set of radiative transfer runs, i.e., the resulting polarized intensity, irradiation field, and
temperature maps, before filtering.

4.3.3 Dust polarization maps
In Figures 4.13, 4.14, and 4.15, present the results of the radiative transfer at 0.87mm, within

the scope our exploration of the fhigh−J, amax, and L? parameters. Given that we vary these three
parameters in the POLARIS computation, and that each run provides a variety of quantities to look
at, i.e., the total intensity, polarized intensity, polarization fraction, dust temperature, radiation
field, and minimum size of aligned dust grains (aalign, see Section 1.3), we choose to present these
results in successive figures, when only one parameter of the three varies while the remaining two
others are fixed. For the radiation field, we plot urad/uISRF, where urad=

∫∞
0 uλ dλ, with uλ is the

spectral energy density at the wavelength λ, and uISRF = 8.64× 10−13 erg cm−3 is the interstellar
radiation field from Mathis et al. (1983).

Figure 4.13 shows that changing the maximum grain size from 0.5 to 50µm, with fhigh−J = 1
and L?=20L�, involves significant changes in the resulting dust polarization maps. The heating of
the envelope remains the same, i.e., changing the last bins of the MRN distribution does not affect
the temperature or the radiation field in our calculations. The maximum grain size has, however, a
large impact on the emissivity properties of dust grains, as Stokes I derived at 0.87mm increases
with increasing amax from 10 to 50µm. However the total intensity remain on average constant
between 0.5 and 10µm. The polarized intensity, that depends on how evolves the fraction of aligned
dust grains, evolves differently than Stokes I does. While the irradiation remains the same in the
cases of this figure, the evolution of the mean wavelength of the photons impinging onto dust grains
could explain the evolution of the aalign. When the amax increases, aalign increases also. However,
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Varying amax with fhigh-J = 1 and L? = 20 L�

Figure 4.13: Effects of the maximum dust grain size amax on the radiative transfer results at 0.87mm, with the
fixed parameters of fhigh−J = 1, and L? =20L�. This correspond to the set I of Table 4.2. Each column is one
radiative transfer run of POLARIS, with amax = 0.5, 2, 10, and 50µm. Each row is a quantity provided the radiative
transfer, from the first to the sixth row: total intensity Stokes I, polarized intensity P , polarization fraction, 2D
temperature slice obtained at the center, 2D radiation field slice obtained at the center urad/uISRF, and the 2D slice
of the aalign parameter obtained at the center.
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Figure 4.14: Effects of the fhigh−J parameter on the radiative transfer results at 0.87mm, with the fixed
parameters of amax = 10µm, and L?=20L�. This correspond to the set II of Table 4.2. Each column is
one radiative transfer run of POLARIS, with fhigh−J = 0.0, 0.25, 0.5, 0.75, and 1.0. The top row is the
polarized intensity P , the bottom row is the polarization fraction.

the more the maximum grain size increases, the larger is the fraction of aligned grains, and the
more numerous are the grains that contributes to the polarized dust emission. This explain why
the polarized intensity increases with increasing amax. Finally, the increase in polarized intensity
is different that of the increase in Stokes I. At 0.87 mm, this leads to a maximum polarization
fraction in the case implementing amax = 10µm.

In Figure 4.14, we vary the fhigh−J parameter, from 0 to 1, with amax = 10µm and L?=20L�.
We can follow the progressive increase of polarized intensity and polarization fraction, while we
increase the fraction of grains at the high-J attractor point, the fraction of grains (among those that
are aligned) that are considered perfectly aligned. The resulting polarization fraction is strongly
affected by this parameter. Inside the central ∼ 2000 au, fhigh−J = 0 causes the polarization fraction
to not be higher than 3%, while fhigh−J = 1 causes the polarization fraction to reach ∼ 12% in the
outflow cavity walls.

Figure 4.15 presents the impact of the luminosity L? implemented in POLARIS on the radiative
transfer results at 0.87mm, when amax = 10µm, and fhigh−J = 1. In the temperature and radiation
fields maps, we show the progressive heating of the inner envelope as L? increases. In the most
luminous case we consider (L? = 100L�), the temperature reaches ∼70K and the radiation field
reaches ∼ 104 uISRF, at 1000 au in the direction of the outflow cavities. In the low luminous cases
(L? ≤ 1L�), the polarized intensity does not reach observable values, while in the higher luminous
cases (L? ≥ 20L�), the polarization fraction in the outflow cavity walls can reach values of ∼ 15 %,
with substantial amount of polarized flux, allowing detection after filtering the maps with ALMA
(see Section 4.3.4). As the luminosity L? increases, the efficiency of the radiative torques increases
as well, and more and more grains get aligned, i.e., aalign decreases with increasing irradiation. The
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Figure 4.15: Effects of the central luminosity L? on the radiative transfer results at 0.87mm, with the
fixed parameters of amax = 10µm, and fhigh−J = 1. This correspond to the set III of Table 4.2. Each
column is one radiative transfer run of POLARIS, with L?= 0.1, 1, 20, 50, and 100L�. Same rows as
Figure 4.13.
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Figure 4.16: Effects of the maximum dust grain size amax on the radiative transfer results at 0.87mm,
1.3mm, and 3mm, with the fixed parameters of fhigh−J = 1, and L?=20L�. Each column is one radiative
transfer run of POLARIS, with amax = 0.5, 2, 10, and 50µm, while each row corresponds to a wavelength
of observation for the radiative transfer, i.e., 0.87mm, 1.3mm, and 3mm, as indicated on the first plot of
each row. We only show the polarization fraction.

equatorial mid-planes remain poorly irradiated compared to the outflow cavities and cavity walls,
and exhibit the highest values of aalign in the core. Indeed, given the high dust column density in
the mid-planes, the radiation field is reprocessed very quickly toward lower energy photons. This
is not totally hindering the production of polarized flux in the mid-planes. While the signal is
significantly lower than in the cavity walls, the magnetic field lines appear very organized in the
mid-planes, which allow the line-of-sights to remain significantly linearly polarized in the radiative
transfer.

Finally, we show in Figure 4.16 the impact that the wavelength of observation (0.87, 1.3, and
3mm) has on the polarization fraction maps, for the different values of maximum grain sizes of
amax = 0.5, 2, 10, and 50µm. Within this range of maximum grain sizes, the maximum average
polarization fraction in the core is obtained at amax = 10µm when observing at 0.87 mm and 1.3
mm, and at amax = 50µm when observing at 3mm. In other words, when observed as a function
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of maximum grain size amax, the polarization fraction peak shifts to a higher value of amax when
increasing the wavelength of observations. This highlights the importance of multiwavelength
observations to target the evolution of the polarization with wavelength. Given that Fdis and γ
are independent of wavelength (see Equation 1.34), multi-wavelength observations of a given core
offer the possibilities to constrain the properties of the dust grain responsible for the polarized dust
emission. In other words, assuming that RATs are responsible for grain alignment in the inner
core, our models would be able to fit the evolution of the polarization fraction with wavelength and
constrain the maximum grain sizes in the region exhibiting polarised dust emission.

The two parameters that are fixed in each set of cases presented in Figure 4.13, 4.14, and 4.15
(set of cases I, II, and III) were carefully chosen given the results we present in Section 4.3.4, which
focus on the average grain alignment efficiency as a function of the column density in the core. We
aim to constrain the three parameters of fhigh−J, amax, and L? that will be able to reproduce the
grain alignment efficiency observed with ALMA. We will present this analysis on all set of cases
from I to VI (see Table 4.2), and show that the parameters chosen in sets IV, V, and VI are unable
to reproduce the observed grain alignment efficiency.

4.3.4 Dust grain alignment efficiency
To derive the average grain alignment efficiency in our models, we use the method introduced

in Chapter 3. We remind the reader that this method consists in getting rid of the role played by
the disorganized component of the magnetic field in depolarization. Assuming the disorganization
of the magnetic field is the same along the line of sight and in the plane of the sky, multiplying S
by Pfrac allows us to access the dust grain alignment efficiency. Applying this method here offers
us the opportunity to compare our results with ALMA observations of Class 0 protostellar cores,
and to validate or rule out the parameters we vary in our radiative transfer calculations. To do
so, we derive the distributions of S × Pfrac values as a function of column density in our models,
before and after spatial filtering with the CASA simulator, and compare them with the S × Pfrac
distributions obtained in Chapter 3.

There are many different cell sizes in the RAMSES simulations due to the use of AMR, which
degrades the spatial resolution in some regions of our radiative transfer maps. In order to have
independent points while running our statistics, we smooth the resulting unfiltered Stokes maps to
the largest cell size (< 80 au) in the 2000 au central region of the synthetic observations. Given the
resolution achieved by the artificial ALMA observations on the models, i.e., 80 au, when observed
at 0.87mm and 120 au at 1.3mm, we actually smooth the individual unfiltered Stokes maps to
these same spatial resolutions. Beyond this central region, the AMR cell sizes are larger, and
the statistics cannot be computed. In those regions, the emission is anyway not recovered after
spatial filtering, as it is shown in Figure 4.12. In the filtered maps, we apply the same criteria pixel
selection as in Chapter 3, which is based on a cutoff in Stokes I, whose value is obtained when the
signal to noise ratio in polarized intensity is, on average, higher than 5.

We present the evolution of S × Pfrac values as a function of the normalized column density in
our set of models I, II., and III (in Figure 4.17) and models IV, V, and VI in Figure 4.18, before and
after filtering, for the two wavelengths of observation, i.e., 0.87 and 1.3mm. Alongside those results,
we plot for reference, in grey, the distributions obtained in Chapter 3 from ALMA observations,
where we split the 0.87 and 1.3mm observations. The distribution of S × Pfrac values from the
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ALMA observations presented in Chapter 3 was obtained by merging observations performed at
different wavelengths. Here, given the result obtained in Figure 4.16, we thought that splitting this
distribution would be wiser. Despite the fact that most of the ALMA observations from Chapter 3
were realized at 1.3mm, four cores were observed at 0.87mm (Serpens Emb 6, Emb 8, Emb 8(N),
and NGC1333 IRAS4A). We note that, on average, the dust grain alignment efficiency, as traced
by S × Pfrac, is higher at 1.3mm than at 0.87mm in our radiative transfer modelling (comparing
the models implementing the same parameters) and in the ALMA observations.

The plots from Figure 4.17 and 4.18 exhibit quite a large scatter in the distribution. In addition,
while analyzing the repartition of points as a function of the normalized column density, we notice
that the simulation we use seems to be quite peaked in column density, compared to ALMA
observations. Therefore, we will present the average evolution of a given S × Pfrac distribution, as
the radiative transfer parameters and the wavelength of observations are varied. We find again
that increasing the ratio fhigh−J, the maximum grain size amax, and the central luminosity L?
implemented in POLARIS strongly influences the grain alignment efficiency in the core, typically
causing the efficiency to increase. Nevertheless, the grain-alignment efficiency values calculated from
the simulations remain lower than the values from ALMA observations of Class 0 cores. However,
thanks to the multiple sets of parameters we adopt to run our radiative transfer calculations (from I
to VI), one can infer the optimal parameters that yield the values of grain alignment efficiency most
similar to those observed in the ALMA observations. The results presented in Figure 4.18 argue that
low value of fhigh−J and amax (< 0.25 and <10µm, respectively) hinder efficient grain alignment in
the core. In other words, we cannot reproduce the average values of dust grain alignment efficiency
obtained with ALMA observations if we do not implement a large fraction of perfectly aligned dust
grains (i.e., fhigh−J close to 1), and if we do not include a population of large dust grains in the
core (≥ 10µm). Figure 4.18 thus justifies the values of the two fixed parameters of fhigh−J and
amax we have chosen in the sets I and II, presented in Figure 4.17. In addition, two points suggest
that grains larger than 10µm need to be present in the inner region of protostellar cores. First,
the tendency presented in Figure 4.16, that when observed as a function of maximum grain size
amax the polarization fraction peak shifts to a higher value of amax when increasing the wavelength
of observations, points toward grains larger than 10µm because only the models implementing
amax = 10µm or amax = 50µm exhibit significant polarization fraction (i.e., ≥ 10%). Second,
while on average the S × Pfrac values obtained with ALMA observations are significantly higher
with increasing wavelength (Figures 4.17 and 4.18), the grid of models of Figure 4.16 suggests that
such increase happens at amax ≥ 10µm. We note that the higher S × Pfrac values encountered at
higher wavelength may be caused by the significant reddening of the reprocessed photons as they
propagate throughout the protostar.

Finally, assuming the use of the two parameters fhigh−J = 1 and amax = 10µm is justified, one
can quantify the impact of the central luminosity in the grain alignment efficiency of the core. The
bottom row of Figure 4.17 shows that only the implementation of large values of L?, i.e., 20, 50 and
100 L�, produces values of S ×Pfrac high enough that they are potentially able to match the values
from ALMA observations. The average S × Pfrac values of the 0.87mm ALMA observations are
similar to the values produced by the models implementing high central luminosity. However, at
1.3mm, S ×Pfrac values from ALMA observations are notably higher than our models. In summary,
we can conclude that these sets of radiative transfer calculations provide hints that large grains
(≥ 10µm), a large fraction of perfectly aligned grains (among those that can be aligned given
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Figure 4.17: Comparisons on the evolution of S×Pfrac along column density, between ALMA observations, and our
models, before and after filtering. The left (right) column corresponds to results of the radiative transfer performed
at 0.87mm (1.3mm). The distributions of S × Pfrac values from the ALMA observations presented in Chapter 3 are
in grey (where we split the 0.87 and 1.3 mm observations). The first, second and third row, correspond to the sets I,
II, III, respectively (see Table 4.2). The dashed colored lines correspond to the filtered models, the solid lines are
from the non-filtered models.
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Figure 4.18: Comparisons on the evolution of S × Pfrac along column density, between ALMA observations, and
our models, before and after filtering. Same as Figure 4.17 for the sets IV, V ,VI (see Table 4.2).

the local conditions, so values of fhigh−J close to 1), and relatively high irradiation (with central
luminosities L? higher than 20L�) need to be implemented in order to increase the estimated
values of grain alignment efficiency. Overall, the ALMA values S × Pfrac remain larger than our
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models, suggesting that further investigations are necessary to improve our understanding of grain
alignment theories and/or our knowledge of the physical conditions in the inner region of Class 0
protostellar cores.

4.3.5 Dust grain disruption
Figures 4.17 and 4.18 encourage us to consider relative high protostellar luminosity (with central

luminosities L? higher than 20 L�) so that the radiation field is sufficiently high in the core, in order
to reproduce the level of grain alignment efficiency obtained with ALMA observations. Increasing
the radiation field in our models increases the efficiency of radiative torques, which in turn causes
dust grains to increase their rotational energy. However, we must verify if the rotational energies
encountered by dust grains, and the corresponding centrifugal stress S, do not exceed the tensile
strength of dust grains. If the grain rotational rate causes the tensile stress to exceed the tensile
strength of dust grains, dust grains are disrupted into fragments. Given that large grains (whose
size a ≥ aalign) are the ones that are efficiently aligned, if dust grain disruption occurs, it could
deplete the large grains necessary to produce the polarized dust emission we measured inside star
forming cores with ALMA. This mechanism is called the RAdiative Torque Disruption (RATD;
Hoang et al. 2019). Already detected in the star forming dense cores of Orion KL and ρ Ophiuchus
(Tram et al. 2021a,b), it can be triggered by RATs (Hoang et al. 2019; Hoang & Tram 2020; Hoang
2020) or mechanical torques (Hoang & Lee 2020; Hoang & Tram 2019). Hoang et al. (2021) derived
an analytical model to investigate whether RATD is at work inside star forming cores. Here, we
attempt to use the theoretical considerations of the RATD mechanism and compute them using
the results of our radiative transfer modelling, in order to check if our claims, i.e., the presence
of large grains in the inner envelope and the need of a high central luminosity might lead to the
disruption of large grains.

A dust grain of mass density ρ, of size a, rotating at the angular velocity ω experiences a tensile
stress of S = ρa2ω2/4. We designate by Smax the tensile strength of dust grains. The critical
angular velocity above which dust grains are rotationally disrupted is given by:

ωdisr = 2
a

(
Smax

ρ

)1/2

. (4.1)

If the maximum rotation speed induced by RATs ωRAT (see Section 1.3) exceeds ωdisr, dust grains
are rotationally disrupted. Given the two regimes of the dust grain alignment efficiency Q̄Γ (see
Section 1.3.2.2), defined by the relative values the grain size a has with respect to the mean
wavelength of the radiation field spectrum λ̄ received by dust grains (see Section 1.3 and Hoang
et al. 2021), one can define the grain size interval [adisr ; adisr,max], inside which the aligned dust
grains are rotationally disrupted. The respective values of adisr and adisr,max, are obtained developing
the equation ωRAT = ωdisr, in the two aforementioned regimes of the dust grain alignment efficiency.
From Hoang et al. (2021), we have :

adisr =
0.8nH

√
2πmHkTgas

γuradλ̄−2

1/2 (
Smax

ρ

)1/4

(1 + FIR)1/2 , and (4.2)



4.3. MODEL OF A COLLAPSING PROTOSTELLAR CORE 207

L? = 0.1 L� L? = 1 L� L? = 20 L� L? = 50 L� L? = 100 L�

10−1

100

101

a
al

ig
n

(µ
m

)

100

101

102

103

a
d

is
r

(µ
m

)

101

102

103

104

105

106

a
d

is
r,

m
ax

(µ
m

)

−4000 −2000 0 2000 4000

spatial scale(au)

−4000

−2000

0

2000

4000

sp
at

ia
l

sc
al

e(
au

)

no

yes

is
d

is
ru

p
te

d

Varying L? with fhigh-J = 1 and amax = 10µm

Figure 4.19: Effects of the central luminosity L? on the Radiative Torque Disruption of dust grains, at
0.87mm, with the fixed parameters of amax = 10µm, and fhigh−J = 1. This correspond to the set III of
Table 4.2. Each plot is a 2D-slice taken at the center of the core, in our radiative transfer results. Each
column is one radiative transfer run of POLARIS, with L?= 0.1, 1, 20, 50, and 100 L�. The first row is the
aalign parameter, i.e., the dust grain size above which dust grains are considered aligned in our radiative
transfer calculations. The second and third rows are the adisr and adisr,max parameters, respectively. In
the theory of RATD, these two values correspond to the window in grain size, inside which dust grains are
rotationally disrupted. The last row indicates whether grains are dust grains are rotationally disrupted in
our models for Smax = 107 erg cm−3, i.e., if the intervals [aalign ; amax] and [adisr ; adisr,max], overlap. For a
given pixel, if there is an overlap, the pixel is black (i.e., grains are disrupted). If it is not the case it is
white (i.e., grains are not disrupted).

adisr,max = γuradλ̄

16nH
√

2πmHkTgas

(
Smax

ρ

)−1/2

(1 + FIR)−1 , (4.3)



4.3. MODEL OF A COLLAPSING PROTOSTELLAR CORE 208

where γ is the anisotropy of the radiation field, λ̄ =
∫∞

0 λuraddλ

urad
is the mean radiation field, nH is the

gas density, Tgas is the gas temperature, mH is the mass of a gas atom, and FIR is the rotational
damping coefficient due to the emission of infra-red photons emitted by the grain which reduces
the grain’s angular momentum (see Draine & Lazarian 1998; we adopt the relation of Hoang et al.
2021)3. We adopt ρ = 3 g cm−3 (this corresponds to the grain density of the dust model we adopt
in POLARIS), and use the temperature, radiation field strength, and local gas density from each
of our models. Both γ and λ̄ are derived in each cell of the grid during the radiative transfer
calculations, however, we do not have access to those values in the outputs provided by POLARIS.
We thus adopt γ = 0.3 (Bethell et al. 2007) and manually derive the mean wavelength. To calculate
λ̄, we use the relation from Hoang et al. (2021), who derived, thanks to an analytical model, the
mean wavelength as a function of the of gas column density of a typical protostellar envelope. In
the 2D slice of each of our models, we derive the column density “seen” by each cell by summing
the gas density on the straight line separating the cell from the center. We note that this is an
approximation, as the photons received by a given cell have been reprocessed, and thus do not
come “straight” from the protostar. We use the analytical model from Hoang et al. (2021) to derive
the mean wavelength. We then calculate the values of adisr and adisr,max for a given value of Smax.
In our models, the grains whose size falls within the size interval of aligned grains [aalign ; amax] as
well as the interval of rotationally disrupted grains [adisr ; adisr,max] can be considered as rotationally
disrupted. Now only one parameter remains to be set for us to evaluate the equations 4.2 and 4.3:
the grains tensile strength Smax. The tensile strength of interstellar dust is uncertain, because it
depends on both the grain structure, i.e., compact versus composite, and the grain composition
(Hoang 2019), both of which are poorly constrained quantities in Class 0 envelopes.

Figure 4.19 presents the results of the computation of adisr and adisr,max for the set of cases III,
where we vary the protostar luminosity L?, for a tensile strength value of 107 erg cm−3. The last
row indicates whether the intervals [aalign ; amax] and [adisr ; adisr,max] overlap. As the radiation field
strength increases in the core, we clearly notice that more grains get aligned, i.e., aalign decreases,
but at the same time adisr decreases, and the region where adisr is lower than amax becomes larger.
In other words, increasing the luminosity of the central protostellar object causes larger and
larger depletion of large grains in the inner core. However, as we saw earlier when implementing
maximum grain size of 2µm for example, depletion of large grains considerably reduces the amount
of polarized intensity in the core. Given that only grains larger than ∼ 10µm can produce a
sufficient sub-millimeter polarized emission, our models require the rotational disruption of large
grains to be limited in order to reproduce the high grain alignment efficiency revealed by ALMA
observations. It is also worth noting that cells with high-density material along their lines of sight
to the protostar, i.e., outflow cavity walls and equatorial mid-planes (see Figure 4.9), are the last
regions of the core to be affected by RATD. Therefore they are the last regions of the core to suffer
depletion of large dust grains when the irradiation increases.

In addition, we notice that there is a slight asymmetry, from the east to the west part of
the core, in the plot displaying the region affected by RATD in Figure 4.19. This is due to the
structure in density of the very inner part of the circumstellar disk, as it is shown in Figure 4.9.
When deriving the column density “seen” by a given cell, a difference along the line of sight in the

3We note that in our calculation of the rotational disruption radii adisr and adisr,max, we assume a maximum
efficiency of the RAT mechanism, see Sectionsec:RAT and Equation 1.24.



4.3. MODEL OF A COLLAPSING PROTOSTELLAR CORE 209

Smax =
109 erg cm−3

L? = 0.1 L� L? = 1 L� L? = 20 L� L? = 50 L� L? = 100 L�

no

yes

is
d

is
ru

p
te

d

Smax =
108 erg cm−3

no

yes

is
d

is
ru

p
te

d

Smax =
107 erg cm−3

no

yes

is
d

is
ru

p
te

d

Smax =
106 erg cm−3

no

yes

is
d

is
ru

p
te

d

−4000 −2000 0 2000 4000

spatial scale(au)

−4000

−2000

0

2000

4000

sp
at

ia
l

sc
al

e(
au

)

Smax =
105 erg cm−3

no

yes

is
d

is
ru

p
te

d

Varying L? with fhigh-J = 1 and amax = 10µm

Figure 4.20: Effects of the central luminosity L? on the Radiative Torque Disruption of dust grains, at 0.87mm,
with the fixed parameters of amax = 10µm, and fhigh−J = 1. This correspond to the set III of Table 4.2. Each plot
is a 2D-slice taken at the center of the core, in our radiative transfer results. Each column is one radiative transfer
run of POLARIS, with L? = 0.1, 1, 20, 50, and 100L�. Each row indicates whether dust grains are rotationally
disrupted in our models, i.e., if the intervals [aalign ; amax] and [adisr ; adisr,max], overlap. For a given pixel, if there is
an overlap, the pixel is black. If it is not the case it is white. The results from each row are obtained for a given
value of grain tensile strength Smax, i.e., 105, 106, 107 (the same plots as the bottom row of Figure 4.19), 108, and
109 erg cm−3.
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densest cells toward the inner part of the core can result in a significant difference in the resulting
mean wavelength. At a given radius from the center, this in turn can cause the adisr parameter to
significantly change from one side of the core to another. Therefore, inhomogeneities in density
among the densest regions of the inner core can cause inhomogeneities at a given radius in the
regions affected by RATD around the axis of symmetry of a core. This phenomenon can be a
potential explanation for asymmetric polarized intensity such as that seen in B335 where strong
polarization is only seen in the northern portion of the equatorial plane: one side might be more
affected by RATD, and thus depleted in large grains that are needed to produce detectable polarized
dust emission. This remains, however, an hypothesis, as different dust grains characteristics between
the northern and southern portion of the equatorial plane has not been probed.

Finally, we investigate the locations affected by RATD in our models for several values of tensile
strength Smax, 105, 106, 107, 108, and 109 erg cm−3, in Figure 4.20. The smaller the implemented
value of Smax, the lower the luminosity required to disrupt large grains in a given region. The
RATD mechanism affects all the core for L? ≥ 20L� if Smax = 105 erg cm−3, while it only affects
the outflow cavities, for all the luminosity values we implement, if Smax = 109 erg cm−3.

In summary, it is crucial to consider the RATD mechanism in the context of our quest to
reproduce the polarized dust emission observed in Class 0 protostellar. This mechanism, if occurring,
could cause the depletion of large grains in the core if the radiation field strength is high enough.
This is problematic because we showed earlier that we need to implement both large grains and
high irradiation in order to reproduce the dust grain alignment efficiency values observed by ALMA.
Assuming that RATs is the mechanism at play in the inner regions of Class 0 protostellar cores and
that our implementation of the RAT theory is accurate enough, the combination of synthetically
observed MHD models (with varying grain sizes and luminosities) alongside ALMA observations
could constrain the tensile strength of the dust grains responsible for the polarized dust emission
we observe.

4.4 Discussion
We have studied in Section 4.2 the comparisons of ALMA dust polarization observations with

molecular species linked with the irradiation in the core, and in Section 4.3 the dependence of the
grain alignment efficiency in the core with the irradiation field via radiative transfer calculations.
We now aim to discuss these results together. We start by discussing the sources of radiation, then
we attempt to confront the UV-sensitive chemistry with our results from the radiative transfer.
Finally, we build some hypothesis concerning the dust properties on the inner core given the
results from RATD, and we further constrain the role played by irradiation in the grain alignment
mechanism by comparing different grain precession timescales.

4.4.1 The radiation field in a Class 0 core: the photons’ sources and
propagation

Our understanding of the radiation field strength and spectrum is at the center of our study
aiming at understanding the mechanism responsible for the dust polarization we observe. In the
radiative transfer calculations we presented, the central protostellar embryo represented by a sink
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particle is the only source of high energy photons. We describe here below how this can represent a
caveat.

4.4.1.1 Accretion luminosity

In the inner regions of a Class 0 protostellar core, the radiative energy can come from the
accretion energy radiated away that is constantly reprocessed along its pathway. In reality, the
densest regions of highest opacities in the core, that are below the spatial resolution of the simulation,
are responsible for most of the photon reprocessing. This is not included in our modelling, therefore,
one needs to be cautious while assuming the luminosity implemented at the center. At a given
luminosity, the implemented radiation field spectrum would already have evolved at scales below
the spatial scale of our gridding pattern, as early reprocessing of high energetic photons from the
accretion shock is already happening. However, UV photons would be reprocessed faster than
X-ray photons throughout the envelope (Stäuber et al. 2004, 2005). In our models, only a source
of photons with a blackbody spectrum of a given radius and temperature is implemented at the
origin, centered on the protostar. It is therefore not trivial for us to calculate the real energy that
is radiated away due to the mass accretion rate onto the sink. As mentioned previously, in our
model the mass accretion rate on the sink is high compared to the values obtained observationally.
We note that these observed values are however degenerate, given the uncertainty between the
transfer of energy between what is accreted and what is ejected away in the form of radiative and
mechanical energy.

Baraffe et al. (2009) developed an analytical model of the thermal efficiency of the accretion
that accounts for the fraction of accretion luminosity that is radiated away, with respect to the
energy absorbed by the protostar. This model also considers details of the accretion process,
such as how much energy can be stored in viscous heating or rotational energy in the case when
accretion is happening via an accretion disk (Hartmann et al. 1997, see also Jensen & Haugbølle
2018; Kuffmeier et al. 2018). We attempted to use the smooth step function Baraffe et al. (2009)
proposed to model the thermal efficiency of the accretion. In our case the accretion rate on to the
sink is too high, the method of Baraffe et al. (2009) provides too high values of luminosity. This is
likely explained by the spatial resolution of our simulation (∼ 5au), that may be not high enough
to accurately represent the accretion onto the central protostellar embryo. Therefore, we chose to
implement a range of luminosity radiated by the sink in our modelling of a protostellar core, i.e.,
the different L? values we have chosen. Despite the fact that a part of the high energetic photons
should have already been partly reprocessed at sub-sink scales, we showed in our radiative transfer
results that a black body spectrum of high luminosity (20-100L�) is necessary to reproduce the
grain alignment efficiency. We also showed that the photospheric luminosity alone cannot produce
significant polarized dust emission. On average, the luminosity of protostellar cores is, however,
significantly below the expected values. This is the so-called luminosity problem (Kenyon et al.
1990; Kenyon & Hartmann 1995; Young & Evans 2005; Evans et al. 2009). Therefore, requiring high
radiative energy in all the cores that exhibit the high grain alignment efficiency we quantified in
Chapter 3 may be problematic because these values may be above the values observed in protostars.
Nevertheless, Krumholz et al. (2012) proposed that a significant fraction of the accretion energy
can escape through outflow cavities. This is also what we found when plotting the 2D slice of the
radiation field in our models. The low values of measured bolometric luminosity, could thus be
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reconciled with the expected mass accretion rate onto Class 0 protostars, if the luminosity from the
accretion is not isotropically distributed throughout the envelope.

4.4.1.2 Shocks along outflow cavities

The only source of photons in our models is from the center. UV photons can however be
produced by mechanical processes, such as at bow shocks in outflows and jets or small shocks along
the outflow cavity walls. We also saw in the temperature maps of the RAMSES simulations that in
the inner core the jet propagating in cavities can locally significantly heats the gas. Observations
of far-infrared spectral lines of CO and H2O with Herschel revealed evidences of irradiated shocks
located along outflow cavity walls, associated with a hot (≥ 500K) gas component (Kristensen
et al. 2017; Karska et al. 2018). The observations we presented of SO (see Section 4.2), a candidate
tracer of the shocks developed at the interaction zones between the outflow/jet system and the
ambient envelope gas (Lefloch et al. 2005), also suggest the presence of shocks in outflow cavities.
These shocks could represent an additional source of UV photons (Neufeld & Dalgarno 1989a,b)
propagating in the cavities (van Kempen et al. 2009a). SO can also trace the weak accretion shock
of the infalling gas onto the circumstellar disk (Sakai et al. 2014b,a; Miura et al. 2017). It originates
from reactions of atomic S releazed from the grains with OH, as well as through H2S converted to
SO with atomic oxygen and OH.

This additional source of UV photons can directly impinge on the dense walls of the cavity, in
contrast to the photons from the accretion that have already been reprocessed before reaching the
cavity walls. Therefore the presence of shocks can modify the mean wavelength received by dust
grains responsible for producing the polarized dust emission. In particular, if the radiation field
spectrum contains more high energy photons thanks to these additional sources, smaller grains
could get aligned; these grains are less likely to be affected by RATD. These further ideas are,
however, not included in our models, as the gas dynamics (and associated shocks and radiative
energy) are not taken into account in POLARIS. The required subsequent investigations would
require the use of the modelling of shocks in cavities in order to identify the source location (we need
to keep in mind that these high energy photons do not have a high gas penetration path-length)
and energy spectrum of the photons produced in shocks.

4.4.2 How UV-sensitive chemistry supports dust polarization
We showed in Chapter 3 that the grain alignment efficiency is roughly constant with respect to

column density in a prototypical Class 0 protostellar core. Yet, we cannot entirely reproduce it, i.e.,
our radiative transfer calculations show alignment efficiency that is too low. The irradiation seems
however to be the key factor driving the extent of the regions where grain alignment is efficient at
producing polarized dust emission, i.e., where the irradiation is high enough to align grains but
too high in order to avoid grain rotationally disruption. The wide variety of the observed spatial
extent of the molecular emission lines we presented in Section 4.2 can bring additional clues as to
the nature and morphology of the radiation field in the inner core.
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4.4.2.1 Using UV-sensitive chemistry and its associated radiation field to explain the
observed ALMA dust polarization maps

Interactions between UV radiation from shocks in jets/outflows and in cavity walls (see above)
and the ambient material could cause the growth of regions of PDR-like conditions (Lee et al. 2015b).
The identification of PDR tracers toward outflow cavity walls suggests that the UV radiation field
is significant in these regions. As mentioned above, one of the limitations of our modelling is the
use of a sink particle, which causes a wrong estimation of the radiation field spectrum, because it
would have been already reprocessed by the high density regions below the ∼au spatial resolution
of our simulation. Analyzing the UV-sensitive chemistry of the inner core could allow us to confirm
or rule out the radiation field we implement in our models.

c-C3H2 and C2H are usually seen in photon-dominated regions (PDRs) such as the Orion
Bar (Teyssier et al. 2004; Pety et al. 2005; van der Wiel et al. 2009; Nagy et al. 2015) and the
Horsehead Nebula (Cuadrado et al. 2015; Guzmán et al. 2014, 2015), with both species located
at the irradiated, and thus warmer, edge of these regions. C2H was also found enhanced in the
presence of UV radiation toward molecular clouds (Fuente et al. 1993; Hogerheijde et al. 1995;
Jansen et al. 1995). These two molecules involve C, C+, and CH+ in their chemical formation
pathway, which are maintained in high abundance in the gas phase in the presence of strong UV
radiation (Stäuber et al. 2004; Benz et al. 2016). c-C3H2 and C2H could thus be expected to trace
the (UV-irradiated) outflow cavity walls. C2H has been detected in a variety of Class 0/I protostellar
cores, especially toward outflow cavity walls (Jørgensen et al. 2013; Oya et al. 2014; Imai et al.
2016; Oya et al. 2018; Okoda et al. 2018; Bjerkeli et al. 2016a; Zhang et al. 2018; Bergner et al.
2020; Lee et al. 2020). In particular, Murillo et al. (2018) exhibited the anti-correlation between
the cold gas tracer DCO+ (Murillo et al. 2015; Le Gouellec et al. 2019), and warm irradiated
regions traced by c-C3H2 and C2H in two Class 0 cores. Others traces of UV-driven chemistry
have also been found at the scale of cores (∼ 2000− 4000 au), with detections of c-C3H2 toward
protostellar and prestellar cores irradiated by external sources (a nearby star for example, or the
interstellar radiation field itself; Lindberg & Jørgensen 2012; Spezzano et al. 2016). c-C3H2 and
C2H can also probe the disk-envelope interface, at the limit between the centrifugal barrier and the
infalling-rotating envelope (Sakai et al. 2014a,b). Finally, due to an increase of atomic C and C+ in
the gas phase, C2H is also commonly observed and modelled at the upper layer of protoplanetary
disks where UV- and X-ray photons from the stellar irradiation field can propagate more easily
(Henning et al. 2010; Kastner et al. 2014, 2015; Bergin et al. 2016; Cleeves et al. 2018; Kastner et al.
2018; Bergner et al. 2019; Miotello et al. 2019; Cleeves et al. 2021). Another candidate mechanism
to explain the presence of those carbon chain molecules in the gas phase is the top-down destruction
of PAHs photo-eroded by the radiation field (Teyssier et al. 2004; Pety et al. 2005; van der Wiel
et al. 2009; Pety et al. 2012; Guzmán et al. 2015). This proposition is however challenged by the
lack of observational detections of PAHs in protostellar cores (Geers et al. 2009).

CS is also a molecule whose emission can be enhanced at the edges of PDR (Rivière-Marichalar
et al. 2019). Commonly seen toward outflow cavities tracing the warm molecular layer (Kwon et al.
2015; Bjerkeli et al. 2016c; Oya et al. 2018; Zhang et al. 2016; Martín-Doménech et al. 2019; Zhang
et al. 2018; Taquet et al. 2020), CS may trace the UV-irradiated regions of disks as well (Podio
et al. 2020a,b). We note that, however, in disks seen edge-on CS can appear below CN, whose
production is favored by the irradiation of disks’ surface (Ruíz-Rodríguez et al. 2021). The chemical
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formation route of CS may require strong UV radiation as it can trigger reaction between S/S+

with small hydrocarbons to produce carbonated S-species, or photodesorption from dust grains
(LeGal et al. 2019; Podio et al. 2020b).

The presence of c-C3H2, C2H, and CS toward outflow cavities and cavity walls thus suggest
that a significant UV-radiation field can survive in the inner ∼500 au region of Class 0 protostellar
cores. Given the average penetration path length of UV-photons through the dense cavity walls
(as discussed in Chapter 2) these photons are reprocessed quickly. These reprocessed photons can
still contribute to the alignment of small grains, as the mean wavelength of the corresponding
radiation spectrum is smaller than the longer wavelength photons responsible for the alignment of
dust grains with sizes ≥ 1µm. The equatorial mid-planes, that are presumably not experiencing
a similar radiation field (the equatorial mid-planes B335 are depleted in C2H emission line for
example) would be dense enough to be protected by RATD (depending of the opacity of the inner
circumstellar disk), but would require large grains to produce the observed polarized dust emission.
In addition, the very organized magnetic field lines in these mid-planes can also contribute to
their polarized dust emission (as shown in our models). The case of Serpens Emb 8 is, however,
paradoxical. The C2H emission that peaks all over the inner core could be due to significant “leaks”
of irradiation from the very disorganized envelope. Dust grains might thus be rotationally disrupted
along a variety of directions which, along with the disorganized magnetic field orientations, to the
causes responsible for the non-detected dust polarization in a large portion of the dense regions.

Previous chemical studies have constrained the irradiated field in Class 0 protostellar cores. On
scales of ∼ 1000 au, comparing atomic line fluxes such as [CII] or [OI] with PDR models, Karska
et al. (2018) found that for typical low-mass protostars the UV-field was ∼ 102 G0 , and 103 G0
for protostars in the SMM1 regime. Using UV-irradiated shocks models, they found UV field of
1-10 G0 using pre-shock densities of 105 cm−3. Besides, comparing the observed fluxes and line
ratio of several ionized hydrides such as C+, CH+, OH+, H2O+, and HCO+ with chemical models,
Benz et al. (2016) constrained values of 200-400 G0 for NGC1333 IRAS4A and 2-8 G0 for SMM1 at
the Herschel half-power beam radius at 300 µm, which corresponds to radius of 3000 and 5000
au from the center of the protostar at the distance of Perseus and Serpens, respectively. In our
radiative transfer calculations, the reference case yields at 1000 au from the protostar an irradiation
field of urad/uISRF' 3× 103 in the direction of the outflow and ∼ 5× 102 in the direction of the
equatorial planes. At 3000 au from the protostar the ratio urad/uISRF is ∼ 3.5× 102 in the direction
of the outflow and ∼ 1× 102 in the direction of the equatorial planes. We can consider our results
concerning the radiation field obtained from the reference case to be roughly consistent with these
chemical studies. Nevertheless, the resulting grain alignment efficiency does not seem to be high
enough to reproduce the results obtained with ALMA observations. We explore higher values of
irradiation, but those values might favor the rotational disruption of grains and thus deteriorate
the conditions for grain alignment removing the large grains.

4.4.2.2 The effect of the C/O ratio in the gas phase on the CCH abundance

One caveat we would like to expose in the context of our argumentation that attempt to link
the irradiation field to the hydrocarbon molecular emission lines, is the role of the C/O elemental
ratio in the abundance of C2H in the gas phase. In protoplanetary disks, only models implementing
C/O>1 can reproduce the high abundance of C2H (Bergin et al. 2016; Kama et al. 2016; Cleeves
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et al. 2018; Kastner et al. 2018; Miotello et al. 2019; Alarcón et al. 2020; Cleeves et al. 2021;
Anderson et al. 2021), otherwise CO would carry most of the carbon content. In disks, to obtain
high C/O ratio, one possible explanation is the enhancement of carbon via destruction (and/or
photodesorption) of carbon grains and PAH (Anderson et al. 2017), while a deficit in oxygen can be
caused by grain growth and dust settling (Hogerheijde et al. 2011; Du et al. 2015; Salinas et al. 2016;
Du et al. 2017; Cleeves et al. 2018). However, Bergner et al. (2020) did not find that C2H formation
are enhanced by CO depletion in a couple of Class 0/I systems, explaining that CO can be already
quite depleted in the gas phase. In outflow cavity walls, PDR-like modelling is thus required to
fully understand the exact role of the UV-radiation field in the enhancement of C2H. The C/O
ratio in cavity walls may be a parameter to constrain in this active region separating the warm
outflow material from the dense cold infalling envelope, where the temperature may be high enough
to sublimate molecular species such as CO. Indeed, C2H might be detected where a high C/O ratio
could be explained by a limited CO sublimation. This is well illustrated by the dichotomy found in
BHR71 IRS2 between the outflow cavity and inner envelope traced by CO and C18O, respectively,
and the cold envelope traced by N2D+ where CO freezes out onto dust grains (Hull et al. 2020a).
The dust polarization detected in the outflow cavity walls of IRS2 lies precisely in between the
regions where N2D+ and CO emission line peak, revealing that dust grains cannot get aligned in
these areas. We already proposed that this can be explained by the attenuation of the irradiation
field, that is able to align much less grains. However, these locations also experience a lower heating
from the attenuated irradiation field, causing CO freezes out onto grains. Another cause of drop of
polarized intensity could be that the accumulation of CO ices on grains’ surface decrease dust grains’
helicity, and thus the efficiency of radiative torques. Improving our understanding of the complex
picture of dust polarization, which is strongly affected by the local conditions, i.e., irradiation field,
ambient temperature and density, dust properties, requires that we further constrain the dust grain
surface and volatile chemistry toward outflow cavity walls. Chemical modelling will be required to
fully characterize the radiation field spectrum that is responsible for the observed hydrocarbon
chemistry.

4.4.2.3 Understanding the origin of the polarized dust in cavity walls via kinematic
studies

The regions traced by C2H and CS around the lobes of bipolar outflows are thought to correspond
to outflow cavities walls, because of their irradiated nature. Assuming that both the polarized
dust emission and the UV-sensitive molecular emission lines come from these cavity walls, one
needs to characterize the kinematic nature of outflow cavity walls to further constrain the physical
conditions that favor grain alignment. Zhang et al. (2016) reveal a tentative evidence of a slowly
moving rotating outflow using CS, suggesting cavity walls are entrained by a rotating disk wind
launched at large radii from the source. Further evidence of rotation toward another Class 0 object
was found by Zhang et al. (2018) using CS and C2H. The authors argue that these lines should
trace the gas entrained by the outflow along the cavity walls or the magneto-centrifugal wind
itself launched from the disk, rather than the infalling envelope gas surrounding the outflow cavity.
Even if the rotation motion of outflow cavity walls is minimal, the specific angular momentum
of the corresponding gas is larger that of the infalling-rotating envelope (Oya et al. 2018; Zhang
et al. 2018). However, Okoda et al. (2018) came to a different conclusion toward another Class 0
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protostellar core. They attribute the C2H emission, also detected around outflow cavity, to the
infalling-rotating envelope.

In Class 0 objects, the spectral lines of C2H clearly points out toward a different dynamical
nature between the regions traced by C2H, i.e., the regions surrounding outflow cavities, and those
of the bipolar outflow. Now, these regions are anyway subject to a significant shear. Indeed the
material located at the interface between the outflowing gas and the infalling envelope material
must experience turbulent mixing. The mixing layer is replenished by outflowing material and
infalling envelope, at a rate which is proportional to the mass outflow rate, but the mass brought
by the outward shocked wind should be larger than the mass brought by the infalling envelope (see
the work of Canto & Raga 1991; Liang et al. 2020, where this result was quantified via analytical
models). Liang et al. (2020) developed a model of a steady state cavity caused by the interaction
of a wind with an infalling rotating envelope, whose size is dictated by the equilibrium between the
wind ram pressure and envelope thermal pressure. They were able to match their predictions of the
warm turbulent mixing layer with the broad-line profile of high-J CO line observed with Herschel
toward Serpens SMM1 (Kristensen et al. 2017). For this source, the mixing layer is made of warm
gas (T∼ 250 K), due to the competition between turbulent heating, expansion and CO cooling.

These turbulent mixing zones are dynamically complex regions, inside of which the temperature
must bridge that of the warm outflowing gas and the cold dense envelope. However, it is still
unclear if the regions of high dust polarization and C2H emission belong to the outflowing gas, the
mixing layer, or the infalling envelope. This question is of great importance given the local physical
conditions required by grain alignment. Given the penetration path length of the photons in the
regions exhibiting dust polarization, we already saw that large grains (≥10 µm) are required (Le
Gouellec et al. 2019; Hull et al. 2020a). Then, one must address the question of where and when
the required dust grain growth has occurred. One can address the same question by analyzing the
kinematics of other highly polarized regions such as equatorial mid-planes and accretion streamers.
Hence, one must characterize the kinematics of the structures we see in dust polarization via
spectral line observations, in order to characterize the origin the early dust growth that may happen
as early as the Class 0 phase (Galametz et al. 2019).

If the material producing the polarized dust emission in outflow cavity walls is entrained by
a disk wind, then one explanation that could justify the presence of large dust grains in cavities
is that they have been formed in the much denser and warmer regions of the inner circumstellar
disk, where the outflow originates. Then, these grains could have been lifted up from the disk
upper layers via the drag forces caused by the outflowing gas. Recent studies have investigated
the possibility of dust ejection from the inner disk (Liffman et al. 2020; Vinkovic & Čemeljić 2021;
Hutchison & Clarke 2021; Booth & Clarke 2021), but one must verify they don’t get shattered and
can survive in the outflow (Wong et al. 2016). Indeed, it would be interesting to assess the grain
fragmentation timescale versus the grain aggregation timescale in outflow cavities. If, in contrast,
the polarized dust we observe belongs to infalling material, as we presume to be the case for the
polarized mid-planes or streamer structures, it is difficult to envision a scenario where dust grains
could experience high enough densities to grow in size. However, these filament-like streamers
might concentrate material efficiently enough at their center to trigger dust grain growth. One
would need to investigate the free-fall time of these structures, their density via higher angular
resolution observations, and the typical dust grain growth timescale, to address this hypothesis.
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4.4.3 Will the dependence with radiation be canceled by RATD ?
To reproduce the dust grain alignment efficiency inferred from ALMA observations of Class 0

cores, we saw that large grains need to be present in a highly irradiated inner envelope. However,
while this high irradiation increases the dust grain alignment efficiency, it may also cause grain
rotational disruption to occur and deplete large grains in the affected region. This phenomenon
is, however, dependent on the density of the medium through which photons needs to pass, the
denser regions of the inner core being the outflow cavity walls and equatorial planes. Therefore the
regions that are detected in dust polarization are also the regions “resisting” RATD (see Figure
4.19). Now these considerations are made assuming a given tensile strength Smax of dust grains.
As presented in Figure 4.20, grains which are more compact (higher Smax) are better able to resist
RATD. On the contrary, grains made of aggregates with low tensile strength and are more easily
destroyed by RATD. As significant grain growth is necessary to justify the observed polarized dust
emission in Class 0 protostellar cores, one could constrain the tensile strength of dust grains and in
what conditions and via what processes they grew. The grain internal structures such as the tensile
strength Smax may thus be constrained by observations of dust emission (constraining amax) and
dust polarization (constraining adisr with dust polarization models). In order to study the regime
where RATD can disrupt dust grains within typical ISM irradiation and density conditions, Hoang
(2019) explored the dynamical constraint for several interstellar dust models: a contact binary grain
model made of a silicate particle sticked to a carbonaceous particle, a model of composite grains
made of sub-fragments of silicate and carbonaceous materials, and a model of a silicate core with an
amorphous carbon mantle. For a range of irradiation and density conditions, the authors obtained
a variety of rotational disrupted size adisr given the internal structure, and tensile strength derived
from these dust models, highlighting the importance of understanding grain internal structure to
analyze the dust polarization observations.

In dense cores, large grains (≥ 1µm) are expected to have grown via coagulation processes
such as grain sticking, and are thought to have composite structures or compact structures with
a high tensile strength (Smax = 107 erg cm−3) with potentially a core-thick ice mantle structure.
However, dust growth and the physical conditions of the environment where grains have grown are
not completely observationally constrained, and neither is the grains’ internal structure. In the
interior of a protostellar core, dust grains from the high temperature and high density regions of
the inner circumstellar disk may have different internal structures compare to the grains that have
grown on longer timescale within dense and cold infalling structures. Recently Garcia & Gonzalez
(2020) developed a dust model that follows the grain porosity (a direct proxy for the dust grain
tensile strength) during grain growth processes (in this case the formation of porous aggregates)
occurring in protoplanetary disks. The high density of the disk may cause the dust aggregates to
be compressed by static compression due to ram pressure of the disk gas, decreasing the grains’
porosity, and thus increasing the grains’ tensile strength (Kataoka et al. 2013b,a). Therefore, if
these latter large dust grains are efficiently lifted-up to populate outflow cavity walls, their structure
might allow them to resist more strongly RATD in such irradiated zones.

In other words, if RATs is the mechanism aligning dust grains in cores, and if our models,
which require us to implement large dust grains and high irradiation conditions, are accurate, then
in order to protect large grains from being depleted by RATD, we must explain the high tensile
strength of the corresponding grains. To that end, it would be required to characterize the physical
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conditions experienced by grains both in the inner disk and in the cavities in order to constrain
their compactness using dust grain evolution models (see Garcia & Gonzalez 2020 for example).

4.4.4 On the effect of radiation on the grain precession timescales
Finally, we would like to attempt several timescale comparisons to determine whether the results

we present are coherent with one another when considering the various relevant timescales. The
main part of the irradiation in the core that we measure in our models directly comes from the
accretion onto the central protostellar embryo, which is known to be episodic (Vorobyov & Basu
2005, 2006; Baraffe et al. 2009; Vorobyov & Basu 2010; Baraffe et al. 2012, 2017). During an
accretion burst, the luminosity of a protostellar object can increase by a factor of few, up to ∼ 10.
We need to determine how fast the temperature in the core adapts to a change in the central
luminosity, how fast dust grain rotation, precession, and potential disruption react to a change in
irradiation and temperature, and finally how much time is required for the UV-driven chemistry to
develop in outflow cavity walls. Figure 4.21 presents the effects of the central luminosity value L?
on the different timescales concerning the precession, alignment, and disruption of dust grains. We
present and discuss the results of the this timescale analysis shown in Figure 4.21 below.

In a core, the cooling time is commonly much shorter than the free-fall time (Equation 3
of Hennebelle et al. 2020b, which consist in calculating the radiative cooling time of a cell at a
given distance, with its density, opacity, and temperature). We can consider that gas and dust
temperature will become equal with one another in a few gaseous collisional timescale τgas (see
Figure 4.21). In an outflow cavity wall of the reference case, at ∼ 1000 au from the center the
cooling time is ∼ 1 yr, and the free-fall time is ∼ 6× 103 yr. As a consequence, it is reasonable to
consider that the temperature adjusts instantaneously to a change of the central source luminosity,
and that the gas dynamics is not affected. Therefore, if there is an accretion burst, one can expect
the dust grains to immediately experience the different irradiation conditions. The accretion burst
duration is thought to be ≤ 100-200 yr in protostars (Vorobyov et al. 2013), and the typical interval
between two bursts varies within 102 and 104 years (different observational techniques have found a
large variety of typical interval between bursts; Jørgensen et al. 2020, see Section 1.1.2.5). However,
we note that in irradiated regions the gas is likely warmer than the dust, even at high density (see
for example the work of Koumpia et al. 2015 who estimated a higher gas temperature by ∼ 15
K toward the PDR S 140). This may be due to shocks, and/or intense UV heating of the gas.
Therefore, the temperature of the gas in outflow cavities and cavity walls may be higher than
the dust temperature. This would affect our estimation of the gaseous damping timescale τgas
(defined below), which scales with T−1/2

gas . The timescale to form molecules in PDR-like conditions
is ∼ 101-102 years (Sakai & Yamamoto 2013). Therefore the PDR chemistry can be affected by
an accretion burst, because the material may have enough time to heat and trigger the chemical
reactions that form the PDR molecular tracers.

The timescale for a previously non-aligned grain to spin up via RATs up to a rotational velocity
that would allow its alignment (at least three times the thermal velocity) is about the radiative
precession time-scale τrad if the grain is directly driven to a high-J attractor point (Lazarian &
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Figure 4.21: Effects of the central luminosity L? on the alignment timescales in our radiative transfer models at
0.87mm, with the fixed parameters of amax = 10µm, and fhigh−J = 1. We select a region of 80 au in size, located
at ∼ 1200 au from the center, toward the equatorial mid-plane (first row), an outflow cavity wall (second row), and
in the middle of an outflow cavity (third row), in a 2D-slice of the model. In each plot, we present the Larmor
precession timescale τLarmor (for two values of Ncl, being the number of atoms per cluster: 103 and 105, dot-dash
and solid blue lines, respectively), the radiative precession timescale τrad (for two values of γ of 0.1 and 1, dot-dash
and solid red lines, respectively), the collisional gaseous damping time of the grain τgas (solid brown line), and the
rotational disruption timescale timescale τdisr (for Smax values of 105 and 109 erg cm−3, dot-dash and solid dark
yellow lines, respectively). We show the minimum grain size of aligned grains aalign (vertical dotted green line),
and the minimum size of rotationally disrupted grains adisr (for Smax = 105 and 109 erg cm−3, vertical dotted and
dash-dotted grey lines). At a given grain size, the shortest precession timescale between τLarmor and τrad dictates the
direction of alignment, i.e., with the magnetic field or the radiation field. The last row represents the polarization
fraction. The three colored dots correspond to the locations where the timescales are computed in the plots above:
the dark point for the first row (equatorial plane), the blue point for the second row (outflow cavity wall), and the
green point for the third row (outflow cavity).
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Hoang 2007), where:

τrad ' 110ρ̂−1/2ŝ−1/3a
1/2
−5 T̂

1/2
d

(
urad

uISRF

)−1
(

λ̄

1.2µm

)−1 (
γ̄|Q̄Γ|
0.01

)−1

years , (4.4)

where a−5 = a/10−5 cm, ρ̂ = ρ/3 g cm−3 the dust grain density, ŝ = s/0.5 the grains’ aspect
ratio, T̂d = Td/15 K, γ is the anisotropy of the radiation field (equation from Tazaki et al. 2017;
see Section 1.3.2.2 for the definition of γ̄, and Hoang et al. 2021 for the definition of Q̄Γ that we
chose). The alignment timescale for a grain directly driven to a high-J attractor point corresponds
to a fast alignment, while the fraction 1 − fhigh−J of grains that are driven to a low-J attractor
point experiences a slow alignment, as gaseous bombardments gradually move grains from the
low-J attractor toward a high-J state (Hoang & Lazarian 2008, 2016). Such a slow alignment is
typically achieved after 5− 10 τgas, where τgas is the collisional gaseous damping time of the grain
(the infrared emission damping and plasma drag are neglected):

τgas = 3
4
√
π

I1

nHµmHvtha4 , (4.5)

where vth =
√

2kBTgas/µmH, and µ is the mean molecular weight per hydrogen molecule. Nev-
ertheless, the timescale for slow alignment is reduced when considering super-paramagnetic dust
grains (Hoang & Lazarian 2008, 2016; Lazarian & Hoang 2021), but can also increase for increasing
radiation field strength because stronger radiative torques push grains to the low-J attractor point
(Lazarian & Hoang 2021). Therefore, the superparamagneticity of dust grains plays an important
role in the alignment timescale because (1) it governs the fraction of grains fhigh−J that can be
driven to a high-J attractor point (and thus of grains that can experience a fast alignment), and (2)
it diminishes the grain alignment timescale for grain experiencing slow alignment. The radiation
field improves the strength of RATs and thus the maximum value of grain angular momentum
(which can become high enough to trigger RATD), but forces grains to the low-J attractor point
that will experience slow alignment. An increase of the irradiation field during an accretion burst
will thus generate an increase of the dust polarized emission on a timescale corresponding to the
one of the slow alignment for the 1 − fhigh−J fraction of grains driven at low-J . As the increase
of irradiation also diminishes the size of grain rotational disrupted adisr, more can be rotationally
disrupted. In the absence of high-J attractor point for grains with inefficient magnetic relaxation
(low δm) the increase of RATs via higher irradiation may thus cause slow disruption of grains (of the
order of the slow alignment, i.e., 5− 10 τgas), because only low-J attractors would exist. However,
in the environment we study we saw that the observed grain alignment efficiency strongly suggests
that grains are perfectly aligned with fhigh−J ' 1. Therefore, in the type of environment we model,
an increase of the radiation field strength can rapidly produce an increase of the dust polarized
emission, i.e., on a timescale of the order of τrad. The potential subsequent rotational disruption of
grains that are supposed to be directly driven at high-J will also happen rapidly, i.e., of the order
of the timescale τdisr (see Figure 4.21) which is the characteristic timescale for fast rotational grain
disruption (we note that this is much shorter than the shattering time by grain-grain collisions); it
is derived as follows:

τdisr = I1ωdisr

Γ̄RAT
, (4.6)
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where Γ̄RAT is presented in Section 1.3.2.2 (we adopt the value of Q̄Γ from Hoang et al. 2021),
and ωdisr is presented in Section 4.3.5. From Figure 4.21, we notice that if grains have super-
paramagnetic inclusions fast alignment can occur. This means that the dust polarization signal
has the time to increase during an accretion burst, because τrad is generally much lower than the
typical accretion burst duration. However, depending on the tensile strength of dust grains and
luminosity reached during the burst, aligned dust grains could also be rotationally disrupted because
τdisr can be significantly smaller than an accretion burst duration. If otherwise slow alignment is
occurring, slow disruption (on the order of the timescale for slow alignment, i.e., 5− 10 τgas) can
happen in the steady-state regime where adisr ≤ amax, but during an accretion burst the increase
in grain alignment and rotational disruption may not happen because 5− 10 τgas is of the order
of an accretion burst duration. Even if only slow rotational disruption occurs, RATD remains an
important process that can constrain early dust grain growth inside protostellar cores, because the
typical timescale required to grow grains at sizes ≥ 10µm inside a medium of nH = 1010 cm−3 is
of the order the free-fall timescale (Wong et al. 2016), i.e., ∼ 3× 102 years at such density (while
the density of the envelope of our model is nH = 106109 cm−3, so grain growth is even slower); this
timescale is comparable to the timescale of slow rotational disruption.

In addition, we note that an accretion burst may also influence the dust polarization position
angle. Indeed, during such a burst the ionization increases and thus the coupling between the
material and the magnetic field improves, which means that a larger amount of material can
dynamically affect magnetic field lines, that can be dragged more intensively inward. Such a
change in dust polarization position angle would happen on a timescale of the order of the Larmor
precession timescale, that is relatively compared to the burst duration.

Finally, if the radiation field is strong enough, then grains can change their axis of alignment
and become aligned with the axis of the anisotropic component of the radiation field (this is the
k-RAT mechanism that we have already mentioned; Lazarian & Hoang 2007). As for the rotation
of timescale of grains spin up by RATs, we can quantify in each cell of our models, the Larmor
precession timescale and the radiative precession time-scale. From Tazaki et al. (2017):

τLarmor ' 1.3 ρ̂ŝ−2/3a2
−5B̂

−1χ̂ years , (4.7)

where B̂ = B/5µG is the magnetic field, and χ̂ = χ(0)/10−4 the grains’ paramagnetic zero-
frequency susceptibility. The zero-frequency susceptibility for a superparamagnetic grain is given
by Curie’s law (Morrish 2001):

χ(0) = χsup(0) = 1.2× 10−2Nclφsp

(
15K
Td

)
, (4.8)

where φsp is the fraction of atoms that are superparamagnetic, and Ncl is the number of atoms per
cluster. From measurement of GEMS, the typical value are φsp = 0.03 (Bradley 1994; Martin 1995;
Goodman & Whittet 1995), and Ncl is expected to be Ncl = 103-105 (Kneller & Luborsky 1963;
Jones & Spitzer 1967)4. The evolution of τLarmor as a function of grain size for a superparamagnetic
grain is also shown in Figure 4.21. At a given grain size, the shortest precession timescale between

4Once again, the need to implement fhigh−J ' 1 in our models argue toward superparamagnetic grains. For
reference, Draine & Weingartner (1996) proposed χ(0) values in the range 4×10−5 − 10−3 for ordinary paramagnetic
grains
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τLarmor and τrad dictates the axis of alignment, i.e., the magnetic field or the anisotropic component
of the radiation field. As L? increases, the grain size at which the transition of alignment axis must
occur decreases, and can reach ∼ 10µm when L? ≥ 20L�, toward the most irradiated regions of
the protostar, i.e., the outflow cavity (this is dependent on the values chosen for the two parameters
γ and Ncl we vary for this timescale investigation: γ is not in the output of POLARIS, and Ncl is
unconstrained). However, this transition in alignment axis occurs most of the time for grain sizes
that are beyond the disrupted grain alignment size adisr (this is subject to the chosen value of tensile
strength). Therefore, if such amount of irradiation is maintained in the core (i.e., L? ≥ 20L�)
for a period of time comparable to the disruption timescale, dust grains may undergo rotational
disruption before they can reach the size that would allow them to align with the radiation field.
Assuming that our model reproduces accurately the conditions of young protostellar cores and
correctly accounts for RATD, our calculations thus suggest that k-RAT do not likely occur in the
interior of protostars.

4.5 Summary
Alongside an analysis of ALMA dust polarization and molecular line observations, we present

in this chapter a detailed exploration of the physics of grain alignment/de-alignment occurring in
Class 0 protostellar cores. We compare the physical extent of polarized intensity from polarized
dust emission with molecular emission line from UV-sensitive species. To further assess the role
of the radiation field, we perform POLARIS synthetic observations of a MHD simulation of a
collapsing protostellar core (that implements the method developed in Mignon-Risse et al. (2020),
and a protostellar jet; Verliat et al. in preparation). We compare the grain alignment efficiency that
we derive from ALMA polarization observations of Class 0 protostellar cores, with the results from
the radiative transfer modelling. The main results and conclusions of this chapter are as follows:

1. In observations, we compare maps of dust polarization with maps of the irradiated regions
probed by UV-driven chemistry traced by hydrocarbons such as C2H. These molecular
emission lines mainly peak toward outflow cavities, where in the case of the axisymmetric
cores, polarized dust emission is also enhanced. However, in the case of a more disorganized
core, such as Serpens Emb 8, the high-energy photons throughout the entire core. But in
this source, the polarized intensity exhibits very localized detections, with only tentative
correlations between the emission lines.

2. While the radiation field seems to trigger UV-driven chemistry in outflow cavities, which
favor grain alignment via RATs, some parts of the core that are not under a such strong
radiation field, such as the equatorial plane, still exhibit strong polarized intensity.

3. The synthetic observations of the MHD simulation with the radiative transfer core POLARIS,
reproduce the enhancement of polarized dust emission along outflow cavity walls.

4. In the radiative transfer computations, we vary the fraction of grains at the high-J attractor
point (fhigh−J), the maximum grain size amax, and the luminosity of the central object L?, and
how these parameters favor dust grain alignment in the inner core. Comparing the dust grain
alignment efficiency (as traced by S ×Pfrac) derived in the radiative transfer calculations with
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those found in Chapter 3 with ALMA observations, we find that super-paramagnetic grains
(fhigh−J close to 1), large grains (amax ≥ 10µm), and significant luminosity (L? ≥ 20L�) are
required to attempt matching the dust grain alignment efficiency. However, we are still not
reaching the average level obtained with ALMA observations.

5. One caveat of our modelling is the radiation field spectrum throughout the inner envelope.
The reprocessing of the central luminosity by the densest regions at spatial scales smaller
than the size of the central sink particle is neglected. In addition, the potential UV-photons
produces in shocks in jets/outflows and along the cavity walls, the temperature increase
triggered by the shocked-wind, and gas cooling (mainly via CO) are not implemented.

6. We implement the equations of the RATD phenomenon on the outputs of the radiative transfer
calculations. This phenomenon triggers the rotational disruption of the largest aligned dust
grains, which can cause a depletion of large grains that are necessary to produce the observed
polarized dust emission. Varying the irradiation and the tensile strength of dust grains, we
find that in our models, RATD can occur in the inner core. The densest regions, i.e., outflow
cavity walls but more especially the equatorial mid-planes, seem more protected and are the
last regions of the core to have their populations of large dust grains depleted by RATD.

7. Our models require both large grains and high irradiation, which raises two questions: where
have large grains formed in Class 0 protostellar cores? And are their tensile strengths high
enough to resist rotational disruption? These two questions are intrinsically linked, given
that the environmental conditions (such as temperature) in which large grains have grown
can dictate their structure (compact versus composite) and thus their tensile strength.

8. The physical conditions that favor the polarized dust emission detected toward equatorial
planes and infalling structures still represent an open question. One would need to explain
how large grains can form in the envelope, and how they can resist disruption via RATD.

9. The study of the time variability of the grain alignment physics, rotational disruption of
grains, and UV-sensitive chemistry, brings several results in the context of the variability
of accretion occurring in Class 0 protostellar cores. In the environment we model, during
an accretion burst or a steady-state phase of high luminosity from the protostellar embryo
(with L? ≤ 20L�), RATD should have enough time to disrupt the grains larger than adisr,
depending on their tensile strength. In such high-luminosity conditions, we find that dust
grains would be rotationally disrupted before they read the size at which they should align
with the radiation field.

Assuming RATs are the predominant causes of dust polarization in Class 0 sources, the next step
would be to investigate further the characteristics of the dust grains populating Class 0 envelopes:
in particular, their composition and helicity. Right now we use standard MRN distribution of
grains with ISM chemical grain properties (silicates and carbonaceous grains). We may have to
revisit the picture of the dust grains in protostars, as their compositions and shape must favor the
efficient grain alignment we observe. At this point, while RATs is favored by the investigations we
present, one still needs to address the questions of grain growth and grain structure. The radiation
field seems to be a key agent to align grains in the inner core, but rotational disruption needs
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to be taken into account alongside grain structure to fully understand the role of irradiation in
dust grain evolution. Comparing chemistry with dust polarization opens a promising avenue to
further constrain grain alignment, given that the modelling of the results from these two fields can
constrain together crucial parameters such as radiation field, gas temperature, and the subsequent
sublimation radii beyond which gas species can freeze onto dust grains, modifying their alignment
properties. Another additional step in testing RAT theory involves the implementation of additional
grain alignment theories in dust radiative transfer core like POLARIS, i.e., dust grains aligned with
the radiation field, and mechanically aligned grains. These other grain alignment mechanisms must
also be observationally detected.
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Chapter 5

Conclusions and Perspectives

My PhD work, that aims at unveiling the morphology of magnetic fields and investigate the
physics of grain alignment mechanisms responsible for the observed polarized dust emission at the
scales of the inner envelope (≤ 500 au) of Class 0 protostars, lead to several results related to both
of these two scientific goals.

In Chapter 2 the magnetic fields revealed by ALMA observations exhibit pristine morphologies
that appear to be strongly connected to the structures of the inner envelope seen in dust continuum
such as outflow cavity walls and filament-like streamer structures. This indicates that magnetic
fields may have a dynamical role in the protostar evolution among these spatial scales, where the
envelope mets the bases of the bipolar outflow, and the circumstellar disk. This role is, however,
still poorly understood, because one still needs to determine whether magnetic fields are governing
the dynamics of the infalling and outflowing material of the inner envelope, or if they are simply
coupled to the material and follow the dynamics that are dictated by the gravitational collapse
and conservation of the angular momentum. Right now the next challenge is thus to connect
the dynamics of the inner envelope with the structure and strength of magnetic fields. One can
think, for example, of studying in detail the kinematics of the dense gas populating the magnetized
streamers discovered with the ALMA dust polarization observations via ALMA, NOEMA spectral
line observations. In addition, coupling the statistics of Class 0 multiplicity, with the 2D gas
kinematics, dust continuum observations, and magnetic field structures can elucidate the role of
magnetic fields in the fragmentation of these young protostellar systems. This joint analysis of
magnetic field morphology alongside gas kinematics could also be performed at the scales of the
dense cores with single dish radio telescopes (NIKA POL-2 on IRAM 30m, HAWC+ in SOFIA,
SCUBA-2/POL-2 on JCMT for the dust polarization, and EMIR on IRAM 30m for the spectral
line observations for example), where the mass reservoir of individual cores accumulates. However,
such study should carefully determine whether the dust responsible for the polarized emission
belongs to the same medium than the gas traced by the spectral lines chosen to investigate gas
kinematics.

Understanding the role of magnetic fields in the physical processes governing the formation of
protostars (i.e., dense core fragmentation) and their evolution (i.e., envelope gravitational collapse,
disk formation, core & disk fragmentation, and outflow launching) also requires to further quantify
the structure (possibly in 3D) and strength of magnetic fields in order to perform accurate energetics
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comparisons. In this context, we proposed in Chapter 3 to adapt the method of Fissel et al. (2016);
Planck Collaboration et al. (2020) looking at the dispersion in the plane of the sky of the apparent
magnetic field orientation, to ALMA dust polarization observations. This method opens a promising
avenue to study the evolution of the magnetic field structure as a function of spatial scales. Indeed,
studying the S versus Pfrac correlation as a function of scales may further elucidate how the
disorganization of magnetic fields evolves, which in turn can reveal important details on how the
interplay between gravity, turbulence, and magnetic fields evoles with scales.The disorganization of
magnetic field is dictated by turbulence within the diffuse ISM, while at the scales of protostars
the structures of magnetic fields are potentially governed by the more or less disorganized collapse
motions. In particular, between the scales of filaments and those of protostellar cores where gravity
totally dominates, how dense cores form and fragment into individual cores can be intrinsically
linked with the strength and organization of magnetic fields (Doi et al. 2020; Pillai et al. 2020). The
S versus Pfrac correlation could even constrain the strength of magnetic fields via comparisons with
models (Sullivan et al. 2021). Accessing the 3D structure and strength of magnetic fields toward
these scales thus appear to be a crucial path to follow which is, however, challenging as the S versus
Pfrac correlation also depends on the orientation of magnetic fields with the line-of-sight. To resolve
this issue, the method of Sullivan et al. (2021) which consists in comparing the S versus Pfrac
correlation with models, and/or the method of Hensley et al. (2019) which consists in investigating
the correlation between I/NH and P/NH as a function of S are promising.

Bridging the results of the S versus Pfrac correlation between the scales of protostars (Le Gouellec
et al. 2020), with those of molecular clouds (Fissel et al. 2016; Planck Collaboration et al. 2020;
Sullivan et al. 2021), will require to use dust polarization observations from the HAWC+, NIKA
POL-2, SCUBA-2/POL-2 instruments, the ACT telescope, but also the mosaic dust polarization
mode of ALMA (and ACA in the near future). In addition, working at different wavelengths in dust
polarization may also help to investigate the topology of magnetic fields, given that the thermal
dust emission measured at 0.85-1.3 mm (with NIKA POL-2, SCUBA-2/POL-2) comes from colder
material than the emission measured at ∼ 50-200µm (with HAWC+). Differentiating magnetic
fields topologies by looking at different medium is also possible to be achieved via spectral line
polarization. The Goldreich-Kylafis effect (Goldreich & Kylafis 1981), which consists in the linear
polarization of spectral lines that provides a measurement of the orientation of the plane of the sky
magnetic field component, was successfully detected in a few observations of low- and high-mass
star forming regions (Girart et al. 1999; Cortes & Crutcher 2006; Ching et al. 2016; Lee et al.
2018a). This effect can bring a complementary view of the magnetic field morphology compared to
the one mapped by dust polarization. In particular, in regions significantly devoid of thermal dust
emission such as outflow cavities (Girart et al. 1999; Ching et al. 2016; Lee et al. 2018a) or in regions
where the dust polarization is absent/not understood such as protoplanetary disks (Stephens et al.
2020), spectral line polarization can be the only way to measure magnetic field orientations and
investigate their dynamic role, in launching outflows and in disk evolution. In addition, another
ambitious method would be to perform observations of circular spectral line polarization in order
to measure the line of sight magnetic field strength via the Zeeman effect. These spectral line
polarization techniques shall bring the investigation on the role of magnetic fields in protostar
formation and evolution to the next step, but observations remain challenging because of their
tenuous emission (Vlemmings et al. 2019; Stephens et al. 2020). Modelling of these effects with the
PORTAL (Lankhaar & Vlemmings 2020) and POLARIS (Reissl et al. 2016) codes shall, however, ac-
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curately constrain the expected polarized signal of given spectral lines (for example CN and CCH for
the Zeeman effect, and CO, SiO, HCN for the Goldreich-Kylafis effect), in the environment we study.

The investigation of the dust grain alignment mechanisms responsible for the observed polarized
dust emission was the most important objective of this PhD. The observations we analyze reveal
enhanced polarized dust emission in the interior of protostars. Understanding this polarized
emission requires to constrain the physical conditions of protostars, the dust characteristics, and
dust grain alignment mechanism. Such study can have deep implications on our understanding of
early dust evolution during the protostellar phase. For example, the dust population affects the
values of non-ideal MHD resistivities (Guillet et al. 2020b), which in turn affect the efficiency of
disk formation, and the initial conditions for the subsequent planetesimal formation. Therefore,
the evolution of dust composition, structure, size, and shape must be constrained.

While understanding grain alignment and the subsequent dust polarization allow to constrain
the dust properties, this relies also on how detailed is our knowledge of the dust grain alignment
mechanism. Our work reveals that the RAT mechanism is most likely at work in the interior of
protostars. In particular, to account for the very efficient alignment characterized by the S × Pfrac
analysis of ALMA dust polarization observations, we propose that: dust grains have grown to
≥ 10µm, they have super-paramagnetic inclusions yielding fhigh−J ' 1, and their structure is
sufficiently compact to resist to rotational disruption of large grains that otherwise would be
depleted, precluding the medium to produce the observed high polarized dust emission. In our
modelling, setting such high RATs efficiency in order to reproduce the dust polarization, also
requires specifics physical conditions, i.e., the irradiation field needs to be sufficiently strong to
enhance the efficiency of radiative torques. Indeed RATs must spin the grains up for them to resist
the disalignment torques induced by gaseous collisions, that scales with the density. However, in
spite of these constrains, the measured high grain alignment efficiency remains difficult to reproduce
suggesting that a more detailed understanding of the dust characteristics and grain alignment
mechanisms is needed.

In this domain of dust polarization, forthcoming work shall elucidate whether additional grain
alignment mechanisms are occurring, and what are the dust characteristics and physical conditions
within Class 0 inner envelope and disks. Right now, in protostellar environment the theory of
mechanical alignment of grains remains unconstrained and untested. The work of Hoang et al.
(2018); Lazarian & Hoang (2021) analytically explored the domains where this mechanism can occur.
It can align grains with the magnetic field lines or with the direction fo the gas flow relative to dust
grains, potentially affecting the diagnostics we draw while inferring magnetic field orientation with
dust polarization. This could encourage observers and modellers to determine whether mechanical
alignment may occur within the regions where dust shall decouple from the gas flow, enabling
significant drift between both of them. The work presented by Lebreuilly et al. (2020) showed
that such regions can exist in the inner envelope of protostars, toward infalling structures such as
streamers, and disks. The numerical module developed in Lebreuilly et al. (2019) can be plugged
into the up-coming version of the POLARIS code, that shall implement this recent theory of
mechanical alignment of grains via mechanical torques. Further additional upgrades of this module
could also include the grain aggregation solver of Lombart & Laibe (2021), the fragmentation of
grains, and the dynamics of charged grains. All these developments shall reliably predict the dust
polarization of mechanically aligned grains.
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The dynamics of dust grains will also represent an interesting method to further characterize the
dust grain size distribution, as well as dust structure in protostars. We constantly use in our models
an MRN distribution while early dust grain evolution in the protostellar phase seems more and
more plausible (such as early dust grain growth mentioned several times in this PhD), which would
justify investigating other type of distribution such as log-normal ones. Additional constrains about
the dust grains’ structure such as their porosity, helicity and mantles (either carbon or ice mantles)
would also be strongly advantageous to constrain the models aiming to reproduce the polarized
dust emission. Observational probe of the rotational disruption of grains in protostars, that could
strongly affect our conclusion of the maximum size of grains populating the inner envelope, is still
lacking in part because the tensile strength is hard to constrain. This mechanism of rotational
disruption is also challenging for our knowledge of the maximum size of grains in another way. This
mechanism disrupts the large grains that can get efficiently aligned. However, carbonaceous grains,
as they made of diamagnetic material, are not aligned (in light of the recent work of Lazarian
2020, this statement might requires some verification) and thus they would not be affected by
rotational disruption in an environment suitable for grain growth. These considerations are directly
linked with the current state of the art of our dust modelling that relies on the representation
we have of the dust composition, most of the time including two or more distinct populations of
silicate-rich and carbon-rich materials for example. Given all the physical processes endured by
dust, we could imagine that dust grains may have composite structures, especially as they grow
via collisional sticking (see the recent “astrodust” model by Draine & Hensley 2021). Therefore,
large dust grains (≥ 1µm) in protostellar envelopes may have more complex alignment properties
that we initially thought. Reproducing with models the evolution of polarized dust emission as
a function of wavelength, from the far infrared to millimeter wavelengths, appears to me to be
a strong method that can significantly improve our knowledge of the dust population and grain
alignment (see for example the work by Alves et al. 2018, 2019; Guillet et al. 2020a to model
the BHB07-11). All the elements mentioned above, i.e., disruption of large grains, mechanical
alignment of grains decoupled from the gas (larges grains, or grains located in the walls of the
dust-free outflow cavities), the different grain alignment efficiency for grains of different composition,
could be addressed by multiwavelength polarimetry, combining SOFIA and JMCT data, as well as
several ALMA observations. In this context, the extension of ALMA polarimetric capabilities, i.e.,
releasing the full polarization mode for additional wavelengths range would be very advantageous.

The modelling of the polarization dust emission, and of the scattered light by dust grains, are
currently treated separately in radiative transfer codes, for computational reasons. In POLARIS
and other codes, grains are considered spherical to compute the scattered light by dust grains. This
limits the interpretations of polarization observations focusing on regions where both phenomena
of scattering by non-spherical grains (aligned or not) and the thermal emission by aligned, non-
spherical grains occur. This could be the case in disks and outflow cavity walls. For example,
modelling the self-scattering of non-spherical grains in disks (see Muñoz et al. 2021, for instance)
would considerably improve the works that attempt to estimate grain sizes. One application of
the joint modelling of scattering and thermal emission from non-spherical aligned grains would be
the modelling the circular polarization detected in star-forming regions (Chrysostomou et al. 2000,
2007; Fukue et al. 2009, 2010; Kwon et al. 2013). Such polarization is thought to be produced
by light scattered by non-spherical grains aligned with magnetic fields, or by dichroic extinction
of light by aligned grains that has been previously linearly polarized by scattering on aligned
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non-spherical grains. Direct observation of such signals toward active sites of star-forming regions
are, however, difficult given the high dust obscuration. Important implications would emerge from
such work, concerning for example the origin of the biomolecular homochirality (Bailey et al. 1998;
D’hendecourt et al. 2019).

Finally, following up on the modelling/understanding of the physical conditions encountered
within the inner envelope of protostars that we performed in Chapter 4 also appears relevant. Our
work modelling the irradiation is incomplete, and requires a joint modelling of the PDR chemistry
occurring in outflow cavities alongside an analyzis of a more extensive number of ALMA spectral
line observations (additional molecules, and/or additional transitions of the lines already in hand).
The dynamical environments of outflow cavities, i.e., the potential shocks occurring along the
walls shall also deserve detailed modelling of irradiated shocks chemistry with the Paris-Durham
code (Godard et al. 2019). The NAUTILUS code (Hasegawa et al. 1992; Semenov et al. 2010)
could model the impact of irradiation on the carbon chain molecules from which we detect several
spectral emission lines in outflow cavities. Spectral line observations of several H2 transitions with
SOFIA-EXES and the JWST could be analyzed in the objective of understanding the shocks of
these regions. In this quest aiming at understanding the radiative and dynamical environment of
the basis of outflow cavities, further details on the accretion processes and subsequent luminosity
could also be very interesting to constrain. Spectroscopy of the central protostellar photosphere
with JWST NIRSpec appears to be a promising method (Greene et al. 2018).

The theoretical development of these last twenty years on the theory side of grain alignment,
alongside the observation capabilities of the ALMA observatory significantly developed the domain
of dust polarization. These developments open large scientific perspectives that shall widen our
knowledge of protostellar core formation and evolution.
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6.1 Multiscale analysis of the structure of magnetic fields
from cloud to core scales

As mentioned in Chapter 5, looking at the evolution of the magnetic field morphology via the
results from the S versus Pfrac correlation, can reveal interesting details. An example is shown in
Figure 6.1, when we show the magnetic fields morphology and S versus Pfrac correlation toward
the Orion KL nebula, located at 390 pc (Kounkel et al. 2017), obtained with 53 & 83 µm SOFIA
HAWC+ dust polarization observations (spatial resolution of ∼ 2000 and 3000 au, respectively)
and 1.3 mm ALMA mosaic dust polarization observations (spatial resolution of ∼ 250 au). Between
these two spatial scales, the power-law index of the S versus Pfrac correlation significantly evolved,
from ∼ 1.1 at the scales probed by SOFIA (the same slopes is obtained with the Planck observations,
see Planck Collaboration et al. 2020), to ∼ 0.6 at the scales probed by ALMA. As suggested
in Le Gouellec et al. (2020), this difference in the power-law index may reflect the fact that the
uniform component of the magnetic field, with respect to its disorganized component, is more
dominant at small scales, where gravity and rotation become more dominant. This result could be
confirmed toward other local star forming regions and compared with other methods that study the
evolution of the role of magnetic fields across scales, e.g., the critical density at which the relative
magnetic orientations with density gradients flips inside dense cores (see for example Pillai et al.
2020), and the associated slope of the projected Rayleigh statistics (Soler 2019). To this aim JCMT
SCUBA-2/POL-2 observations from the BISTRO survey, or SOFIA HAWC+ observations, could
be compared with smaller scales observations of the recently releazed ALMA dust polarization
mosaic mode (Hull et al. 2020b). In addition, the Orion KL nebula is also an interesting region to
constrain grain alignment mechanisms (see for example the work of Pattle et al. 2021b), given that
the environment is highly dynamical and irradiated (Bally et al. 2017; Favre et al. 2017; Pagani
et al. 2017, 2019; Li et al. 2020; Cortes et al. 2021). This source has been observed at three different
wavelengths (Cortes et al. 2021; Pattle et al. 2021b), and preliminary work reveal that S × Pfrac
values drop toward the center at 1.3 mm.

One important thing to note is that the Planck geometrical model was build to model the
dust polarization signal obtained at scales of the ISM. It relies on the modelling of the magnetic
field disorganized component by a set of random layers, unconstrained geometrically (Planck
Collaboration et al. 2020). It requires a deep enough integration in the line of sight for the
signal to emanate from enough independent layers in such a way that the total thickness may
overcome of be comparable to the lag used to compute the dispersion S. How does this model
can apply to the geometry of the magnetic fields in Class 0 protostellar envelopes as it is detected
by interferometric dust polarization observations would require further investigations. In such a
case, the potential different layers of the disorganized component of the apparent magnetic field
are probably geometrically constrained, and the depth of the polarized dust emission should be
directly comparable to the lag. In addition, in the dynamical environment of Class 0 protostars,
significant depolarization could emanate from inside the beam at angular scales below the angular
resolution of the observations, where higher-up order magnetic field fluctuations contribute. In the
case of a single-layer model, these fluctuations govern the S versus Pfrac correlation. Therefore,
the slope obtained in our analysis of Le Gouellec et al. (2020) must thus be interpreted carefully.
We saw that filtering can affect the slope, and a dedicated model for the environment of Class 0
protostars should be put forward in order to improve our conclusions.
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Figure 11. (left) The magnetic field vectors inferred from the 53 µm polarimetry data are superposed on the 53 µm intensity
map. The polarization is sampled to Nyquist sample the HAWC+/SOFIA Band A beam. (right) The same region is shown
superposed on the 2.12 µm image from Bally et al. (2011) and the 1.3 mm ALMA CO map (Bally et al. 2017). The geometry
of the magnetic field inferred by the band A polarimetry traces the bipolar outflow.

IRc2 near the center of the BN/KL region (Genzel & Downes 1977; Garay et al. 1989; Fiebig & Guesten 1989) indicating
that the details of the magnetic interaction are more complicated than the simple picture presented here. However,
these large fields are likely confined to very small volumes of high density material and unlikely to significantly a↵ect

the dynamics in the volumes discussed here. Future polarimetric observations with ALMA may be able to shed more
light on the details.

4. SUMMARY

We have obtained new continuum far-infrared polarimetric and photometric maps of the OMC-1 region at 53, 89,
154, and 214 µm using the HAWC+ instrument on SOFIA.

1. We have produced new maps of the temperatures and column densities of this region by combining HAWC+

photometry in four bands with other data sets.

2. The magnetic field geometry inferred from the polarization at these wavelengths indicate a similar large-scale

field oriented roughly perpendicular to the BN/KL cloud as seen in previous studies. However, at the shorter
(53, 89 µm) wavelengths, the magnetic field structure around the BN Object shows a similar bipolar structure
to molecular tracers of the BN/KL explosion.

3. Maps of the polarized intensity (p ⇥ I) show a morphology that is much more consistent across the four bands
than that of the total intensity.

4. Analysis of the polarization fraction as a function of the local dispersion of the polarization vectors provides
no evidence for loss of grain alignment within the cloud. This could be due to stronger radiation fields in the
OMC-1 region than in other Milky Way star formation regions.

5. Statistical estimates for the magnetic field indicate values of the field strength in th BN/KL region to be ⇠1
mG, consistent with a picture in which the explosion dominates the magnetic field near the center, but the two

factors are close to equilibrium in the outer regions of the explosion.

northern and southern parts of the !lament. Moreover, the
quasi-perpendicular morphology resembles the hourglass shape
seen by JCMT and the Stratospheric Observatory for Infrared
Astronomy (SOFIA) at larger spatial scales (Pattle et al. 2017;
Chuss et al. 2019). In fact, both morphologies, including the
transition from radial to hourglass that we see in the ALMA
data, can be seen in the SOFIA data (see the 53 !m map shown
in the upper-left panel of Figure!1 in Chuss et al. 2019).

3.3. The CO Out!ow and the Magnetic Field Orientation

Figure 4 shows the comparison between the magnetic !eld
morphology and the spherically symmetric CO out"ow. The
magnetic !eld is superposed over the 12CO =J 2 1( )
moment 0 maps of both the red- and blueshifted out"owing CO
emission (see Bally et al. 2017). In many locations, the
magnetic !eld seems to be aligned with the radial CO

Figure 2. Inferred magnetic !eld morphology in Orion-KL derived from the 1.3 mm polarized dust emission. The green and black line segments correspond to
polarization detections at the level of 3–5!!and >5 ! "!=!200 !Jy, respectively. The line segments are normalized and plotted once per synthesized beam (coarser
than Nyquist sampling by a factor of two in each dimension), where the beam size is 0 74!!!0 52; the beam is shown in the bottom-left corner as a solid, black
ellipse. Gray scale is the polarized intensity in mJy, as indicated by the color bar, and is plotted from 600 !Jy beam!1. The contours correspond to the total intensity
(Stokes I) emission at levels of 2.7, 13.5, 27, 54, 90, 135, 180, 207 mJy beam!1. The black ellipse near the center indicates the 3!!!!5! region proposed by Bally et al.
(2017) to be the center of the explosion in Orion-KL. The gray dotted circle corresponds to the "12! region where the magnetic !eld is perturbed and appears to have
a quasi-radial pro!le. Finally, the gray ellipse shows the region where we estimate the magnetic !eld strength.
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Figure 9. Left: Fractional polarization vs. angle dispersion for OMC-1 at 89 µm, using ✓S = 3000. In addition to the
|psys � p| > 2% cut, points have been limited to p � 0.2% and S � 1�. Points within the FWHM of the BN/KL I peak are
highlighted (square ”core” symbols); the polarization toward those lines of sight tends to fall below the trend. Right: Fractional
polarization vs. total intensity for OMC-1 at 89 µm, now with p corrected for the angle dispersion trend by dividing each point
by the local value of (S/12.5�)�.90. Again, the points at high intensity corresponding to the BN/KL core tend to fall below the
trend.

Wavelength ✓S Best-Fit Trend

(µm) (arcsec)

53 30 p ⇡ 2.6%(I/4.1 ⇥ 105MJy/sr)�0.04(S/14.2�)�0.86

89 30 p ⇡ 2.6%(I/2.4 ⇥ 105MJy/sr)�0.09(S/12.5�)�0.90

154 30 p ⇡ 1.9%(I/1.0 ⇥ 105MJy/sr)�0.19(S/12.5�)�0.84

214 30 p ⇡ 2.3%(I/0.42 ⇥ 105MJy/sr)�0.21(S/8.6�)�0.70

Table 3. Fits to OMC-1 polarization trends.

is virtually no further dependence on I for OMC-1; fits range from p / I0.0 to I�0.2 among the bands and are not

clearly distinguished from no I dependence. On the other hand, Fissel et al. (2016) found an I�0.45 dependence in

their BLASTPol observations of Vela C (along with S�0.60) with loss of grain alignment in denser regions o↵ered as

a possible explanation. In OMC-1, we do not see evidence for poorer grain alignment in dense regions up to column

densities of NH ⇡ 1023cm�2, as further demonstrated qualitatively by Figure 5. To first approximation, the observed

distribution of fractional polarization can be explained by the magnetic field structure of the cloud. OMC-1 has a

stronger radiation field from its embedded stars than does Vela C, which in the context of radiative alignment torques

(B-RAT, in this case) (Lazarian & Hoang 2007) could explain the di↵erence between our results and those of Fissel

et al. (2016). To make a rough estimate of the di↵erence in intensity of the radiation field, we use the dust temperature,

which has a median value of 36 K for OMC-1 (Section 3.1) and median value of ⇠15 K for Vela C (Hill et al. 2011).

This corresponds to a ratio of (36/15)4 ⇡ 30 in intensities.

Especially at 53 and 89 µm, the fractional polarization toward the BN/KL core falls below the trend with I and

S (Figures 8 and 9). Schleuning (1998) argued that low 100 µm polarization toward BN/KL is due to optical depth

⇡ 0.6. The suppression of polarization due to optical depth should be greater at shorter wavelengths, and in fact

the HAWC+ data show a monotonic trend of fractional polarization decreasing with decreasing wavelength. In a 3000

diameter aperture centered on BN/KL (matching Schleuning 1998), the fractional polarization is 0.44%, 0.71%, 1.10%,

and 1.47 % at 53, 89, 154, and 214 µm, respectively. Further supporting the hypothesis of optical depth significantly

influencing the fractional polarization is the spectral energy distribution of BN/KL (Section 3.1). The calculated

53 µm optical depth toward BN/KL, at 18.700 resolution, is 0.8; this optical depth reduces the emergent fractional

polarization by a factor of ⇠ 1.5 at 53 µm and less at longer wavelengths (Dowell 1997), which does not fully explain

the trend. However, we note that there is clear wavelength-dependent polarization angle structure within the 3000

(Figures 4 and 5) which could also play a role in the variation of polarization fraction.
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Figure 6.1: Multi-scale view of the Orion-KL nebula. Top left: Magnetic field orientations (line segments)
obtained with 53 µm SOFIA HAWC+ observations from Chuss et al. (2019). The blue color scale represents
the 2.12 µm H2 map from Bally et al. (2011), and the red color scale is the ALMA mosaic of CO (J =2→ 1)
molecular emission line from Bally et al. (2017). Top right: Magnetic field orientations (green line segments
are 3−5×σP and black line segments are > 5σP ) obtained with ALMA polarization mosaic from Cortes
et al. (2021). Black contours trace the Stokes I, and the gray scale is the polarized intensity. The gray
dotted circle corresponds to the inner 12, where the explosion seems to have affected the magnetic field
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left: Pfrac versus S obtained with the 83 µm SOFIA HAWC+ observations from Chuss et al. (2019).
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S ∝ Pfrac

−0.57.
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6.2 Physics of magnetized accretion streamers: their role
in setting the mass of protostars

Here is one example of what could be done to follow-up on the observations of streamer structures
in dust polarization with ALMA. The idea is to analyze spectral line of dense gas tracers, whose
emission matches these streamers structures. As described in Le Gouellec et al. (2019), while the
southern dust polarization of the Class 0 protostar Serpens Emb 8 do not follow the total intensity
density gradients, the northern “arc”-shaped magnetic field structure seems to follow the total
intensity density gradients. Within this structure, the spectral line H13CO+ (J =3→ 2) (from van
Gelder et al. 2020) is enhanced, appears optically thin given the line profiles along the structure,
and exhibits a gradient in velocity in the moment one map derived with single gaussian fitting
(see Figure 6.2). The velocity gradient is consistent with the mass inferred from the dust thermal
emission (assuming an optically thin emission, and the dust temperature evaluated in Le Gouellec
et al. 2020).

Further work, such as meticulous line fitting and gas mass estimation, is needed to accurately
quantify the physical parameters of this structure. If this streamer is indeed funnelling material
from outside the inner envelope into the center, one could then compare its linewidth to quantify
its internal kinematics, and its mass to derive a mass accretion rate to be compared with the
luminosity of the source (similar to what was done in Pineda et al. 2020). In their simulations.
Seifried et al. (2015) found that the accretion onto the protostellar disk mainly occur via narrow
accretion channels, where the thermal pressure dominates the magnetic field pressure. Our spectral
line results should be compared with such type of simulations (see Section 6.3) in order to further
quantify the role of magnetic fields in protostar evolution, and more especially the role of magnetic
fields on how the mass accretion happens at these scales. We shall also obtain further molecular
line observations from the NOEMA observatory (see the accepted proposal in Appendix B) toward
the larger scale filament (∼ 10000 au in size) that seems to connect the Serpens Emb 8 Class
0 protostellar core. The kinematics of this filamentary structure could also be compared with
magnetic field orientations, using dust polarization observations from the BISTRO survey.

6.3 Radiative transfer modelling of gravo-turbulent Class 0
protostellar cores

In Chapter 4 we perform radiative calculations onto a snapshot of a MHD simulation, that do
not implement initial turbulence and has a mass to flux ratio of 5. While the implementation of
initial turbulence at the scale of dense cores leads to a higher fragmentation in the core distribution
(Goodwin et al. 2004; Walch et al. 2012), it is also interesting to analyze the impact of the initial
amount of turbulent energy when cores with a given initial mass start their collapse. Figure 6.3
shows snapshots of two POLARIS synthetic observations that were performed on two RAMSES
MHD simulations, with different initial parameters. In both cases the simulation contains 30 M�,
but one implements initial turbulence (initial sonic Mach number of Ms = 2) and has µ = 6,
while the other is the simulation used in Chapter 4 (no turbulence, µ = 5). Once the sink
is created, the accretion rate onto the sink is higher in the turbulent simulation. This latter
simulation exhibits several accretion streamer structures, while the accretion in the simulation
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Figure 6.2: ALMA observations of H13CO+ (J =3→ 2) toward the Class 0 protostar Serpens Emb 8. Top
left: The gray scale is the moment 0 map of the H13CO+ (J =3→ 2) molecular emission line observed
by ALMA (published in van Gelder et al. 2020). It is shown from 3σH13CO+ , where σH13CO+ = 7.3mJy
beam−1 km s−1. The red contours trace the Stokes I total intensity map from Hull et al. (2017b), i.e., 3,
9, 16, 24, 44, 74, 128, 256×σI = 60µJy beam−1. Top right: The color scale is the moment 1 map of
the H13CO+ (J =3→ 2) molecular emission line, obtained with single gaussian fitting. The color scale is
shown when the moment 0 map is > 3σH13CO+ and when P > 3σP , where σP = 25µm beam−1. In both
top panels the four colored crosses correspond the locations where the spectral line profiles are computed,
and shown in the bottom panel. Bottom: Four spectral line profiles of the H13CO+ (J =3→ 2) cube,
calculated at the four corresponding colored crosses in the top panels. In blue is the spectral line profile of
the CO (J =2→ 1) molecular emission from Le Gouellec et al. (2019), at position 2.

without turbulence appears to be relatively axisymmetric. This highlights the importance of the
morphology of accretion structures on the mass accretion rate during the Class 0 stage. In addition,
higher accretion rates may imply that the accretion luminosity is higher, and so should be the
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Figure 6.3: Snapshots of two POLARIS synthetic observations that were performed on two RAMSES
MHD simulations, whose initial parameters vary. The left panel corresponds to the simulation used in
Chapter 4, with no turbulence and µ = 5 (the mass to flux ratio). The right panel corresponds to another
simulation, with initial turbulence (initial sonic Mach number of Ms = 2), and µ = 6. The color scale are
the Stokes I total intensity, and the white arrows represent the velocity field in a slice in the simulation
centered on the sink particle. The bottom panel displays the evolution of the mass of the sink particle in
each simulation as a function of the age of the sink (time between the snapshot that was chosen, and the
creation of the sink particle).

radiation field on the core. Therefore, it would be interesting to perform similar radiative transfer
analysis than those done in Chapter 4 on such turbulent simulation. The photons’ propagation must
be different, with a potential escape of high energy photons between the dense streamers, where
the radiation field can “leek out”, similar to the outflow cavities in the case of the non-turbulent
simulation. Such a more complex radiation field morphology could also explain the morphology
of the C2H molecular emission line of Serpens Emb 8, where the entire inner envelope seems to
exhibit PDR-like conditions.
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6.4 Dust dynamics and mechanical alignment
Finally, we would like to highlight an example of what could be done in the context of the

investigation on mechanical alignment of grains in Class 0 protostellar cores. Before the version
of POLARIS implementing the mechanical grain alignment theory is released, a first estimation
of the effect of grain mechanical alignment can be already performed. It would imply to run a
similar POLARIS radiative transfer and grain alignment timescale analysis than those performed
in Chapter 4, using the protostellar collapse simulations published in Lebreuilly et al. (2020) that
implement dust dynamics from Lebreuilly et al. (2019). The grain alignment timescales computed
as it is performed in Section 4.4.4 would then be compared to the mechanical alignment timescale
with Equation 1.33, using the gas-dust drift velocities from the dust-dynamics of the simulation.
Analyzing the regions of the core where such timescale may be the lowest one compared to the
others (radiative, Larmor precession timescales) can reveal where the mechanical alignment might
be occurring in Class 0 protostars.
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Abstract

We present the first linear-polarization mosaicked observations performed by the Atacama Large Millimeter/
submillimeter Array (ALMA). We mapped the Orion-KLeinmann-Low (Orion-KL) nebula using super-sampled
mosaics at 3.1 and 1.3mm as part of the ALMA Extension and Optimization of Capabilities program. We derive the
magnetic field morphology in the plane of the sky by assuming that dust grains are aligned with respect to the ambient
magnetic field. At the center of the nebula, we find a quasi-radial magnetic field pattern that is aligned with the explosive
CO outflow up to a radius of approximately 12″ (∼5000 au), beyond which the pattern smoothly transitions into a quasi-
hourglass shape resembling the morphology seen in larger-scale observations by the James-Clerk-Maxwell Telescope
(JCMT). We estimate an average magnetic field strength á ñ =B 9.4 mG and a total magnetic energy of 2×1045 erg,
which is three orders of magnitude less than the energy in the explosive CO outflow. We conclude that the field has
been overwhelmed by the outflow and that a shock is propagating from the center of the nebula, where the shock front is
seen in the magnetic field lines at a distance of ∼5000 au from the explosion center.

Unified Astronomy Thesaurus concepts: Astrochemistry (75); Polarimetry (1278); Dust continuum emission (412);
Star formation (1569); Protostars (1302); Shocks (2086); Interstellar dust (836); Young stellar objects (1834);
Interstellar magnetic fields (845)

1. Introduction

The Orion nebula has been a subject of intense research since its
discovery by Fabri de Peiresc in 1610 (Miller 2016). Home to the
Trapezium, a star cluster containing massive stars, the Orion
nebula also hosts the closest high-mass star-forming region to the
Sun: the Orion integral-shaped filament (Johnstone & Bally 1999).
This one-degree-long, 2200Me filament is embedded in the
50,000MeOrion A cloud (Bally et al. 1987). The∼100MeOrion
Molecular Core 1 (OMC1), located behind the Orion nebula
(Genzel & Stutzki 1989) at a distance of ∼414 pc (Menten et al.
2007), is the densest and most molecule-rich part of the Orion A
cloud. OMC1 contains the Orion-KL nebula, which has been
studied extensively over the past 40 yr across the electromagnetic
spectrum, and is composed of a number of different sources, of
which the visually obscured BecklinNeugebauer Object (BN),
Source I, and source x appear to be most dynamically relevant.
Note that the BN, source I, and source x are run-away stars moving
at speeds between 10 and 30 km s−1 from a common origin
(Goddi et al. 2011; Luhman et al. 2017; Bally et al. 2020).

Orion-KL experienced an energetic explosion ∼500 yr ago
(Gómez et al. 2008).13 The origin of the explosion has been
attributed to a gravitational interaction between three or more

massive stars in the nebula, as suggested by the high-velocity
proper motions of BN, source I, and source x (Bally et al.
2017, 2020). This explosion affected the surrounding gas, as
shown by vibrationally excited H2 and [Fe II] emission that
reveals a spectacular network of collimated outflows known as the
“Orion fingers,” which extend for 0.1 pc in a wide-angle, conical
configuration (Allen & Burton 1993; Colgan et al. 2007; Bally
et al. 2015). A plethora of observations of additional outflow
tracers confirm this link between the outflow and the explosive
event. In the millimeter, the fingers were detected in high-velocity
CO emission by the Submillimeter Array (SMA; Zapata et al.
2009), and more recently with the Atacama Large Millimeter/
Submillimeter Array (ALMA; Bally et al. 2017) showing a
spectacular, spherically symmetric, explosion profile. The center
of the CO outflows is, indeed, located at the dynamical center of
the massive stars thought to be involved in the explosion at the
center of the Orion-KL nebula.
Because molecular clouds comprise weakly ionized plasma

permeated by magnetic fields, it has long been an open question as
to what is the interplay between the explosion and the magnetic
field in OMC1. Initial studies with single dish telescopes captured
the large-scale magnetic field structure in Orion-KL, revealing the
well-known “hourglass” morphology, a cornerstone of magneti-
cally controlled star formation (Schleuning 1998; Pattle et al. 2017;
Ward-Thompson et al. 2017; Chuss et al. 2019). To date, only
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12 NAOJ Fellow.
13 This enigmatic explosion has also been referred to as a “magnetic bomb,”
coined in Bally et al. (2011).
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ABSTRACT

Aims. It has been proposed that the magnetic field, which is pervasive in the interstellar medium, plays an important role in the pro-
cess of massive star formation. To better understand the impact of the magnetic field at the pre- and protostellar stages, high-angular
resolution observations of polarized dust emission toward a large sample of massive dense cores are needed. We aim to reveal any
correlation between the magnetic field orientation and the orientation of the cores and outflows in a sample of protostellar dense cores
in the W43-MM1 high-mass star-forming region.
Methods. We used the Atacama Large Millimeter Array in Band 6 (1.3 mm) in full polarization mode to map the polarized emission
from dust grains at a physical scale of ∼2700 au. We used these data to measure the orientation of the magnetic field at the core scale.
Then, we examined the relative orientations of the core-scale magnetic field, of the protostellar outflows, and of the major axis of the
dense cores determined from a 2D Gaussian fit in the continuum emission.
Results. We find that the orientation of the dense cores is not random with respect to the magnetic field. Instead, the dense cores are
compatible with being oriented 20–50◦ with respect to the magnetic field. As for the outflows, they could be oriented 50–70◦ with
respect to the magnetic field, or randomly oriented with respect to the magnetic field, which is similar to current results in low-mass
star-forming regions.
Conclusions. The observed alignment of the position angle of the cores with respect to the magnetic field lines shows that the mag-
netic field is well coupled with the dense material; however, the 20–50◦ preferential orientation contradicts the predictions of the
magnetically-controlled core-collapse models. The potential correlation of the outflow directions with respect to the magnetic field
suggests that, in some cases, the magnetic field is strong enough to control the angular momentum distribution from the core scale
down to the inner part of the circumstellar disks where outflows are triggered.

Key words. magnetic fields – polarization – instrumentation: interferometers – stars: formation – stars: massive

1. Introduction
It has been proposed that the magnetic field, which is perva-
sive in the interstellar medium (ISM), might play an important
role in the dynamical evolution of star-forming clouds (e.g.,
Shu et al. 1987; Hennebelle et al. 2011; Commerçon et al.
2011; Crutcher 2012; Planck Collaboration Int. XXXV 2016;
Planck Collaboration Int. XXXIII 2016; Matsushita et al. 2018;
Beuther et al. 2018). Large-scale observations (∼1 pc) of the
magnetic field revealed a well-ordered structure in the low-
density envelopes of molecular clouds, suggesting that parsec-
scale envelopes are magnetically supported against gravitational
collapse (e.g., Franco et al. 2010). Besides their possible role
in supporting clouds against gravity, magnetic fields may also
strongly affect the formation and evolution of substructures
within the clouds. Indeed the magnetic fields sometimes have

? NAOJ Fellow.

a consistent morphology throughout scales, as reported by the
TADPOL survey (Hull et al. 2014), which compares the ori-
entation of the magnetic field at 20

′′
and 2.5

′′
in 30 low-mass

star-forming regions distant of 125 to 2650 pc. At core scales
(∼ 0.1 pc), the magnetically-regulated core-collapse models pre-
sume a dominant role of the magnetic field (Shu et al. 1987,
2004; Galli & Shu 1993a; Tomisaka 1998; Allen et al. 2003a,b).
These models are consistent with a handful of observations (e.g.,
Chapman et al. 2013; Qiu et al. 2014), but due to a small fraction
of consistent data, the magnetically dominant core-collapse does
not seem to be the predominant mode of low- or high-mass star
formation (Hull & Zhang 2019). At the circumstellar disk scales,
∼200 au, it is predicted that the magnetic fields have a perpen-
dicular component to the disks, thus having a leading role for
the triggering of outflows (Blandford & Payne 1982; Camenzind
1990; Konigl & Pudritz 2000; Shu et al. 2000). No system-
atic relation, however, has been observed thus far between the
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Abstract

We characterize the accuracy of linear-polarization mosaics made using the Atacama Large Millimeter/submillimeter
Array (ALMA). First, we observed the bright, highly linearly polarized blazar 3C279 at Bands 3, 5, 6, and 7 (3mm,
1.6mm, 1.3 mm, and 0.87mm, respectively). At each band, we measured the blazar’s polarization on an 11×11 grid
of evenly spaced offset pointings covering the full-width at half-maximum (FWHM) area of the primary beam. After
applying calibration solutions derived from the on-axis pointing of 3C279 to all of the on- and off-axis data, we find
that the residual polarization errors across the primary beam are similar at all frequencies: the residual errors in linear
polarization fraction Pfrac and polarization position angle χ are 0.001 (0.1% of Stokes I) and  1° near the center of
the primary beam; the errors increase to∼0.003–0.005 (∼0.3%–0.5% of Stokes I) and ∼1°–5° near the FWHM as a
result of the asymmetric beam patterns in the (linearly polarized) Q and U maps. We see the expected double-lobed
“beam squint” pattern in the circular polarization (Stokes V ) maps. Second, to test the polarization accuracy in a typical
ALMA project, we performed observations of continuum linear polarization toward the Kleinmann–Low nebula in
Orion (Orion-KL) using several mosaic patterns at Bands 3 and 6. We show that after mosaicking, the residual off-axis
errors decrease as a result of overlapping multiple pointings. Finally, we compare the ALMA mosaics with an archival
1.3mm Combined Array for Research in Millimeter-wave Astronomy polarization mosaic of Orion-KL and find good
consistency in the polarization patterns.

Key words: Blazars – Dust continuum emission – Interstellar dust – Interstellar magnetic fields – Polarimeters –
Polarimetry – Radio interferometers – Star forming regions

Online material: color figures

1. Introduction

When an astronomical source is not observed at the pointing
center, off-axis errors in linear and circular polarization will
affect the resulting observations of polarized emission. This is
true for all telescopes. In the case of telescopes with on-axis
receiver feeds, off-axis errors in the linear polarization appear.

In those with receiver feeds whose axes are offset with respect
to the axis of the reflector, off-axis errors in both linear and
circular polarization become evident (Chu & Turrin 1973); and
indeed, the vast majority of telescope with multiple receiver
bands fall into this latter category, including, e.g., the Atacama
Large Millimeter/submillimeter Array (ALMA) and the Karl
G. Jansky Very Large Array (VLA).
In addition to the traditional method of full-polarization

holographic imaging (e.g., Harp et al. 2011; Perley 2016;
Jagannathan et al. 2017), another method of characterizing the
wide-field polarization errors across the primary beam of an
interferometer is to use the full array to perform a grid of
observations, where all antennas simultaneously observe a
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Abstract

We present 1.3 mm Atacama Large Millimeter/submillimeter Array observations of polarized dust emission
toward the wide-binary protostellar system BHR71 IRS1 and IRS2. IRS1 features what appears to be a natal,
hourglass-shaped magnetic field. In contrast, IRS2 exhibits a magnetic field that has been affected by its bipolar
outflow. Toward IRS2, the polarization is confined mainly to the outflow cavity walls. Along the northern edge of
the redshifted outflow cavity of IRS2, the polarized emission is sandwiched between the outflow and a filament of
cold, dense gas traced by N2D

+, toward which no dust polarization is detected. This suggests that the origin of the
enhanced polarization in IRS2 is the irradiation of the outflow cavity walls, which enables the alignment of dust
grains with respect to the magnetic field—but only to a depth of ∼300 au, beyond which the dust is cold and
unpolarized. However, in order to align grains deep enough in the cavity walls, and to produce the high
polarization fraction seen in IRS2, the aligning photons are likely to be in the mid- to far-infrared range, which
suggests a degree of grain growth beyond what is typically expected in very young, Class 0 sources. Finally,
toward IRS1 we see a narrow, linear feature with a high (10%–20%) polarization fraction and a well-ordered
magnetic field that is not associated with the bipolar outflow cavity. We speculate that this feature may be a
magnetized accretion streamer; however, this has yet to be confirmed by kinematic observations of dense-gas
tracers.

Unified Astronomy Thesaurus concepts: Astrochemistry (75); Compact radiation sources (289); Polarimetry
(1278); Dust continuum emission (412); Star formation (1569); Protostars (1302); Wide binary stars (1801);
Interstellar dust (836); Young stellar objects (1834); Interstellar magnetic fields (845)

Supporting material: data behind figure

1. Introduction

Early theories of magnetized star formation suggested that
the formation of stars within molecular clouds should be
regulated by a strong magnetic field (Mestel & Spitzer 1956;
Shu et al. 1987; McKee et al. 1993; McKee & Ostriker 2007).
In such a scenario, if one observed at small enough spatial
scales (1000 au), it was thought that one should see an
“hourglass” morphology in the magnetic field lines, where a
strong, poloidal magnetic field is pinched by the gravitational
infall very near the central source (Fiedler & Mouscho-
vias 1993; Galli & Shu 1993a, 1993b; Allen et al. 2003). And,
in fact, several examples of the fabled hourglass were seen in
some of the first sources whose magnetic fields were observed
at high resolution by the Berkeley–Illinois–Maryland Associa-
tion (BIMA) millimeter array, the Submillimeter Array (SMA)

and the Combined Array for Research in Millimeter-wave
Astronomy (CARMA), including the bright, deeply embedded
Class 0 protostellar sources NGC 1333-IRAS 4A (Girart et al.
1999, 2006), IRAS 16293A (Rao et al. 2009), and L1157
(Stephens et al. 2013). These sources exhibit other hallmarks of
strong-field star formation, including powerful outflows (whose
generation is intimately connected to the magnetic field; Frank
et al. 2014) and high (inferred) magnetic field strengths, on the
order of a few milli-Gauss.
Furthermore, the sources are not extremely fragmented,

either being single sources (L1157, Tobin et al. 2013b),
binaries (IRAS 4A, Looney et al. 2000; Girart et al. 2006), or
possibly triple systems (IRAS 16293, Chandler et al. 2005).
This is consistent with both theoretical work that found that a
strong magnetic field strongly limits fragmentation on
∼1000–10,000 au scales (e.g., Hennebelle et al. 2011), as well
as with a significant number of studies showing that a strong
magnetic field could impede the formation of large disks, thus
potentially reducing the frequency with which close-multiple
systems form via disk fragmentation (Kratter et al. 2010; Tobin
et al. 2016a) at the scales of a few ×100 au. See Wurster & Li
(2018) for a recent review of the effect of the magnetic field on
disk formation. However, other studies have found that a strong
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Abstract

Here we present new ALMA observations of polarized dust emission from six of the most massive clumps in W43-
Main. The clumps MM2, MM3, MM4, MM6, MM7, and MM8, have been resolved into two populations of
fragmented filaments. From these two populations we extracted 81 cores (96 with the MM1 cores) with masses
between 0.9Me to 425Meand a mass sensitivity of 0.08Me. The MM6, MM7, and MM8 clumps show
significant fragmentation, but the polarized intensity appears to be sparse and compact. The MM2, MM3, and
MM4 population shows less fragmentation, but with a single protostellar core dominating the emission at each
clump. Also, the polarized intensity is more extended and significantly stronger in this population. From the
polarized emission, we derived detailed magnetic field patterns throughout the filaments that we used to estimate
field strengths for four out of the six clumps. The average field strength estimates were found to lie between
500 μG to 1.8 mG. Additionally, we detected and modeled infalling motions toward MM2 and MM3 from single-
dish ( )= + JHCO 4 3 and ( )= JHCN 4 3 data, resulting in mass infall rates of ˙ = ´ -M 1.2 10MM2

2

Me yr−1 and ˙ = ´ -M 6.3 10MM3
3 Me yr−1. Using our estimations, we evaluated the dynamical equilibrium of our

cores by computing the total virial parameter αtotal. For the cores with reliable field estimates, we found that 71%
appear to be gravitationally bound while the remaining 29% are not. We conclude that these unbound cores, which
are also less massive, are still accreting and have not yet reached a critical mass. This also implies different
evolutionary timescales, which essentially suggests that star formation in high-mass filaments is not uniform.

Key words: ISM: clouds – ISM: kinematics and dynamics – ISM: magnetic fields – stars: formation

1. Introduction

The formation of high-mass stars still eludes a comprehen-
sive and detailed theoretical model. As these high-mass stars
are born inside giant complexes of molecular gas and dust
(GMCs), which are mostly more than 1 kpc away from the Sun,
resolving them into detail images has been a historical problem.
This has radically changed with the rise of a new generation of
powerful millimeter and submillimeter facilities, such as
ALMA, which have provided us with unprecedented data
about the GMCs and the high-mass star formation process.
Given the large amount of gas and dust needed to assemble
GMCs, the high-mass star formation process is much more
dynamic and complex than what we see in the nearby low-mass
star-forming regions.

High-mass stars are usually encountered in dense clusters
composed of up to many million stars (Weidner et al. 2010).
The formation of such clusters requires large reservoirs of gas,

which are likely the result of the fragmentation of massive
clumps of weakly ionized and magnetized gas and dust inside
GMCs. Thus, the formation of high-mass stars cannot be
decoupled from the study of associations, where the cluster
environment plays a significant role.
There are currently two competing theoretical views for the

high-mass star formation process: (1) The core accretion
model, which starts from a fragmented clump of self-
gravitating, centrally condensed core of gas and dust that will
collapse into one or more stars. The final mass is determined by
the accretion of material from their surroundings. This scenario
predicts that high-mass stars will form disks around them as
accretion proceeds. (2) The competitive accretion model
assumes instead that the formation process is more chaotic
and controlled by turbulence. In this model there is no
gravitationally bound prestellar phase, and the final mass is
determined by competitive accretion from the swarm of cores
produced by turbulence. If the density is sufficiently high, star
collisions might also contribute to the final mass of the star. For
a detailed review, see Tan et al. (2014).
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ABSTRACT

Context. Outflows are one of the first signposts of ongoing star formation. The fastest molecular component of protostellar outflows,
extremely high-velocity (EHV) molecular jets, are still puzzling since they are seen only rarely. As they originate deep inside the
embedded protostar-disk system, they provide vital information about the outflow-launching process in the earliest stages.
Aims. The first aim is to analyze the interaction between the EHV jet and the slow outflow by comparing their outflow force content.
The second aim is to analyze the chemical composition of the different outflow velocity components and to reveal the spatial location
of molecules.
Methods. The Atacama Large Millimeter/submillimeter Array 3 mm (Band 3) and 1.3 mm (Band 6) observations of five outflow
sources at 0.′′3 – 0.′′6 (130–260 au) resolution in the Serpens Main cloud are presented. Observations of CO, SiO, H2CO, and HCN
reveal the kinematic and chemical structure of those flows. The following three velocity components are distinguished: the slow and
the fast wing, and the EHV jet.
Results. Out of five sources, three have the EHV component. The comparison of outflow forces reveals that only the EHV jet in the
youngest source, Ser-emb 8 (N), has enough momentum to power the slow outflow. The SiO abundance is generally enhanced with
velocity, while HCN is present in the slow and the fast wing, but disappears in the EHV jet. For Ser-emb 8 (N), HCN and SiO show
a bow-shock shaped structure surrounding one of the EHV peaks, thus suggesting sideways ejection creating secondary shocks upon
interaction with the surroundings. Also, the SiO abundance in the EHV gas decreases with distance from this protostar, whereas it
increases in the fast wing. H2CO is mostly associated with low-velocity gas, but, surprisingly, it also appears in one of the bullets in
the Ser-emb 8 (N) EHV jet. No complex organic molecules are found to be associated with the outflows.
Conclusions. The high detection rate suggests that the presence of the EHV jet may be more common than previously expected. The
EHV jet alone does not contain enough outflow force to explain the entirety of the outflowing gas. The origin and temporal evolution
of the abundances of SiO, HCN, and H2CO through high-temperature chemistry are discussed. The data are consistent with a low C/O
ratio in the EHV gas versus a high C/O ratio in the fast and slow wings.

Key words. astrochemistry – ISM: jets and outflows – techniques: interferometric – stars: protostars – submillimeter: ISM –
line: profiles

1. Introduction

Spectacular outflows are one of the crucial signposts of ongoing
star formation. Outflows are invoked to release angular momen-
tum, enabling a continuous flow of matter onto the disk and the
young star (e.g., Frank et al. 2014). Their feedback from small
to large scales can have a profound impact on the evolution of
both the protostar and the entire parent star-forming region (e.g.,

? The datacubes are also available at the CDS via anonymous ftp
to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.
u-strasbg.fr/viz-bin/cat/J/A+A/632/A101
?? NAOJ Fellow.

Arce & Sargent 2006; Plunkett et al. 2013). Thus, probing the
youngest and most powerful outflow sources is crucial for
understanding the interactions between the outflows and their
surroundings.

While the molecular emission from a typical protostellar
outflow usually appears as slow and wide-angle entrained gas,
there is a peculiar group of sources with high-velocity colli-
mated molecular emission. The extremely high-velocity (EHV)
molecular jets (3 > 30 km s−1) are found toward the youngest
protostars (e.g., Bachiller et al. 1990; Bachiller 1996) in the
Class 0 stage (André et al. 1993). They were first detected
as spectral features, high-velocity peaks detached from the
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B. OBSERVING TIME PROPOSALS 248

B Observing time proposals
We list here the proposals for ALMA and NOEMA observing time that I have submitted as a

primary investigator in 2019 and 2021.

1. ALMA Cycle 8 proposal (resubmission of a Cycle 7 proposal; accepted in 2019, grade C, not
observed): “Characterizing the magnetic field morphology at the protostellar jet launching
points”

2. ALMA Cycle 8 proposal (resubmission of a Cycle 7 proposal; rejected in 2019): “Issues raised
by dust polarization in protostars: the radiation field and accretion streamers”

3. NOEMA 2021 proposal (accepted, grade A): “Characterizing two modes of protostellar accretion
with NOEMA: do the turbulent and magnetic energies regulate the growth of solar-type
stars ?”



Characterizing the magnetic field morphology at the
protostellar jet launching points

We propose to observe the magnetic field morphology in the inner core of Serpens Emb
8(N), a young low mass protostellar core, that is exhibiting an extreme high velocity
bipolar molecular jet. We propose high resolution observation in order to resolve the
jet launching points and investigate the jet and inner core kinematics, in the quest of
enquiring about the role played by the magnetic field in ejection mechanisms.

1. Magnetized jet launching in Class 0 protostellar cores
The youngest stage of protostellar evolution, the so-called Class 0 phase, designate the beginning
of the protostellar main accretion phase, during which the protostar is accreting material from the
surrounding core, where most of the future star mass is still located. The accretion is known to be
ruled by a variety of physical processes, from which the main observational signature is the bipolar
outflow. The implied ejection mechanisms are still widely debated, and different hypothesis are still
holding. However, the role of outflows is crucial in the mass and angular momentum extraction as
well as in the proto-planetary disk evolution. The magnetic field is thought to be the main agent
triggering ejection mechanisms, and magneto-centrifugal models best account for the mass ejection
efficiency and the collimation of protostellar jets (Pudritz & Ray 2019).

The launching of highly collimated molecular jets and outflows is thought to be strongly dependent
on magneto-centrifugal acceleration happening within the dense inner part of the protostellar accretion
disk. Two main theories account for the explanation of collimated ejection of material. The first
one corresponds to the case when the jet is a magnetospheric wind (called X-wind) emanating from
the very inner part of the accretion disk, inside the dust sublimation radius (i.e., ∼ 0.2 au), and is
responsible for the highest velocity components of jets (Shu et al. 2000). The second one, called the
MHD disk wind model, explain ejection of material with open field lines inherited from the parent
cloud that got compressed and twisted by rotation in the central core. Accretion disk field ends up into
helical open field lines, that accelerate material from above and below the disk thanks to centripetal
forces, therefore expelling material at velocities directly dependent on the launching radius (Frank
et al. 2014; Bally 2016). This last scenario has been previously observed in Young Stellar Objects
(YSOs) thanks to detection of rotating wide-angle wind traced by several molecular species (Yvart
et al. 2016; Tabone et al. 2017; Louvet et al. 2018), but observations are nevertheless challenging
due to the high angular resolution required to resolve the emitting region and the high extinction
encountered. Unfortunately, observations of magnetic fields still have not yielded a clear understanding
of the field’s role in ejection processes predicted by MHD simulations. Therefore we propose
to probe the magnetic field morphology associated with the inner core of the Class 0
protostellar source Serpens Emb 8(N) in order to identify which magneto-centrifugal
launching scenario is at work in the launching of the jet.
Observing magnetic field via dust polarized emission. The polarized dust emission observed
in protostellar cores is produced by different physical mechanisms. The one occurring in the Class 0
cores we target is the alignment of dust grains with respect to the ambient magnetic field through
the phenomenon of the Radiative Alignment torques (RATs) (Lazarian & Hoang 2007). It consists
of the alignment between the oblong dust grains’ angular momentum, i.e., their minor axis, and
magnetic field lines, resulting in thermal dust emission linearly polarized orthogonal to the magnetic
field component projected in the plane of the sky. The second mechanism that causes polarization in



star-forming sources is self-scattering of dust thermal emission; this occurs in much denser, optically
thick environments though, where grain growth needs to have occurred (Kataoka et al. 2015).
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Fig. 1.— ALMA dust continuum obser-
vations at two angular resolutions, over-
laid with magnetic field lines inferred
from the dust polarization. Taken from
Le Gouellec et al. (2020). Top: resolu-
tion beam element of 0 .′′35×0 .′′32, Bot-
tom: the beam is 0 .′′14×0 .′′11.

Observing magnetic field via the GK effect. We will
observe the magnetic field within the outflow thanks the po-
larized emission of the CO(3-2) spectral line we target. The
large velocity gradients present in the outflow give suitable
anisotropic conditions to polarize the emission from the CO
emission line. This effect already successfully detected in
a few YSOs (Girart et al. 1999; Cortes et al. 2006), was
proposed by Goldreich & Kylafis (1981), and is expected
when the optical depth is anisotropic even if in one direction
the source is optically thick.

2. The case of Serpens Emb 8(N)
The Class 0 Serpens Emb 8(N) protostellar has been tar-
geted in previous ALMA polarization projects. Some results
from Le Gouellec et al. (2019) are presented in the figures
below. This low-mass protostar exhibits a very pristine case
of organised detected features. Figure 1 presents the dust
continuum emission overlaid with magnetic field orientations
where dust polarization have been detected. The highest
angular resolution map from Le Gouellec et al. (2019) (bot-
tom panel) corresponds to ALMA data that were delivered
as semi-pass, which did not reach either the expected reso-
lution, or the sensitivity. However, the authors were clearly
able to detect that the thermal dust polarized emission of
dust grains at ∼0.′′15 resolution, is emanating from the dusty
outflow cavity walls.

Indeed Figure 2 presents intermediate resolution
(0.′′26×0.′′22) observations of the dust polarized emission
overlaid with the CO(2-1) integrated emission tracing the
highly collimated extremely high velocity (EHV) bipolar
protostellar jet. The polarized emission appears enhanced

along the dust cavity walls, and the magnetic field lines are aligned along the main axis of cavity walls.
At this angular resolution, the magnetic field seems to be mainly poloidal and strongly correlated
with the jet activity that cleared out the cavities and make the dust accumulate along the cavity
edges. Values of polarization fraction presented in Le Gouellec et al. (2019) toward the source suggest
an efficient alignment of dust grains with polarization fraction values up to 30%; however, the highest
values were near the edges of the map and may be affected by spatial filtering in Stokes I (see Le
Gouellec et al. 2020), and that the magnetic field along the corresponding lines of sight is very
organized. Unfortunately, the highest angular resolution results (Figure 1 bottom panel) does not
present enough detections in polarization to probe the magnetic field morphology in the central core,
and from these datasets it is therefore not possible to investigate the implication of the magnetic field
in the outflow launching mechanism.
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Fig. 2.— CO(2-1) spectral line trac-
ing the bipolar jet, overlaid with Stokes I
contours and magnetic field lines, inferred
from dust polarization, aligned along the
outflow cavity walls.

This source is the perfect target to enquire about the
magnetic field morphology responsible for the ejection of
such a pristine bipolar jet. No envelope emission, that
would contaminate the magnetic field detection we target,
was observed in Le Gouellec et al. (2019). The dense
gas tracers previously observed in Band 6 at an angular
resolution of ∼0 .′′5, did not resolve the rotation if the
inner core, but rather seems to trace entrained gas by the
outflow. Thus we target the observation of the H13CO+ in
order to trace the kinematics of the inner core, which will
be crucial to be compared with the magnetic field lines
infered from dust polarization.

This system has been the focus of a study targeting the
relative outflow energy located in the slow and fast veloc-
ity component with the respect to the EHV counterpart
(Tychoniec et al. 2019). The authors found the Extreme
High Velocity (EHV) jet alone—which is thought to be
launched within 0.1 au—does not contain enough outflow
energy to entirely explain the outflowing gas. Therefore a significant amount of outflowing gas is
launched beyond the first few au of the accretion disk, which shall offer us non-negligible features
to be detected at the resolution we request. Especially we expect to magnetic field lines twisted by
the rotation of the wide-angle wind, and extrapolating the results toward the source will constraint
the launching radius. In summary the Serpens 8(N) central core-outflow system appears
to be the perfect target to investigate the MHD paradigm responsible for launching a
high velocity, highly collimated jet at the youngest stage of protostellar evolution.

3. Resolving the inner core polarization
We expect to probe the magnetic field at 0 .′′12 and 0 .′′06 (50 and 25 au) angular resolution as we need
to investigate the magnetic field and outflow kinematics at the base of the outflow cavities, and also
the magnetic field morphology in the inner core (within ∼ 100 au) of the protostar.

Magnetic field in the outflow: We will observe dust polarization produced by magnetically aligned
grain in the dust cavity walls, and line polarization of CO(3-2) arising from the GK effect, to map the
magnetic field orientation within the whole central ∼ 500 au of the core. Models of steady MHD disk
winds predict a helical morphology of the B-field along the outflow, similar to what is seen Ching et al.
(2016). Because the source is sufficiently edge-on, and the base of the CO outflow is a hollow cone
close to 80◦, we can expect a helical-based magnetic field morphology, by disentangling the back- and
and foreground component for each of the bipolar outflow component. However, if instead the CO
conical cavity traces bow-shock wings or shocked envelope, a poloidal morphology may be detected.
The dust polarization will map the area surrounding the dust-free outflow cavities, as shown in the
few detections shown in Figure 1. We will thus provide a complete map of the magnetic field at the
basis of the bipolar EHV jet, and study the jet’s corresponding morphology and kinematics.

Magnetic field within the inner core and its connection with the outflow magnetic field:
We aim to resolve the central polarized dust emission emanating from the inner core (∼ 100 au).
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Fig. 3.— Model of a protostellar core
synthetically observed by POLARIS, fil-
tered with ALMA. Top: Dust continuum
total intensity, overlaid with the mag-
netic field lines and velocity field at the
center of the core. Bottom: The col-
orscale is the polarized intensity, and
segments are magnetic field lines.

The structure we see in total intensity in Figure 1 is barely
resolved and higher angular resolution shall elucidate its
structure. In the MHD disk wind scenario, the magnetic
field is supposed to be predominantly poloidal in the inner
radii of the disk, from which the outflow originates. For
the outer disk radii, the orientation of magnetic field lines
will depend on its origin: dynamo or dragged in from larger
scale. In our case, the protostar is likely very young and
the rotating structure embedded in its central core has not
yet been characterized. Moreover, the higher density of the
central zone and the dust grain growth which has possibly
started to occur, might alter our expected measurement
of magnetic-based dust polarization because of the self-
scattering effect from dust grains. Le Gouellec et al. (2019)
derived a spectral index of α ∼ 3.1 in the central 200 au,
suggesting that the dust in the inner core is still optically
thin. Therefore, we find that the dust polarization we
detect should be primarily from magnetically aligned grains,
although scattering can be at play toward the very center
in the highest angular resolution observations we propose.

Comparisons with models: We aim to compare these
observations with protostellar core models seen in dust po-
larization and line polarization. An example is shown in
Figure 3, where we show a model of a protostellar core,
issued from a non-ideal MHD simulation, synthetically ob-
served with POLARIS (Reissl et al. 2016), that implements
grain alignment (this example does not fit the mass and spa-
tial extent of Emb 8(N), further models will be developped).
In this model a protostellar jet, implemented by hand at

the center, simulates the magnetospheric wind. In addition, we aim to use PORTAL (Lankhaar
& Vlemmings 2020), to model line polarization of the CO line, and to solve the 90◦ degeneracy of
the polarization from the GK effect. One can compare with such models, the magnetic field
morphologies traced by both aligned grains, and CO spectral line polarization
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We propose to elucidate the ALMA dust polarization observations of the two wide-
binaries of the BHR71 Class 0 protostellar core. These spectral line observations will
target the role of the radiation field in the grain alignment mechanism responsible for
dust polarization, and the kinematics of a potential streamer.

1. The crucial role of the magnetic field in protostellara evolution
Protostellar formation is ruled by various competing dynamical processes. Once a prestellar core has
undergone gravitational collapse, a protostar is formed; the so-called Class 0 phase corresponds to the
stage when the protostar is accreting material from the surrounding envelope. During this phase, the
magnetic field is thought to regulate the collapse of the envelope redistributing the angular momentum.
A variety of mechanisms have been proposed to explain the removal of angular momentum from the
rotating envelope, including binary formation via turbulent fragmentation (Offner et al. 2010), as well
as the launching of jets and outflows. These processes are intimately linked with the magnetic field,
which has the capability to extract angular momentum from the rotating core via magnetic braking,
which in turn can suppress the formation of large disks at early times (Galli et al. 2006; Hennebelle &
Ciardi 2009). In addition, magnetic field morphology in the inner core of protostars have been found
to be affected by protostellar outflows, suggesting magnetic fields can be dynamically overwhelmed
by the outflowing activity (Hull et al. 2017). Although the exact role played by the magnetic
field in the earliest stage of protostellar evolution is widely debated, it is nevertheless
one of the keys to fully understanding protostellar formation. Therefore, it is crucial to
perform accurate measurements of the magnetic field in these environments.

2. Dust polarization as a signature of magnetic fields
The polarized dust emission observed in protostellar cores is produced by different physical mechanisms.
The one occurring in the Class 0 cores we target is the alignment of dust grains with respect to the
ambient magnetic field through the phenomenon of the Radiative Alignment torques (RATs) (Lazarian
& Hoang 2007). It consists of the alignment between the oblong dust grains’ angular momentum,
i.e., their minor axis, and the magnetic field orientation, resulting in thermal dust emission linearly
polarized orthogonal to the magnetic field component projected in the plane of the sky. The second
main mechanism that causes polarization in star-forming sources is the self-scattering of thermal
emission from dust grains; however, this occurs in much denser environments where the dust grain
growth is expected to have occurred (Kataoka et al. 2015).

(1) High resolution polarization observations of Class 0 protostars. Interferometric observa-
tions of dust polarization in protostellar cores have exhibited a variety of magnetic field morphologies
unveiling the role of the field in the formation of Class 0 protostars (Hull & Zhang 2019). Thanks
to ALMA’s angular resolution and sensitivity, it is now possible to resolve the magnetic field in
incredibly fine detail. One striking result has been how the bipolar outflow of the protostar can
shape the magnetic field along the outflow cavity walls, where the polarized emission is enhanced,
e.g., in Serpens SMM1-a (Hull et al. 2017), Serpens Emb 8(N) (Le Gouellec et al. 2019), and B335
(Maury et al. 2018). Hull et al. (2020) presented the 1.3mm ALMA observations of polarized dust
emission toward the wide-binary protostellar system BHR 71 IRS1 and IRS2 (see Figure 1). These
observations revealed a hourglass-shaped magnetic field in IRS1, with a filament-like structure seen
in polarized intensity offset from the northern outflow cavity, that the authors proposed to be a
candidate accretion streamer. Toward IRS2, the polarized dust emission revealed and outflow-shaped
magnetic field, as the magnetic field lines are aligned with the major axis of the dusty outflow cavity
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walls. Both of these phenomena—B-fields along outflow cavity walls, and magnetized
accretion streamers—need to be understood in order for us to better characterize the
dynamic role of the magnetic field in the formation and evolution of Class 0 protostars.

(2) In which conditions do dust grains become align with the magnetic field via RATs?10 Hull et al.
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Figure 6. Multi-resolution images of the polarized intensity P (color scale) made using robust= 2.0 (left), 0.5 (middle), and –0.5 (right),
where the respective synthesized beam sizes are 1.0010⇥ 0.0089, 0.0085⇥ 0.0067, and 0.0063⇥ 0.0048. Line segments are the inferred magnetic field
orientation toward BHR 71 IRS1 and IRS2, plotted as in Figure 2, where �P = 25 µJy beam�1 for robust= 2.0 and 0.5, and 40 µJy beam�1

for robust= –0.5. Crosses indicate the continuum peaks of IRS1 and IRS2. The sharp, magnetized feature to the NE of IRS1 is enhanced
with increasing resolution.

UV-driven chemistry in outflow cavities (Karska et al.
2018, and references therein); emission from several UV
tracers has been spatially resolved in ALMA observations
(e.g., Imai et al. 2016; Le Gouellec et al. 2019), but is
expected to originate mainly in the very thin layer of the
cavity walls accessible to the UV radiation.

This “thin” scenario has its own caveats. If only an
extremely thin layer of dust grains were aligned, it seems
unlikely that the polarization fraction would reach the
high (>10%) levels that we detect in IRS2, considering
that the polarization fraction is derived from the po-
larized intensity from the aligned grains divided by the
total intensity of the dust emission, the latter of which
originates from the entire core. In addition, the high-
energy radiation would be reprocessed by the thin layer
of initially-heated dust grains in the cavity wall, being
re-emitted as longer-wavelength photons that could pene-
trate deeper into the walls. However, it is unclear if there
would be enough of these photons to align a significant
number of grains to an appreciable depth beyond the
initial heated layer.

Given the major caveat of the polarization fraction
levels in the “thin” case, and the fact that recent studies
have shown that grain growth in Class 0 protostellar cores
may be necessary to explain high-resolution, interfero-
metric polarization results (Maury et al. 2018; Valdivia
et al. 2019; Le Gouellec et al. 2019), we find the “thick”
scenario to be the more plausible of the two possibilities
for the origin of the polarization in the IRS2 outflow
cavities. However, the answer is far from clear. Future,
multi-wavelength polarization observations of protostellar
cores, coupled with synthetic observations of MHD simu-
lations with next-generation radiative transfer codes like
POLARIS (Reissl et al. 2016) that incorporate dust-grain
alignment via RATs, will help us to better understand
the origin of polarization in irradiated environments like
cavity walls.

4.4. A possible magnetized accretion streamer in BHR 71
IRS1

The most intriguing emission feature in the P map of
BHR 71 IRS1 is the strip oriented NE of the central source

(Figure 1, bottom panel). This feature is most clearly
seen in the multi-resolution image shown in Figure 6,
and is oriented at a very different angle from the eastern
edge of the redshifted outflow cavity wall (Figure 4).
If it is indeed part of the natal hourglass structure in
IRS1, then it is not clear why it is so much sharper and
brighter than the other “corners” of the hourglass, which
are resolved out (or are too faint to be detected) at higher
resolution. This is a similar situation to Serpens SMM1,
where the polarization along the E–W cavity wall seen in
Hull et al. (2017a) is not detectable at higher resolution,
whereas extremely sharp, bright polarization structures
near the N–S wall of the outflow cavity remain visible at
higher resolution (Le Gouellec et al. 2019). These sharp,
approximately linear structures south of SMM1-a and the
sharp structure to the NE of BHR 71 IRS1 have similar
widths of ⇠ 50 au.

Narrow structures have also been seen in other sources,
including filamentary features surrounding the low-mass
protostellar core Ser-emb 8 (Hull et al. 2017b); the N–S
equatorial-plane feature in B335 (Maury et al. 2018); the
“bridge” and streamers observed toward the two binary
components in IRAS 16293 (Sadavoy et al. 2018); and
the “arm-like” structure in OMC3-MMS6 (Takahashi et al.
2019). The existence of these features, which are always
more prominent in P maps than in I maps, suggest that
the production of polarized emission inside a protostellar
core is strongly dependent on the local environmental
conditions such as the optical depth and the anisotropy of
the local radiation field. As discussed in Le Gouellec et al.
(2019), the high polarization of these regions is surprising,
considering that they are deeply embedded and far away
from any obvious source of strong irradiation.

It is conceivable that these sharp, filamentary features
are the result of grains aligned in accretion streamers; see
Alves et al. (2019) for the highest-resolution observations
to date of accretion streamers that are funneling material
onto the central sources in a low-mass protostellar binary.
Theoretical work by Lazarian & Hoang (2007b) and Hoang
et al. (2018) on grain alignment via mechanical alignment
torques (MATs) has suggested that helical grains could
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Figure 6. Multi-resolution images of the polarized intensity P (color scale) made using robust= 2.0 (left), 0.5 (middle), and –0.5 (right),
where the respective synthesized beam sizes are 1.0010⇥ 0.0089, 0.0085⇥ 0.0067, and 0.0063⇥ 0.0048. Line segments are the inferred magnetic field
orientation toward BHR 71 IRS1 and IRS2, plotted as in Figure 2, where �P = 25 µJy beam�1 for robust= 2.0 and 0.5, and 40 µJy beam�1

for robust= –0.5. Crosses indicate the continuum peaks of IRS1 and IRS2. The sharp, magnetized feature to the NE of IRS1 is enhanced
with increasing resolution.

UV-driven chemistry in outflow cavities (Karska et al.
2018, and references therein); emission from several UV
tracers has been spatially resolved in ALMA observations
(e.g., Imai et al. 2016; Le Gouellec et al. 2019), but is
expected to originate mainly in the very thin layer of the
cavity walls accessible to the UV radiation.

This “thin” scenario has its own caveats. If only an
extremely thin layer of dust grains were aligned, it seems
unlikely that the polarization fraction would reach the
high (>10%) levels that we detect in IRS2, considering
that the polarization fraction is derived from the po-
larized intensity from the aligned grains divided by the
total intensity of the dust emission, the latter of which
originates from the entire core. In addition, the high-
energy radiation would be reprocessed by the thin layer
of initially-heated dust grains in the cavity wall, being
re-emitted as longer-wavelength photons that could pene-
trate deeper into the walls. However, it is unclear if there
would be enough of these photons to align a significant
number of grains to an appreciable depth beyond the
initial heated layer.

Given the major caveat of the polarization fraction
levels in the “thin” case, and the fact that recent studies
have shown that grain growth in Class 0 protostellar cores
may be necessary to explain high-resolution, interfero-
metric polarization results (Maury et al. 2018; Valdivia
et al. 2019; Le Gouellec et al. 2019), we find the “thick”
scenario to be the more plausible of the two possibilities
for the origin of the polarization in the IRS2 outflow
cavities. However, the answer is far from clear. Future,
multi-wavelength polarization observations of protostellar
cores, coupled with synthetic observations of MHD simu-
lations with next-generation radiative transfer codes like
POLARIS (Reissl et al. 2016) that incorporate dust-grain
alignment via RATs, will help us to better understand
the origin of polarization in irradiated environments like
cavity walls.

4.4. A possible magnetized accretion streamer in BHR 71
IRS1

The most intriguing emission feature in the P map of
BHR 71 IRS1 is the strip oriented NE of the central source

(Figure 1, bottom panel). This feature is most clearly
seen in the multi-resolution image shown in Figure 6,
and is oriented at a very different angle from the eastern
edge of the redshifted outflow cavity wall (Figure 4).
If it is indeed part of the natal hourglass structure in
IRS1, then it is not clear why it is so much sharper and
brighter than the other “corners” of the hourglass, which
are resolved out (or are too faint to be detected) at higher
resolution. This is a similar situation to Serpens SMM1,
where the polarization along the E–W cavity wall seen in
Hull et al. (2017a) is not detectable at higher resolution,
whereas extremely sharp, bright polarization structures
near the N–S wall of the outflow cavity remain visible at
higher resolution (Le Gouellec et al. 2019). These sharp,
approximately linear structures south of SMM1-a and the
sharp structure to the NE of BHR 71 IRS1 have similar
widths of ⇠ 50 au.

Narrow structures have also been seen in other sources,
including filamentary features surrounding the low-mass
protostellar core Ser-emb 8 (Hull et al. 2017b); the N–S
equatorial-plane feature in B335 (Maury et al. 2018); the
“bridge” and streamers observed toward the two binary
components in IRAS 16293 (Sadavoy et al. 2018); and
the “arm-like” structure in OMC3-MMS6 (Takahashi et al.
2019). The existence of these features, which are always
more prominent in P maps than in I maps, suggest that
the production of polarized emission inside a protostellar
core is strongly dependent on the local environmental
conditions such as the optical depth and the anisotropy of
the local radiation field. As discussed in Le Gouellec et al.
(2019), the high polarization of these regions is surprising,
considering that they are deeply embedded and far away
from any obvious source of strong irradiation.

It is conceivable that these sharp, filamentary features
are the result of grains aligned in accretion streamers; see
Alves et al. (2019) for the highest-resolution observations
to date of accretion streamers that are funneling material
onto the central sources in a low-mass protostellar binary.
Theoretical work by Lazarian & Hoang (2007b) and Hoang
et al. (2018) on grain alignment via mechanical alignment
torques (MATs) has suggested that helical grains could
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Fig. 1.— Top: CO(J =2→ 1) emis-
sion tracing the outflow, overlaid with
magnetic field orientations in BHR71.
This shows how the magnetic field, in-
ferred from dust polarization, is aligned
along the outflow cavity walls in IRS2.
Bottom: Polarized intensity that high-
lights the candidate accretion streamer.

The required conditions for RATs to occur are still poorly
constrained in the inner core of Class 0 objects. Constraining
the physical conditions experienced by dust grains allow us
to better understand how grains are aligned in the densest
regions of Class 0 protostellar cores probed by ALMA obser-
vations. RATs theory is indeed challenged by these recent
observations, and reconciling grain alignment theory, with
the detected dust polarization, is required to accurately ana-
lyze the magnetic field maps. Several additional mechanisms
that could be at play in star forming cores, have been pro-
posed recently, including grains mechanically aligned grains
(Hoang et al. 2018), grain aligned with the radiation field
anisotropy (Lazarian & Hoang 2007), and rotational disrup-
tion of grains (Hoang et al. 2019). In addition, models of
grains aligned by RATs cannot reproduce the grain align-
ment efficiency observed with ALMA (Le Gouellec et al.
2020), and further investigations are required to constrain
the shape and size of aligned grains in cores (Valdivia et al.
2019).

In this complex picture, we aim to focus on the role the
radiation field has in the alignment of dust grains. To do so,
we propose to observe UV-sensitive chemical species, model
the results with radiative transfer calculations, to finally
compare with the expectations from the RAT theory (see
Section 3). As presented in Figure 1, the polarized dust
emission in IRS2 is mainly emanating from the material
surrounding outflow cavities. These highly polarized cavity
walls are expected to be strongly irradiated by the UV and
X-ray radiation field, produced by the accretion of material
onto the protostar (Stäuber et al. 2004, 2005). Jet-shocks
and bow-shocks can also produce a substantial amount of
UV photons that heat the cavity walls (van Kempen et al.
2009; Goicoechea et al. 2012). Outflow cavity walls are thus highly subject to strong anisotropic
radiation, which makes the chemistry very rich and effective in these specific regions, as was confirmed
by models (Visser et al. 2012). However, even if the dust polarization is detected around the bipolar
outflow in BHR71 IRS1, some parts of the polarized emission seem offset from the outflow cavity
walls, suggesting these regions are experiencing a weak radiation field, due to the high column density
of the infalling envelope surrounding the protostar, where the UV photons from the accretion shock
cannot pass through. Here we plan to investigate how the dust grains can get aligned without a strong
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UV field and if the dust polarization in these irradiated zones can be explained by models and RAT
theory. By identifying irradiated regions in protostars via chemical tracers sensitive
to UV and X-ray radiation, our proposed observations will allow us to understand
the conditions responsible for the efficiency in grain alignment observed in protostars,
especially toward outflow cavity walls and accretion streamers.

3. Planned observations and analysis
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Fig. 2.— Top: Dust grain alignment
efficiency (traced by S × Pfrac) as a
function of column density, in ALMA
observations, and models of protostars
experiencing different irradiation con-
ditions. Higher irradiation is required
to match the level of grain alignment
efficiency measured with ALMA. Taken
from Le Gouellec et al. (2020). Bot-
tom: Polarized intensity overlaid with
contours from the integrated c-C3H2

spectral line taken with ACA.

Following up on the ALMA dust polarization observations
of BHR71 IRS1 and IRS2, we aim to quantify (1) the ir-
radiation field in the core to constrain the grain alignment
mechanism(s) in outflow cavity walls and accretion streamers
(2) the velocity field along the accretion streamer the kine-
matics of the infalling envelope and links with the revealed
magnetic field morphology.

Observation of the radiation field in protostars with
chemistry. We target the observation of the five following
chemical tracers: C2H (two transitions), c-C3H2, SO, and
SO2, at the spatial resolution necessary to resolve the different
features of the cores—most importantly, the outflow cavities—
toward which ALMA has revealed polarized dust emission.
We choose these molecules based on previous observations of
highly irradiated zones such as Photon-Dominated Regions
(PDRs), protostellar outflow cavities, and protoplanetary
disks. Girart et al. (2005) presented enhanced emission of
SO, a known shock tracer, in a PDR region located in HH 2.
C2H and c-C3H2 have been found to be strongly enhanced at
the front edge of PDR regions (Cuadrado et al. 2015; Guzmán
et al. 2015). In these regions, high energy photons are known
to drive the chemical evolution of the material. In disks, rings
of C2H and c-C3H2 have been explained by the distribution
of the radiation field from the host star, which heats the
upper layer of the disk where the dust distribution allows the
UV photons to penetrate and activate UV-driven chemistry
(Bergin et al. 2016). Archival ACA observations of c-C3H2

in BHR71 IRS1 show encouraging elongated emission in the
direction of the outflow (see Figure 2). SO and SO2 are
candidate tracer of the shocks developed at the interaction
zones between the outflow and the ambient envelope gas
(Lefloch et al. 2005). These shocks can represent an additional
source of UV photons (Neufeld & Dalgarno 1989), that can
propagate into the cavities (van Kempen et al. 2009).

At the Class 0 evolutionary stage, the observation of the
UV-sensitive chemistry is still poorly constrained; however, important results have begun to appear.
Benz et al. (2016) showed a clear correlation between protostellar luminosity and the abundances of
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ionized hydrides, which are crucial chemical precursors of hydrocarbons. More recently, Imai et al.
(2016); Murillo et al. (2018) have identified emission of C2H and c-C3H2 located along the cavity walls
in protostars, and Le Gouellec et al. (2019) have exhibited a spatial correlation between C2H and
dust polarization. The spectral lines we request will provide the relevant constraints to compute PDR
models and allow us derive the precise radiation field distribution within the cores (Lee et al. 2015).
We will then model the dust polarization (polarization fraction and dispersion of polarization position
angles) that would be produced within the derived radiation field, and other local environmental
conditions (temperature, column density). This will be done with models synthetically observed with
the radiative transfer code POLARIS, which incorporates dust grain alignment (see Figure 2 top
panel, where we compare the grain alignment efficiency in ALMA observations of Class 0 protostars,
and models of protostars experiencing different irradiation conditions). One first step will thus be
to match in these models, the radiation field required to reproduce the grain alignment efficiency
observed in cores, with the one derived by the chemistry. Comparing the expectation of RATs in
these irradiation conditions with the grain alignment efficiency from observations, will
be able to constrain the occurring grain alignment mechanisms(s).

Quantifying the kinematics of the accretion streamer. Recent observations of bridge, filamen-
tary, and streamer structures in observations of low- and intermediate mass protostars suggest that
the accretion going on at the Class 0/I stage can occur via magnetized accretion streamers (Sadavoy
et al. 2018; Takahashi et al. 2019; Le Gouellec et al. 2019; Hull et al. 2020). These streamers have been
recently proposed to bring material of different composition deposited directly at disc scales (Pineda
et al. 2020). If these highly polarized structures are in fact the conduits for infalling material onto
protostars, we should deeply modify the current spherically-symmetric paradigm of mass accretion
at core scales. Our observational setup contains the H13CO+ line, a well known tracer of the dense
envelope gas, which will allow us to to address the kinematics of the infalling envelope among IRS1
and IRS2. Quantifying the velocity field toward the IRS1 candidate accretion streamer with the
H13CO+ line will determine whether magnetized streamer-like structures are funnelling material onto
protostars. If confirmed, this will thus require us to revise the ability of magnetic field to deliver
material to young stellar objects, and re-write the paradigm of protostellar accretion.

References - Benz, A.O., et al., 2016. A&A, 590:A105 • Bergin, E.A., et al., 2016. ApJ, 831:101
• Cuadrado, S., et al., 2015. A&A, 575:A82 • Galli, D., et al., 2006. ApJ, 647:374 • Girart, J.M.,
et al., 2005. A&A, 439:601 • Goicoechea, J.R., et al., 2012. A&A, 548:A77 • Guzmán, V.V., et al.,
2015. ApJ, 800:L33 • Hennebelle, P. & Ciardi, A., 2009. A&A, 506:L29 • Hoang, T., Cho, J.,
et al., 2018. ApJ, 852:129 • Hoang, T., et al., 2019. Nature Astronomy, 3:766 • Hull, C.L.H., et al.,
2017. ApJ, 847:92 • Hull, C.L.H., et al., 2020. ApJ, 892(2):152 • Hull, C.L.H. & Zhang, Q., 2019.
Frontiers. , 6:3 • Kataoka, A., et al., 2015. ApJ, 809:78 • Lazarian, A. & Hoang, T., 2007. MNRAS,
378:910 • Le Gouellec, V.J.M., et al., 2020. A&A, 644:A11 • Le Gouellec, V.J.M., et al., 2019. ApJ,
885(2):106 • Lee, S., et al., 2015. 217(2):30 • Lefloch, B., et al., 2005. A&A, 433(1):217 • Maury,
A.J., et al., 2018. MNRAS, 477(2):2760 • Murillo, N.M., et al., 2018. A&A, 617:A120 • Neufeld,
D.A. & Dalgarno, A., 1989. ApJ, 340:869 • Offner, S.S.R., et al., 2010. ApJ, 725:1485 • Pineda, J.E.,
Segura-Cox, D., et al., 2020. Nat. Astr. • Sadavoy, S.I., et al., 2018. ApJ, 859(2):165 • Stäuber, P.,
et al., 2004. A&A, 425:577 • Stäuber, P., et al., 2005. A&A, 440:949 • Takahashi, S., et al., 2019.
ApJ, 872:70 • Valdivia, V., et al., 2019. MNRAS, 488(4):4897 • van Kempen, T.A., et al., 2009.
A&A, 501(2):633 • Visser, R., et al., 2012. A&A, 537:A55

4



Characterizing two modes of protostellar accretion with NOEMA: do the
turbulent and magnetic energies regulate the growth of solar-type stars ?
1 Scientific justification
Understanding the processes that determine the universality of the Initial Mass Function (IMF) represents a
major physical problem, because the astrophysical consequences are large and various (Offner et al., 2014).
While in nearby star-forming regions, the Core Mass Function (CMF) is found to be similar in shape to
the IMF (Motte et al., 1998; Testi & Sargent, 1998), some recent results have shown hints of top-heavy
CMFs in massive ridges of our Galaxy (Motte et al., 2018), which may not translate into an IMF with
the same efficiency than in low-mass, more quiescent, star-forming clouds. One idea is that a star has
inherited its physical properties not only from its native core, but also from outside, via supplementary
mass supply brought by accretion streamers to the envelope, at the youngest stage of protostellar evolution.
Thanks to the use of the IRAM facilities, we propose to tackle this question toward the Class
0 protostar Emb8 located in Serpens. We aim to measure the mass and accretion rate of
a candidate streamer, that is connecting the core to its parent cloud, at scales of ∼0.1 pc.
We will compare these observations with models of collapsing cores, to characterize the natal
environment of this protostar and the necessary conditions for accretion streamers to develop.

1.1 The role of streamers in setting the mass of protostars
Recent observations of bridge, filamentary, and streamer structures in high-angular resolutions observations
and low- and intermediate mass protostars suggest that the accretion going on at the Class 0/I stage
can strongly be privileged in a given direction (Yen et al., 2014; Sadavoy et al., 2018; Takahashi et al.,
2019; Le Gouellec et al., 2019; Yen et al., 2019; Hull et al., 2020). These observations show that these
streamers bring fresh material from dense core scales down to the circumstellar disc scales. In addition,
numerical simulations of collapsing dense cores have revealed asymmetric accretion flows (Wurster et al.,
2019; Kuffmeier et al., 2020). While the system is supplied with material directly located in the surrounding
envelope that falls down to the mid-plane where the infall can be considered isotropic, these streamers
structures have been recently proposed to bring material of different composition deposited directly at disc
scales (Pineda et al., 2020). Their presence may indicate that we should deeply modify the current paradigm
of star formation at core scales. Indeed, if a significant fraction of the mass accreted by a protostar comes
from the surrounding dense cloud and not from its direct parent core, the origin of the IMF boiling down to
the CMF should be urgently revisited. For example, (Pineda et al., 2020) derived that the accretion rate
onto the protostar Per-Emb-2 (7.107M� yr−1) was found to represent 70% of the large-scale streamer mass
infall rate. Testing this hypothesis should be carried out by observing protostars in their Class 0 phase,
when the star accrete most of its final mass. A further objective of this project is to characterize the role
of the natal environment of protostars in dictating how accretion will occur, as well as the morphology of
protostellar envelopes. Increasing hints from models of collapsing cores suggest that the initial balance of
magnetic field versus turbulent energy is responsible for the efficiency of a core to form a star, Therefore,
one needs to understand and quantify the role of streamers: when do they form, and do they affect heavily
the accretion on the protostar? These NOEMA observations will allow us to characterize the two
differentiated modes of protostellar accretion in the Serpens protostars, and assess wether
the turbulent and magnetic energies regulate the accretion onto forming solar-type stars.

1.2 What processes dictate the morphology of protostellar envelopes ?
In (Le Gouellec et al., 2019), we have discovered a 0.1pc-long candidate streamer connecting directly the
Serpens Emb 8 inner core to the large scale filament. Detected in total intensity both from CARMA and
ALMA (see Figure 1), we now aim to use NOEMA+30m observations of molecular line emission, via a
mosaic of two pointings along the streamer’s major axis, at 3mm. This will allow us to target the best
spatial scales to recover its emission and to map its entire extent. The observations we propose aim to
trace the kinematics of the gas it contains and hence shed light on its ability to participate
significantly to the accretion onto the protostellar core by deriving its mass infall rate.

The morphology of the Serpens Emb8 circumstellar inner envelope significantly differs from its neighbor,
Serpens Emb8(N). Serpens Emb8 exhibits a much more disorganized density structures as well as magnetic
field lines, compared to Serpens Emb8(N) (see Figure 2). While Serpens Emb8(N) presents axisymmetric
magnetic field lines, and density structures strictly embracing the basis of the bipolar outflow, the magnetic
field and dust continuum in Serpens Emb8 do not present any symmetry, or alignment with the outflow

1



activity. In addition, Serpens Emb8 appears to be connected to the large scale filament we propose to
observe, while Serpens Emb8(N) do not, and we think this protostellar core is in the fore- or background
(Serpens Emb8 has also been found to be older, Aso et al. 2019). Therefore, these points argue toward a
different natal environment for these two protostellar cores. Is the pristine ratio of magnetic to turbulent
energies setting the scene for accretion to proceed in an isotropic way, or to organize in accretion streamers?
Does it regulate the accretion rate of material onto protostars? An crucial result concerning Serpens Emb8, is
that the core has been identified to exhibit a weakly magnetized collapse scenario with respect to turbulence,
when comparing the source with MHD gravo-turbulence simulations (Hull et al., 2017). While multiplicity
seems to be more important in weakly magnetized scenarios (Offner et al., 2010; Wurster & Bate, 2019), the
circumstellar disc of Serpens Emb8 appears also to be fragmented in the ALMA high angular resolution
images, as several clumps (which nature is still unclear), are present in the central ∼ 1200 au envelope. This
is strengthening the hypothesis Serpens Emb8 has formed in a weakly magnetized scenario.

In a word, we will compare the observed morphology and kinematics of the dense gas surrounding the
two protostars to our in-house state-of-the art protostellar formation models. Figure 3 shows two examples of
such models highlighting the role of the initial ratio of turbulent over magnetic energy to shape the accretion
onto cores, with filamentary streamers developing predominantly in turbulent models, and enabling faster
accretion of material on the protostar. Accretion streamers seem therefore to be ubiquitous in the type of
environment where Serpens Emb 8 is embedded. With the large support of these simulations, we
will deeply characterize the role played by this filamentary streamer in the evolution of the
Serpens Emb 8 protostellar system, physically and chemically speaking, and more generally
the role of this scenario dichotomy in the characterization of Class 0 protostellar cores.

2 Planned observations
We plan to use two pointings along the filamentary structure, with one centered on Emb 8. Given the field of
view of NOEMA, we will guarantee an homogeneous covering of the streamer from its maximal extent down
to the protostar. We propose to use the configuration C, as well as the 30m telescope in order to maximize
the recovering of emission that lies at large spatial scales, as indicated from the observations of CALYPSO
survey. This will allow us to obtain, at 77GHz, an angular resolution of 2.6" (∼filament minor axis). The
spectral setup we propose gathers tracers of the cold envelope (N2H+ (J =1→ 0), N2D+ (J =1→ 0), to
derive the mass infall rate), as well as tracers of warmer material brought by the streamer to the protostar
(HC3N(J =10→ 9), HC3N(J =8→ 7), CCS (JN = 87→ 76), 13CS (J =2→ 1), to derive the streamer mass
accretion rate), that we plan to observe with a typical spectral resolution of 0.5 km s−1. We plot in Figure
1 previous PdBI observation of N2H+ (J =1→ 0), we require further integration to resolve the velocity
structure of the envelopes though, and detect the second source Serpens Emb8(N). N2H+ (J =1→ 0) emission
follows the prototypical shell morphology (Anderl et al., 2016) at core radii where the temperature does not
allow CO (main destroyer of N2H+ (J =1→ 0)) in the gas phase (e.g., T<20K). N2H+ (J =1→ 0) is not
detected towards the filament, suggesting that the filament material is warm (>20K) and will be better
traced by molecular transitions with higher activation energy.

3 Technical justification
From previous PdBI observation of N2H+ (J =1→ 0), and typical ratio of abundances of the other lines
we aim to observe (Pineda et al., 2020), we estimated that 13CS (J =2→ 1) will be the weakest line in our
setup. Based on ALMA observations of 13CS (J =5→ 4) toward Emb8, assuming excitation temperatures of
20K, we derived that the line strength of 13CS (J =2→ 1) should be ∼ 25 mJy beam−1, at the resolution of
NOEMA. Such line strength is also typical of the observed 13CS lines in the dense environments of cores,
at the densities of the filamentary streamer we are targeting (e.g., 2.2 1022 cm−2 as estimated from the
CARMA observations, see Figure 3) For a typical declination of 20.0 degrees, an angular resolution of
2.6" the sensitivity estimator tells us that we will reach a line sensitivity of 3.4 mJy beam−1 at 77.0 GHz
(spectral resolution of 0.5 km s−1), and a continuum sensitivity of 9.8 µJy beam−1 per source, in 8.0 hours,
with 7 mm of PWV. This yields a signal to noise ratio (S/N) of 7 for the 13CS (J =2→ 1) line with 8 hours
integrations. As we ask for two pointings of 8 hours each, the S/N can be as high as 10, depending of the
spatial extent of line and the flux recovery. Considering the extended nature of the emission, we also request
the zero-spacing with the IRAM-30m telescope: to ensure a good quality of the merging between single dish
and interferometric observations, we estimate the EMIR time we need applying a factor of ∼20 to the S/N
of the NOEMA observations, taking into account both pointings. This leads to a telescope time of 32 hr to
reach a sensitivity of 4.0 mK with average conditions (7.0 mm of pwv, Tsys 210.9 K[T∗

a] mean per pixel).
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Figure 1: Environment of the Serpens Emb8 and Emb8N protostars (north-east protostar). Top: Black contours are the
dust continuum emission from high angular resolution ALMA observations at 870µm (Le Gouellec et al., 2019) probing
typically 100-500 au scales. White contours show the dust continuum emission recovered at intemediate scales (1000-2000
au) by CARMA observations (Hull et al., 2014). The blue and red contours trace the moment 0 map of the blueshifted and
redshifted CO (J =2→ 1) The candidate streamer is seen in the dust continuum emission, overarching the region and potentially
connecting to the inner envelope of Emb8. The two crosses are the two pointings we propose to map the entire filament, and
the two large yellow circles are the corresponding NOEMA field of view of each pointing. The red ellipse in the bottom left
corner represents the beam resolution element of the ALMA dust continuum emission. The green ellipse represents the beam
resolution element of the CO bipolar outflow emission. The grey ellipse represents the beam resolution element of the CARMA
dust continuum emission. Bottom: The grey color scale represents the integrated molecular emission line of N2H+ (J =1→ 0).
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Figure 2: Magnetic field, bipolar outflow, and continuum dust emission line toward Serpens Emb8 (left), and Serpens Emb8N
(right), from high angular resolution ALMA observations at 870µm (Le Gouellec et al., 2019) probing typically 50-500 au
scales. Yellow line segments represent the magnetic field orientation. The grey color scale trace the total intensity (Stokes I), if
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Figure 3: MHD simulations of collapsing protostar synthetically observed with the radiative transfer code POLARIS, including
turbulence (middle panel, mass to magnetic flux ratio of 6, sonic mach number of 2) or not (right panel, mass to magnetic flux
ratio of 5). The color-scale and black contours are the dust thermal emission observed at 870 µm. The white arrows show the
velocity field in the protostellar outflows. (Left panel): evolution of the sink particle (mimicing the central protostar) with time
from the two MHD simulations. In the turbulent scenario the central object grows faster than when there is no turbulence, this
is related to the formation of streamers that dominate the accretion when turbulence is considered.
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