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Résumeé

Le milieu interstellaire se compose, en masse, d’environ 1% de poussiere. Paradoxalement,
malgré sa faible concentration, celle-ci un role trés important dans la formation stellaire. La
dynamique des grains de poussicre peut différer de celle du gaz, entrainant des variations lo-
cales de concentration. Peu de travaux ont pourtant été consacrés a I’étude de cette dynamique
différentielle lors de la formation stellaire. Ma these s’inscrit dans I’objectif de pallier ce
manque et se décompose en quatre parties.

Dans la premiere partie, je développe un module traitant efficacement la dynamique des
poussieres et pouvant simultanément inclure plusieurs especes de grains pour le code multi-
dimensionnel sur grille adaptative RAMSES (Teyssier, 2002). Je teste ensuite mon module avec
soin en comparant mes résultats a des solutions analytiques. Je montre par ailleurs que mon
implémentation est robuste, précise et rapide.

Par la suite j’effectue des simulations de formation d’étoiles incluant plusieurs especes de
poussieres. Gréce a cette étude, j’établis qu’un découplage entre les grains et le gaz apparait
pour les grains d’une taille supérieure ou équivalente a la centaine de micrometres. Je trouve
également que ce découplage dépend fortement des propriétés initiales du coeur préstellaire.

Ensuite, je développe un formalisme analytique, similaire a la magnétohydrodynamique
non idéale, mais incluant en plus la dynamique des grains chargés. Ce formalisme me permet
de mettre en évidence différents régimes de couplage entre les grains, le champ magnétique et
le gaz, selon la taille des grains, leur charge et leur environnement.

En parallele, j’étudie la dynamique des poussieres dans les zones faiblement ionisées des
disques protoplanétaires afin d’étudier la formation des chondrules. Ce sont des grains de
poussiere retrouvés dans la majorité des météorites et qui sont des éléments clés pour la
compréhension de la formation des disques et des planetes.






Abstract

The interstellar medium is composed by approximately 1% of dust in terms of mass. Surpris-
ingly, this tiny amount of dust already plays a very important role in stellar formation. The
dynamics of dust grains may differ from that of the gas particles, leading to local variations
in concentration. However, very few studies have focused on the gas and dust differential
dynamics during star formation. My thesis aims to fill this gap and is divided into four parts.

In the first part, I develop a module dealing efficiently with dust dynamics that can simul-
taneously include multiple grain species intended to the multidimensional adaptive grid code
RAMSES (Teyssier, 2002). I then carefully test my module by comparing my results with known
analytical solutions. I also show that my implementation is robust, fast and accurate.

Then I perform star formation simulations that consider multiple dust species. This study
establishes that a decoupling between the dust and the gas appears for grains of sizes larger or
equivalent to a hundred micrometers. I also find that this decoupling strongly depends on the
initial properties of the prestellar core.

Then, I develop an analytical formalism, similar to the non-ideal magnetohydrodynamics
but that includes the dynamics of charged grains. This formalism allows to highlight different
coupling regimes between the grains, the magnetic field and the gas as a function of the grain
size, its charge and its environment.

In parallel, I investigate the dynamics of dust in the weakly ionized zones of protoplanetary
disks in order to study the formation of chondrules. Chondrules are dust grains found in most
meteorites and are key to understand the formation of disks and planets.
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”A long time ago in a galaxy far, far away ... ”

I

- Star Wars

N THIS INTRODUCTORY CHAPTER, I report our current understanding of stellar and disk formation

as well as of the dust content of the interstellar medium (ISM). In that aim, I introduce
star and disk formation from an observational point of view. Then, I shortly review the ob-
servational evidences of dust grains in the ISM. Finally, in the light of our current theoretical
understanding of star formation, I explain why it is essential to understand the dynamics of

dust grains in this context.
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CHAPTER 1. THE LIFE OF GAS AND DUST DURING STAR FORMATION

1.1 Introduction

Astronomy is at least as old as civilization. Historically, the stars and the celestial objects of
the solar system such as the moon, the planets inside Saturn’s orbit and of course, the sun,
were the first source of wonder of astronomers. Archaeologists have found evidences that they
were thoroughly studied in the Babylonian and Egyptian empires but also in the early Chinese,
Indian and Mesoamerican societies. Yet, the general structure, composition and formation of
stars were not understood until the XX century.

In 1919, Jean Baptiste Perrin and Arthur Eddington proposed first that the sun was fueled
by nuclear reactions within its core. A few years after, in 1925, Cecilia Payne-Gaposchkin
discovered that the sun, a fairly typical star, was primarily made of Hydrogen and Helium.
James Jeans understood in 1902 how stars were formed during the gravitational collapse of
unstable giant nebula, known today as molecular clouds. Later, in 1930, Robert Trumpler
discovered that these clouds were not only composed of gas, but they also contained small
interstellar dust grains, the seeds of planets. The global picture of star formation in these
molecular clouds and its relation to planet formation started to become clear in the 1960s
with the rise of computer simulations such as the ones of Richard Larson, Peter Bodenheimer,
Werner Tscharnuter and Alan Boss. The increase in computational power since the 1960s
allowed astronomers to elaborate more sophisticated models of astrophysical objects, including
more relevant physical processes such as magnetic fields, radiation etc..

Meanwhile, the colossal progresses made in observational astrophysics during the last 40
years revealed that the star and planet forming interstellar medium was far from being under-
stood in the details. Space telescopes, such as Spitzer or Hubble, have shown that molecu-
lar clouds were made of very complex filaments and were driven by the interaction between
turbulence, gravitation and magnetic fields. In 1995, Michel Mayor and Didier Queloz dis-
covered the first exoplanet around a solar type star, 51-Pegasi. Since then more than 4000
planetary systems of incredible diversity have been discovered around stars within the sun
neighborhood. Within the last ten years, giant interferometers such as the Atacama Large Mil-
limeter/submillimeter Array (ALMA) were able to probe young stars and their planet forming
disks, also called protoplanetary disks, revealing once again a surprising diversity of morphol-
ogy.

Modern astrophysicists now have the technical possibility to go much further into the de-
tails than their predecessors when describing astrophysical objects. In that vein, the goal of
this thesis is to add a new ingredient, traditionally overlooked and yet recently suspected of
impacting quantitatively star formation processes: the dust dynamics.

1.2 The young life of stars

1.2.1 An overview on low mass star formation

Low mass stars, with masses smaller than a few Mg I are the most abundant stars in the
Universe. It is widely accepted that their formation takes place during three main stages (Andre
et al., 2000)

e The prestellar phase, during which the parent molecular cloud, mostly composed of
molecular hydrogen with a temperature of ~ 10 K, undergoes an isothermal collapse in
the regions where the thermal support is insufficient to counteract the effects of gravity.
During this phase, the temperature remains almost constant as the gravitational energy

"M, ~ 1.9 x 1033 g the mass of the sun

14



CHAPTER 1. THE LIFE OF GAS AND DUST DURING STAR FORMATION

is radiated away by the thermal dust emission. The free-falling material tends to show a
universal density profile of p o =2 (Foster & Chevalier, 1993). Eventually, the collapse
is stopped where the density reaches the typical value p,g ~ 10713 g cm™ (Larson,
1969). At such high densities, the radiation becomes trapped in the core, mostly because
of the dust absorption. This region of the cloud is in quasi-static equilibrium and is called
the first Larson core that has a typical density of p ~ 107'! g cm™3 . As the radiation is
cannot escape the core, the latter is in adiabatic contraction which causes the temperature
to increase. Once it reaches ~ 2000 K, H; starts to dissociate and a second collapse is
triggered as the former reaction is endothermic. Once H, has completely dissociated, the
newly formed second Larson core, begins a slow adiabatic contraction with an effective
polytropic index yeg ~ 1.1 (Masunaga & Inutsuka, 2000). This object has a typical
density of p ~ 1 g cm™ and a radius of a few solar radii °.

o After the second Larson core formation, the protostellar phase begins. During this phase,
the protostar mass increases by the accretion of the free-falling envelope. Conservation
of angular momentum during the collapse has led to the formation of an accretion disk,
also called a protoplanetary disk and the most probable birthplace of planets. Simul-
taneously, a fraction of the mass is being ejected from the system by bipolar outflows
(Bachiller, 1996) most probably driven by magnetic fields.

e When the star almost reaches its final mass and when its temperature has become high
enough to burn the deuterium at ~ 10° K it enters the pre-main sequence phase (PMS).
The pre-main sequence protostar, now optically visible, contracts until hydrogen fusion
is triggered when the peak temperature reaches ~ 10 K. At this stage, a star is born. It
is on the so-called main sequence where it awaits its final fate as a planetary nebula or a
supernova if its massive enough.

1.2.2 Observational evolutionary sequence

Young stellar objects (YSOs) are classified by observers according to their spectral energy dis-
tribution (SED) in the near and mid-infrared. More precisely, they are classified according to
the logarithmic slope ar = %, F ) being the radiative flux at the wavelength A. At first,
three different classes of objects were distinguished, the classes I to III.They correspond to
objects that are increasingly evolved in time. Class I (er > 0) are very early YSOs, but they
already are in the protostellar phase. They might be surrounded by an early protolanetary disk
and still have a massive envelope. The two most evolved classes, Class II (—1.5 < ar < 0)
and ITI (a1 < —1.5) are PMS stars or, equivalently, T Tauri stars®. Class II are surrounded by
a protoplanetary disk while Class III are surrounded by a debris disk. Debris disks are not old
protoplanetary disks but rather the consequence of them. They are mostly composed of repro-
cessed dust grains (less than ~ 1 — 100 pm) resulting of collision between small protoplanetary
bodies.

Another earlier stage, the Class 0, was discovered by Andre et al. (1993). At this stage, a
deeply embedded protostar is already formed but it is still less massive than the envelope. The
age of the Class 0 objects has been estimated to be about 10* years (Barsony, 1994).

The empirical evolutionary sequence is summarized in the cartoon illustration of figure 1.1.
Since the initial classification of YSOs, impressive developments have been made to improve
our observational capabilities. The SEDs that were the original probes of protostars are now

2the solar radius is Ry ~ 6.96 x 10'° cm
3T Tauri is a YSO located in the Taurus constellation
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Figure 1.1: Observational evolution sequence of star formation. Cartoon illustration inspired
from André (2002). Molecular clouds are cold clouds where star formation occurs, they live
a few millions years. Once the protostellar collaspe starts in a molecular cloud, the prestellar
core evolve through four classes. They are the observational evidence of the protostellar phase.

completed with resolved observations of molecular line emission (the most commonly ob-
served molecule is CO), dust continuum or polarized emission.

1.3 Protoplanetary disks

1.3.1 Protoplanetary disks observations

During the protostellar collapse, a disk forms around the protostar because of angular momen-
tum conservation. This so-called protoplanetary disk is most likely were planets are formed.
If these disk where theorized (Von Weizsicker, 1944; Gamow & Hynek, 1945; Hoyle, 1960;
Terebey et al., 1984) and indirectly observed via SEDs (Mendoza V., 1968) quite early, the
recent rise of highly sensitive and resolved ground based interferometers such as ALMA have
completely changed our perspectives about them.

A large number of evolved protoplanetary disks* have been observed in recent campaigns
such as the Disk Substructures at High Angular Resolution Project (DSHARP, Andrews et al.,
2018; Huang et al., 2018a,b). The wide variety of structures of these disks is striking, indicating
that their formation and evolution invoke complex physical processes. The most commonly
observed structures of protoplanetary disks are

e Cavities. They are often observed in the inner regions of the disks and have typical sizes
of ~ 10 AU °. These cavities are most likely to be opened by MHD winds (Suzuki et al.,
2016) or photoevaporation (Alexander et al., 2014).

e Annular Gaps. They are another commonly observed pattern. The most common ex-
planation for their presence is embedded protoplanets (see Papaloizou & Lin (1984) for

“around T-Tauri like stars
51 AU = 1,496 x 108km
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Figure 1.2: Gallery of observed evolved protoplanetary disks taken from the review Andrews
(2020) showing the most commonly observed substructures of protoplanetary diks.

the theory and Pinte et al. (2019) for the recent observational evidence), non-ideal MHD
effects (Ruge et al., 2016) or dust traps (Gonzalez et al., 2015).

e Non-axisymmetric Arcs. They are rarer structures that are most often observed around
the inner cavities and eventually at the outer cavities or near a gap. Binary star interaction
is the most frequently invoked mechanism for their formation (Ragusa et al., 2017; Price
etal., 2018).
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e Spirals. They are also often seen in protoplanetary disks. They usually show preferential
m = 2 mode but can also exhibit some asymmetry. Their formation is usually explained
by binary interaction (Price et al., 2018) or by rotating gas accretion (Hennebelle et al.,
2017).

A gallery of protoplanetary disks exposing these most common structures can be seen in
figure 1.2.

Recently, younger disk candidates have also been observed around Class O stars using the
dust continuum emission and the molecular line emission (e.g. with the CO and SO molecule).
It is a challenging task to get precise observations of them as they are still deeply embedded in
a massive envelope. By observing the C'30 (J = 2 — 1) and SO (J = 65 — 64) line emission of
L1527 IRS, which is either a Class 0 or a Class I protostar, with ALMA, Ohashi et al. (2014)
have found evidence of a keplerian disk. They claim to observe a disk with a radius of about
~ 50 AU. This is significantly smaller than the size of the evolved disks around T-Tauri stars (in
average ~ 165 AU, Isella et al., 2009) and is an evidence that disks are formed quite small and
increase in size during their evolution. Using the IRAM Plateau de Bure Interferometer for the
CALYPSO (Continum And Lines in Young ProtoStellar Objects) survey, Maury et al. (2019)
have observed 16 Class 0 and Class I objects where at least 11 are potentially surrounded by an
early disk. Summarizing their results and those from other surveys they claim that disk around
Class I protostar have median radii of ~ 100 AU while this value is smaller that ~ 50 AU for
disk around Class 0 objects (see Tobin et al., 2020, for similar findings).

1.3.2 Exoplanets

Since the discovery of the first exoplanet 5/ Peg b around a solar type star by Mayor & Queloz
(1995)°, more than 4000 were either indirectly (with Kepler, CoRot, HARPS etc.) or directly
observed (with SPHERE, GPI etc.). Figure 1.3 shows the mass as a function of the orbital
period for a catalog of confirmed exoplanets generated using the website exoplanet.eu. The di-
versity of planets in terms of mass, radius, orbit, composition etc is already striking in the solar
system where we observe 4 telluric planets (Mercury,Venus, the Earth and Mars), 2 gas giants
(Jupiter and Saturn) and 2 ice giants (Uranus and Neptune). A wide diversity of exoplanets
such as, super-Earths (Charbonneau et al., 2009; Borucki et al., 2011), hot-Jupiter (Mayor &
Queloz, 1995), ocean planets (Charbonneau et al., 2009) etc., were recently discovered. This
is unequivocally an evidence that their formation and evolution is complex and cannot only be
explained by a model designed to understand the solar system solely. As explained in section
1.3.1, protoplanetary disks, that are the most probable locus of planet formation via dust grain
growth (see the recent review by Birnstiel et al., 2016), are also very diverse in terms of shape
and mass. Although it is difficult to correct bias in disks and exoplanets detection, it is natural
to think that the diversity in protoplanetary disks and in exoplanets are connected. Therefore
understanding star and disk formation is necessary to constrain planet formation which could,
eventually, lead to an answer to the fundamental question: how do Earth-like planet form?

1.4 Dust in the interstellar medium

The interstellar medium (ISM), is defined as anything, matter or radiation, that lies between
stellar system but is still in a galaxy. Although the dust grains represent a relatively small mass
fraction of the ISM (about 1:100 Mathis et al., 1977; Weingartner & Draine, 2001), they are
essential for its observation. In this section, I briefly review some of the major aspects of dust
observations that are relevant in the star formation context.

%Nobel Prize in 2019
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Figure 1.3: Catalog of the confirmed exoplanets generated using the website exoplanet.eu the
29th of January 2020. Planetary mass (in Jupiter mass) against the orbital period (in days). The
radius of the planet is indicated by the size of the green circle when available.

1.4.1 Extinction
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(a) Dust obscured cloud in NGC281 observed by (b) Cartoon illustration explaining the dust extinc-

the Hubble space telescope. Some of the regions tion process. The blue light is almost completely

of the cloud are reddened and some are so dense absorbed by the dust while some of the red light

that even the red light does not penetrate (Credits: can penetrate all the way through. A blue reflection,

NASA/ESA). due to scattering by the dust grains, can be observed
when the cloud is illuminated on the same side as
the observer is.

Figure 1.4: Dust extinction process.
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Extinction has been discovered in the early 20" century (Barnard, 1907, 1910). If in ap-
pearance it seemed like an “absence of stars”, Barnard understood that what he observed was
a “dark nebula”. It was later established by Trumpler (1930) that this darkening of light was
produced by fine interstellar dust particles.

Let us consider a star at a distance d, with an apparent magnitude mgps 4 at a wavelength A.
The dust extinction A, is defined as

A} = Mobs g — My, (1.1)

m, being the apparent magnitude of the star if there was no extinction. It is related to the
absolute magnitude of the star M, by the formula m, = M, + 5Slog (%). If the star light, of
specific intensity Ip(A), is absorbed by an uniform dust cloud of optical depth 7,, the intensity
measured by the observer is Ip(1)e™™. From the definition of the magnitude, we can show that
in this case

A,{ ~ 1.0867’,1. (1.2)

The extinction allows to estimate the optical depths of the cloud, which can be linked to the
opacity and the grain properties.

Fitting the interstellar extinction at wavelengths ranging from infrared to ultraviolet and
supposing that grains were composed of graphite and silicates, Mathis et al. (1977) were able
to model the dust grain size distribution in the diffuse ISM. They have shown that this so-called
Mathis-Rumpl-Norsieck or MRN size distribution was quite well approximated by a power-law.
For a grain species of size Sgrain € [ 5Snm, 0.25um ], the number density n (sgmin) scales as

n (Sgrain) o s;dfn (1.3)

An interesting property of this size-distribution is that the number and surface is mostly in
small grains while the mass that scales as oc sgrain is dominated by the larger grains. As we will
see later the decoupling between the gas and the dust grains is mainly driven by the grain size

so we can wonder : is the MRN distribution well preserved during star formation?

1.4.2 Continuum emission

Thermal emission of interstellar dust grains is a powerful observing tool. If we consider a
grain of temperature Tgpin, at the local thermodynamic equilibrium (LTE) and according to
Kirchhoff’s law (Kirchhoff, 1859), it behaves as a black body. The ratio between its emissivity
&, (expressed in erg s™! Hz™! ster™!) and its absorption coefficient or opacity k% is thus equal
to the Planck function at the temperature T'gp,in. In other words

&y = KBy (Tgrain) - (1.4)

This expression means that the light absorbed by the dust grains is re-emitted at a wave-
length dependent efficiency. This so-called thermal emission or dust continuum emission is
most efficient at wavelengths of the order of the grain size sgr,in and thus provides an idea of
its value. In the diffuse ISM and in molecular clouds, dust thermal emission is observed in the
infrared (IR) and the far infrared (FIR), indicating dust sizes typically smaller than a micron.
It is worth noting that in L/83, a dense region of a molecular cloud, an unexpected peak of
emission at 3.6 pum indicates the possible presence of micrometer (and even ~ 10 pm) dust
grains (coreshine, see Pagani et al., 2010). In protoplanetary disks, dust thermal emission can
be observed at radio wavelengths indicating millimeter grains (see figure. 1.2). It appears that
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the maximum dust grain size increases with density (see Section. 1.4.3 for intermediate densi-
ties between L/83 and protoplanetary disks). A multi-scale and extensive dust evolution study
should thus be devoted to determine if this is due to dust growth, dynamical segregation of dust
grains, both or a misinterpretation of the observations.

In addition, as the opacity typically traces the dust column density, the dust continuum is
often used in observations as a proxy for the gas density, assuming a certain dust-to-gas mass
ratio ’. Typically the dust-to-gas ratio is assumed to be 1:100 (Mathis et al., 1977). Some
notable object observed with the dust continuum emission are protoplanetary disks (see figure.
1.2), molecular clouds, galactic disks, supernovae remnants etc. A natural question can be
asked : is the dust-to-gas ratio really uniform or constant in these objects and can we use dust
to trace the gas? This question is addressed in the case of the protostellar collapse in Chapter 4.

1.4.3 Polarized emission
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Figure 1.5: (Left) polarized dust continuum emission and magnetic field direction inferred from
the dust polarization angle (black lines). (Right) column density corrected with the ALMA
beam for a magnetically regulated collapse and magnetic field direction (grey and black lines).
Only the grey magnetic fields can be detected with ALMA’s sensitivity. The arrows at the two
poles indicate the main direction of the inflow. In both figures, the red and blue arrow indicate
the direction of the outflow. The horizontal black arrow shows the size of ALMA’s field of
view at 230GHz.

Interstellar dust grains are typically non-spherical, they are usually elongated in their semi-
major axis. One of the consequences of their asymmetry is that dust emission observed from
earth can be polarized if grains are in average aligned with a particular axis. The properties of
the dust polarized emission can provide some information on the object of interest if the grain
alignment mechanism is understood.

Two aspects of dust polarization are particularly interesting in the context of this thesis.

¢ In a magnetized environment, dust grains are believed to align perpendicularly to the
magnetic fields (Lazarian & Hoang, 2007). The polarization angle can therefore be used
to determine the direction of the magnetic field for various kind of sources. With the
interferometer ALMA, Maury et al. (2018) claim to have measured the direction of the
magnetic field in the Class 0 protostar B335. Their measurement seems in very good

7dust-to-gas ratio hereafter
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agreement with a magnetic protostellar collapse simulation made with the RAMSES code
(Teyssier, 2002, see Chapter 3 for details on the code and Chapter 4 for details on col-
lapse calculations), which is a strong argument in favor of a magnetically dominated
collapse. The left panel of figure 1.5 shows the polarized dust continuum emission of
B335 and the direction of the magnetic field inferred from the dust polarization angle.
The results of the collapse calculation are displayed in the right panel. It shows a column
density estimate, taking into account the distance of the object, and the magnetic field
direction.

o [t was theorised by Kataoka et al. (2015) that large dust grains could scatter light with
high polarization degrees. They demonstrated that this so-called self-scattering is effi-
cient when the grain size is of the order of ~ % Recent studies (Sadavoy et al., 2018a,b,
2019) later found evidences of self-scattering in millimeter observation of Class O pro-
tostars which might indicate the presence of 100 pum grains in these objects. This is
particularly interesting because this size is intermediate between the potential 10 wm
grains supposely at the origin of the coreshine of molecular clouds (Pagani et al., 2010)
and the millimeter grains observed in evolved protoplanetary disks.

1.4.4 Interplanetary dust and chondrules

o w650
oot

(a) Taken from (Jessberger et al., 2001). Interplan- (b) Taken from Jacquet & Marrocchi (2017) (collec-
etary dust grain (porous chondrule collected in the tion of the Muséum National d’Histoire Naturelle
stratosphere) taken with a scanning electron micro- de Paris). Back-scattered electron images of vari-
scope. The aggregate is non-spherical and larger ous chondrules from the NWA 5958 meteorite (a,c
than 10 pm. and d) and AOA N1-14 meteorite (b). The diversity
in shape, composition and size is striking.

Figure 1.6: Laboratory evidences of cosmic dust (left) and meteoric dust (right).

On Earth, we have no direct access to interstellar dust, however it is possible to collect
grains from the solar system with balloons, U2 aircrafts or even spacecrafts (e.g. with Pionner
10 and 11, Ulysse and Galileo aroung Jupiter and Cassini around Saturn). This so-called inter-
planetary dust, better known as cosmic dust, although being reprocessed during the formation
and evolution of the solar system, are essential to understand the more distant and unavailable
interstellar dust grains. Figure 1.6a shows an example of interplanetary dust grain, collected in
the stratosphere, taken with a scanning electron microscope and presented by Jessberger et al.
(2001). Among other things, one can see that it is rather large (about 10 umx20 pm) compared
to the grains expected from the diffuse ISM, which indicates that it has undergone dust growth
at some point of its evolution. It is an aggregate made of smaller dust grains and is clearly
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non-spherical. Laboratory studies of such dust grains suggest that their intrinsic density are
most of the time comprised between ~ 1 g cm™ and ~ 3 g cm™ (Love et al., 1994). According
to the same study, the grain densities can, in rarer cases, reach values as low as 0.3 g cm™ and
as high as 6 g cm™.

Another way to indirectly probe the properties of interstellar dust is through meteorites.
They have the advantage of being directly found on Earth but the disadvantage of being more
strongly reprocessed than isolated dust grains. Found in most of the chondrites, that represent
80% of the meteorites, chondrules among the most abundant meteoritic material. They are
almost spherical grains of sizes ranging from a few um to ~ 1 cm. They are mainly composed
of silicate minerals such as olivine or pyroxene but, in the details, they do present a wide diver-
sity of composition (see figure 1.6b for some example of chondrules). Some evidences suggest
that chondrules are formed by successive fast heating events® where they reach temperatures
as high as a few 2000 K during a few minutes of even less followed by a slow cool down
(Connolly et al., 1998). How these flashes occur and where chondrules are formed is still un-
der debate. Joung et al. (2004) proposed that non-ideal magnetohydrodynamics (MHD) effects
could generates strong and very localized current sheets where the flash and thus the chondrule
formation could occur. I investigate this theory in Chapter 6.

1.5 Theory of star formation: essentials

In this section, I briefly review some of the fundamental theoretical knowledge of the protostel-
lar collapse. Although simplified up to some extent, the theoretical concepts introduced below
cover many key aspects of the dynamics of star formation and can be further refined when
required. This kind of approach represents the backbone of an extensive number of studies in
the field.

1.5.1 Virial equilibrium

The state of a self-gravitating cloud can be described by the Virial theorem (Clausius, 1870). If
we consider a particle of mass n, at a position r and subject to a force F, according to Newton’s
second law

d’r
mp@ = F, (15)

by multiplying this equation by r, one can show that

d( dr dr\’
—|r- == — F-r. 1.
M (r dt) mp(dt) +F-r (1.6)

We now consider N, particles j with masses m,, ;. From equation (1.6), we obtain

N,

1d*1 :

EF:2Ek+ZF,-r,-, (1.7)
j

N, . o N, 2.
where I = 37" my, jr§ is the inertial momentum of the system and Ey = 1 2" mp, (g—j) its
kinetic energy.

8called flashs hereafter
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Let us consider the simple case where the particles are only interacting via the gravi-
tational force. Then Zj.Vp F;-r; is exactly the gravitational potential energy of the system

_ No ¢ No Gmy.i(ri—ri) - -8 w3 o=l o2 : ot
E, = -2, Z#J'mp’jrjlrj——riP where G ~ 6.67 X 107° cm” g~ s™~ is the gravitational

constant. If the system is in the so-called Virial equilibrium then necessarily ((1172] =0and

E, = —2F;. (1.8)

If a cloud satisfies this condition, it means that its thermal support is perfectly balancing its
self-gravity and the cloud is stable against the gravitational collapse. The stability of a cloud
can thus be expressed in terms of a dimensionless parameter «, the thermal-to-gravitational
energy ratio, that writes as

Ex

= —. 1.9
“ =] (1.9)

For the cloud to be stable against gravitational collapse one must have @ > % In the simplified
case of an isothermal and spherical cloud of mass My, radius R, at temperature T, and mean
molecular weight u, we obtain

5 R() kBTg
o= —-—— s
2QMO,UgmH

where kg ~ 1.38 x 10716 erg K~! is the Boltzmann constant and my =~ 1.66 x 1072* g is the
proton mass.

(1.10)

Using the stability condition & > %, one can determine that this cloud will be unstable

2 bl
against gravity if its mass is larger than the so-called Jeans mass My (Jeans, 1902) that writes
SknTo \32( 3\
MJ=( B g) ( ) , (1.11)
HgmuG 4rpo

po being the cloud density. Similarly, it is unstable when its radius is smaller than the so-called
Jeans length Ay given by

3 1/3
A =—M . (1.12)
(47rpo )

To summarize, any isothermal cloud with a mass larger than its Jeans mass or, equivalently,
a radius smaller than its Jeans length will undergo gravitational collapse. Interestingly, if the
gas follows a polytropic equation of state such as Py oc p*f, one can show that My « pYet/ 272,
This means that for yeg > vcit = 4/3, the Jeans mass increases with density and the cloud
is unconditionally stable against gravitational collapse. To understand the evolution of the
polytropic index  is thus crucial to understand the protostellar collapse.

1.5.2 Free-fall timescale

The characteristic timescale of the gravitational collapse, the free-fall timescale tg, can be easily
determined in the simplest case of a non-rotating cloud of uniform density pg only subject to
gravity. As in Spitzer (1978), we study the collapse of a shell of initial radius ro. We define r
as its radius after a time ¢. Applying the second-law of Newton on the shell yields

d?r 4npor (3)

& , 113
dr? g 3r2 (1.13)

note to be confused with the adiabatic index y = ‘f
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after multiplying this equation by ‘31—; and integrating it over time we obtain

1(dr\? 4mpory (11
(=] =- i 1.14
Z(dt) g 3 (r ro)’ (1.14)

after taking the square-root of this equation one can show that

1
JE-1

. . . 2 _r . . .
d.eﬁmng the d%mensmnle'ss parameter S such as cos”(8) = o and integrating the equation over
time once again we obtain

8mpo rg
3 9

dr
— = 1.15
” (1.15)

8mpg rg
3

B+ % sin*(B) = |G (1.16)

We can use this relation to estimate the free-fall timescale of the shell. We consider that the
shell has entirely collapsed once r = 0, hence when 8 = 7. This yields

f 3r
g = 32600 (1.17)

1.5.3 Angular momentum conservation

As we already know, protoplanetary disks form around protostars through angular momentum
conservation. It is therefore interesting to investigate the evolution of the angular velocity of
a cloud during the gravitational collapse. The angular momentum of a system of volume V,
density p and velocity v is defined as

L:f(ﬂp[rxv]dfv, (1.18)

dV being the volume element at a position r and X denoting the cross product operation. This
quantity must be conserved for an isolated system. Let us consider the simple case of an
uniform and isolated cloud of initial radius ry and angular velocity g and constant mass My,
then the specific angular momentum J = |L|/M, defined as J = Qor(z) must also be conserved.
This allows us to estimate its angular velocity at a time 7 as

2
o
Q@) =Q (%) . (1.19)

As the cloud collapses, its angular velocity increases and the centrifugal force eventually
dominates gravity leading to the formation of a disk. The typical radius of a prestellar core is
about ~ 500 AU (Andre et al., 1996) which is 10° times larger than a solar type star. Assuming
the validity of equation (1.19), there should be approximately ten orders of magnitude increase
in angular velocity during the protostellar collapse leading to velocities close to the speed of
light which is far greater than what is observed or even physically acceptable.

In reality, there is at least a three orders of magnitude change in the specific angular mo-
mentum between prestellar cores and YSOs (Bodenheimer, 1995) which means that there is
an efficient mechanism that transports or dissipates it during the protostellar collapse. This
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angular momentum problem of star formation remains a fundamental issue in today’s astro-
physics as it requires to understand very precisely the angular momentum transport during star
formation.

Early hydrodynamical calculations without magnetic field of protostellar collapse of rotat-
ing clouds led to very massive and extended disks (Bodenheimer & Tscharnuter, 1979; Boss,
1980). This was due to the absence of an efficient mechanism to eject the angular momentum
such as wind, jet/outflows or magnetic braking. Since then, several solutions have been pro-
posed. Among others, magnetic fields have long been investigated as a possible answer for the
angular momentum problem with an ideal (Allen et al., 2003a; Hennebelle & Teyssier, 2008;
Commercon et al., 2010; Tomida, 2014) and non-ideal MHD (Tomida et al., 2015; Wurster
et al., 2018; Vaytet et al., 2018b; Marchand et al., 2019) frameworks.

1.5.4 Magnetohydrodynamics

The dynamics of the gas during the protostellar collapse is well described by fluid equations
(mass, momentum and energy conservation equations). In this context, the effects of gravita-
tional acceleration, thermal pressure, magnetic fields and radiation are all important at different
scales. For the sake of simplicity, I present the equations of radiation non-ideal magnetohy-
drodynamics (RNIMHD) considering a barotropic equation of state (EOS) to account for the
effects of radiation.

Mass and momentum conservation

We define p as the density of the plasma and v as its velocity. Py is the gas thermal pressure and
¢ is the gravitational potential. In addition, we consider a magnetic field B, an electric field in
the comoving frame E. We also introduce the electric current J. In the non-relativistic case'",
it writes J = V x B. Assuming local electroneutrality, the mass and momentum conservation

equations write as

6—p+V- [ov]

ot
opv
s +V- [Pg]I+p(V®V)]

0,

—pV¢ +J x B. (1.20)

The Poisson equation

In order to determine the gravitational potential ¢ and deduce the gravitational force, one must
solve the Poisson equation. It writes as follow

Ad = 47Gp, (1.21)

this equation shows that any distribution of mass generates a gravitational force.

The barotropic equation of state
As explained earlier, to account for radiative transfer we consider a simple barotropic EOS

y—1
1+ (ﬁ) l (1.22)

_ 2
Pg - pcs,iso Dad

10'in virtue of the Maxwell-Ampére equation
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where cgjso 1s this isothermal soundspeed at low densities, and y = 5/3 to reproduce the
monoatomic behavior of H, at low temperatures (Masunaga & Inutsuka, 2000).

The barotropic EOS is a convenient way to model the two thermal regimes of the first
protostellar collapse, i.e. the isothermal regime at low density and the adiabatic regime when
the radiation is trapped at p > pag.

e Where p < paq, Py ~ ,ocsiSO and the cloud is merely isothermal. At these densities, the

temperature is typically ~ 10K, which yelds ¢, jso ~ 0.2 km s~!. The thermal support is,
by definition, not strong enough to prevent the collapse for a Jeans unstable cloud.

e Where p > paq, Py o p?. In these regions, the gas becomes adiabatic as radiation is
trapped, mostly because of the dust, and the temperature increases with density. As a
consequence, the gas is thermally supported against gravity and is in slow contraction
until Hy starts to dissociate, which is not taken into account in this model.

Magnetic field

« Pinching » « Twisting »

« Twisting+pinching »

Figure 1.7: Schematic view of the twisting and pinching of the magnetic field lines in a col-
lapsing cloud. Radial motions induce a pinch of the magnetic field lines while rotation twists
them. In a rotating and collapsing cloud both effects can be observed.

The previous equations must be completed by the induction equation ' and the solenoidal
constrain, that prevents the formation of magnetic monopoles. These two equations, derived
from Maxwell’s equations, write as

B +VXE = 0,
ot
V-B = 0. (1.23)

Closure is then given by an Ohm’s law, that relates the electric field E to the other hydro-
dynamical quantities. In the non-ideal MHD framework, which assumes a low ionization level,

Talso known as the Maxwell Faraday equation
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the Ohm’s law is written as (Wardle & Ng, 1999)
E, =vxB+E, (1.24)
where Ey, the electric field in the rest frame of the fluid is given by

Ey =noJ +nuJ Xb +naJ ., (1.25)

where 1o, g and 74 are Ohmic, Hall and Ambipolar resistivities, derived from the conduc-
tivity tensor. These quantities depend on the charge, density and cross section of the charged
particles. More details on the Ohm’s law can be found in Chapter 5 were I propose a more
general derivation that includes dust dynamics.

It is interesting, in a first approach to consider only the effect of induction in the ideal MHD
limit. In this limit, the gas is considered as fully ionized and the electric field E = v X B is only
induced by the fluid motion. To explain the induction equation in this framework, we place
ourselves in cylindrical coordinates (e, eg, €;). We now assume a cloud with a magnetic field
B = B.e; at atime ¢ = ty. The induction equation at ¢t = fy is given by

&l B l(’ivrBZ

o’ T oy 80

@l _ (9VQBZ

o T 87

B, 1{drv,B, 0vyB,

Sy 2 , 1.2
oo r[ ar o0 (1.26)

It is quite clear that azimuthal motions in the cloud rwists the field lines by generating a By
component while both the radial and toroidal motions pinches them by generating a B, and by
affecting B;. As there are no diffusive terms in the induction equation in the ideal case, the
collapse of the cloud naturally strengthens the magnetic field in the central regions of a proto-
stellar collapse. The twisting and pinching of the magnetic field is represented in a schematic
way in figure 1.7 in this context.

Keeping in mind how the configuration of the magnetic field lines can evolve during the
protostellar collapse, we now look at the magnetic force or Lorentz force J X B. With some
manipulation one can show that

B2
JxB = —V-[T]I—B@)B}, (1.27)
(1.28)
two terms can be identified, the magnetic pressure force —V - %2, that acts on the gas similarly

to the thermal pressure force, and the magnetic tension V- [B ® B]. In a rotating cloud, the
twisting of the field lines generates an azimuthal component in the magnetic field By and thus an
azimuthal magnetic tension V- [ByB] ey. This force then generates an azimuthal acceleration
to counteract the twisting. This so-called magnetic braking is extremely efficient to transport
angular momentum in the outer regions of the clouds. In the ideal MHD regime, the angular
momentum removal due to the magnetic braking is actually so efficient that it actually prevents
the disk formation (Allen et al., 2003a; Mellon & Li, 2008; Hennebelle & Fromang, 2008; Joos
et al., 2012), this is the magnetic braking catastrophe.

According to Shu et al. (1987) a good estimate for the ionization fraction x; in molecular
cloud is

X = (1.29)

Slie
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with C = 3 x 107'® g!/2 cm=3/2. During the early phases of star formation the density ranges
between ~ 107" g cm™ and ~ 107'! g cm™. The ionization is thus very low, typically
ranging from x; ~ 107! to x; ~ 107®. The ideal MHD approximation breaks and the resistive
regime becomes relevant. Via diffusion, magnetic reconnection or drift between the charged
species, the three resistive effects identified earlier can affect the topology of the magnetic
field lines. In practice, both the Ohmic and Ambipolar diffusion can reduce the efficiency of
the magnetic braking at different scales (Duffin & Pudritz, 2008; Mellon & Li, 2009; Kunz
& Mouschovias, 2010; Tomida et al., 2015; Masson et al., 2016). The Hall effect is more
complicated. Depending on the angle between the angular velocity and the magnetic field, it
can either reduce or increase the strength of the braking (Tsukamoto et al., 2015; Marchand
et al., 2018). Although non-ideal MHD is a good candidate to form realistic disks, its effects
strongly rely on the values of magnetic resistivities that are still poorly constrained as they
depend on a careful estimate of the ionization fraction which depends, among others, on the
dust content of the clouds.

1.6 Towards gas and dust mixtures

1.6.1 Previous works

100 T T T . .
0.1 pym ——
1uym - - -
10pum ==
10k 3
©
2]
©
>
£102F E
G
=1
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&
o 103 S—— E
d
10-4 1 Vs i : 1 1
108 106 104 1072 100 102

dust-to-gas ratio

Figure 1.8: Taken from Tricco et al. (2017). Time averaged volume weighted probability
density function of the dust-to-gas ratio in a SPH calculation of turbulent cloud in the typical
conditions of molecular clouds. Grains smaller that 1 um have a peaked PDF while for the
10 pum it is broad. This indicates that a significant decoupling occurs for those grains. For
these grains, the dust-to-gas ratio can increase up to one order of magnitude.

All the aforementioned studies assumed a perfect collisional coupling between the gas and
the dust with an uniform and constant dust-to-gas ratio 63 = Z—d. A few recent studies indicate
g

that this might not be a legitimate approximation in the star formation context.

o At the scale of molecular clouds Hopkins & Lee (2016) found, using lagrangian parti-
cles for the dust, that a dynamical decoupling between the gas and the dust was occuring
for dust grains with sizes larger than ~ 1pum. Using smoothed-particle-hydrodynamics
(SPH) and a monofluid approach for the gas and the dust 12 Tricco et al. (2017) found

123 detailled explanation of the monofluid formalism can be found in Chapter 2
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Figure 1.9: Taken from Bate & Lorén-Aguilar (2017). Edge-one view of the column density
of gas and dust for three collapse simulations using the SPH approach with various grain sizes
(10 pm,100 um and 1 mm) at four different times. The colors are set so that the gas and dust
maps match when the dust-to-gas ratio is at its initial value of 1%. A brighter dust map thus
indicates a strong enrichment in dust grains. We observe that grains > 100 pum fall significantly
faster than the gas enriching the central regions of the collapse.

that this effect was occurring for grains larger that ~ 10 um (see figure 1.8 for the prob-
ability density function of the dust-to-gas ratio obtained by Tricco et al., 2017).

o At the scale of the protostellar collapse, only Bate & Lorén-Aguilar (2017) has investi-
gated the dynamical decoupling between gas and dust. They found that large dust grains
with sizes 2 100 um could fall significantly faster than the gas enriching the inner re-
gions at the cost of a depletion in the envelope (see figure 1.9 for the column density
of gas and dust they obtained at various times). This work, although restrained in its
exploration of the parameter space, sets a milestone for the study of dust dynamics in
star formation.

All these works were carried out with single dust species simulations assuming a initial
dust-to-gas ratio of 1% which means that they do not properly follow the evolution of the grain
size distribution and that they might either under or over or under estimate the variations of
dust-to-gas ratio by assuming a mean grain size.

1.6.2 This work

In this manuscript, I present the work that I carried out during my three years of PhD at the
Centre de Recherche Astrophysique de Lyon under the supervision of Benoit Commercon.
This thesis aims to provide answers to modern questions of star and planet formation using
theoretical and numerical tools. I mainly focus on the dynamics of the interstellar dust and its
impact on stellar formation.

This manuscript is organized as follows
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In Chapter 2, I introduce the basic theoretical concepts required to study neutral dust
dynamics in star forming regions. In that goal, I present the dynamics of a single neutral
dust grain interacting with a surrounding gas. Then, I extend this view to a multifluid
formalism. After this, I introduce the monofluid approach for gas and dust mixtures and
the terminal velocity approximation useful when these mixtures are tightly coupled over
a dynamical timescale. Finally, I extend the formalism to the dynamics of neutral dust
grains in a weakly ionized plasma.

In Chapter 3, I introduce my main numerical tool, the RAMSES code. After a technical
description of main features of RAMSES, I detail the developments that I made to incor-
porate dust dynamics in its structure. Finally, I present multiple tests of implementation
of my dust dynamics solver.

In Chapter 4, I present protostellar collapse calculations of gas and dust mixtures, i.e.
DUSTYCOLLAPSES, that I performed with my dust solver. After providing some details on
my method of solution, I describe numerically and analytically the general properties of
pusTYCOLLAPSES. Finally, I discuss the caveats and prospects of this study.

In Chapter 5, I extend the monofluid formalism in the terminal velocity approximation
to the dynamics of mixtures composed of both neutral gas and charged solid particles.
After a presentation of the formalism, I describe the main dynamical regimes that are
implied by the additional decoupling terms it holds. Finally, I give some astrophysical
prospect in the context of the protostellar collapse, protoplanetary and the interstellar
medium.

In Chapter 6, I present some preliminary work in which I explore a model of chondrule
formation in weakly ionized protoplanetary disks. After an introduction of the essen-
tial theoretical knowledge of protoplanetary disks, I introduce unstratified and stratified
shearing box calculations that include multiple dust species. These models are also com-
puted with my dust solver and the RAMSES code.

Finally, in Chapter 7, I summarize my thesis and present the most direct prospects of this
work.
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CHAPTER 2. GAS AND DUST HYDRODYNAMICS

IN THIS CHAPTER, | describe the dynamics of neutral dust grains. I first pay attention to the
interaction between a single grain and a surrounding gas. After that, I review dust dynamics
in a hydrodynamical context. Finally, I extend this formalism to the dynamics of neutral dust
in a MHD frameworks. This chapter is mainly bibliographic although I use the notations and
include additional terms that I introduced in my refereed paper Lebreuilly et al. (2019) and
present some of my unpublished recent developments.

2.1 Single grain dynamics

2.1.1 Assumptions

Spherical compact grains To approach the dynamics of dust grains, I base myself on an
approximation that considers the dust grains as small spherical and compact particles of radius
Sgrain» MASS Mgrain, and intrinsic density pgrin. The spherical grain approximation is a first step
toward a realistic treatment of dust dynamics and will be further questioned in future works.

Interaction with the gas particles The dust particles are colliding with the gas particles and
couple to the mean flow. However, it is the imperfect nature of this decoupling that controls
the differential gas and dust dynamics. We usually neglect grain-grain collisions.

Epstein regime Another important assumption is that the grain sizes are smaller than the gas
mean free-path A, this will allow us to derive the so-called Epstein drag-force in section 2.1.3.
More precisely, I consider that sgp,in < g/lg. The mean free-path of a gas is given by

1
Ag = , 2.1
NgUTcoll

where ng is the number density of the gas and o its collision cross-section. Assuming a
cross-section that is of typically the surface of a H, molecule, we get oo = 2 X 1071 cm™2.
Typically, in the diffuse ISM, ng ~ 1 cm™3 (Draine, 2011), assuming that the gas is mostly
molecular hydrogen we obtain in these conditions Ag ~ 5x 10'6 cm. In protoplanetary disk, the
typical densities are =~ 10'* cm™ which leads to Ag = 2 cm. Star forming regions (molecular
clouds, collapsing dense core) typically have intermediate densities between the diffuse ISM
and the protoplanetary disk and therefore considering Sgrain < %Ag is a valid hypothesis for the

typical grains sizes I aim to consider (sgrajn < 1 — 10 mm).

2.1.2 Useful definitions

In the next sections, we consider mixtures made of gas and dust particles. Let us define, the
gas density p, and its velocity v,. Similarly, I note pq and vq, the dust density and velocity. I
emphasize that pq is not the same quantity as the dust intrinsic density pgrin because of the large
distances between two dust grains. I define Av = vq4 — v, as the differential velocity between
the grain and the gas. I also define the gas sound speed c, its thermal velocity wy, = %ﬁ

where 5 = %ng, mg being the mean mass of the gas particles and T its temperature. Note that

Weh = 4 /ﬂ%cs where v is the gas adiabatic index.
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Grain coordinates

dS =5

peain SIN(0)d0dDe,.
Figure 2.1: Cartoon representation
of the grain coordinates. The polar
axis ey is chosen to be aligned with
the differential velocity between the
grain and the gas. 6 is the angle
between the surface element dS and
the polar axis and @ the angle be-
tween the surface element and the y-

ey axis. The grain radius is Sgrain.

2.1.3 Epstein drag force

First, let us examine the fate of a single grain within a gas of density p,. It exchanges mo-
mentum with the surrounding gas molecules through microscopic collisions. In this section, I
demonstrate the Epstein law (Epstein, 1924). Let us assume that

® Mgrain > Myg.

The collision between the gas and the grain are specular, which means that the velocity
of the gas particle after a gas-grain collision is orthogonal to the grain surface.

e Grain-grain collisions are neglected.

The grains are small enough not to disturb the local Maxwellian distribution of the gas
velocity, i.€. Sgrain < %/lg.

We place ourselves in the grain coordinates described in figure 2.1, the polar axis ey is
chosen to be aligned with the differential velocity between the grain and the gas. We assume

that the gas velocity follows a Maxwell-Boltzmann distribution, the probability dP for a gas
particle to have a velocity u € [u, u + du] writes as

dp = \/Ee_ﬁ"zdu, (2.2)
T

if we define ddi;’ as the collision rate on the surface element dS of particles with a velocity u, it
writes as

d
d—];’ = [u+ Avcos(0)] ngdPdS
B —ﬁuz
= [u+Avcos(0)]ng+/—e”" dudS, 2.3)
T

under the assumption of specular collisions and if Mg > mg, the momentum transferred
from a gas particle to a dust grain during one collision is given by

p = —2mg(u + Avcos (6))er. 2.4)
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Therefore, the momentum exchange rate between the gas and the dust grain i—f is written as
dp  dN
a - T
2 B g
= —2mg(u+ Avcos(0))"ng /=€ ™" dudS. (2.5
/4

The effective drag force Fyrae generated by those collisions must be aligned with the polar axis,
we can therefore write

Farag = —2my \/éngséramfex, (2.6)

where
I= jﬂ(u + Avcos (6))%e P du cos 0 sin 6d6dD. Q2.7)

We can the distinguish three different cases

e if u > Av, collisions can occur for any angle 6.
e if u < Av, collisions can occur only if Avcos 8 > —u.
e if u < —Av, no collision is possible.

We can thus decompose 1 as

2 +00 T
I = f do f duf (u + Av cos (9))26_5”2du cos 8 sin 6d9
0 Av 0

27 Av os‘l(AV )
+ f do f du f (u + Avcos (0))2e P du cos 6 sin 6d6. (2.8)
0 —Av 0

Computing these integrals yields (Laibe & Price, 2012b)
2

pgsgrain 1 —y? 2 1
5 (//+2—d/ eV 4|y +1_W Vrerf ()| ex, (2.9)

where ¢ = /SAv. For < 1, which means that the differential velocity is small compared to
the thermal velocity, we obtain with a first-order Taylor expansion (Epstein, 1924)

Fdrag = - ﬁ

4
Farag = =3 70e S rain @AY, (2.10)
which can be rewritten as
Mo
Fing = ———— AV, @.11)
ts,grain

where we define the stopping time of the grain #; grain. It is the typical time required by the dust
grain to adjust its dynamics to a change in the gas velocity. The grain stopping time is given by

S
Is,grain = ,/%piam g;am, (2.12)
g s

where ¢ and y denote the sound speed and the adiabatic index of the gas, respectively. The
Epstein regime is a particular case of a linear drag regime.

Large and dense grains are less coupled to the gas. If ¢y and p, increase, the coupling of
the two phases becomes more important as the collision rate between gas and dust particles
increases. The opposite drag force applies on the gas particles because of the total mixture
momentum conservation.
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2.1.4 Kwok correction

In star forming regions, the soundspeed can be very low because the gas is usually cold
(Tg = 10 K). It is thus interesting to investigate the Epstein drag force when ¢ > 1. In
this approximation, we can do a first-order Taylor expansion of equation (2.9) in l/l/ We then
obtain the following drag force

Fdrag = _ﬂpg SérainAVAV. (2 13)

By interpolating between the ¢ > 1 and ¢ < 1, Kwok (1975) has shown that a good approxi-
mation for the stopping time in supersonic regime is

Y
Ty Pgrain Sgrain 9 2

tsk = 4] — 1+ M , 2.14

S 8 pg ¢ ( 1287" ¢ ) @.14)

where My = |Av| is the differential velocity Mach number. For small values of Mg this stopping
time converges to the value given by the Epstein regime, it is thus convenient to use it for any
value of M.

2.1.5 Stokes regime

If the dust grains are larger than %/lg, they can perturb the local Maxwellian distribution of the
gas and we enter in the so-called Stokes regime were

1
Firag = — 3 C dragnsgramAvAV (2.15)
Curag being a piecewise function of the Reynolds number Rd, the ratio between the inertial and
viscous forces. Cyryg Writes as

24Re”!if Rd < 1,
Carag = 1 24Re™*0if 1 < Rd < 800, (2.16)
0.44 if 800 < Rd.

One can show that, for a highly turbulent media (Rd > 1) !, the Stokes drag force is equal
to the Epstein drag force when sgpin = g/lg. We note that in protoplanetary disk, as explained
earlier, only grains larger than a centimeter have sgrain > g/lg. Therefore in the remaining of the
manuscript I will only place myself in the Epstein regime and, if needed, consider the Kwok
correction.

2.2 Fluid approach

In the aim of modeling the collective effects of dust grains, I now introduce the fluid approach
for gas and dust mixtures. A continuous fluid description of the dust being way more feasible
than treating the grains independently with a N-body approach.

2.2.1 Continuous fluid approach

For a continuous fluid approach to be valid, one must be able to average the physical quantities
such as the dust density, momentum, etc... over control volumes V* = L*? that are sufficiently

'which is typically the case in astrophysical flows
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large to be statistically meaningful, but still small compared to the macroscopic scale of the
system L?nacm. The so-called mesoscopic scale L* must verify the condition Ly < L* <
Lmacro for the fluid approximation to stand. The microscopic scale is the typical scale at which
particles interact. Dust grains are extremely massive compared to the gas molecule but much
less numerous, so grain-grain collisions are extremely rare. Furthermore, the dust fluid, when it
can be defined, can be considered as pressureless in most cases. The unfortunate consequence
is that, without any gas, the microscopic scale of the dust is likely to be very large. Fortunately,
gas-grain collisions are likely to be much more frequent than grain-grain collisions and they
therefore set the microscopic scale when they damp the velocity spread of the dust quickly over
a dynamical timescale. In the case of a moderately to strongly coupled gas and dust mixture
one can then consider that Lyjco = Ag Which is the same scale as for the gas. It is therefore as
legitimate to model the dust with a continuous approach as it is for the gas, provided that they
couple via the drag force.

2.2.2 Bifluid formalism

A usual model for gas and dust mixtures consists of two fluids interacting via the drag term
(Saffman, 1962). Although modeled as a pressureless fluid, the dust feels the forces exerted
on the gas via the drag force. The bifluid formulation of gas and dust mass and momentum
conservation writes

df% = —pg(V-vy),
W V),
pg% = =VPg + pofy + pof + KAv,
pd% = pafq + paf — KAv,
deee _ —EV-Vg+£AV-Av, (2.17)
dr Pg Pg

where Av = vy — v, is the differential velocity between the two fluids; f is the specific force
acting on both gas and dust; and f, and fy are the specific forces, drag and pressure force
excluded, affecting the gas or the dust, respectively. In the rest of this section, unless specified,
I assume the hydrodynamical case where f; and f4 are zero, and f is either zero or the gravity
force. The gas pressure P, is given by Py = (y — 1)pge,, e being the gas specific internal

d _ 0 + (Vg . V) differs from the dust derivative % = 2 + (vq-V).

energy. The gas derivative 3+ = & o =5
The drag force was obtained by integrating equation (2.11) over a mesoscopic control volume
and assuming a locally homogeneous media. The drag coeflicient K is defined as

K = PP (2.18)

pts

where the fluid stopping time, simply called stopping time hereafter, differs from the grain
stopping time as the dust grains only represent a small fraction of the volume (Laibe & Price,
2012a). It is defined as

o
Is = _gts,graina (2.19)
0

p = pq + pg being the total density of the gas and dust mixture.
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2.3 The monofluid formalism

Alternatively, it is possible to model the gas and dust mixture as a single fluid or monofluid
made of multiple phases and with a total density p (Laibe & Price, 2014a,b). In this section, I
first derive the full one-fluid/monofluid set of equations for one dust species.” Then, I present
the diffusion and terminal velocity approximation which are ways to simplify the monofluid
equations for strongly coupled gas and dust mixtures. Finally, I then present the extension of
this formalism to multiple species that was first introduced in Laibe & Price (2014b).

2.3.1 Definition of the monofluid quantities

The monofluid is moving at the mixture barycentric velocity v defined as

PgVg + PdVd
Pg + pd '

\4

I also define the dust ratio

Pd
€= —,
P

_ P

which must not be confused with the dust-to-gas ratio 84 . Using these new monofluid
g

quantities, it is straightforward to write
Vo =V—€AV; Vg =V + (1 —€)Av; p;, = (1 —€)p; pa = €p.

A new Lagrangian derivative % =9

= 7+ (v- V) has to be defined to develop the monofluid set of
equations

2.3.2 Monofluid formalism
Total mass conservation

Let us first focus on the total mass conservation equation. In their conservative formulation,
the gas and dust mass conservation equations are written as

Opg

E +V'(ngg) = 0,

b

% +V-(oava) = O, (2.20)

using the new monfluid variables we can write these equations as

%+V-[p(l—e)(v—eAv)] = 0,
%+V-[pe(v+(l—e)AV)] = 0. (2.21)

Summing these two equations allows to straightforwardly obtain the mass conservation equa-
tion

% +V-[pv] = o0, (2.22)

2The demonstration are tedious, but relatively straightforward and can be left for a second reading, to emphasize
on the results, the final equations are boxed.
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which, with a Lagrangian formulation is written as

do _ '
pri o(V -v). (2.23)

Unsurprisingly, the total mass of the gas and dust mixture is strictly conserved.

Total momentum conservation

I now aim to derive the total momentum conservation equation. As for the mass conservation,
it is easier to demonstrate it in the conservative form. In this form, the momentum conservation
equations of the gas and dust fluids are written as

apagtvg +V. [pgvg ® vg] = =VP; +p.f + KAv,
% ;Vd +V-[pava®va] = paf — KAV. (2.24)
Summing the two equation, we obtain
M + V- [pgVg ® Vg + paVa ® V4] = —=VPg + pf, (2.25)

ot
switching to the monofluid variables and rearranging the order of the terms yields

0
asz b V(1= vev+peve v+ p(l — AV ® AV + pe(l — €)*Av ® Av]
+ V [—pe(l-€e)(VIAVHAV® V) + pe(l1 —e)(VRAV + Av® V)]
= —VPy +pf. (2.26)
Simplifying all the terms, we get
opv
o + V-[pv®V+pe(l —e)Av® Av] = —VP, + pf, (2.27)
which using, the total mass conservation equation, yields the Lagrangian form
d vp 1
&t f__V. (e(l - ©)pAV D AV). (2.28)
dr p P

Dust mass conservation/Dust ratio evolution

From equation (2.21), we can easily deduce the mass conservation equation from the dust. It is

written as
0
aif + V- [pe(v + (1 — ©AV)] = 0. (2.29)

To obtain the Lagrangian formulation of the dust ratio evolution equation, one has to develop
the derivatives and linear operators of equation (2.29) in the following way

e% +p§ +pV-ev+eV-pv==V-[pe((l - €)AV)]. (2.30)
Using equation (2.22), we easily get
p% +pv-Ve ==V [pe((1 — e)AV)]. (2.31)
With a Lagrangian formulation, the former equation yields
i—i = —/%V- (e(1 — e)pAv). (2.32)
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Differential velocity evolution

The total momentum equation is not sufficient to constrain the evolution of the gas and dust
velocity as we also need to now how the differential velocity evolves. I now derive its evo-
lution equation. No convenient conservative formulation has been found for this equation yet
as the drag force constantly exchange momentum between the gas and the dust, I therefore
demonstrate the evolution equation directly in its Lagrangian form. In this approach, we have

d,v VP K
L& - __f.fy —Av,
dr P Py
K
dava _ o Ko (2.33)
dr od

By subtracting these two equations we get

ddVd _ dng _ VPg _ Kpd +pgAV

dr dr Pg PdPg

(2.34)

Switching to the monofluid variables leads to

€A

(1 — OAV-V)(V + (1 — ©)AV) — dv - eAv

dv+ (1 - 9Av S (v TN - AV
VP, 1

dr

- o - Koo e)eAV’ (2.35)
this can be further simplified as
dAv
G + (Av-V)v+ (1 — e)Av- V)((1 — €)Av) — (eAv - V)(eAV)
L S (2.36)

Av,
Pg p(l —e)e

At this state, we already have an evolution equation for the differential velocity. It is however
interesting to go further in the development. Let us thus work on the (1 — €)Av - V((1 — €)Av) —
€AvV(eAv) term that we call X. Using the vector identity (A - V)A = %V(A.A) —AX(VXxA),
we find

X = —%V((2e — DAV.AV) = (1 — ©)AV X (V X (1 = ©)AV)) + €AV X (V X ((€AV)).

We can now, using the fact that K = ‘w, show that

dAv VP, Av
— =& (AV-V)V + fhie + Aw. 2.37
a d—ep I (AV - V)V + fice w ( )

The term Aw was absent in the previous literature and I recovered it in Lebreuilly et al. (2019).
The new and now complete formulation introduced here holds a physical meaning, it presents

e A friction force fic = %V ((2e = 1)Av - Av).

o A differential vorticity term Aw = (1 — €)Av X (V X (1 — €)Av) — €Av X (V X €Av).
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Energy conservation

The last monofluid equation to derive is the gas energy conservation equation, which is the
most straightforward to demonstrate. With a bifluid formalism, this equation writes as

% = —EV Vg + EAV‘AV, (2.38)
dr Pg Pg
the monofluid formulation is obtained simply by changing the variables as
L (Av-Vie, = —— E Y. (v eAv) + EAv-Av, (2.39)
dr p(l—¢) fs

and then rearranging the terms to finally obtain

de P Av-A
d_tg = _p(l f e)V‘ (V—€Av) + (eAV-V)e, + € Vts V. (2.40)

In addition to the differential advection terms, this equation presents a heating term €AY n AV due
to the gas and dust friction.
Summary

Finally, in the Lagrangian form, the conservation of mass and momentum energy for the mix-
ture and of the gas internal energy writes

dp
= = —p(V-v),
” p(V-v)
d VP 1
o B 1V (el - pAV® AY),
dr P P
d 1
€~ LIV (el - epAv),
dr P
dAv VP, Av 1
= —— —(AV-V)V+ =V ((2e - DAV-A
P I-ep & (Av-V)v 3 ((2e = 1AV - Av)
+(1 — ©)AV X (V x (1 — €)AV) — €AV X (V X €AV),
deg Py Av - Av
= = —p(l_e)V-(v—eAV)+(6AV-V)eg+6 ts. (241)

At this point, the monofluid approach is a dual reformulation of the dust and gas fluid
equations (2.17). However, it may be much more convenient for numerical simulations when
using Lagrangian particles since it requires only one resolution scale (the mixture resolution)
and it avoids the artificial trapping of dust particles (Laibe & Price, 2014a). Note that this
system must be closed by a gas equation of state.

2.3.3 Stokes number

At this stage, it is necessary to introduce a very useful dimensionless quantity called the Stokes
number. It is defined as

St = (ts/tayn) (2.42)

where 74y, is the dynamical timescale of the system considered, e.g. the free-fall timescale
during a protostellar collapse, the orbital time in a protoplanetary disk, or the crossing time in a
molecular cloud. The Stokes number is useful to evaluate the strength of the coupling between
the gas and the dust. Two limiting cases can be identified
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e St <« 1, the stopping time is very small compared to the dynamical timescale of the
system and the dust fluid adjusts very quickly to the gas structure. The coupling between
the gas and the dust is strong.

e St > 1, the dust grain does not have the time to feel the gas during a dynamical timescale
and the coupling is weak.

I will now focus on the strong coupling (or strong drag) regime which is the most relevant
regime in star formation (see Chapter 4 for the justification).
2.3.4 Diffusion approximation

Laibe & Price (2014a) have shown that, for a strong drag regime, two simplifications can be
made. In the so-called diffusion approximation, ||AV2 / v2||, “AV ® Av/v
and ||AV X (V X eAv)/ v2|| are second-order in Stokes number °. System (2.41) reduces to

gl

dp

- - V.

i (V- v),

d VP

S

dr P

d |

C€ — 2V (pe(Av — eAv)),

dr o,

dAv VP, Av

ave 2 Avev

dr Aep 7 Wow

deg Pe g yvi(eav-v) 2.43
- + .
” p(l—e) V+ (eAV-V)e,. ( )

The errors caused by the diffusion approximation are marginal as long as St << 1. We note
that the first-order term — o= E)V (eAv) in the energy equation must also be simplified ow-
ing to energy conservation, as explained by Price & Laibe (2015) in their second footnote.
Another approximation known as the terminal velocity approximation (Youdin & Goodman,
2005; Chiang, 2008) can be made when St < 1. In this case HdAV / AV and H(AV Vv/ (AV)
are transitory terms, and are thus neglected. A consequence of the termlnal velocity approx-

imation for linear drag regimes is that the differential velocity directly depends on the force
balance

VP,
(I-ep
It should be noted that this expression can change if other forces apply on the dust or

the gas, e.g., the radiation or the Lorentz forces (see section 2.3.8). In the terminal velocity
approximation, we finally obtain

Av = {4

dp

o - V-

ar p(V-v),

d vpP

&Yoo ——f4,

dr )

de

a = —/—)V (etSVPg),

deg Pg v VP v
— = - v+ |erg—E—- .
di p—o T\ TU—ep )

3 |I.]l indicates the L2 norm of either a tensor or a vector
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The two first equations are identical to pure hydrodynamics when only gas is involved. The
third equation describes the evolution of the dust ratio. Using a conservative formulation, it can

be expressed as an advection equation
tsVPgy
peE|V + =0. (2.44)
0

In this formulation, the equation is almost identical to mass conservation but with a different
advection velocity due to the dephasing between the dust and the barycenter. The specific
internal energy equation is similar to pure hydrodynamics with an additional term that accounts
for the back-reaction of dust on the gas.

ope
Ly,
ot "

2.3.5 (N + 1) phase mixtures

In the diffuse interstellar medium or in protoplanetary disks various grain sizes can coexist. It
is therefore more realistic to simultaneously consider several dust species in order to reproduce
the observed dust size distributions.

In this aim, the previous monofluid formalism has been extended to (N + 1) phase mixtures
with N distinct dust species and a gas phase (Laibe & Price, 2014c; Hutchison et al., 2018).
They show that, in the diffusion approximation the monofluid set of equations writes

L= v,

d_V = —ﬂ+f,

dr Jol

de _ —lv-(ekTskvp) Vk € [1,N]

dr fel rOED T

deg P V'v+(87’&~V)e (2.45)
dr p(l - &) A-&p ¥ ‘

where ¢ is the dust ratio of the phase k and T is the effective stopping time of the dust phase
k defined as

N

Is k €
Ts,k = - Z L1,
1- €l = 1- €]

where #;; is the individual stopping time of the phase k. The Z;\z/ ! lf—’qts,l term accounts for the
interaction between dust species that is due to their cumulative back-reaction on the gas. I also
introduce the total dust ratio

and the mean stopping time

~
1]
—_

The gas and dust densities are simply given by
pe = (1-Op,
Pdk = &pP.

When N =1, system (2.45) reduces to the formulation for a single dust phase.
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2.3.6 Conservative formulation

Combining the different equations with mass conservation in the Lagrangian frame, co-moving
with the barycenter, leads to the formulation of the system of equations in a conservative form

op
V. =0
ot +V-lpvl ’
dpv
T +V. [P ]I+p(v®v)] = of,
0 T.«VP
_,Dd k +V- Pd.k (V + ok g)] = 0,
ot 0
OE ETs VPy Py
—+V-|(E+P = — 2.4
oV [(E+ Py =5 yo1|° (2.46)

where pqy is the density of the dust phase k, E = %pv2 + p(1 — E)e, is the total energy of
the mixture and I is the identity matrix. We note the presence of a source term in the energy
equation that comes from the fact that, if the kinetic energy flows at the mixture velocity, the
gas internal energy is still advected at the gas velocity. This term is non-dissipative.

2.3.7 Gas and dust sound waves: dustywaves

At this stage, it is important to linearly perturb the equations in order to analyze the waves
propagation in a gas and dust mixture (pusTywaves from now on). This development was made
in Laibe & Price (2011, 2014a) for one dust species and in Laibe & Price (2014b) for multiple
species.

For simplicity, I demonstrate the dispersion relation in an isothermal 1D case without any
exterior force (f = 0). For any quantity A, we note Ay its background value and 6A its perturbed
value. We suppose an uniform background state with an initial barycenter velocity set to zero.
In this context, the perturbed conservation equations are written as

06p 00V,
— = 0
ot *po Ox ’
aévx 66p 008
1-8)—-po—| = 0O,
iy ol( o) Po ax]
dse 525 #0E
po + oTooeco | (1= €05 F —po = 0. (2.47)
ot Ox?
Summing the last equation over all the dust species we get
36& ) 62(58
P + oTso€o [(1 ~&) =7 G 0 ] - 0. (2.48)

The perturbation relation thus depends only on the mean properties of the dust fluid. Consid-
ering linear perturbations of the type A o e/l**~“/1 we finally obtain the dispersion relation of
the DUSTYWAVE

w? +iE0Tsoc ko w — cZ k> (1 = &) = 0. (2.49)

A first-order development of the solution of this equation in w7y is particularly interesting
and holds most of important effects for strongly coupled mixture (Laibe & Price, 2014a). We
therefore approximate the dispersion relation as

w = theso 1 — &g — %SOTS’ocf’Okz. (2.50)
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The pusTYWwAVE can be interpreted as a modified soundwave that propagates at a modified sound
speed ¢ = cs50 V1 — &p and is damped by the drag between the gas and the dust at a rate that
increases with the stopping time, i.e. the grain size. This conclusion is valid only for strongly
coupled mixture. If the initial Stokes number is large compared to 1, the coupling is poor and
the damping disappears (Laibe & Price, 2011).

Solving exactly the perturbation relation for the full monofluid set of equations is not diffi-
cult, but tedious, as it requires to determine the roots of a cubic polynomial. The method was
first presented in Laibe & Price (2011). In their work, they provided a numerical solver that I
use in Chapter 3 to test my numerical implementation of dust dynamics.

2.3.8 A more general case: Individual forces

Let us now consider a more general case where individual forces apply on the gas and the
different dust species. These forces are denoted as f, and fy4, respectively. The monofluid
development and diffusion approximation can be made as in the previous section. Laibe &
Price (2014a) have shown that in this case, the differential velocity between the dust species k
and the gas is given by

N

Isk
for—f5 — €i(fa;—1y)]. (2.51)
—& dk ~ g ;J dj—1Ig

AVd’k = 1

considering that the dust velocity is written as

M

Vak =V+Avar — ) €Avyj, (2.52)

J=1

Let us now push further the derivation to get the set of hydrodynamical equations in this case.
Using equation (2.52), defining the differential velocity with the barycenter wi = vq; — v, we
easily find that

wk = —Tsp(1-E)f,

i=1

The dust mass conservation equation is given by

Ipak

e + V- [pax(v+wy)] = 0. (2.54)

The total momentum equation is also modified and is now written as

dpv

el V- [p(vev)] =pf+pfs+ z;.V: L Pd,jfa ). (2.55)

The energy equation cannot be derived in the case because the energy E depends on the
forces that operate, e.g. in the presence of a magnetic field £ = %pv2 +p(1 - Eeg + BTZ (see
section 2.4.5 for the derivation with a magnetic field).
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2.4 Non-ideal MHD with neutral dust grains

2.4.1 Introduction

In this section, I propose an extension of the monofluid formalism to include the dynamics of
neutral dust grains in non-ideal magnetohydrodynamics (NdustyNIMHD), similar to what was
presented by Fromang & Papaloizou (2006); Riols & Lesur (2018) with single dust species and
without considering the cumulative dust back-reaction.

A new force, the Lorentz force must be introduced. As the dust grains are neutral, they are
not sensitive the this force. However, as in the hydrodynamical case, they indirectly feel this
force via collisions. The demonstration of this formalism is very similar to the hydrodynamical
case and I therefore only present the equations with some indications on how to derive them.

2.4.2 Momentum equation

The plasma/gas now feels the Lorentz force and therefore the momentum conservation equation
writes

0
LV+V'

BZ
o (Pg + 7)]1+,o(v®v) _BeB| = pf. (2.56)

This equation is exactly the same as the dust-free equation and is again simply obtained by
summing all the momentum equation. By summing the Lorentz force of all the charged species,
we find as in standard MHD that the barycenter feels a force J X B. This force can still be
decomposed in a magnetic pressure term and a magnetic tension. Note that the classical MHD
equations already are monofluid equations (see the review by Teyssier & Commergon, 2019),
although they neglect the dynamics of any species in the barycenter frame. More detail on the
subject can be found in Chapter 5.

2.4.3 Differential velocity

To determine the differential velocity between a dust species k and the barycenter, I use equa-
tion (2.53). The Lorentz force can be written as f;, = p(Jf—_B& and thus wy is given by

_ L IXB 2.57
Wi = Tok——— (2.57)

which, in MHD, is equivalent to

VP, — (VxB)xB

wi = Tsx (2.58)

Contrary to the hydrodynamical case, the neutral dust grains in a magnetized environment do
not simply drift toward pressure bumps but rather to regions where (V X B) x B = VP,.

2.4.4 Induction equation

The induction equation is written as

OB
= TV [ve XB| = -V X Ey, (2.59)
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where I recall that E, = E — v, X B, here g refers to the neutral phase of the plasma (dust
excluded). Accounting from the fact that the gas velocity differs from the barycenter velocity
yields

oB 1 ¥
5 VX (v—m;ekwk]xB = -V x Ey,. (2.60)

We note that if the back-reaction is low, when Iﬁg >k €Wkl << |v|, we obtain again the non-
ideal MHD induction equation

aa—]:+Vx[v><B]=—V><Eb. (2.61)

2.4.5 Energy equation

As said before, the derivation of the energy equation must be done specifically when a magnetic
field is considered as the energy now writes E = %,ov2 +p(1-=E)eg + B;. Without back-reaction
the energy conservation equation is also the same as in non-ideal MHD and writes

1
o +V-[(E+Py)v—BB-v)] = pf - v+ pAes, (2.62)
where A5 = J - Ey is the non-ideal resistive heating source term.

If we now consider back-reaction, the derivation of the energy equation becomes more
complicated. Energy conservation imposes that

dE

— =0 2.63

i (2.63)
We now define the kinetic energy Fyin, = %pvz, the internal energy Ejy = p(1 — E)eg, and the

. 2 o . .
magnetic energy Epae = BT. The three derivatives of the energies are given by

Ein
dd‘; = —VVPy+pv-f+v-(JxB)
N
dEil’lt 1
i —P;V-v—(1-8)egV-pv+V- m;qwkeg)
dEmag—B B-V B(V VxEy+V L B 2.64
— = B |BY)v-B(V-v)-VxE+Vx l_ag(ekwk)x . (2.64)

The magnetic energy can be further simplified as B -V x (ﬁ Yilerwk) X B) = 0. Summing
all the terms, and using the same method to rearrange them as in standard MHD, we obtain the
energy conservation equation. It writes as

oL | v. [(E+P,)v-B®B-v)]=V-

% +of -V + pAes. (2.65)

P, 1 ¥
g ZE
—= Wk
7_11_8k:1
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2.4.6 NdustyNIMHD

Here, I summarize the equation of NdustyNIMHD, they write as follows

dp

LT v = 0
c’)t+ lov] ’
B2
A Py+—|I+pvev)-BeB| = pf,
ot 2
B
%+V-[pd,k(v+wk)] = 0,
t
OE P, 1 &
5tV (E+ Py -BB -] = V- y_lm;ekwk +of -V + pAres,
N
OB 1
4V - B| = -VXE
ot + V X [V 1_8;Ekwk)x X B,
V.B = 0. (2.66)
where
VP, — (VXB)xB
Wi = Tk . (2.67)

P

Fortunately, these equations are rather similar to the non-ideal MHD equations especially when
we make the hypothesis that |ﬁ Dk Wkl < |Vl

As a first step toward correctly treating the dynamics of neutral grain in a magnetized envi-
ronment it is interesting to only consider the modification in the differential velocity between
the gas and dust show in equation (2.67). The additional terms of the induction equation are
likely to be small compared to the others for strongly coupled mixtures. In this case, the differ-
ential velocity between the gas and the dust must be small compared to the barycenter velocity.

2.5 Summary
In this Chapter, I introduced the reader to gas and dust differential dynamics. In short:

1. Irecalled the dynamics of a single dust grain embedded in a neutral gas.

2. I established that collective effects of dust grains could be well described with a multi-
fluid approach.

3. I have later shown that this multifluid can be reformulated without approximation as a
monofluid composed a gas and a dust phase.

4. I have shown that great simplifications could be made for tightly coupled gas and dust
mixtures in the so-called diffusion and terminal velocity approximation.

5. Ipresented the extension of the previous formalism to multiple dust species.

6. I presented the monofluid set of equations in the case of neutral dust grains in a weakly
ionized plasma (NdustyMHD).
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CHAPTER 3. NUMERICAL METHODS

IN THIS CHAPTER, | introduce the RAMSES code (Teyssier, 2002). This code solves the self-
gravitating radiation-magnetohydrodynamics equations and is a very popular tool for astro-
physical or cosmological simulations. After introducing RAMSES main features, I present the
RAMSES module that I developed in order to be able to treat dust dynamics with multiple grain
species. In the last part of this chapter, I perform several tests to benchmark my implementa-
tion. This work was mostly presented in Lebreuilly et al. (2019).

3.1 The RAMSES code

3.1.1 RAMSES

The RAMSES code (Teyssier, 2002) is a finite-volume Eulerian code that integrates the equa-
tion of hydrodynamics in their conservative form on an AMR grid (Berger & Oliger, 1984)..
Among others applications, it has been extended to magnetohydrodynamics (Teyssier et al.,
2006; Fromang et al., 2006; Masson et al., 2012; Marchand et al., 2018), radiation hydro-
dynamics (Commercon et al., 2011; Rosdahl et al., 2013; Commercon et al., 2014; Rosdahl
& Teyssier, 2015; Gonzdlez et al., 2015), and cosmic ray and anisotropic heat conduction
(Dubois & Commercon, 2016). I extended it to the treatment of dust dynamics in Lebreuilly
et al. (2019).

3.1.2 Hyperbolic formulation of hydrodynamics

For simplicity, the hydrodynamical version of RAMSES is presented at first. It solves the Euler
equations of a pure gas in their hyperbolic form

0
a—[[tj +V-F®U) =0, 3.1

the state U vector and flux F vector being

U
F(U)

(pg’Png’ Eg) )
(pgvg,p;o,vg ® Vg + Pl vo(Eg + Pg)),

where I is the identity matrix and E, = %pgvg2 + pgey is the total energy of the gas. We note
that the equations of hydrodynamics are hyperbolic only when there are no source terms such
as the gravity. When introducing a non-hyperbolic source term, the former equation can be
written as

ou

m + V-F(U) = SU). 3.2)

Let us now consider the case were S(U) = 0. For a 1D problem integrated over time (for

t € [0,T]) and space (for x € [Xjef, Xrignc]), the previous system is written as

Xright T
[ @y -vonars [ (Fom - Foiw)dr =0, (3:3)

Xleft

3.1.3 Godunov scheme

Finite-volume methods are based on the estimation of the average of U over the cells. Equa-
tion (3.3) shows that, with this approach, the evolution of the state vector is constrained by the
fluxes at the interfaces of the cells.
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RAMSES uses a second-order predictor-corrector Godunov method (Godunov, 1959) to up-
date U. At the timestep n for a cell i, any physical quantity A is discretized as

Alx, 1) — Al

Cell interfaces are denoted with half integer subscripts, e.g, i + 1/2 for the interface between
the cell i and i + 1. Similarly, half timesteps are also denoted with half integer superscripts, e.g,
n + 1/2. For a cell of length Ax and a timestep At, the scheme writes

At

n+l _ o _ n+1/2  n+l/2 ab
Ut = U - (F, F )Ax,

i+1/2 i-1/2 (34)

where the discretized fluxes ]F;:l] /22 =T~ ([U?, U;’_l) are the solutions of the so-called Riemann
problem at the interfaces.

3.1.4 Riemann problems

Pg left
I - O E . -'
|
[ |
|
|

a = = = =
Py left

P, g right

>
X

Figure 3.1: Cartoon illustration of a Riemann problem with a density discontinuity (shock-
tube). (Left) initial state. (Right) Density after an arbitrary time, the three characteristic waves
(rarefaction, contact and shock) propagate and two additional states are produced.

A Riemann problem occurs when there is a discontinuity of the hydrodynamical variables
at the interface between two control volumes (see figure 3.1 for a cartoon illustration of a
Riemann problem). Numerically, a Riemann problem is solved by determining the value of
F* (U?, U;?_l). One first needs to estimate the characteristic wave speeds of the system. In that
goal, equation (3.1) can be reformulated as
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oU

— +JV-U=0, 3.5

5 J (3.5)
where J is the Jacobian matrix of F(U), its eigenvalues are the characteristic wave speeds. In

the hydrodynamical 1D case, it is written as

0 1 0
-3
J= e s G-Yvexr -1 |, (3.6)
¥23 _vePse 32y 0 7B v
2 Vex T o) 2 Yex T p-n YVex

this matrix is quite hard to handle as it is but, fortunately, equation (3.5) can be written in terms
of so-called primitive variables' V = (pg, Vg, Pg) as

ov
— +AV.-V =0, 3.7
o (3.7

where A is similar to J and therefore has the same eigenvalues. A is written

Vexr pg O
A= 0 vex o | (3.8)
0 yPg vgx

One then find that the three eigenvalues A; j¢[1,3) of A (and therefore J) are

Vg x — Cs,
Aiie[13] =1 Ve (3.9)
Vg x + Cs,
Cs = yp—izg being the gas adiabatic soundspeed. In this simple hydrodynamical case, the infor-

mation travels at three different wave speeds. There is an expansion wave at v, , — ¢, a contact
discontinuity wave at vy, and a shock wave at vg , + ¢5. Assuming two initial states Uje, and
Uignt, two additional states Ul’é ft and [Ugght are expected to form while these three waves propa-
gate (see figure 3.1). The second step to solve a Riemann problem consists in determining these
additional step. Then one must estimate the flux at the interface between the control volumes
F* (Uleft, Uright, U]th, U:i(ght)'

3.1.5 Approximate Riemann solver : The HLL case

It is possible to numerically find an exact solution of a Riemann problem, however it comes
with a great computational cost (Toro, 2013). A way to overcome this difficulty is to use an
approximate Riemann solver such as

e The Roe solver that uses the linearized Jacobian matrix to estimate the states in each
domain.

e The Lax-Friedrich solver that considers only two waves of opposite direction propagat-
ing at the highest of the three characteristic speeds. As a consequence, it also considers
an intermediate state known as Uy;.

e The HLL solver also consider two waves but with different speeds. It thus also introduces
an additional intermediate state which is Upy.

Ithat can be expressed in term of the conservative variables
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Figure 3.2: Space time di-

agram illustrating the Rie-

[IJ [IJ mann problem in the HLL

. case. Sief and S igh are the

left I'lght two characteristic speeds

of the problem. Uy is the

intermediate state. Note

e that with the HLL solver

x Seft # Sright is possible, as
illustrated here.

e The HLLC solver, a modification of HLL that restores the contact wave and therefore
consider the four states presented above.

For simplicity, I explain here how the HLL solver works. In this approach the state vector
is written as
Ulefe if 7 < Steft,
U =14 Unpif Steft < 7 < Sright, (3.10)
Uright if )7( 2 Sright,

where Siere and Signe are the two characteristic speeds of the problem? (see figure 3.2 for a
space time diagram illustrating the HLL Riemann problem). It is easy to show that

Xright
f U(T)dx = (TS e — Xteft) Utege + (TS right — 'S left) Upn + (xright =TS right) Uright, (3.11)

Xleft

which, using equation (3.3) yields

U S tightUright = SteftUlete + Flefe — Frighe
hit =

) (3.12)
S right = S left

where Fiere = F(Ujere) and Frighe = F(Uyign). Applying the Rankine-Hugoniot condition at the
left-hll interface when Sjee < 0 < S (igne One can show that

Fuit = Freft + Steft (Unit — Ulert) (3.13)
which, using the expression of Uy, leads to

SrightFleft - SleftFright + SteeS right([Uright - Uleft)

S right — S left

Fun = (3.14)

Znot to be confused with the source terms S
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The final value of the flux at the interface of the control domain is then given by

Flege 1if 0 < Seft,
F* =< Fpy if Siere < 0 < Srighes (3.15)
Fright if 0> Sright-

3.1.6 The MUSCL scheme

Once the interface fluxes are estimated, they can be used to update the state vector according
to the Godunov method. In the first-order Godunov method, the state vector is considered
constant in a cell, which constitutes a piecewise constant approximation. To gain an order of
accuracy, one must adopt a piecewise linear approximation. The MUSCL predictor-corrector
scheme (van Leer, 1979), used in RAMSES, has been developed in that perspective. This scheme
consists in two successive steps

o The predictor step, during which the state vector is estimated at the left and right inter-
faces of the control domain using an estimate of its slopes in every direction and at half
timestep using equation (3.7).

o The corrector step, when the predicted state vector is used to compute the flux using an
approximate Riemann solver (e.g. HLL, HLLD, see section 3.1.5 for HLL)

Let us detail the predictor step (the corrector step simply follows section 3.1.5).

To perform the predictor step one can be tempted to use a central finite difference to esti-
mate the slope A,U of the vector step. Unfortunately, there is no insurance of preserving the
monotonicity with this estimate. To ensure its preservation, slope limiters must be employed.
They are designed to preserve the so-called total variation diminishing property (TVD, Harten,
1983). Defining the total variation as

TV(U") = ) IUL, - U7, (3.16)

the TVD condition is given by
TV(U™) < TV(UY). (3.17)
A classical example of slope limiters is MINMOD that is written as
aif |a| < |b| and ab > 0
AxUMINMOD = bif |Cl| > |b| andab > 0 (318)
0 otherwise ,
where a = U} - U?  and b = U7, | - U7.

Once the slope A, U is estimated using a slope limiter. U, the MUSCL schemes uses equa-
tion (3.7) to perform the predictor step. In the simple case of mass conservation, this equation
is given by

g _ _OPevex
ot ox
A discretization of this equation allows us to estimate pgl’.’jll /22 , which is the value at the left

boundary of the cell i and therefore at the right of the interface between i — 1 and i. It is written
as

(3.19)

1 At
nel/2
Peili)s =Pei = EAng? T 3Ax (Pg?Ang,X? + Vg,x;lePg?)- (3.20)

All the other variables (momentum and energy in the hydrodynamical case) are updated simi-
larly according to their evolution equation.
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3.1.7 Gravity

As explained earlier, gravity adds non-hyperbolic source terms to the equation of hydrodynam-
ics. In addition, the Poisson equation, that is not hyperbolic as well, must be solve to account
for the interaction between the mass distribution and the gravitational potential. In RAMSES, the
Poisson equation is solved either by the conjugate gradient algorithm or by a multigrid solver.
I do not details their implementation which are explained in (Teyssier, 2002, for the conju-
gate gradient) and (Guillet & Teyssier, 2011, for the multigrid solver). Typically, the multigrid
solver is more efficient than the conjugate gradient while the later is more robust.

Once the gravitational potential is determined at a time ¢ by one of the two available solver
one must add the source terms to the state vectors. In RAMSES, the gravity source term Sg:vfy
is computed as l

1 1 n n n n+ n+ n+
1/2 — V C
Sn:’ é[ . (0’ - (p 7V(25:l + ‘)g? 1V¢7 1) 1) 2 (pgi Vg,xi V¢t +pgi : g,X; ! ¢i 1)) ° (321)

This method, called the fractional step method (detailled in Toro, 2013), ensure the preserva-
tion of the second-order accuracy of the Godunov method. The modified Godunov scheme in
presence of gravity is

A
AL gz oy (3.22)

n+l _ n+1/2 n+1/2
Ut = Uy - (L - T )Ax i

i+1/2 i-1/2

3.1.8 Magnetohydrodynamics

I explained in the previous section how the hydrodynamical conservation equations are solved
in RAMSES. In star formation, magnetic fields are known to play an important role (Allen et al.,
2003a; Hennebelle & Teyssier, 2008; Commercon et al., 2010; Tomida, 2014; Tomida et al.,
2015; Wurster et al., 2018; Vaytet et al., 2018b; Marchand et al., 2019). Besides adding new
waves to the problem, MHD requires to solve the induction equation while ensuring that the
solenoidal constraint is preserved.

In both non-ideal and ideal MHD, the induction equation can be written as

0B
E—VXE—O, (3.23)

this equation is not hyperbolic. However, defining the magnetic flux over a surface S as ¢p =
JJs BdS, equation (3.23) can be formulated as

s 96
= @ Edl, 3.24
5 D (3.24)

we note that this equation preserves the magnetic divergence during the magnetic field evolu-
tion.

The finite-surface constrained transport method (Evans & Hawley, 1988) have been im-
plemented in RAMSES by Teyssier et al. (2006) to ensure the preservation of VB even after
discretisation. In that aim, the magnetic field is now defined at the cell interface while the
time averaged electric field components are evaluated at the edges of the interfaces. With this
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approach, equation (3.24) is discretized as follows

n+1/2 n+1/2 n+1/2 n+1/2

Bn+1 — B _ _
x,i—1/2,jk xi=1/2,jk 2,i-1/2,j+1/2,k 2,i-1/2,j-1/2k y,i—=1/2,jk+1/2 y,i-1/2,jk-1/2
At Ay Az ’
B"+1 _pB" n+1/2 _ n+l/2 n+1/2 _ nt+l/2
Vi, j—1/2,k xij—1/2k x,0,j—1/2,k+1/2 xi,j—1/2,k=1/2 zi+1/2,j-1/2.k 2i—1/2,j-1/2.k
At Az Ax ’
n+1 _npn n+1/2 _ pn+l/2 n+1/2 _ pn+l/2
Bz,i,j,k—l/Z Bx,i,j,k—]/Z _ Ey,i+l/2,j,k—l/2 Ey,i—1/2,j,k—l/2 Ex,i,j+1/2,k—1/2 Ex,i,j—l/2,k—1/2
At Ax Ay '

(3.25)

By construction, this discretization imposes V- B"” = V- B"*!. Hence to ensure the solenoidal
constrant in RAMSES, having V - B = 0 is enough.

As the electric fields play a role that is equivalent to the fluxes in hydrodynamics, they must
be estimated at the cell edges. A so-called 2D Riemann problem at the junction between four
states, left-bottom, left-top, right-bottom and right-top, must then be solved. For simplicity,
I chose not to detail the 2D Riemann problem and the approximate 2D Riemann solver that
follow the same principles, but with much heavier expressions, as the standard 1D case. In
short, the procedure to update the magnetic field is executed as follows

1 The values of hydro variables are estimated at the cell corners using 2D slope limiters.

2 The electric fields at the corners are estimated using an approximate 2D-Riemann solver,
e.g. HLL.

3 The magnetic fields are updated according to equations (3.25).

The induction equation is not the only change that is brought to the equation of hydrody-
namics in MHD. In ideal MHD case seven characteristic wave must be considered

e 2 Alfvén waves that propagates at the speed A = vy, + v,,

e 4 fast/slow magneto-sonic waves with 1 = vg , + \/ 2 +v)+1 \/ (c2 = v3)?2 —4chvi,,

e | contact discontinuity propagating at the speed A = vy ,,

where v, = ip is the Alfvén speed (Alfvén, 1942). The approximate Riemann solvers of
RAMSES have been extended to take the additional ideal and non-ideal-MHD waves into ac-
counts by (Teyssier et al., 2006; Fromang et al., 2006; Masson et al., 2012; Marchand et al.,
2018).

3.1.9 AMR grid

The AMR grid enables an accurate description of the regions of interest in the simulation box.
In RAMSES, the AMR grid is made of ofcs. They are groups of 2"4™ cells, where ndim is the
number of dimension of the simulation. Octs are tagged with a refinement level £ with a value
between ¢y, for the coarsest cells and €j,« for the finest. The length of a cell of level ¢ is

where Lpox 1S the size of the simulation box. For a uniform grid with an unique level ¢, the
effective resolution is simply 2. As a consequence, in RAMSES Ax = Ay = Az.
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< 7 > LbOX
box
< > Ax =
2
Lbox
“«—» Ax=——
8
¢ =31 Zxﬂ —_ 1
: Figure 3.3: Cartoon illus-
i tration of an 2D AMR grid

with €pin = 1 and € = 3
with a refinement strategy
that imposes only one level
......... difference between two ad-
jacent cells. The AMR al-
lows to increase the reso-
lution in regions of interest
using a relevant refinement
criterion, e.g. the based
on the Jeans-length in star
formation simulations.

The AMR grid can be either refined or unrefined at each timestep to resolve regions of
interest in the simulation box, it is however imposed that neighbor cells can only differ by
one level. Figure 3.3 shows a cartoon illustration of an AMR grid in the simple case of a 2D
simulation with a minimum level ¢,;;, = 1 and a maximum level £, = 3. The minimum and

maximum cell sizes are therefore % and %

3.1.10 Timestepping

4

Restriction

Lﬂ+ 1 Atl,f+1 Atz’f+1

Figure 3.4: Cartoon illustration the adaptive timesteping strategy used by RAMSES. Inspired
form Romain Teyssier’s lecture.
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Courant condition

RAMSES is an explicit code, which means that the timestep must be verifying the so-called
Courant—Friedrichs—Lewy condition (Courant et al., 1928, hereafter CFL). If we consider a
cell of length Ax in which the maximum wave speed is cpax, then the CFL conditions typically
imposes that

A
Af = Cop ——. (3.26)

Cmax

where Ccpr < 1 is a safety factor. How cpax is determined depends on the numerical scheme
used. RAMSES uses a dimensionally split scheme and the maximum waves speed must be chosen
as Cmax = Cs + [Vg x| + [Vg,yl + [ve | in the hydrodynamical case. In the ideal MHD case, c; is
replaced by the fast magnetosonic wave.

Adaptive timestep

The RAMSES code uses an adaptive timestep to reduce the computation time while maintaining
a good accuracy for the refined cells. When a level ¢ is updated with a timestep At,, the level
¢+ 1 is updated twice with two timesteps, Atj 71 and At ¢41, each verifying the CFL. The two
levels are synchronized with the following condition

Ate = Aty p1 + Aty p4 1.

Time update

The state vector is updated level by level starting from the finer up to the coarser level. For a
cell of level ¢, three types of interfaces are possible

e The fine-to-coarse interfaces, when the neighbor cell is at level £ — 1;
o the fine-fine interfaces, when the neighbor cell is also at level ¢;
e the coarse-to-fine interfaces, when the neighbor cell is at level € + 1.

During the update of level £ + 1, the fluxes at the interface with level £ are used to update the
level ¢ + 1 and stored for the later update of the level £. During the update of the level, the
state vector of the coarser levels is held constant. The fine-to-coarse and fine-fine fluxes are
computed during the update of the level £. The coarse neighbor cells at level £ — 1 are virtually
refined to compute the flux at the boundaries with level £. The adaptive timesteping and flux
update strategy is summarized in figure 3.4.

3.2 Implementation of the dust dynamics

3.2.1 Operator splitting

In the previous section, I explained how RAMSES solves the equations of hydrodynamics in
their conservative form. The monofluid formalism in the diffusion approximation has the same
structure for the mass, momentum and energy conservation equation. A total of N additional
equations are however required when N dust species are included. The system is now written
as

ou
m + V.- Fy(U) + V-FA(U) = 0. (3.27)
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The new state vector U is defined as
U= (p,pv. E,pax);
the flux [y is similar to the flux of pure hydrodynamics and is given by
Fu(U) = (pv,pv ®V+ Pl v(E + Pg),pd,kv) ,

the flux [F accounts for the dust drift and is given by

Pg
FaA(U) =(0,0, )leg,bypd,kwk )

where wy, the differential advection velocity between the dust species k and the barycenter, is

T VP
Wy = %; (3.28)

and wg, is the differential velocity between the gas and the barycenter is written as

ET, VP
Wep = —1— SaTg (3.29)
or
N
Wep == 3 —EE (3.30)
=P~ 2jPd,j

The classical second-order Godunov method presented above is used to update the state vector.
An operator splitting method is performed to solve the system in two steps. In the so-called
hydrodynamical step, RAMSES only computes Fyy and update the state vector accordingly. An
important difference between this step and the classical hydrodynamical version of RAMSES is
that the fluid density p is different from the gas density. As a consequence, the pressure and the
sound wave speeds must be computed using p, = p(1 — &) instead of p.

3.2.2 MUSCL scheme for dust diffusion/advection

The second step of the operator splitting consists in considering the contribution from the
second flux vector Fp. For simplicity, let us now focus on the update of the dust density
keeping in mind that the dust density and energy updates are done simultaneously. In this aim,
the following equation is solved

Pk~ 5 [paswl. (3.31)
t
where pq refers to pq after its advection as a passive scalar at the velocity v. In the remainder
of the section, I omit this symbol and the k index. A MUSCL predictor-corrector scheme is
used to compute the dust diffusion fluxes ¥ (oq) = pgw. The flux storage and the Godunov
update are performed as in the hydrodynamical step.

Apart from the dust densities and the energy of the mixture, the variables are constant
during this step. In particular, the total density p is constant.
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Differential advection velocity: During the diffusion step, the aim is to compute the differ-

ential advection velocity wl'.’j . To getits value, the pressure gradient is evaluated at the center

of the cell i, j, k of length Ax. For example, its component in the x-direction, is
n n

Pgi+1,j,k - Pgi—l,j,k

Axivi ji + Axic1 ji

VngZj’k = (3.32)
where Ax;_1 jx and Ax;;1 jx denote the distance in the x-direction from the center of the cell to
the center of the left and right neighbor cells, respectively. They take into account the level of
the neighbor cell.

If the neighbor cell is coarser, the pressure is interpolated at the fine level using a slope
limiter to compute the gradient. This method is similar to what is used in the hydrodynamical
solver of RAMSES, with a loss of one order of accuracy at level interface. In certain condi-
tions this method maintains a second-order accuracy of the scheme in presence of AMR (see
section 3.3.4). The case where the neighbor cell is at a finer level is never considered since
fine-to-coarse fluxes are already computed during the update of the finer level. Finally, the
expression of the x-component of sz’ . 1S given by
Tszj’kaP "

gi,jk
Wil = —2 . (3.33)

Pijk

Predictor step: During the predictor step, the dust density is estimated at the left and right
interfaces with a simple finite difference method. It uses slope limiters to preserve the TVD
property of the scheme. The centered value of the dust density is estimated at half timesteps as

n+l1/2 _ n
Pdije = Pdijk
_ A noAod -+ P AW (3.34)
2Ax Waj jkPoPd; jk T Pdj jrBoWoi k) :
O=X,Y,Z

where Agpd:’j . and A(TW(T:’J. . are the TVD variations of pq and w,, in the direction 0. After the

prediction of pd?;}(/ 2, pd and w, are interpolated at the interfaces.

Let us consider the interface in the x-direction. The left and right interface values, sill
indicated by the left and right annotation, are given by

Aypd?.
nr1f2 Pk

Pleftijk = Pdj jr )
Acpd”.
_ a1 DPdk
prlghti’j’k = Pdi’j’k + T9
n
Aoy
Wxleftijko = Waijk ~ 3 —,
u BV
erighti,j’k = Wk + 2 . (3.35)

The bottom, top, back, and front states are estimated in a similar way.

Corrective step: The correction operation consists in computing the fluxes at the interface
using the left and right predicted values, respectively. Let us consider the left interface of the
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cell 7, j, k in the x-direction. To avoid issues with the velocity discontinuities at the interfaces
(e.g., due to spurious pressure jumps, Sharma et al., 2009), I impose a unique advection velocity

o 2
n+l/2 el ik
i~1/2,jk = 5

(3.36)

This average does not appear to be critical for the second-order accuracy of the scheme. Our
scheme uses the upwind method (Courant et al., 1952) to estimate the flux, sufficient to get the
second-order accuracy in space. It writes as
nelj2 n+1/2 n+1/2
Faisijpje = max (Wi—l /2,jkPdeft; jp 0)

. n+1/2 . on+l/2
+ min (wl._ 1/2, jPdright;_y o 0) . (3.37)
Several other approximate Riemann solvers can be used in our implementation as well, such as
Lax-Wendroff (Lax & Wendroff, 1960) or Harten-Lax-van Leer (Harten et al., 1983, hereafter
HLL). The fluxes in the other directions FrU2 and F712 are estimated in a similar way.

ij—1/2,k i, jk=1/2
The dust density is finally updated according to

At

= gt n+1/2 n+1/2
Pdijk = Pdijk — AL (Tl ok~ Fi /2,j,k)
At n+1/2 n+1/2
 Ax (ﬁj+1/2,k = F i /2,k)
AL (nv1f2 n+1/2
- Ax (ﬁj’k+1/2 - 7:i,j,k—1/2) : (3.38)

The time update and flux storage strategy still follows section 3.1.10 when an AMR grid is
employed.

Energy : Similarly and simultaneously with the dust diffusion step, the energy is updated
after the hydrodynamical step to account for the energy component of Fa. It is computed
using the same scheme as the dust density with the velocity computed with equation (3.30) and
the internal energy instead of the dust density. The fluxes are then added to the state vector
similarly to equation (3.38) with the total energy instead of the dust density.

3.2.3 Timestepping with dust

Since the dust diffusion step consists in solving an advection equation explicitly, the scheme

stability is achieved if the timestep At verifies the split CFL condition
Ax

Za’:x,y,z ’max(wm Wg,b(r)| '

where Ccpp < 1 is a safety factor. In addition, the hydrodynamical step imposes another
stability condition that writes

At < Al‘dust = CcrL

(3.39)

Ax
lcs| + Zo-:x,y,z Vel '

where v, is the mixture velocity in the direction o. Dust diffusion is stable without intervention
on the timestep as long as

sl + D el > " [max(wer, wg o). (3.41)

T=X,),2 T=X,9,2

At < CcpL (340)

If the former condition is not verified, which is the case when the pressure gradient is steep,
dust diffusion constrains the timestep. In this case, the dust timestep is imposed instead of the
hydrodynamical one.
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3.3 Tests

To benchmark the implementation of dust dynamics in RAMSES, I run the canonical tests for
gas and dust mixtures, DUSTYDIFFUSE, DUSTYSHOCK, DUSTYWAVE and the SETTLING test. I also test
this advection solver with the pusTyapvecT test. These tests, of increasing complexity, intend to
verify, separately, together and finally under realistic physical conditions, the implementation
of the dust terms.

3.3.1 Dustyadvect

No predictor step [@—

0.10 ra -
< 0.0 _
0.00 +— T T T T —— r r . . .
Van Leer Superbee
0.101 g 1 -
. . (=7
L
(=9
o
< 0.05 1 (=11
1 j > (=13
." . 4 —— Analytic
0.00

00 02 04 06 08 1000 02 04 06 08 10

T xT
Figure 3.5: pusTYADVECT tests using the function f] (equation (3.43)). Dust density after one
period on various grids (£ = 7 in blue, £ = 9 in orange, £ = 11 in green, { = 13 inred) as a
function of the position compared with the analytic solution (black solid line). I present this
test using four different slope limiters. (Top left) No predictor step. (Top right) Minmod slope
limiter. (Bottom left) Van-Leer slope limiter. (Bottom right) Superbee slope limiter.

The scheme convergence and behavior at discontinuities is examined with 1D advection
tests. These test are the simplest presented here and only verify the correct implementation of
the advection scheme. In these DUSTYADVECT tests, the advection velocity w, is set constant and
the hydrodynamical update is deactivated. It consists in solving the following equation

%a _ _,, a

%a _ _,, %P4 a2
o " ox (3.42)

Considering an initial condition pq(x,0) = f(x), f(x) having a period of the size of the box
L =1, the analytic solution at time ¢ is simply given by pq(x, ) = f(x — w,t). In the remainder
of the section, w, = 1.

At first, four busTYADVECT tests are performed. I impose the initial function fj, which writes
Vx e [0, L]

0.1 iff<x<ik

_ )
Jr(x) = { 0.01 otherwise. (3.43)

In the first test, no predictor step is operated. Different slope limiters are then used for the three
other tests in the predictor step; Minmod (Roe, 1986), Van-Leer (van Leer, 1974), and Superbee
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Figure 3.6: pusTYyaDVECT tests with an initial condition given by the function f, (equation
(3.44)). L, (equation (3.45)) norm as a function of the cell size for the scheme using the Min-
mod slope limiter (blue squares) and without predictor step (orange diamonds). The results are
compared with a first-order slope (dashed line) and a second-order slope (dotted line).

(Roe, 1986). Uniform grids of resolutions ranging from £ = 7 (128 cells) to £ = 13 (8192 cells)
are considered. Extremely small timesteps compared with the CFL condition Ar = 8 x 1076 are
imposed to ensure that the spatial error dominates.

Figure 3.5 shows the outcome of these tests after one period, at t = 1. As expected, the
quality of the results strongly depends on the slope limiter. Without the predictor step (no
slope limiter) the solver is simply a first-order centered upwind scheme. In this case a larger
resolution is required to achieve the same accuracy as in the three other tests. As expected,
the Van-Leer and Superbee slope limiters give more accurate results than the Minmod test but
at the cost of a lack of symmetry. The Minmod slope limiter was therefore chosen as a good
compromise to achieve a satisfying precision and to preserve symmetry.

Another series of DUSTYADVECT tests are performed for different resolutions, using the Min-
mod slope limiter and without a predictor step. A smooth initial Gaussian-like function f; is
imposed to quantify the truncation error in space of the scheme which writes, Vx € [0, L],

x—L/2\
L/4 '
I use a very small timestep Ar = 107 to minimize the truncation errors in time compared

with spatial errors. The results are compared at the same time r = 0.01 with the analytic
solution using the L, norm

fH(x) = 0.01 +0.1exp

(3.44)

2
Neen n _ n
sy OdRESULTS,i ~ PdANALYTIC,i

I = , (3.45)
2 N, cell

Figure 3.6 shows the evolution of the L, norm with (blue squares) and without (orange
diamonds) a prediction step as a function of the size of the cells for the Gaussian-like test. As
expected, without prediction, the scheme has only a first-order accuracy in space, while it is a
second-order scheme when the full predictor-corrector scheme with slope limiters are used.
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3.3.2 Dustydiffuse
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0.00 1

Figure 3.7: DusTYDIFFUSE tests. Dust ratio as a function of the position at ¢t = 1 (red), t = 5
(green), t = 10 (blue), t = 20 (purple) compared with the exact solution (black solid lines).

When the hydrodynamical variables (pressure and dust ratio excluded) remain constant,
equation (2.44) behaves as a non-linear diffusion equation. Pure dust diffusion tests can thus be
performed. The main goal of this test is to verify the correct implementation of the [Fp terms.
In the pusTYDIFFUSE tests (Price & Laibe, 2015), the hydrodynamical step is deactivated and ¢
and c; are set constant as well. Therefore, I only solve the following equation:

Opa _ Opawx
= == - 3.46
ot Ox ( )

An isothermal equation of state Py = c2(1 - €)p is considered. The advection velocity is then
given by

Oe
Wy = —tscga; (3.47)
p being constant, the equation can be written as the a non-linear diffusion equation
Oe 5 0 [ O€
o~ S ax (Gax) (348)

Equation (3.48) has a self similar solution known as the Barenblatt-Pattle solution (Barenblatt,
1952) that writes

_ 1 X
e, x,C) = (tscgt) 1/3 (C — gm) , (3.49)
s+s

where C is a constant depending on the initial conditions. I consider the following initial profile

2
(10, X) = € (1 - (i) ] (3.50)

Xc
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Figure 3.8:  DusTysHOCK
with € = 0.5. (Top left)
Gas density as a function
of position. (Top right)
Same but for dust. (Bot-
tom left) Gas pressure.
(Bottom right) Gas and
dust velocities. The AMR
level (right axis) is rep-
resented with dotted blue
lines. The analytic solu-
tion is given by the black
solid lines. Red circles and
blue crosses indicate gas
001 7 and dust numerical quanti-
ki : 0.00 0.25 0.50 0.75 1.00 . .
@ @ ties, respectively.
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1 c
0 = —
tcled

2/3
)
V6

I additionally setp = 1, ¢, = 0.1, ¢ = 0.1 and ¢5 = 1 and an AMR grid of £y = 4 and with
Cmax = 10. The refinement criterion, based on the dust density gradient, forbids a variation of
more than 5% between two cells.

Figure 3.7 shows a comparison between the outcome of the tests and the analytic solutions
att =1, =35,¢t =10 and r = 20. At each time the numerical results agree with the exact

solution to a precision of less then 1% in L, norm. Even though my scheme is fundamentally
designed for advection, it is also efficient at handling diffusion problems.

3.3.3 Dustyshock

Another canonical test for gas and dust mixtures consists of 1D hydrodynamical shocks. For
strongly coupled mixtures, these so-called pusTysHOCK tests are closely approximated by the
same analytic solution as the usual Sod test (Sod, 1978), but with the modified sound speed ¢

s = cs V1 — &,

€y being the initial dust ratio. The dust ratio € remains almost constant through the shock;

however, small pressure bumps must occur where there is either a pressure or density gradient.

The goal of this test is to verify the impact of the dust in Fy since [ is almost negligible.
The same prescription as Laibe & Price (2014a) for the stopping time is used. It writes

e(l —e)p
s = T,
where K is the drag coefficient defined previously. This prescription is consistent with the

expression of the stopping time presented before is convenient for tests since it allows us simply
parametrize the coupling between the gas and dust phase.
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A pusTYsHOCK test is performed on an AMR grid with £y = 4 and £ = 13 with a high
initial dust ratio. The grid is refined with a criterion that forbids dust density variations of more
than 5% between two neighbor cells. Two distinct regions, representing the left and right half
of the box, are set with different initial conditions given by

(p0-¥0. Peyr &), = (1.0.1,0.5)

(po- V0. Pegr @) 1, = (0.125,0,0.1,05).

Finally, a drag coefficient K = 1000 and an adiabatic index y = 1.4 are imposed.

Figure 3.8 shows the gas and dust densities, the velocity, and the gas pressure as a func-
tion of the position at #+ = 0.2. The Sod solution with the modified sound speed is very well
recovered.

3.3.4 Dustywave

5% 107° 1
2.5 x 107°4

Vz,d
o

—25%x10°°{ &
—5x 107°4

—6— dust

0 02 05 075 10 025
T T x
Figure 3.9: pustywave test. Velocity of the gas (top) and dust (bottom) phase as a function of

the position at t = 4.5 for the K50, K100 and K1000 tests (from left to right) compared with
the analytical solution (black lines) given by Laibe & Price (2011).

The 1D pustywave test (Laibe & Price, 2011) consists in following the evolution of an
isothermal sound wave in a gas and dust mixture. The goal of this test is to verify the impact of
the dust in both F'yy and 4. Small periodic perturbations on the equations (2.41) on the density,
the dust ratio, the pressure, and the velocity are imposed

p = po+0po,

€ = g +0¢,
Py = Pgy+ 0Py,
vy = 0+ vy,

where the index 0 and the symbol ¢ indicate respectively the initial uniform quantities and the
perturbations. As explained in chapter 2, Laibe & Price (2011) provide the analytic solution
for this test in the full bifluid case. They find that the sound waves propagate with the modified
sound speed ¢ and are damped because of the dust inertia. Large grains damp these sound
waves faster than small grains as they are more massive.
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Figure 3.10: pusTYWwAVE test. Same as in figure 3.9 but for the density perturbations.

Three pusTYWAVE tests are performed using different drag coeflicients K = 50 (K50, strong
back-reaction regime), K = 100 (K100) and K = 1000 (K1000,weak back-reaction regime).
The initial perturbations are in the form

0py = poodsin (271'%) ,
) X
Ovyp = Vvoosin (Zﬂ'z) s
0Py, = (1-e) 03,05100,
56() = 0,

where x is the position in the box, L is the box length, c; is the initial sound speed, and ¢ is
a parameter that sets the amplitude of the perturbation. The initial uniform state is set such as
that

po = 2

e = 0.5,

vo = 1,
co = 1.

The adiabatic index of the gas is ¥ = 1.000001° to simulate an isothermal soundwave propaga-
tion. The initial perturbation has a relative amplitude 5§ = 10™*. The simulation box has a size
L = 1.0 and the grid is taken as uniform with 64 cells. The timestep Az = 10~ is the same for
the three tests and respects the stability condition for the considered drag coefficients.

Figures 3.9 and 3.10 show the velocity v, and the perturbation density ép = p — pg for both
gas and dust at ¢ = 4.5 for these three tests. The amplitude of the damping increases with a
decreasing K and the results are increasingly less accurate as the errors due to the diffusion
approximation increase, consistently with the theory (Laibe & Price, 2011; Price & Laibe,
2015). Larger grains, i.e, with smaller K, have more inertia and allow an efficient damping of
the gas.

Py
-1

3 Taking exactly y = 1 is not possible with RAMSES as the internal energy is computed as 3
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Figure 3.11: pusTYywavE numerical convergence tests. L, norm as a function of the minimum
cell size for the scheme using the Minmod slope limiter (blue squares), without predictor step
(orange diamonds) and with AMR (green circles) . The results are compared with a first-order
slope (dashed line) and a second-order slope (dotted line).

I perform pUSTYWAVE tests on uniform grids with resolutions ranging from £ = 5to £ = 9,
with a small timestep Az = 10> and for K = 50. I also perform runs on AMR grids with coarse
resolutions ranging from €y, = 4 to £min = 8. For these tests, the cells for x € [0.25,0.75]
have a level of refinement {iax = Cmin+1- I test the order of my scheme and measure the
accuracy of numerical solution against a solution of reference obtained at very high resolution
(¢ = 11) in both time and space (At = 107°). 1 do not compare the results with the analytic
solution presented above as it not exact in the diffusion approximation. Figure 3.11 shows the
L, errors obtained when increasing the number of cells. The scheme is first-order in space
without correction and second-order when using the Minmod limiter. In the presence of AMR,
the scheme keeps a second-order accuracy in space for low resolution but deteriorates at high
resolutions. This is due to the estimate of the pressure gradient that is first-order at a refined
interface. At high resolution, the error is smaller (almost two orders of magnitude) than the
tests without a predictor step.

3.3.5 Disk settling

The SeTTLING test, introduced by Price & Laibe (2015), is designed to test the algorithm in
realistic astrophysical conditions and including gravity. It simulates the local settling of dust
grains in a disk in hydrostatic equilibrium. As in Price & Laibe (2015), I set an analytic
gravitational force

QM*y
3/2°

fgrav = _(yz+—r2)

where G is the gravitational constant, M, is the mass of the central star, y is the altitude and r
the cylindrical radius at which the disk is simulated. The gas density at hydrostatic equilibrium
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Figure 3.12: SeTTLING test on a uniform grid at level £ = 8 with millimeter-size dust grains.
Dust ratio at t=1 (red circles), 5 (blue circles), and 10 orbits (green circles) as a function of the
altitude.

for |y| < ris

},2

Pg = pgoe 2,

where H is the local scale height of the disk, which is determined by the ratio H/r = 0.05. 1
then assume an isothermal equation of state where the imposed soundspeed c; is

cs = H, (3.51)

Q being the Keplerian angular velocity at the radius r. Finally, a uniform initial dust ratio &
is imposed.

In the terminal velocity approximation, the analytic solution for the dust velocity is directly
set by the pressure gradient that compensates the gravitational force, hence

Vay = wy = =S (3.52)

Y
tQ——————,
S+ (/)
which is the limit at low Stokes number (St = Qf; in this case) of the expression given by
Hutchison et al. (2018). As the gas approximately remains in equilibrium, solving the settling
problem consists in solving

0 0pgw
dpa , Gpany

=0. 3.53
ot ay (3.53)

Even though the density can, in principle, be determined using the same method as the velocity,
it relies on the hypothesis of an infinite dust reservoir that is inconsistent with my choice of
boundaries. I choose to compare my results with a numerical solution as in Hutchison et al.
(2018). I use a similar Crank-Nicholson scheme to get this solution, except that it only solves
the dust density equation using the analytic dust velocity.
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Figure 3.13: Comparison between multiple phase with N' = 5 (top) and an equivalent single
phase (bottom) pUSTYDIFFUSE test. Dust ratio as a function of the position at = 1 (red), t = 5
(green), t = 10 (blue) and ¢ = 20 s (purple) compared with the exact solution (black solid lines).

I perform a 2D seTTLING test at a disk orbiting around a solar mass star at radius of 50 au.
The simulation box has periodic boundary conditions and L = 20 au, which is approximately
8H. As in Price & Laibe (2015) and Hutchison et al. (2018), the initial mid-plane gas density
pe = 6% 1073g em™. T also set an initial dust ratio of 4.99 x 10~* of millimeter grains with
an intrinsic density of pgrin =3 cm™>. The adiabatic index of the gasisy =5/3.

A first test with a uniform grid at level £ = 8 is performed. Figure 3.12 shows the dust ratio
as a function of y. As can be seen, the results are essentially similar to those obtained in Price
& Laibe (2015) and Hutchison et al. (2018).

3.3.6 Multigrain
Example 1 : Dustydiffuse

To benchmark the implementation of the multiple dust species in the code, ten DUSTYDIFFUSE
tests are performed on uniform grids of £ = 7. They are operated with one dust phase and with
this same phase split with N € [2, 10] (MuLTIGRAIN). All the dust bins have the same intrinsic
properties. As all the tests are equivalent, it is expected that they give the same results. The
parameters used are the same as in section 3.3.2.

Figure 3.13 shows the total dust density as a function of position with ' = 5 (top) and
N =1 (bottom) att = 1, ¢ = 5, ¢t = 10, and ¢t = 20. The results agree for the MULTIGRAIN
simulation and for the single phase simulation to machine precision.

Figure 3.14 shows the CPU time as a function of the number of species N. We see that
the MULTIGRAIN simulations are not very expensive. The CPU time agrees more with a square
root scaling with N than a linear one. As discussed by Hutchison et al. (2018) with the murTI-
GRAIN algorithm in the PHANTOM code (Price et al., 2017), the monofluid formalism is a highly
computationally effective tool to treat multiple phases.
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Figure 3.14: CPU time fcpy of the ten equivalent DUSTYDIFFUSE tests as a function of the number
of species N.

Example 2 : Dustywave

In this section, I test the cumulative back-reaction of dust on the gas and the interaction be-
tween dust species. To benchmark my MULTIGRAIN implementation in a strong back-reaction
regime I run a pustywave simulation with two dust species. The initial barycentric velocity is
a sinusoidal perturbation of amplitude 10~#, the other variables are not initially perturbed. I
numerically integrate the linearly perturbed equations of gas and dust mixtures assuming solu-
tions of the type A(#) exp(ikx) as in Laibe & Price (2014c) to obtain my reference solution. The
test is performed with a uniform grid of £ = 9 and timesteps given by the CFL condition. In
this test, I consider two dust phases and a total initial dust ratio of 0.5. The first bin has a drag
coefficient K = 50 and an initial dust ratio of 0.4, the second has a drag coefficient K = 1000
and an initial dust ratio of 0.1. In this case, we expect the first dust species to damp the gas
efficiently.

Figure 3.15 shows the amplitude of the density perturbations (gas and dust) and velocity
(gas) compared with the reference solution. My results are in excellent agreement with the
reference solution in terms of amplitude, period and damping rate. As expected the damping
of the gas is significant. This emphasizes the fundamental role of the cumulative back-reaction
on the dynamics of dust grains in presence of multiple species as the second phase K = 1000
could not damp the gas as efficiently (see section 3.3.4).

Example 3 : Disk settling

The disk SETTLING test presented in section 3.3.5 is nicely adapted to test my MULTIGRAIN solver
in realistic conditions. Dust grains of various sizes are present in protoplanetary disks and they
experience different dynamical evolutions. To test the solver in these conditions, a settling test
with ten dust species is performed with a resolution of £ = 8. As before, the intrinsic grain
density is 3 g cm™3, but every species is characterized by a proper dust ratio €; and grain size
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Figure 3.15: MULTIGRAIN DUSTYWAVE test.
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the grains with K

€
3.99 x 10~

Sgrain, j (cm)
1.0 x 107

J

1
2
3
4
5
6
7
8
9

6.65x 107

2.78 x 107

1.11x 1074

7.74 x 1073

1.85x 1074

4
4

2.15x 10~
599 x 10~

3.09x 1074

515x 1074

1.67 x 1073

8.59x 1074

4.64x 1073

1.43x 1073

1.29 x 1072

2.39x 1073

3.59 x 1072

3.99 x 1073

1.0 x 1071

10

Table 3.1: Dust distribution and stopping time at z = O for the MULTIGRAIN SETTLING test
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Figure 3.16: MULTIGRAIN SETTLING test. Dust ratios and dust velocities (circles) of the ten phases
of the SETTLING test after ten orbits compared with the numerical ( dotted black lines) and
analytic (black lines) one-species solution.

Sgrain,j- These quantities are determined using a MRN-like distribution 4 1 use the same values
for the minimum and maximum grain size as in Hutchison et al. (2018). The details of the size
distribution are summarized in table 3.1, which also shows the stopping time of each species in
the mid-plane of the disk.

Figure 3.16 shows the dust ratio and velocity of every species after ten orbits compared
with the one-species solution, which is a good approximation as long as the cumulative back-
reaction on the gas is small. Again, the solution is very well captured by my solver.

Figure 3.17 shows the dust densities in the (xy)-plane. There is no dispersion of the values
in the x-direction, and the initial symmetry of the problem is conserved to machine precision
which originate from the Eulerian nature of the numerical scheme. As in previous studies,
we see that ten orbits are enough to efficiently separate the dust phases. Note that an orbit
at 50 au is approximately 353 years which is a few hundred times smaller than the free-fall
timescale of a typical protostellar cloud of density ~ 10~'* g cm™3(Andre et al., 2000) which
is approximately 10° — 10° years. An efficient settling is thus expected to happen during the
collapse of this cloud, especially for large grains, e.g., Sgrain > 10~2cm here, for which the
typical settling timescale is a few orbits.

As in Hutchison et al. (2018), I am interested in the effects of the interaction between
different dust species. Figure 3.18 shows a zoom of the vertical profile of €; as a function of
y. The behavior of this phase is very similar to what was observed in Hutchison et al. (2018).
The dashed black line shows the one-species solution. As can be seen, for this species, the
discrepancies between the one-species solution and the MULTIGRAIN test are on the order of
magnitude of the variations of € at the dust front, which emphasizes the fundamental character
of the equivalent stopping time in MULTIGRAIN simulations.

4 . 4-m H —
e(sgmm) O Syrain with m = 3.5
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Conclusion

In this Chapter, I have presented an Eulerian approach to treat the dynamics of small dust
grains. It is efficient in the diffusion regime and can be employed to treat multiple dust species
simultaneously and efficiently. After presenting the AMR code RAMSES, I described the nu-
merical scheme that I implemented in it. It successfully passed the canonical validation tests
for advection schemes and dust dynamics solvers.

DUSTYADVECT, an advection test.

DUSTYDIFFUSE, a diffusion test where the gas density and temperature are fixed.
DUSTYSHOCK, a shock propagation test.

DUSTYWAVE, a wave propagation test.

SETTLING, that reproduces the settling of dust grains in a stratified protoplanetary disk.

I can draw the following conclusion

1.

The scheme has a second-order accuracy in space on uniform grids and intermediate
between first and second-order on AMR grids.

The method also appears to efficiently treat a non-linear diffusion problem (DUSTYDIFFUSE).

. The puUSTYSHOCK, DUSTYWAVE and SETTLING tests show that the waves and shock propagate

at the correct velocity and that the dust phase feels the common forces between gas and
dust, e.g, gravity.

. The MULTIGRAIN DUSTYDIFFUSE test operated with a split dust phase shows that my method

is efficient to treat multiple dust species simultaneously as the computation time scales

in VN.

. Non-linear effects of the cumulative back-reaction on both the gas and the dust are well

captured by the MULTIGRAIN DUSTYWAVE tests and the MULTIGRAIN SETTLING tests. In partic-
ular I retrieve similar behavior to the one that Hutchison et al. (2018) observed in the
MULTIGRAIN SETTLING test.
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Puumba

”Oh, gee. I always thought they were balls of gas burning billions of miles
away.”

Simba
”Pumbaa, with you, everything’s gas.”
- The lion king

N THIS CHAPTER, | present the dynamics of neutral dust during the early phases of the proto-
I stellar collapse (DusTYCOLLAPSE) with numerical models that were evolved in time with my
MULTIGRAIN dust dynamics solver in RAMSES. I shortly present the framework and the methods
that I used to study the pustycoLLapse. Then, I briefly review the unrotating DUSTYCOLLAPSES
that were introduced in Lebreuilly et al. (2019). Finally, I focus on more advanced pustycoL-
LAPSE simulations that consider multiple dust species, initial solid body rotation and magnetic
fields. The rotating bUSTYCOLLAPSE simulations are the object of a recent submitted publication.

4.1 Context

Small dust grains are essential ingredients of star, disk and planet formation. They regulate
the thermal budget of star forming regions through their opacity and thermal emission (McKee
& Ostriker, 2007; Draine, 2004). In addition, they are thought to be the main formation site
of H, at present days (Gould & Salpeter, 1963). It is widely accepted that planet formation is
induced by dust growth within protoplanetary disks (see the recent review by Birnstiel et al.,
2016). Finally, the dust grains are significant charge carriers (Marchand et al., 2016; Wurster
etal., 2016; Zhao et al., 2016) and therefore regulate the evolution of magnetic fields during the
protostellar collapse which can affect, among others, the disk formation (Masson et al., 2016;
Hennebelle et al., 2020) and the fragmentation process (Commercon et al., 2011).

Until recently, one paradigm was that dust of the interstellar medium (ISM) is usually
composed of grains with sizes up to ~ 0.1 um with a typical size distribution well modelled
by the Mathis-Rumpl-Nordsieck distribution (MRN, Mathis et al., 1977). Recent observations
seem to indicate that larger grains could exist in the denser regions of the ISM. Pagani et al.
(2010) proposed that over-bright envelopes of prestellar cores (coreshine) could be explained
by the presence of micrometer grains. In addition, it was suggested that recent observations
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with ALMA of the polarised light at (sub)millimeter wavelengths in Class 0 and I objects could
be interpreted as the self-scattering by grains with sizes up to =~ 100 um (Kataoka et al., 2015,
2016; Pohl et al., 2016; Sadavoy et al., 2018a,b, 2019). Galametz et al. (2019) has also shown
that the low values of the dust emissivity in Class O objects could indicate the presence of these
large grains in their envelope. Finally, Tychoniec et al. (2020) estimated that the mass of solids
in Class O disks is sufficient to grow planets only if large grains are included in the opacity
models, which might indicate dust growth in the early phases of protostar formation.

Over the past few years, significant improvements have been made in numerical models
to better understand the early phases of the protostellar collapse that leads to the first Larson
core formation (Larson, 1969). The angular momentum budget is a long-standing problem in
star formation. Indeed, the specific angular momentum of prestellar cores differs to those of
young stars by more than three orders of magnitude (Bodenheimer, 1995; Belloche, 2013). In
numerous studies, the magnetic braking has been investigated as one of the possible solutions
to address this issue (Allen et al., 2003b; Price & Bate, 2007; Hennebelle & Fromang, 2008;
Commercon et al., 2011; Masson et al., 2016). State-of-the-art simulations now account for the
effect of magnetic fields both in a ideal (Commercon et al., 2010) and non-ideal (Tomida et al.,
2015; Vaytet et al., 2018a; Wurster et al., 2019) magnetohydrodynamics (MHD) framework,
radiative feedback (Commergon et al., 2010; Gonzélez et al., 2015; Tomida et al., 2015) and
other physical mechanisms. Only Bate & Lorén-Aguilar (2017) have investigated the dynamics
of dust during the protostellar collapse (pusTycoLLAPSE). They report that ~ 100 um grains can
significantly decouple from the gas leading to large increase of dust-to-gas ratio in the disk
and the first Larson core. In 2D, Vorobyov & Elbakyan (2019) have studied the gas and dust
decoupling in gravitoviscous protoplanetry disks including dust growth and also report strong
variations of dust-to-gas ratio. So far, no 3D pustycoLLAPSE simulation has been performed in
a MHD/non ideal MHD context or with multiple dust species.

In chapter 3, I presented a fast, accurate and robust implementation of dust dynamics for
strongly coupled gas and dust mixtures that allows an efficient treatment of multiple grain
species in RAMSES. I now present simulations of protostellar collapse of gas and dust mixtures
and in particular the first simulations with multiple grain species. I investigate how the maxi-
mum grain size of the dust distribution, the ratio between the thermal and gravitational energy,
i.e. the thermal support, and the magnetic fields may affect the decoupling between the gas and
neutral dust grains.

4.2 Framework

4.2.1 Dusty hydrodynamics for the protostellar collapse

As explained in Chapter 2, a gas and dust mixture with A small grains species can be modeled
as a monofluid in the diffusion approximation (Laibe & Price, 2014c; Price & Laibe, 2015;
Hutchison et al., 2018; Lebreuilly et al., 2019). This fluid, of density p, flows at its barycenter
velocity v. The k-th dust phase, of density py, has the specific velocity vx = v+ wg, where wy is
the differential velocity between the dust and the barycenter. In the context of the protostellar
collapse and in the absence of magnetic fields, this mixture is well described by the following
set of equations

dp

E‘FV [pV] = 0$
5/
%"‘V'[pk(v'i'wk)] = 0, Vke[l,N],
% +V- [Pg]l+p(v®v)] = —pVé, @D
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where P is the thermal pressure of the gas and I the identity matrix. The gravitational potential
¢ is set by the Poisson equation

AP = 4nGp, “4.2)

where G denotes the gravitational constant.

The previous equations are closed using a barotropic law that reproduces both the isother-
mal regime at low density and the adiabatic regime when the density reaches the critical value
Pad Which corresponds to the density at which dust becomes opaque to its own radiation (Lar-
son, 1969). Similarly to Commercon et al. (2008), I express the gas pressure as

2 Pg =
Pg = PeCsiso {1 + (p_d) :| > (4.3)
a

The gas density p, is p; = p — >.x pr. Regions of low densities are isothermal and have for
sound speed ¢ jso-

I model a single dust grain k as a small compact and homogeneous sphere of radius Serain
and intrinsic density Pgrain I, When the grain is smaller than the mean free path of the gas (the
so-called Epstein drag regime, Epstein 1924), the drag stopping time # 4 is given by

Y Pgrain,k Sgrain,k
tor = _y grain,k dgrain ’ (4‘4)
N8 »p Cs

where p is the total density of the gas and dust mixture, c; is the sound speed of the gas and y
its adiabatic index.

If the differential velocity Avy = v — v, between the gas and the dust is supersonic, a
correction in the drag regime must be applied. In this case the stopping time is given by
(Kwok, 1975)

-1/2
Ty Pgraink Sgrain,k 9 2
o = o Perink Jemink (4, 2 , 45
sk 8 p Cs ( 1287er ) (4.5)

where My = % is the differential velocity Mach number. In the remaining of this paper,
unless specified, I consider this correction.
In the terminal velocity approximation, the differential velocity of the phase £ is

N
P P vp
Wk = Isk = Z tor| —=, (4.6)
P = Pk —p—pi P
and the gas and dust velocities, vy and v are given by
< Pk
Vo = V- Wk,
¢ ,; P = P
VK = V+ W 4.7)

For later purposes, I still define the dust ratio ¢ = %", the total dust ratio € = ZkN €, and the

N —
2’;; X For any quantity A, I define A = A/Ao where Ay is its initial value.

€ and 0 are called the dust-ratio and dust-to-gas ratio enrichment respectively. Further details
about the monofluid formalism and its implementation in RAMSES can be found in Chapters 2
and 3.

dust-to-gas ratio 64 =

!distinct from the dust density p
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4.2.2 Dusty-MHD with neutral grains

In Chapter 2, I extended the above formalism to neutral grains embedded in a weakly ionized
plasma. Here I only consider the resistive effect of ambipolar diffusion, i.e. the drift between
ions and neutrals other than the dust. In this context, the equations of NdustyMHD can be
expressed as

dp

— +V- =0
5 TV lev] :
0
%Jrv.[pk(wwk)] = 0, Vke[1L,N],
) .
N :
0B Pk
— -V Xx|(v- wik) X B
ot ( ;P—pk v |
1A |
+VX|—=[(VXB)xB]xB| = 0,
|BI2[( ) X B] A
V-B = 0, (4.8)

where B is the magnetic field and 775 is the ambipolar resistivity.
As in Chapter 2, I can express wi as

VP, —(VXB)xB
P

Wi = , 4.9)

N
1
P I — Z P L5
P~ Pk = PP

To further simplify equations (4.8), I assume in this chapter that the plasma velocity v is
the barycenter velocity which is valid when €||wx|| < [[wk|| < |v|. In this case the induction
equation is written as

0B

E_VX[VXB] +V X

RES

BE [(VXxB)xB]xB

= 0. (4.10)

4.3 Method

4.3.1 RAMSES

In this chapter, I take advantage of the RAMSES code presented in Chapter 3. In this same
chapter (mostly based on Lebreuilly et al., 2019), I presented the extension of the code to the
treatment of dust dynamics with multiple species in the diffusion approximation and terminal
velocity regime that I also use here.

4.3.2 Boss and Bodenheimer test

I perform Boss and Bodenheimer tests (Boss & Bodenheimer, 1979) to follow the dynamics
of the dust during the first collapse and first core formation. Boss and Bodenheimer tests
consist in a gravitationally unstable uniform spherical cloud that we let collapse in a low density
background. The parameters of the setup are the initial mass of the dense core My, the total
dust ratio €, the temperature of the gas T, and a mean molecular weight u,. The ratio between
the thermal and the gravitational energy « is

5(1 - &)Ro ks Ty

) “4.11)
2 GM, MgImy
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and sets the initial radius of the cloud Ry and its density pg. In addition, I impose an initial
solid body rotation around the z-axis at the angular velocity )y by setting the ratio between the
rotational and the gravitational energy 8 given by

1 R3Q?
= = ) 4.12
3G, (4.12)
Eventually, I apply an initial azimuthal density perturbation according to
p =poll+Acos(mb)]. (4.13)

In this chapter, I aim to investigate the impact of magnetic fields on the dynamics of neutral
dust grains in two simulations, one with ideal MHD and one with ambipolar diffusion. For
these runs, I impose an uniform magnetic field using the mass-to-flux-to-critical-mass-to-flux-
ratio

(4.

the critical mass-to-flux ratio being given by (M/®). = % V5/G (Mouschovias & Spitzer,
1976). I set an angle ¢y,e between the magnetic fields and the rotation axis to reduce the
efficiency of the magnetic braking.

4.3.3 Dust grain size distributions

In my MuLTIGRAIN simulations, ' > 1 dust bins are considered. The dust ratio of each bins is
set from power-law distributions

de €
ds fsmax $3-mds

min

s (4.15)

with g the total initial dust ratio and, S ip and S pnax being the minimum and maximum sizes
of the grains present in the medium, respectively. For the standard MRN distribution, S i, =
5 nm, S max = 250 nm and m = 3.5.

The method described in Hutchison et al. (2018) is used to compute the initial dust ratio
and typical grain size of each bin. A logarithmic grid is used to determine the edges S of the
bins

<\ k
log(Sy) = 1og(§l‘_‘) ~ +log (S min) - (4.16)
min

The typical grain size of a bin k required to compute the stopping time is

Sk = \/SkS]H.]. (4.17)

S min and S max are the edges of the distribution and must not be confused with the minimum and
maximum bin size that are averaged quantities. The initial dust ratios in each bin are computed
according to

S4—m _S4—m}
k+1 k
Ok =€ | 7 1| (418)
[S?na’)? _S4mir’:1
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4.3.4 Setup
Cloud setup

I impose initial conditions that are typical of the first protostellar collapse (Larson, 1969) with
T, = 10 K, ug = 2.31 and a solar mass cloud. I also set y = 5/3 since molecular hydrogen
behaves as a monoatomic gas at low temperatures (Whitworth & Clarke, 1997). As explained
in section 4.2.1, a barotropic law is used to close system (4.1) with p,q = 1073g cm =3 (Larson,
1969). Finally, I set m = 2 and A = 0.1 to favor fragmentation and the formation of two spiral
arms in the rotating runs.

I impose an uniform initial total dust-to-gas ratio of 649 = 0.01 in all the models. For the
MULTGRAIN rotating runs, I always consider 10 bins with grain sizes distributed according to
section 4.3.3. Spherical collapses are however computed with only one dust species. In all the
models Syin = 5 nm, and m = 3.5 and S« is specified individually. I consider grains with
Pgrain =3 & cm™3 for the spherical collapses and Pgrain = 1 g cm™ for the rotating models.

The two magnetic models have been computed with u = 5 and ¢y, = 40°. For the non-
ideal MHD model the ambipolar resistivity is computed similarly to the case of reference of
Marchand et al. (2016).

Numerical setup

I use the HLLD Riemmann solver (Miyoshi & Kusano, 2005) for the barycenter part of the
conservation equations with a minmobp slope limiter (Roe, 1986) for both the gas and the dust.
The Truelove criterion (at least 4 point per Jeans length, Truelove et al., 1997) must be satisfied
to avoid artificial clump formation. I therefore enforce a refinement criteria that imposes at
least 15 points per local Jeans length. The grid is initialized to the level £,,;, = 5 and allows
refinement up to a maximum level {px = 16> (which gives a resolution between 323 and
65536° cells).

Analysis of the models

I consider that the first hydrostatic core (FHSC) is fully formed when the peak density reaches
10~ g cm™3 for the first time. I denote the corresponding time #ore, and use this definition to
compare my models at similar evolutionary stages. I present here the different objects that are
observed in my models and their definition in this work.

12.5 3

o The first hydrostatic core/the fragments are any object of density larger than 107> gcm™.
The FHSC or F corresponds to the central fragment. # and ¥, are the secondary frag-
ments/FHSC

e The disk D is the region that satisfies Joos et al. (2012) criterion. For the analysis, we
place ourselves in cylindrical coordinates (r, ¢, z). A region is identified as a disk if it is
Keplerian (vy > finev,), in hydrostatic equilibrium (v4 > fineV;), rotationally supported
(%pvé > fuwePy) and dense p > 3.9 X 1071 g cm™3. As in Joos et al. (2012) , I choose
JSihre = 2.

e The pseudo-disk P (Galli & Shu, 1993), for magnetic runs, is defined as the regions
with r < 5000 AU and densities above 3.9 x 107'7 g cm™ that are not in the disk and
fragments. The criterion is similar to Hincelin et al. (2016). 5000 AU is an arbitrary
distance that is sufficiently larger than the central objects while being smaller than the
initial cloud.

217 for the spherical collapses, although this level is never reached
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o Jets/outflows O correspond to any region with r < 5000 AU with v - ﬁ > 0.2 kmsec™!(r
is the position relative to the center of the box). The criterion is also similar as (Hincelin
et al., 2016).

o The envelope & encompasses the regions with r < 5000 AU that exclude the fragments,
the disk/pseudo-disk and the jets/outflows.

I consider two different weights for averaging a quantity A over a volume V in the compu-
tational box. Volume averaging is computed according to

ey AXA;
(A), = ZG(V—3 (4.19)
ZiE(V Ax,‘
Mass averaging is computed according to
i AXA;
Ay, = ZVPLA =, (4.20)
icy PidX;

where p; and Ax; are the total density and length of individual cells i in the averaged volume.
Volume averages emphasize on regions of large spatial extension, i.e. the envelope, while mass
averages emphasize on regions of high density, i.e. the core+disk and the denser regions of the
envelope.

4.3.5 Regularization of the differential velocity and dust density

The terminal velocity approximation is unrealistic in low density regions or in shocked regions
where the pressure is discontinuous (Lovascio & Paardekooper, 2019).

In the rotating models, I cap the differential velocities to w¢ap in my models to avoid pro-
hibitively small timesteps and unrealistically large variations in the dust ratio at strong shock
fronts. I impose weap = 1 km s~!. To verify that this does not impact the results, I ran extra
models with weyp, = 0.1 km s71, Weap = 0.5 km s~!and Weap = 2 km sTLA comparison between
these models and my fiducial is given in Appendix 4.10.

In my models, the drift velocity can in some regions be supersonic. Unless specified,
I account for the correction presented in equation (4.5). In that perspective, I use the drift
velocity estimated at the previous timestep to estimate the differential velocity mach number.

Finally, I set the drift velocity to zero at densities lower than the ones of the initial cloud,
i.e. the background. This is a way to ensure that the regions where the terminal velocity is not
valid do not affect significantly the calculation.

4.3.6 Validity of the model

The diffusion approximation is valid as long as the ratio between the stopping time and the
dynamical timescale of the gas is small compared to unity (Laibe & Price, 2014c). This ratio
is called the Stokes number St.

During the first collapse, the dynamical timescale is the free-fall time #g (see section 4.4.1
or chapter 1). For an initial dust-to-gas ratio of 0.01 and a temperature of 10 K, the initial
Stokes number Sty of a spherical collapse is given by

My Pgrain ( Sgrain )( a )3/2
Sty ~ 0.038 — 1. 421
0 (1M®)(1 gcm—3) 0.05em/\05) = (4-21)
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Figure 4.1: Logarithm of the maximum (10% bin) Stokes number as a function of the spherical
radius for the four models with the largest Stokes numbers at fcore + 2 kyr. (Top-left) MMMRN,
(Top-right) MMMRNAO.25, (Bottom-left) MMuMRNwmHD , (Bottom-right) MMMRNNIMHD.

The dynamics of grains smaller than 0.05 cm can be simulated using the diffusion approxima-
tion. Note that the Stokes number varies as o # (since tg o< \/Lp and # oc %) and hence can
increases with a decreasing density. I show in figure 4.1 the values of the maximum Stokes
number as a function of the radius for the four rotating models with the least coupled dust
(see section 4.5 for a description of the models). The maximum value for St is smaller than
~ 0.15 in external regions of the collapse of the rotating models and it is typically smaller than
0.05 inside the collapsing regions for this models. Rotation provides an additional support to
the collapse, which causes an increase of the free-fall timescale. Hence, as the initial angular
velocity increases, the initial Stokes number decreases and the diffusion approximation is even
more accurate. Similarly, magnetic fields increase the duration of the collapse which broadens
the validity domain of the diffusion approximation. Finally, the Stokes number also decreases
when «a decreases, implying that the diffusion approximation remains valid for small values of
a.

In the induction equation, I consider for simplicity that the plasma is moving at the barycen-
ter velocity. This approximation is valid when € < 1, i.e. when the back-reaction from the dust

onto the gas is negligible. Note that I investigate the impact of the back-reaction in Appendix
4.11.
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Figure 4.2: Ratio between the
free-fall timescale of the mix-
ture and the free-fall timescale
of the gas. The red circle corre-
sponds to the fiducial simulation
with gas only, and the blue cir-
cles correspond to gas and dust 21
mixtures for various dust ratios.
The black solid line is the ana- 0.0 0.2 0.4 0.6 0.8
lytical solution. Dust ratio e

L/t g
D

4.4 Spherical dusty protostellar collapses

The final test of the algorithm verifies again that both gas and dust are sensitive to gravity and
the 3D implementation of the solver. In all the models of this section, 8 = 0, A = 0 and the
Kwok correction is not considered. All the collapse of this section are hydrodynamical and
computed with single grain species. I presented these models in Lebreuilly et al. (2019).

4.4.1 Free-fall timescale for strongly coupled mixtures

A core only composed with gas would collapse at the following free-fall timescale

- 3r
7\ 32Gp,

For a perfectly coupled gas and dust mixture (f; < f#g) it writes

. Y4
7\ 3260

In the context of the Boss and Bodenheimer test, this timescale indirectly depends on the initial
dust ratio

apmy 3/2
4.22)

T
= M,
Sy 4 °(kag(1 p

Physically, this is due to the fact that two cores with the same initial o but different €y have
different initial radius, hence free-fall timescale. Indeed, Ry increases with & so that the gas
provides the same thermal support against gravity.

To test this relation, non-rotating DUSTYCOLLAPSE with various dust ratios and the same a =
0.5 are performed. The condition f; < tg is ensured by considering very small grains with
s=10"" cm.

Figure 4.2 shows the ratio between the free-fall timescale of a dusty cloud and the one of a
pure-gas cloud compared with the analytical solution. I define the free-fall timescale as the time
at which the peak density reaches p,g. The scaling relation is very well verified. As expected,
the gas, but also the dust, are sensitive to gravity and fall at the mixture free-fall timescale.
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Figure 4.3: Properties of the first Larson core at t. for the Coll, Coll0, Col100. The core
mass, the dust mass ratio and the formation time are shown as a function of the grain size (blue
circles). The results are compared with the fiducial ColGAS simulation (dashed red lines). The
top x-axis shows the initial Stokes number in the core Sty.

4.4.2 Core properties

Non-rotating pusTycoLLAPSE of @ = (.5 are performed with an initial dust-to-gas ratio of 1%.
Single grain species of size 1 pum (Coll), 10 um (Col10) and 100 pm (Col100) are consid-
ered. The results are compared at at 7., With a fiducial collapse without any treatment of dust
(ColGAS).

Figure 4.3 shows the total mass of the first hydrostatic core Mce, the dust mass ratio
Mg/More and fcore as a function of the grain size (bottom x-axis) and the initial Stokes num-
ber (top x-axis). The first core properties depend on the amount of dust in the initial dense
core. In the fiducial ColGAS test, the gas density is assimilated to the total density, as often in
the literature. This results in a lower first-core mass and a shorter formation time. Note that
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Model a S max (cm)  u ®Pmag (°) Ambipolar  fcore (kyr) Sto,10
MMMRN 0.5 0.1 - - - 72.84 1.22 x 1072
MRN 0.5 25% 107 - - - 73.6 1.06 x 1073
100MicMRN 0.5 0.01 - - - 72.9 1.72x 1073
MMMRNAOQ.25 0.25 0.1 - - - 23 431x1073
MMMRNMHD 0.5 0.1 5 40 NO 81.1 1.22 x 1072
MMMRNNIMHD 0.5 0.1 5 40 YES 81.1 1.22 x 1072

Cloud mass Number of bins
1M 10

Table 4.1: Syllabus of the different simulations, with the thermal-to-gravitational energy ratios
@, maximum grain sizes S, . The initial mass-to-flux ratio u as well as the tilt between
the magnetic field and the rotation axis ¢m,e are given for simulations with magnetic field.
Additionally, I also provide the formation time of the FHSC #.. and and the initial Stokes
number of the largest grains St 9, the mass of the initial core and the number of dust bins.

the barotropic equation of state implicitly assumes a constant dust-to-gas ratio of 1% which is
slightly inconsistent. Dust-to-gas ratios might be even larger in core forming regions (Hopkins
& Lee, 2016; Tricco et al., 2017) which could lead to even more important discrepancies. In
terms of dynamics, small grains (s < 100 pum) do not have a significant impact as they fall
alongside the gas. However, the differential velocity between the gas and the dust is propor-
tional to the stopping time, hence large grains (s > 100 pm) are prone to fall substantially
faster than the gas. Their infall provokes a slight acceleration of the first core formation as it
changes the balance between the gravity and the thermal support of the gas. The mass of the
core decreases as the grain size increases because the gas has less time to be accreted during the
collapse. The settling of dust in the central regions of the core, however, leads to an increase
of the M4/ Mcore.

Figures 4.4 and 4.5 show the radial profiles for the Col10 and Col100 tests, respectively,
of the gas density, the dust ratio, the gas and dust velocities, and the Sotkes number. As can
be seen, the strong dust depletion in the outer regions of the collapse provides the enrichment
of the core. However, as the damping is more efficient in the high density regions (see the
velocities vy ~ vq), the dust ratio increases at a slower rate in the inner regions of the collapse,
i.e, the first core. If the maximum increase of dust ratio in the outer regions of the collapse is
about ~ 20% for the Col10 test, it goes up to ~ 300% for the Col100 test.

4.5 Rotating models

The rotating models presented in this section are referenced in table 4.1. All of them have been
evolved up to at least 2 kyr after the formation of the first core. My fiducial case MMMRN has
been run over a longer time.

4.5.1 Fiducial simulation

In this section, I present my fiducial case MMMRN where @ = 0.5 and 8 = 0.03. The grain size
distribution is extended up to S ,x = 1 mm. The value of S ,.x leads to an average size of the
last and largest bin sjo ~ 160 um. The total initial dust-to-gas ratio is 649 = 1%.

Figure 4.6 shows edge-on (four top figures) and mid-plane (four bottom figures) density
cuts of the gas (left) and of the dust fluid with the largest grain size (160 pum, right) at 1 kyr and
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Figure 4.6: MMMRN test
at feore + 1 kyr and feore +
2 kyr (teore = 72.84 kyr).
Edge-on and mid-plane
cuts of the gas and the
dust densities for the least
coupled species are pro-
vided (left and right re-
spectively). Values of
the gas density are indi-
cated by the colorbar on
the bottom. Dust densi-
ties have been multiplied
by a factor 100 to be
represented on the same
scale. Hence, colors of
the gas and the dust maps
match when the dust-to-
gas ratio equals its ini-
tial value 0.01. Dust den-
sity variations in regions
where €pg < min(pg)
have voluntarily not been
displayed to highlight the
enriched regions. These
depleted regions are de-
limited by the dashed grey
lines. This choice of col-
ors applies for all density
maps in this study. Gas
and dust are clearly not
perfectly coupled.
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Figure 4.7: MMMRN test at fcore + 2 kyr. Probability density function (PDF) of the dust ratio
enrichment log(€) for the two most coupled and three least coupled dust species (colored dashed
lines) and for all the dust (black line) in the core+fragments(left), the disk (middle) and the
envelope (right). Dust is not a good tracer for the gas here and the dust distribution is not
uniform in the considered objects.

2 kyr after the formation of the first Larson core (¢.ore = 72.84 kyr for this model), respectively.
The density distributions obtained for the gas and the dust are clearly different. This discrep-
ancy originates from an imperfect coupling between the two phases which causes a drift of the
dust toward the inner regions of the collapse. This general trend can be explained by a simple
force budget on the gas and the dust. Although the gas is partially supported by pressure, dust
grains are only subjected to gravity and gas drag. As such, the dust fluid collapses essentially
faster than the gas. It therefore enriches the first core and the disk at the cost of a depletion of
solids in the envelope. Figure 4.6 shows that these strong enrichment in the mid-plane and de-
pletion in the envelope have already occurred at #.o + 1 kyr, and continues for more than 1 kyr.
In the mid-plane, the envelope is enriched in large dust grains close to the central object and
depleted further away. In the vertical direction, it is mostly depleted in large grains. In short,
after the first core formation these grains are concentrated in a very thin layer of 10 — 100 AU
above/under the mid-plane. At this stage, the envelope is mostly a reservoir of low dust den-
sities for the large grains. Hence accretion of dust arising from the envelope does not enrich
significantly the fragments and the disk in large grains and the dust-to-gas ratio in the disk even
decreases. Note that the latter is still very enriched by the end of the calculation. Most of the
enrichment of dust-to-gas ratio in the central objects is indeed actually taking place during the
initial phases of the collapse, when the densities are low everywhere and the coupling between
the gas and the dust is the weakest.

Figure 4.7 shows probability density functions (PDF) of the dust ratio enrichment, denoted
log(€). It compares the distributions of the two most coupled and the three least coupled dust
species (colored dashed lines) at #.ore + 2 kyr. It also indicates the PDF integrated over the grain
size distribution (black line). These PDF are displayed in three different regions, namely the
core and the fragments (left), the disk (middle) and the envelope (right). Figure 4.7 shows that
the dust enrichment in the inner regions is size-dependent. Small grains experience larger drag
that reduces their differential velocity with respect to the gas.

Here, grains with sizes smaller than a few microns remain very well coupled with the gas
in all the considered regions, whereas for larger grains the PDF of the dust ratio is broad. For
160 um grains, the dust ratio increases by one order of magnitude in some regions of the disk
and up to two orders of magnitude in the envelope. On average, the dust ratio is 1.8% in the
core, 1.75% in the disk and ~ 0.86% in the envelope. In addition, the dust has experienced
a strong and local dynamical sorting. I indeed measure a typical standard deviation for the
dust-ratio enrichment € of 0.072 in the core, 0.14 in the disk and 0.23 in the envelope. The
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Figure 4.8: MMMRN test ~
1 kyr (top), ~ 2 kyr (mid-
dle) and ~ 4 kyr (bottom)
after the first core forma-
tion (feore = 72.84 kyr).
Mid-plane view of the to-
tal dust ratio (left) and the
dust ratio of the least cou-
pled species (right). The
colorbar is the same for
both figures. The dot-
ted white lines represent
the regions where the to-
tal (left) or 160 pm grains
(right) dust-to-gas ratio is
at its initial value, which
can also be regarded as a
dust enrichment line.
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Figure 4.9: MMMRN test at #¢ope + 1 kyr (feore =
72.84 kyr). Mid-plane view of the gas pressure
(up-close). The white arrows represent the di-
rection of the differential velocity wyy.
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Figure 4.10: MMMRN test. Volume averaged total dust-to-gas ratio enrichment as a function
of time for different density thresholds. The FHSC formation can be identified by the dotted
vertical blue line while fragmentation occurs during a time delimited by the green area. We
observe a slow decrease of the dust-to-gas ratio at low density at the benefit of an enrichment
of high density regions. Cores and fragments at p > 10~'! g cm™3 are formed in a dust rich en-
vironment. The dust-to-gas ratio is almost constant for p > 10™!' g cm™ because the increase
of temperature due to the adiabatic contraction strengthen the coupling between the gas and the
dust.

standard deviation is the largest in the envelope, a region which is depleted in dust in the outer
regions and enriched close to the disk and fragments. The disk experiences larger variations
of dust-to-gas ratio compared to the core. Indeed, the latter is in adiabatic contraction. This
induces high temperatures, which in return causes a strong decrease of the Stokes number.
Hence, dust is essentially frozen with the gas in the core and vq ~ v,. Figure 4.8 shows the
dust ratio for the total dust distribution (left) and for the 10" species (right) in the mid-plane
of the collapse, at 1 kyr (top), 2 kyr (middle) and 4 kyr (bottom) after the formation of the
first Larson core respectively. The maps on the left and on the right are very similar as most
of the evolution of the dust ratio is due to the dynamics of the least coupled species, which
represents a large fraction of the dust mass (see also the PDF). The structures in the dust ratio
observed in figure 4.8 can be interpreted by looking at the thermal pressure distribution shown
in figure 4.9. Dust grains tend to drift toward local pressure maxima (see figure 4.8, top panel)
where the differential velocity is zeroed (see equation (4.6)). The essential of the variations
of the total dust ratio are due to the largest grains, since they represent most of the dust mass
and have the largest drift velocities. Hence, a significant fraction of the dust mass in the inner
regions is composed with large grains. Finally, note that 4 kyr after the first core formation,
the average value for the total dust-to-gas ratio is roughly unchanged but generally increasing
(of about 1%) in the core and fragments since their formation. For the disk, I note a decrease
of dust ratio of ~ 30% for the largest grains (~ 22% in total) in the disk since the first core
formation. In addition, the total dust-to-gas ratio continues to diminish in the envelope at this
time as settling goes on, with a final average value of ~ 0.83%.

Figure 4.10 shows the evolution of the dust-to-gas ratio enrichment averaged in volume for
different density threshold in the regions where R < 5000 AU. The dust depletion at large scales
in the envelope at low densities is a relatively slow process, which occurs during the entire
collapse. Once regions with larger densities are formed, they usually experience a relatively
quick enrichment from the dust content of the low density regions, and then a quick depletion
in favor of even denser regions. Figure 4.10 shows that fragmentation occurs in a dust-rich
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Figure 4.11: MRN test at z¢ore + 2 Kyr (fcore = 73.6 kyr). Edge-on (top) and mid-plane (bottom)
cuts of the gas density (left) and dust density of the least coupled species (right). The two maps
are almost indistinguishable due to the very strong coupling between gas and all dust species.

environment. A strong enrichment of the volume where p > 107'3 g cm™ delimited by the
brown line indeed happens exactly when fragments form. This explains why these fragment
tend to be more dust-rich than the first hydrostatic core. Interestingly, the dust-to-gas ratio does
not vary significantly in the volume where p > 10~!! g cm™ which is in adiabatic contraction.
Again, the temperatures in this region are high and therefore the Stokes numbers are very low,
which significantly slows down the differential dynamics of the gas and the dust. Note that this
volume is already dust enriched by the time of its formation by almost a factor of two.

4.5.2 Parameter exploration
Maximum grain size

As seen in section 4.5.1 for the MMMRN model, the differential dynamics between gas and dust
during the protostellar collapse depends critically on the grain sizes. Therefore, I perform two
simulations 100MicMRN and MRN with the same set of parameters as in MMMRN, but where
I vary the maximum grain size. I choose S pax = 100 pm for the 100MicMRN model (which
yields s19 ~ 22.6 um) and S ax = 250 nm for the MRN model (which yields s19 ~ 139 nm).
Let us first consider MRN, which is the model that has the smallest S ;x. Figure 4.11 shows
the density of the gas (left) of the least coupled dust species (right) at #.ore + 2 kyr. Because the
coupling between gas and dust is almost perfect, the two maps are indistinguishable by eye.
This is expected because the maximum grain size is ~ 107 cm which corresponds to an initial
Stokes number Sty 190 ~ 1.06 X 1075 < 1(see section 4.3.4 for a theoretical justification). As
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Figure 4.12: MRN test at #.oc + 2 kyr. Probability density function (PDF) of the total dust ratio
enrichment log(€) in the core and the fragments, the disk and the envelope. Dust is a very good
tracer for the mass here and the dust distribution is almost uniform in the objects considered.

a result, dust is a excellent tracer of the gas in this model. This is illustrated by figure 4.12
that shows the probability density function of the dust ratio enrichment log(€) in the core and
fragments, the disk and the envelope at #.ore +2 kyr. Contrary to the MMMRN model, these PDFs
are strongly peaked. The average dust-to-gas ratio integrated over the total dust distribution is
~ 1% in the core and the fragments, the disk and the envelope. The standard deviation for
the dust ratio enrichment ranges between 2 X 10~*%(in the core) and 1.4 x 1072% (in the
envelope). For this model, the variations of the dust ratio are very small. Therefore, in absence
of coagulation, one may expect that a standard MRN distribution appears to remain extremely
well preserved during the protostellar collapse at all scales.

To investigate an intermediate scenario, I now focus on the 100MicMRN model. I do not
show the density maps in this case due to their strong resemblance with the MRN case. The
PDFs of the dust ratio enrichment log(€) in the core and fragments, the disk and the envelope
at f.ore + 2 kyr are shown in figure 4.13. In this case, the variations of dust ratio are more
significant than in MRN. However, compared to the MMMRN case, these variations still remain
quite small. The average dust-to-gas ratio is 1.06% in the core and the disk and 0.99% in the
envelope. The typical standard deviation for the dust-ratio enrichment are 7 x 1073 in the core,
2.2x1072 in the disk and 7.8 x 1072 in the envelope. This confirms that the larger the grains are,
the more significant the decoupling with the gas is. Note that, for 100MicMRN, it is reasonable
to infer the gas density from the dust.

Thermal-to-gravitational energy ratio

The free-fall timescale depends on the ratio between the thermal and the gravitational energy.
I therefore present in this section MMMRNAQ.25, a model similar to the reference case but with
a = 0.25. This parameter is expected to affect strongly the dust dynamics. A lower value of &
produces faster protostellar collapses prior to the first core formation due to the smaller thermal
support. It thus develops faster high densities regions where dust strongly couples. In addition,
a cloud with a smaller @ has a smaller initial Stokes number, which means that the dust is also
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Figure 4.13: 100mMicMRN test at .o + 2 kyr. Probability density function (PDF) of the total
dust ratio enrichment log(€) in the core and the fragments, the disk and the envelope. Dust is a
relatively good tracer for the gas although significant variations of the dust-to-gas are observed.

initially better coupled with the gas. The post-core evolution of MMMRNAOQ.25 is different than
in MMMRN in virtue of a smaller initial disk radius. Smaller disk with a smaller initial value of
a are expected as shown by Hennebelle et al. (2016) (their equation (14)).

Figure 4.14 shows the densities of the gas (left) and the least coupled dust species (right)
at feore + 2 kyr for MMMRNAOQ.25. Apart from the outer regions that are quite depleted in dust
content, we do not see any significant difference between gas and dust. Indeed, the core forms
quickly, leaving no time for the differential motion between gas and dust to develop. For a
comparison with the fiducial case, I show in figure 4.15 the probability density function of
the dust ratio enrichment log(€) in the core and the fragments, the disk and the envelope at
teore + 2 kyr. The PDFs are much more peaked in MMMRNAOQ.25 than in MMMRN. The values
of the standard deviation of the dust-ratio enrichment are 2 x 1072 in the FHSC and fragments,
3 x 1072 in the disk and 0.1 in the envelope. This was actually expected as the initial Stokes
number scales as @®/3 and is thus ~ 0.6 times smaller in MMMRNAQ.25 than in MMMRN.

Magnetic fields

Inow consider the dynamics of neutral grains in collapsing magnetized clouds. The two models
are performed with the same parameters as MMMRN but with an initial magnetic field given by
u = 5 and a tilt of 40°. For MuMRNwmHD I use an ideal MHD solver and for MMMRNNIMHD |
consider ambipolar diffusion.

Figures 4.16 and 4.17 show the densities for the gas (left) and the least coupled dust species
(right) at #.ore + 2 kyr for the two models MMMRNwmHD and MMMRNNIMHD respectively. For both
models, the dust is significantly decoupled from the gas and the settling in the core/disk/pseudo-
disk is very efficient. As in MMMRN, dense regions (disk, core, pseudo-disk and high density
regions of the outflow) are prone to be enriched in solid particles while low density regions are
depleted (envelope and low density regions of the outflow). I note that the decoupling is slightly
more efficient in these models than in MMMRN. This is mostly due to the 10 kyr difference in
free-fall timescale. Although additional decoupling terms due to the magnetic field appear in
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Figure 4.14: MMMRNA0.25 test at fcore + 2 Kyr (fcore = 23 kyr). Edge-on (top) and mid-plane
(bottom) cuts of the gas density (left) and dust density of the least coupled species (right). Dust
has less time to significantly decouple from the gas than in the MMMRN case. A strong dust
depletion is observed in the envelope.

the dust differential velocity (o< J X B) those are negligible compared to the hydrodynamical
terms (< VP, ) in the decoupling of gas and dust in my magnetised collapse models.

I show in figure 4.18 and 4.19 the PDF of the dust ratio enrichment for the different ob-
jects at teore + 2 kyr for the MMMRNwMHD and MMMRNNIMHD runs, respectively. Although the
shapes of the distributions are different from my fiducial case, I essentially reach to the same
conclusion that is a peaked distribution with a significantly large average, indicating a strong
initial enrichment, in the [core+disk] system and a broad distribution in the envelope. Note
that the average dust-to-gas ratio in the disk and the core are higher in these two models than
in the fiducial case. I indeed measure an average dust-to-gas ratio of ~ 2.2 — 2.3% in the disk
and the first hydrostatic core for these models. In these magnetic runs, the pinching of the
magnetic field lines during the collapse produces a pseudo-disk, which is a dense but not rota-
tionally supported regions. These pseudo-disks have a very broad PDF and show enriched and
depleted regions in both the ideal and non-ideal cases. A similar behavior is observed in the
magnetically driven outflow for the ideal case, that are dust-rich in dense regions and depleted
at low densities. In the MmMRNNIMHD, the outflow is less evolved and is mostly dust-depleted
similarly to the envelope.

In summary, neutral dust dynamics in the presence of magnetic fields seems to follow the
same general trend as in the hydrodynamical case. Dust collapses faster than the gas and is
enriched in the inner regions of the collapse a few thousand years after the first core forma-
tion. This enrichment is mainly located in the pseudo-disk (only observed in the magnetized
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Figure 4.15: MMMRNAOQ.25 test at 7o + 2 kyr. Probability density function (PDF) of the
total dust ratio enrichment log(€) in the core+fragments, the disk and the envelope. Dust is a
relatively good tracer for the gas in the dense object although a notable depletion is observed
in the envelope.

models), the disk, the first hydrostatic core. and the high density regions of the outflow.

4.6 Features of dusty collapses

I summarize here the properties of the dusty collapse in its different regions. Figure 4.20 shows
the dust-to-gas ratio enrichment averaged in mass as a function of the grain size for all the
models and all the objects defined in section 4.3.4. I refer to the dashed horizontal line as the
enrichment line. If an object lies above it, it is enriched in dust during the collapse. If it lies
under, it is dust depleted. This information is collected in table 4.3.

4.6.1 Core and fragments

Here, I detail the dust and gas properties in the first hydrostatic core and the fragments. In
every model, we observe a value of (@), that remains unchanged for all the cores and
fragments. Indeed, small grains have short stopping times and remain very well coupled to the
gas all along the collapse. Simulations with the largest maximum grain size (S pax = 0.1 pm)
have the largest dust enrichment. On the contrary, for the MRN model, the dust-to-gas ratio
preserves its initial value in all the fragments. Moreover, the dust distribution itself remains ex-
tremely well preserved. In the MuMRNAQ.25 case, the enrichment of the largest dust grains is
much less efficient than in MMMRN. This is explained by a shorter free-fall timescale and higher
initial densities, which implies smaller initial Stokes numbers. In MMMRN MMMRNAQ.25 and
100micMRN, the fragments have larger enrichment in large grains (k > 6, see table 4.2 for
the corresponding grain sizes) . For example, in the MMMRN case, the dust-to-gas ratio of the
160 um grains is enriched by a factor of = 2.6 in the central object, and ~ 3 in the fragments.
Note that the dust-to-gas ratio enrichment of the first hydrostatic core is stronger in simulations
that include magnetic fields than in MMMRN. As explained before, magnetic fields bring an
additional decoupling in the case of neutral grains which explains in part why the dust enrich-
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Figure 4.16: MMMRNMHD at f.ore + 2 kyr (fcore = 81.1 kyr). Edge-on (top) and mid-plane
(bottom) cuts of the gas density (left) and dust density of the least coupled species (right). Dust
is significantly decoupled from the gas and concentrate in the high density regions such as the
core, the disk, the pseudo-disk and the inner regions of the outflow.

ment is even stronger in MMMRINwMHD and MMMRNNMHD than in MMMRN. More importantly,
the collapse is longer for these models due to the magnetic support. This leaves more time for
dust grains to enrich the central regions. For the fragmenting cases, I note a preferred con-
centration of dust in the fragments that can be explained by two mechanisms. First, fragments
form after the central object and thus stay a longer time in the isothermal phase where dust
is less coupled since the temperature is smaller. Second, the dust-rich spiral arms developing
through the envelope (see figures 4.8) are mainly accreted by the fragments (see figure 4.10).
This provides an additional channel to enrich the fragments in solids.

4.6.2 Disks

I review the disk properties of all the models at #.ore + 2 kyr . Essentially, the values are similar
to what is measured in the cores. This is essentially caused by the fact that the dust enrichment
happens prior to core formation at low densities (see figure 4.10). I measure a total dust-to-
gas ratio enrichment of ~ 1.75 in MMMRN, ~ 1 in MRN, ~ 1.1 in 100MicMRN, ~ 1.1 in
MMMRNAOQ.25, ~ 2.3 in MMMRNwmHD and ~ 2.1 in MMMRN~vHD. I emphasize once again that
the decoupling between the gas and the dust depends strongly on the initial properties of the
cloud. Note that in MMMRN the dust ratio is highly non-uniform in the disk (see figures 4.7
and 4.8 for the MMMRN case) or even constant (see figure 4.10). As explained in section 4.5.1,
there is a decrease of ~ 22% of dust-to-gas ratio in MMMRN between fcore and feore + 4 kyr.
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Figure 4.17: MMMRNNIMHD at foore + 2 kyr (feore = 81.1 kyr). Edge-on (top) and mid-plane
(bottom) cuts of the gas density (left) and dust density of the least coupled species (right).
As in the ideal case, dust is significantly decoupled from the gas and concentrate in the high
density regions such as the core, the disk, the pseudo-disk and the inner regions of the outflow

This is most likely due to the fact that the disk is accreting dust depleted material from the
envelope. In addition, since dust drifts toward pressure bumps — or regions where J X B ~ VP,
for magnetic runs — dust cannot always be used as a direct proxy to trace the gas density.
Although, as shown in figure 4.9, the sub-structures seen in the dust originate from the ones
in the gas, they may have very distinct morphologies. This is similar to what is found for
T-Tauri disks, where gaps could be opened in the dust only (Dipierro & Laibe, 2017). Once
again, simulations with magnetic fields show a more significant dust enrichment because of the
longer timescale of the collapse. Note that the disk masses are however much smaller in the
two models where magnetic braking occurs. Indeed, longer integration time is required for the
disk to grow significantly (Hennebelle et al., 2020).

4.6.3 Pseudo-disks

In this section, I describe the principal features of the dusty pseudo-disks that are observed
in the two magnetic runs MMMRNwMHD and MMMRNNmvED. These pseudo-disks are strongly
enriched with a total dust-to-gas ratio enrichment of ~ 2 for both cases (see values in table 4.3).
Interestingly, the pseudo-disk is generally more enriched in smaller grains (up to 47 um grains)
than the other objects. This is due to two effects. First, the pseudo-disk is less dense than the
central regions of the collapse, namely the disk and the core. This explains why smaller grains
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Figure 4.18: MMMRNwMHD test at #.r. + 2 kyr. Probability density function (PDF) of the dust
ratio enrichment log(€) in the core (blue), the disk (green) the pseudo-disk (purple), the out-
flow (orange) and the envelope (red). Dust is not a good tracer for the gas here and the dust
distribution is not uniform in the considered objects.
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Figure 4.19: MMMRNNIMHD test at f.ore + 2 kyr. Probability density function (PDF) of the
dust ratio enrichment log(€) in the core (blue), the disk (green) the pseudo-disk (purple), the
outflow (orange) and the envelope (red). Dust is not a good tracer for the gas here and the dust
distribution is not uniform in the considered objects.

are more easily drifting towards it. Second, the strong pressure gradient orthogonal to the
pseudo-disk generates a drift from the envelope towards it, even for small grains. Once these
grains have reached the pseudo-disk, they couple strongly to the gas while larger grains are
able to drift to even deeper regions such as the disk and the core.
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Figure 4.20: All the models at #.o +2 kyr. The dust-to-gas ratio enrichment averaged in mass is
shown as a function of the grain size for all the objects. Grain with sizes smaller than 10~ cm
are almost always perfectly coupled with the gas. For larger sizes, the enrichment is model
dependent. Grains with typical sizes larger than 10~ cm decouple from the gas. Dense objects
such as the fragments ¥ or the disk 9 and pseudo-disk # are enriched in dust. Low density
objects such as the envelope & or the outflows O are depleted in dust. Magnetized models
exhibit the stronger decoupling between the gas and the dust.

4.6.4 Outflows

I now describe the major features of the dusty outflows that can be observed in the two mag-
netic runs MMMRNMHD and MMMRN~NmvHD. For MMMRNwMHD, figure 4.21 shows the relative
variations of the dust ratio at three different times, for the 47 um (left) and 160 um (right)
grains (9th and 10th bins), respectively. The magenta arrows represent the differential velocity
with the barycenter. These two dust species have a completely different evolution. Indeed, the
outflow does not carry a significant quantity of 160 um grains at #.ore + 2 kyr because they are
already strongly depleted in low density regions. Subsequently, the outflow is strongly depleted
in these species with <®d, 10>m ~ 0.22 for MMMRNwMmHD and <®d’10>m ~ 0.44 for MMMRNNIMHD.
On the contrary, 47 um grains are significantly enriched by a factor 1.04-1.28 at that time.
Initially, the outflow is not powerful enough to eject matter from then inner regions and rather
collects the grains from the envelope. This explains why the enrichment measured in the out-
flow are similar to those measured in the envelope. Interestingly at f.ore + 2 kyr, we see that
the outflow is well established and starts to carry the inner regions that are denser and more
enriched in 160 um grains. This indicates that outflows provide a channel to re-enrich the
envelope in large grains.
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4.6.5 Envelope

In general, the envelope is dust depleted owing to mass conservation since the inner part are
enriched. For all the models, the small dust grains (with £ < 6) do not experience significant
dust-to-gas ratio variations. Larger grains can however show significant dust-to-gas ratio vari-
ations. I measure a value of (@g,10),, as low as 0.38 for MMMRNNIMHD and MMMRNwMHD, and
0.73 for MMMRN. This values are averaged over all the envelope, but contrary to the core and
fragments, the envelope is very contrasted in terms of density. Among all objects (pseudo-disk
excluded), the envelope is experiencing the larger dust-to-gas ratio variations (see for example
figures 4.7 and 4.19). This is expected since the density in the envelope is lower than in the
other objects. Typically, the depletion in large grain of the envelope increases with a decreasing
density and have a larger dust content in their inner regions (see figure 4.21 for both behavior).
I have shown that dust is not necessarily a good tracer for the gas density, i.e. I find
important local variations in the dust distribution in MMMRN, MMMRNwMHD, MMMRNNIMHD.
This has strong consequences for observations, since dust continuum radiation fluxes depend
on densities integrated along the line of sight. It is therefore interesting to estimate error that
arises when the total column density is estimated from the mass of a single dust bin k. I compute
this error Erry from the total column density and the dust column density X4 according to

X —Xqk/ €0

S (4.23)

Erry =
The total error Err is defined the same way but using the total dust column density and initial
dust ratio.

Figure 4.22 shows an edge-on view of the total column density X (top), the total error Err
(middle) and the error estimated by using the largest grains only — 160 pm in this case (bottom)
for the MMmMRNNvMED model 2 kyr after the formation of the first core. The error is large when
considering either all the grains (middle) or only the largest ones (bottom). Note that the total
column density inferred from the total dust mass would be underestimated in the upper layers
and overestimated in the inner regions because dust drifts toward the center of the collapse. The
effect is maximal for the largest grains, where the error can reach values as high as ~ 250% in
the inner envelope.

4.7 Estimate of the dust enrichment

Here, I provide a semi-analytic estimate of the dust enrichment occurring during the proto-
stellar collapse. I use it to infer the typical minimal Stokes number above which a given dust
enrichment can be reached.

4.7.1 Enrichment equation

In the terminal velocity approximation, and making the assumption that the collapse is is
isothermal and purely hydrodynamical, the evolution of the dust ratio for a species k is given
by

N

de; 1 Isk N s ;
_ 1o sk sy 2 _ _
i pV € T E Ejl—e CSVp(l E el] .

j=1 J i=1

(4.24)

To provide analytical estimates of dust-ratio enrichment during the collapse, I now neglect the
cumulative back-reaction of dust onto the gas. When the cumulative back-reaction is negligible,
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Figure 4.22: MMMRNMHD at fcore +
2 kyr. Edge-on view of the total col-
umn density log(X) (top), the total er-
ror Err (middle) and the error when
using the largest grains only — 160 um
in this case (bottom).
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the evolution of € = é and € are constrained by the same equation, i.e. € does not depend on
€. The dust ratio enrichment is described by the equation

dé, 1 _
- = —;V- |étsc2vp). (4.25)
where % = (;—9[ + v- V. I now use the dimensionless variables
t
T=—nandx= L,
TH,0 A10

where 150 = /ngo and A0 = ¢sTrr 0. Equation (4.25) becomes

d§ 1 g =
5 = Stz Ve [657' V). (4.26)
T p

where p = pﬁo. The term 5! appears in the divergence owing to f o é.

4.7.2 Semi-analytical model
Neglecting local variations of € in comparison with local density variations yields

dé 1 o -

o = StV [p7'V.p). (4.27)
T p

I then obtain

E(x,7) = yo%O, (4.28)

TV.(5-'V.5)/5dr ;. . . .
where y = e~ o Ve VP pdr g independent of the dust properties. Hence, at a given time and
position, the dust enrichment varies essentially exponentially with the initial Stokes number. A
proper mathematical estimate of the integral quantity will be investigated in the future.

4.7.3 Estimate in the core

We can roughly approximate y in the core and after a free-fall time fg = ./ %Tff,(). An order

of magnitude estimate provides
3 2
In() |~ 3555 (4.29)
32 gpadr %ar

where ry, is the typical length at which variations of density become significant. Above p,q,
the temperature are high and the gas and dust differential dynamics is negligible. A reasonable
choice for p is therefore p = %. In the typical condition of a protostellar collapse, one obtains

Tgas
10K/’

ln(y)| ~ 126 (”—‘“)_2( (4.30)

1 AU
Taking ry, = 1 AU seems reasonable as it is about a tenth of the first-core radius in my models.
For ry, ® 5 AU, I find that [In(y)| ~ 5. The value of y strongly depends on the steepness
of the pressure gradients, hence on ry,. This model only provides an rough estimate of € and
should not replace either a numerical treatment of the dust or a proper estimate of y during the
collapse.
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Figure 4.23: Semi-analytic and measured enrichment in my hydrodynamical models (MRN ex-
cluded) against the initial Stokes number. The lines represent the semi-analytical development
using a best fit of y for the FHSC (dotted), disk (solid) and envelope (dashed), respectively.
The extreme values of the enrichment given by my toy model are delimited by the blue areas.
The color coding and choice of markers is the same as in figure 4.20.

4.7.4 Comparison with the models

Figure 4.23 shows the dust ratio enrichment as a function of the initial Stokes number for
MMMRN, MMMRNA40.25 and 100micMRN for the first core, the disk and the envelope. The
dashed, dotted and solid lines represent the values obtained with equation (4.28) by fitting the
values of y. Finally, the blue area represents the range of dust enrichment obtained with the two
extreme values of y estimated in the previous section. I do not show the dust enrichment for
MRN as it is clearly negligible (see figure 4.20). In addition, I do not display the enrichment
in the secondary fragments for the sake of readability.

A fairly good agreement between the fits and the measured dust ratio enrichment is ob-
served in all the regions, especially in the cores. This suggests that the enrichment indeed
mostly varies exponentially with the initial Stokes number. We do observe small deviations
in the disk and the envelope for MMMRN. The non-linear behaviour of equation (4.24), either
due to local variations of € or the cumulative back-reaction of dust on the gas is therefore not
completely negligible. In appendix 4.11, I show that the dust-to-gas variations induced by the
dust back-reaction are almost negligible and that the discrepancy with the exponential increase
of the dust ratio observed is most likely caused by local variation of dust-to-gas ratio, e.g the
mixing between depleted material of the envelope and dust rich material from the disk.

Finally, I emphasize that the dust enrichment in all the cores is comprised between the
lowest and highest value estimated with my toy-model. This model being quite crude, I ac-
knowledge that it cannot compete with an eventual model based on an accurate estimate of

X-
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Schematic view of a dusty protostellar collapse

&

Dust enriched

Figure 4.24: Schematic view of a dusty protostellar collapse. Blue regions are dust depleted
and red regions are dust enriched. Typically, the outer regions of the envelope is depleted. The
outflow, only observed in magnetic runs, is enriched on its surface and depleted elsewhere.
Dense regions, such as the core and fragments # (the fragments are observed only in the
hydrodynamical case), the pseudo-disk # (only in magnetic runs) and the disk D are generally
enriched. The strength of dust decoupling depends on the initial choice of parameters such as
the maximum grain size, the thermal-to-gravitational energy ratio or the presence of a magnetic
field. This view of a dusty protostellar collapse is simplified and provides only a global sketch
of the evolution.

4.7.5 Critical Stokes number

Assuming that the value of y is known, it can be used to determine the critical Stokes number
St.rit,e above which some regions can reach a given enrichment €. Equation (4.28) can indeed
by inverted as

Sterite = :n_e (4.31)
ny

Using the value of y obtained by fitting my models (figure 4.23), we can estimate the
typical Stokes numbers needed to get a dust enrichment by a factor of 2 in the core and the disk
is approximately Sterio ~ 0.01 — 0.027. With my toy model, I find Stesi2 ~ 0.006 — 0.13. It
is a significantly wider range but it contains what is measured with my models. Similarly, we
can estimate that to get a dust ratio depletion of 50%, the grains must typically have Stcit1/2 ~
0.027-0.11. In short, it is easier to enrich the disk and the core than it is to deplete the envelope.

4.8 Discussion

4.8.1 Summary of the models

I investigated the effect of several parameters on the dust dynamics during the protostellar
collapse such as the thermal-to-gravitational energy ratio @, the maximum grain size of the
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dust distribution and the presence of magnetic fields. It appears that the first two parameters
are critical for the development of a significant differential dynamics between the gas and the
dust during the early phases of the collapse.

From MMMRN, MRN and 100mMicMRN, I established that the maximum grain size is a
critical parameter for the differential gas and dust dynamics. Typically, if the maximum grain
size in the core is smaller than a few microns (see figure 4.20), I do not observe significant
variations of the dust ratio. On the contrary, when larger grains are considered, the total dust
ratio can increase by a factor of 2—3, even in the very first thousands of years of the protostellar
collapse (see MMMRN, MMMRNwMHED or MMMRNNIMED). Hence, in order to understand the
initial dust and gas content of protoplanetary disks, it is crucial to measure accurately the dust
size distribution in early prestellar cores. This conclusion is reinforced by recent observations
(Galametz et al., 2019) or synthetic observations (Valdivia et al., 2019) that seem to probe the
existence of ~ 100 um exist in Class 0 objects.

For small initial values of a, e.g. in MMMRNAO0.25, the collapse is fast and large grains
do not have the time to significantly enrich the core and the disk in one free-fall timescale.
Besides, as MMMRNAQ.25 is set with a higher initial density, dust is initially more coupled with
the gas in this particular model. I point out that the efficiency of the dust enrichment relies
strongly on the lifetime of low densities regions (see figure 4.10) and on the range of densities
experienced during the collapse (see section 4.3.4). Hence, although 100mMicMRN has a smaller
maximum grain size as MMMRNAQ.25, both models have a similar total dust content by the end
of the simulation as the free-fall timescale in 100MicMRN is longer. The initially properties
of the cloud appear to be extremely important to quantify the evolution of the dust distribution
during the protostellar collapse. It would be therefore interesting to study the dust collapse of a
Bonor-Ebert sphere, since its free-fall timescale is usually longer than the one of the Boss and
Bodenheimer test (Machida et al., 2014). I leave this proper comparison to further works.

With MMMRNwMeD and MMMRNNiMHD, 1 investigated the effect of a magnetic field on the
dynamics of dust during the protostellar collapse. I qualitatively find similar results as in my
fiducial case. Quantitatively, the decoupling between the gas and the dust does however pro-
duce more significant variations of the dust-to-gas ratio in the magnetic case. The presence
of a dense and stratified pseudo-disk strengthens the envelope and the outflow depletion. This
pseudo-disk is consequently strongly enriched in solids. It is in fact almost as enriched as the
disk and the first hydrostatic core. However it is much more massive than the disk by the end
of the calculation. Therefore, understanding how the pseudo-disk is accreted by the core and
the disk is of particular interest and future studies should focus on its long time evolution.

For the sake of summarizing, I show in figure 4.24 a schematic view of a dusty protostellar
collapse a few kyr after the formation of the first hydrostatic core. The blue areas depict the dust
depleted regions (low density regions of the envelope and outflow) and the red areas represent
the regions enriched in dust (cores, disk high density regions of the envelope and outflow, and
pseudo-disk). The intensity of the gas and dust decoupling depends naturally of the parameters
that I presented earlier in this chapter. I emphasize that this cartoon illustration is only a sim-
plified picture of a dusty protostellar collapse that does not account for the variability between
the models and were I do not quantitatively show the local variations of the dust-to-gas ratio.

4.8.2 Comparison with previous works

My results are in qualitative agreement with the previous study of Bate & Lorén-Aguilar
(2017), where a decoupling between gas and dust for grains larger than ~ 100 um was also
identified. A main difference is that I do not obtain as large dust-to-gas ratio enhancements.
Indeed, in Bate & Lorén-Aguilar (2017), the dust mass is distributed in a single bin of dust
with mass of 1% of the mass of the gas. In my MULTIGRAIN simulations, only a fraction of the
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dust mass lies in the largest grains, which provides, less significant dust-to-gas ratio variations
as in Bate & Lorén-Aguilar (2017). This effect was predicted in Bate & Lorén-Aguilar (2017).
I note that € only depends on the initial dust content via the cumulative back-reaction of the
dust on the gas. If this back-reaction is neglected as in equation (4.25), the enrichment is inde-
pendent from the initial value of the dust-to-gas ratio. This allows us a more direct comparison
with Bate & Lorén-Aguilar (2017). In their study, they observe an increase of dust-to-gas ratio
of about one order of magnitude for the 100 wm grains, which is about 3 times larger than what
I observe in MMMRN for example. Using the calibrated value of y and equation (4.28), we
can estimate that the dust ratio enrichment of 100 pwm for grains with pgpin = 3¢ cm™> would
be ~ 2.27 in the first hydrostatic core. The difference with Bate & Lorén-Aguilar (2017) is
likely due to their use of Bonor-Ebert spheres as initial conditions that have a longer free-fall
timescale (~ 120 kyr) and because they have lower initial densities (~ 10720 g cm~?)and
therefore larger initial Stokes numbers (~ 1 for 100 um grains). In 2D simulation of collaps-
ing gravitoviscous protoplanetary disks, Vorobyov et al. (2019); Vorobyov & Elbakyan (2019);
Elbakyan et al. (2020) have focused on the evolution of dust including grain growth and frag-
mentation. Similarly to my models, they observe local variations of the dust-to-gas ratio in the
disks. They also found larger dust-to-gas ratios in the inner regions of the collapse and smaller
dust-to-gas ratios a few hundreds of AU away from the core. In their high density clumps, they
find dust-to-gas ratios between 1.7% and 2.3% which is quite similar to my findings. Locally,
Vorobyov & Elbakyan (2019) observe particularly large increase of dust-to-gas ratio in density
clumps, which is typically to what we observe in my secondary fragments.

In section 4.4, I performed three collapse simulations of non-rotating gas and dust mixture,
considering only single dust species (1 pm, 10 pm and 100 pm). In this work, I already
observed a significant decoupling occurring for 100 um grains. However the increase of dust-
to-gas ratio in the core was strong only in the outer regions of the collapse. As previously said,
we can estimate that in MMMRN the dust-to-gas ratio enrichment of 100 pm would be about
2.27 for grains with pgrain = 3 g cm™3. It was only ~ 1.2 in my first non-rotating spherical
collapse calculation, although both models have the same initial . I interpret this result as an
effect of rotation. Firstly, because it slows down the collapse (by a factor ~ 0.87 here), which
leaves more time for the central regions to be enriched in dust. Secondly, because it generates
steeper vertical pressure gradients which allows a more efficient settling of the dust grains. I
do not aim to investigate the effect of the initial angular velocity in details since this was done
by Bate & Lorén-Aguilar (2017). The initial angular velocity was found to simply enhance the
differential gas and dust dynamics similarly to what the thermal-to-gravitational energy ratio
would do. I choose not to explore the impact of grain density because the dependence of the
Stokes number in this quantity is the same as for the grain size.

4.8.3 Possible implications for planet formation

The simulations presented in this study consolidate the idea that protostellar collapses may
form protoplanetary disks containing €y 2 2 — 3% of their mass under the form of solids.

2

When the dust ratio € is larger than the square of the aspect ratio of the disk (%) —even
by a tiny amount, grain growth is expected to occur so efficiently that pebbles can decouple
from the gas before drifting and falling onto the central star (Laibe, 2014). This condition is

likely to be fulfilled as protoplanetary disks typically have (%)2 =~ (0.01 (Andrews et al., 2010).
The former condition is strengthened by the fact that back-reaction may also inhibit radial-drift
and vertical settling (e.g. Kanagawa et al. 2017; Dipierro et al. 2018a; Lin 2019), and holds
until grains fragment. Two scenarios have been debated when fragmentation occurs. In the
first scenario, grains may fall onto the central star if the disk does not contain a pressure trap
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Figure 4.25: Hall factor as a function of the density and the grain size for u = 5 for negatively
charged grains. The dashed line denotes the equality between the gyration and the stopping
time.

(e.g. Brauer et al. 2008; Birnstiel et al. 2009). In the second one, dust may exert strong drag
onto the gas and powers the development of self-induced dust traps (Gonzalez et al., 2017).
The formation of these traps occurs when back-reaction dominates locally over gas viscosity,
and may be extremely effective for €y = 2 — 3%. In any case, large dust contents favour the
formation of planetesimals through the development of the streaming instability (e.g. Johansen
et al. 2007, 2009; Drazkowska et al. 2016). This instability may be even more effective when
it develops through unstable epicyclic modes (Jaupart & Laibe, 2020), although peculiar dust
distributions may quench it (Krapp et al., 2019). As argued by Vorobyov & Elbakyan (2019),
dust-rich density clumps, similar to the secondary cores in my fragmenting models, could be a
favored locus of giant planet formation. They indeed noted both the piling-up of large grains
and important growth in these clumps.

In short, a larger initial dust content always favour planet formation in disks, and this may
be in a dramatic manner. A quantitative knowledge of the differential dynamics of gas and dust
during the protostellar collapse and the initial dust size distribution in prestellar cores therefore
appears essential to understand the early stages of planet formation. In that perspective, an
extensive study of dust dynamics and coagulation/fragmentation should be done from the scales
of molecular clouds and, through the protostellar collapse, up to protoplanetary disks.

4.8.4 Neutral grains approximation

Grains are likely to be significant or even the main charge carriers during the protostellar col-
lapse (Umebayashi & Nakano, 1990; Marchand et al., 2016). Charged dust fluids feel the
Lorentz drag f; ; in addition to the Epstein drag. The expression of this force is

37
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where Z; is the number of charges on the dust grain £, e the electron charge and E is the electric
field. The gyration time of a grain is expressed as

. 3
471'10 grain,k S grain k

fovir = 433
gyrk 37,¢|B| (4.33)

A grain subject to a significant Lorentz drag could preferentially couple to the magnetic
field rather than the gas. In addition, by controlling the Ohmic, ambipolar and Hall resistivities
(Kunz & Mouschovias, 2009), charged grains most likely affect the magnetic and electric fields
evolution. To compare the magnetic and neutral drags strength, it is interesting to compare the
stopping-to-gyration time ratio also known as Hall factor I';. In the Epstein regime, this ratio

writes
9 Ze|B
Ti = 4/ Oy _ZelBl (4.34)
1287Tpc852

grain,k

To model the Hall factor in a collapsing core, I consider a gas with a barotropic equation
of state with Ty = 10 K, an adiabatic index y = 5/3 and negatively charged grains. The grain
charge computation follows Wurster et al. (2016) and is detailed in Appendix 4.A. I use simple
assumptions for the magnetic field, stating that

2/3
IB| = min (Bo(ﬁ) ,O.IG], (4.35)
Lo

where By is the initial magnetic field, given by u and pg the initial core density. The magnetic
threshold at 0.1 G is imposed to reproduce the plateau systematically observed when consid-
ering ambipolar diffusion Masson et al. (2016); Hennebelle et al. (2016); Vaytet et al. (2018a).
One can then show that

9 7 Mo (4rp\"
Tt = | e — e min | (ﬁ) L0.1G|. (4.36)
1287Tpcss ’u(%) 3

grain,k

Figure 4.25 shows the absolute value of the Hall factor as a function of the density and
the grain size. For a wide range of grain sizes, the Hall factor is always much smaller than
unity. These grains can therefore be considered neutral at least dynamically. I note that I'; is
larger than unity for very small grain (Sgraink < 10~%cm). These grains are very well coupled
the the gas in the neutral case but, when charged, could experience a strong decoupling with
the neutrals. This would occur if the latter are decoupled from the magnetic field e.g., in the
non-ideal regime. The Lorentz drag might play a crucial role for the dynamics of very small
grains in star formation but is probably not very important for the large grains that I observe to
decouple in my models. Efforts to study the dynamics of such grains have been made in the
past (Guillet et al., 2007; Hopkins & Squire, 2018) and should be extended to dusty collapses in
future studies. I emphasize that the electromotive term in the Lorentz force applies only on the
charged species and not the barycenter and might play a very important role in the decoupling
between the charged grains and the neutrals (barycenter) even when I'; < 1.

4.8.5 Caveat: Coagulation/fragmentation during the collapse

Dust coagulation has been neglected during this study. It may however affect strongly dust
evolution during the collapse since dust decoupling depend on grain sizes. Following Draine
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(1985), one can estimate the coagulation timescale fco,g,;,; between two dust phases i and j due
to their relative motion within the collapsing clouds as

2
3 (sgrain,i + Sgrain,j)
Teoag,i,j = Zpi

|V,' - Vj| . (4.37)

iniSs . .
Pgrain, i orain,i

Assuming the same density for all the grains, neglecting cumulative back-reaction effects and
magnetic fields, and considering an isothermal collapse, differential velocities can be estimated
from the diffusion approximation as

Vol
lvi — Vj| ~ Pgrainlsgrain,i - Sgrain,jlcsp_z- (4.38)

As said in section 4.3.4, the density profile of the free-falling material can be approximated
as a power law with an exponent { = —2 (Larson, 1969). In this case, one obtains at a distance
r from the central region

31¢] -
teoag,i,j = [4—56(1 +qi )1 - qu)C5:| . (4.39)

Serain, j

where g; j = = is the ratio between the grain sizes. In the limit ¢; ; < 1, I find
grain,i

€;j -1 r Cs -1

feongij ~ 170 Kyt ( 10—2) (100 AU) (0.19 km 5! ) (440
Growth induced by the relative dynamics between dust grains is therefore expected to be not
very efficient during protostellar collapse away from the core but could be non-negligible in the
inner regions. At r = 10 AU, fcoag,i,j ~ 17 kyr, which is quite smaller than the typical free-fall
timescale of a prestellar core.

I note that growth could also be enhanced by the turbulence, the Brownian motions of dust
grains or focalization due to grain charges (Blum & Wurm, 2008). In the case of Brownian
motions, for example, assuming that the grain temperature is equal to the gas temperature, the
differential velocity for two grains of different mass can be expressed as (Birnstiel et al., 2016)

8kgTs |Mgraini + Morain. i
|Vi_Vj|=\/ ];g\/ grain,i graln,j’ (4‘41)

Mgrain,iMgrain, j

hence, assuming again that ¢g; ; < 1 the coagulation timescale writes as

-1
3 1 8kpT,
~0i \/ = . (4.42)
4 Pgrain,iSgrain,i \ TMgrain, j

I now consider a region of density 1072 g cm™ and temperature of 10 K. Assuming Sgrain,j =
0.1 um and sgain; = 100 um, I get fcoag,i,; ~ 240 kyr. I note that, in the case of the Brownian
motions, the coagulation timescale depends on the grains size of both species. If we now
consider Sgpain, j = 0.01 pm, Zcoag i j ~ 7 Kyr.

In short, I am tempted to say that in the presence of large grains, very small grain could be
efficiently removed during the collapse in high density regions. Coagulation should therefore
be included in future studies. I admit however that the presence of such large grains during
the early phases of the protostellar collapse is still under debate. It is indeed unclear how
these large dust grains can overcome the fragmentation barrier, as the differential velocities

Leoag,i,j =
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between two dust species is typically quite large, e.g up to a few ~ 0.1kms™! in the envelope
of MMMRN in the case of the two least coupled species. Typically, the velocity above which
fragmentation can occur is thought to be about a few 10 ms™! (Blum & Wurm, 2008) although
it could be higher (Yamamoto et al., 2014). Large grains could overcome the fragmentation
barrier because the fragmentation timescale is typically equivalent to coagulation timescale
(e.g. Gonzalez et al., 2017). Fragmentation could simply not have the time to occur during the
collapse, especially considering that large grains quickly drift toward regions of high density
where their drift velocity is typically around a few meter per seconds.

4.9 Conclusion and perspective

In this study, I presented the first MuLTIGRAIN and non-ideal MHD simulations of dusty proto-
stellar collapses using the new dust dynamics solver of RAMSES. I presented six rotating and
three non-rotating pusTycoLLAPSE simulations. The rotating models were carried out with a si-
multaneous treatment of 10 dust species with different sizes. In these simulations, I investigate
the impact of the maximum grain size, the thermal-to-gravitational energy ratio and the pres-
ence of magnetic fields on the dynamics of the busTycoLLAPSE. I summarize below my principal
findings

1. Small grains with sizes less than a few 10 wm are strongly coupled to the gas during
the protostellar collapse. On the contrary, grains larger than ~ 100 um tend to decouple
significantly.

2. When the first hydrostatic core forms, high density regions — the core, the fragments, the
disk and the pseudo-disk — are enriched in dust by a typical factor of two, whereas low
density regions — the envelope and the outflow — are dust-depleted.

3. Dust is not necessarily a proxy for gas during the collapse. Inferring gas densities from
dust is found to potentially lead to extremely large errors (up to ~ 250%).

4. A standard MRN grain size distribution with a maximum grain size of 250nm is however
extremely well preserved during the protostellar collapse in absence of coagulation.

5. Dust dynamics is strongly affected by the initial cloud properties. Variations of the dust-
to-gas ratio reach the largest values when the free-fall is long and the initial density is
low. An additional decoupling occurs for neutral grains in the presence of magnetic fields
because collapse proceeds over longer timescales.

6. With a semi-analytical model, I show that the dust-ratio varies exponentially with the
initial Stokes number during the collapse. More precisely, I have shown that it can be
expressed as € y>© where y is a dimensionless function of the time independent on the
dust properties. Fitting the values of y gives a very good agreement between the semi-
analytical model and the measured dust-ratios in the range of Stokes number considered
in my simulations.

7. Using the calibration of y with the results of my model, I show that a Stokes number of
at least 0.01 is required to enrich the core and the disk in a dust species by a factor of 2.
Similarly I show that grains with Sty £ 0.0027 can potentially be depleted by a factor of
2 in the envelope after the first core formation.

Dust evolution during the protostellar collapse could have serious consequences on the
initial state of protoplanetary disks and the further formation of the planets. In the future,

116



CHAPTER 4. DUST DYNAMICS DURING THE FIRST PROTOSTELLAR COLLAPSE
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Figure 4.26: Fiducial model for various maximum dust differential velocity wc,p. Mid-plane
view of the total dust-ratio at the FHSC formation. (Top-left) we,, = 0.1 kms™!, (Top-right)
Weap = 0.5 km s™1, (Bottom-left) weap = 1 km s™1, (Bottom-right) weap = 2 km s~ 1.

substantial efforts should be made to include the dynamics of charged dust grains during the
protostellar collapse, since the Lorentz drag cannot necessarilly be neglected for small grains.
Coagulation and fragmentation of dust grains should also be considered to investigate more
realistically dust evolution during the star formation process.

4.10 TImpact of velocity regularization

As explained in section 4.3.5, the simulations of my fiducial model have been performed with
various values for the maximum gas and dust differential velocity weap. 1 investigated the
effect of varying w¢,, by performing complementary simulations with we,, = 0.1, 0.5, 1 and
2kms I attempted to simulate an additional model with wep, = 10 km s~! but this led to
numerical instabilities due to unrealistically large dust velocities at the accretion shock, where
the diffusion approximation is not valid.

In figure 4.26, I show a face-one view of the dust-ratio at the time of the FHSC formation
for these 4 models. With weyp = 0.5 — 2 km s~ I essentially find the same results as in the
fiducial case that has we,p = 1 km s7L. Having weyp = 0.1 km s~! however appears to be a
too extreme choice. It indeed suppresses most of the initial dust enrichment that is due to the
decoupling between the gas and the dust in the envelope. Having weyp, = 1 km s~! appeared to
be a reasonable choice to cope with time stepping and physical constraints.
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Figure 4.27: Semi-analytic and measured dust-ratio enrichment in MMMRN (red) and
MMMRNEPs1E-7 (pink) in the core (stars), disk (triangles) and envelope (circles) at #core + 2 kyr
against the initial Stokes number. The lines represent the semi-analytical development using a
best fit of y for the FHSC (dotted), disk (solid) and envelope (dashed), respectively. I display
the same information for MMMRN at #.o+kyr in the disk (grey).

4.11 Non-linear dust enrichment: neglecting back-reaction

As stated in section 4.3.4, equation (4.26) is valid as long as local dust-ratio variations and the
cumulative back-reaction of the dust can be neglected. In this approximation, the dust ratio
enrichment increases exponentially with the Stokes number. As pointed out in section 4.3.4, I
observe deviations from the exponential law in the disk and the envelope in MMMRN, while it
is very well verified in the core.

To ascertain whether these deviations are due to back-reaction or not, I perform an ad-
ditional simulation similar to the fiducial one, but with 639 = 10~7 (MMMRNEgps1Ee-7). For
MMMRNEPs1E-7, we expect the back-reaction to be definitely negligible as 649 < 1.

Figure 4.27 shows the dust ratio enrichment as a function of the initial Stokes number for
MMMRN (red) and MMMRNEPs1E-7 (pink) in the core, disk and envelope at #.ore + 2 kyr. On top
of this, the dust ratio in the disk but at 7. is plotted for MMMRN (grey). As can be seen, the
differences between the models at .o +2 kyr have similar dust-ratio enrichment. This indicates
that the cumulative back-reaction of dust is negligible when St;o < 1072 and only corrective
above that. I am also confident that the mixing between dust enriched and dust depleted content,
i.e. a non-negligible Ve, are the source of discrepancy between a pure exponential enrichment
and the values measured in my models in the disk. We indeed observe a very good agreement
with the exponential law for MMMRN at 7.r.. At this time the disk has just formed from the
dense and dust enriched material of the inner envelope. Later at #.o + 2 kyr, the disk has been
accreting material from the envelope that is significantly depleted in large grains which causes
a diminution of the average dust enrichment.
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4.A Charges on dust grains

One can crudely estimate the charges on the grains during the collapse similarly to Wurster
et al. (2016), to compare the relative intensities of the Lorentz and the Epstein drags. For
simplicity, I assume that all the grains have the same negative charge Z4 (for all k, Z; = Z4) and
the ions to have a charge Zio,s = 1. I consider 100 dust bins distributed as an MRN extended to
millimeter-in-size grains, with a dust-to-gas ratio of 1%. Local electroneutrality ensures that

Nions — Ne + Zdnd = 0, (4.43)

Rions, Me and ng being the number density of the ions, electrons and dust, the latter being given
by

HgmH

ng = en, (4.44)

Mgrain
where mgyiy is the average mass of a dust grain.
Two additional constrains are provided by the evolution equations for the ions and electrons
charge density (Umebayashi & Nakano, 1980; Fujii et al., 2011). Assuming steady state and
only considering charge capture by the grains (Keith & Wardle, 2014), they give

{n
Mions = T >
kions,grainsnd
{n
ne = ————, (4.45)
ke,grajnsnd

where { is the cosmic-ray ionization rate. Similarly to Wurster et al. (2016), I adopt the typical
value { = 10717571, T also €XPress Kions,grains aNd ke grains, the charge capture rates on neutral
grains, as in (Fujii et al., 2011) as

_ 2 8ko Ty e*Z
kions,grains = NS grain (- ),
TtMions Sgrainkag

8kb Tg eZZd :|
me Sgrain ky Tg ‘

ke grains = ﬂ-sérain exp [ (4.46)

where sorain 1 the average grain size, me is the electron mass and m;ons the ions mass, assumed
to be 24.3 proton masses. Using the previous equations, one obtains

2
Za = g(mg”““) [ ! ! ] (4.47)

n \ €efgmy kions,grains(Zd) ke,grains (Zd)

that I invert using the Newton-Raphson method to get Z;.

4.B Distributions

In table 4.2, I provide the initial dust distributions, rounded quantities for the three maximum
grain size used in my models (the exact calculation can be made using the method presented in
4.3.3). Table 4.3 shows (@gy),, (in %), the dust-to-gas ratio averaged in mass, along with its
corresponding dust enrichment and the gas mass (in units of M) for all runs #.. + 2 kyr and
all the different objects.
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Smax S (cm), 0 1 2 3 4 5 6 7 8 9 10
25(-5)  s(cm)  411(-7) 6.08(-7) 899(-7) 1.33(-6) 1.97(-6) 291(-6) 4.3(-6) 636(-6) 9.4(-6) 1.39(-5)
0 3.56(-4) 4.33(-4) 526(-4) 6.40(-4) 7.78(-4) 9.46(-4) 1.15(-3) 1.4(-3) 17(-3) 2.1(-3)
0.01 s(cm)  3.05(7) 82(-7) 221(-6) 5.95(:6) 1.6(-5) 431(-5) 1.16(-4) 3.12(-4) 8.41(-4) 2.26(:3)
0 4.56(-5) 7.49(-5) 1.223(-4) 2.02(-4) 3.31(-4) 5.43(-4) 89(-4) 1.46(-3) 2.40(-3) 3.93(-3)
0.1 s(cm)  2.72(-7) 92(-7) 3.12(-6) 1.05(-5) 3.58(-5) 1.21(-4) 4.12(-4) 14(3) 473(3) 1.6(-2)
0 1.88(-5) 3.47(-5) 6.39(-5) 1.18(-4) 2.16(-4) 3.99(-4) 7.34(-4) 135(-3) 2.49(-3) 4.58(-3)

Table 4.2: Initial dust distributions, rounded quantities for the three maximum grain size used in my models (the exact calculation can be made using the
method presented in 4.3.3) . For each S ,x, the first line represent the grain size in cm and the second the initial dust-to-gas ratio. The exponents are given
by the parenthesis and the integers from 1 to 10 correspond to bins of increasing sizes.
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Model i (Ouks6) (©47) (Ods), (©49),,  (®ai0),,  myg
MMMRN Fo 0.085[1] 0.075[1.03] 0.14[1.03] 0.31[1.24] 1.17[2.6] 0.082
F1 0.085[1] 0.076[1.04] 0.15[1.1] 0.37[1.54] 1.38[3] 0.024

F> 0.085[1] 0.076[1.04] 0.15[1.1] 0.37[1.54] 1.37[2.98] 0.024

D 0.085[1] 0.075[1.03] 0.15[1.1] 0.34[1.41] 1.1[2.4] 0.096

& 0.085[1] 0.073[1] 0.13[0.96] 0.23[0.95] 0.34[0.73] 1.0

MRN Fo 0.37[1] 0.12[1] 0.14[1] 0.17[1] 0.21[1] 0.088
Vil 0.37[1] 0.12[1] 0.14[1] 0.17[1] 0.21[1] 0.033

F> 0.37[1] 0.12[1] 0.14[1] 0.17[1] 0.21[1] 0.033

D 0.37[1] 0.12[1] 0.14[1] 0.17[1] 0.2111] 0.091

& 0.37[1] 0.12[1] 0.14[1] 0.17[1] 0.21[1] 0.98

100mMmicMRN  F 0.13[1] 0.09[1] 0.15[1] 0.25[1.04]  0.43[1.1] 0.086
F1 0.13[1] 0.09[1] 0.15[1] 0.25[1.04] 046[1.17] 0.023

) 0.13[1] 0.09[1] 0.15[1] 0.25[1.04] 0.46[1.17] 0.023

D 0.13[1] 0.09[1] 0.15[1] 0.25[1.04] 0.44[1.13] 0.097

&E 0.13[1] 0.09[1] 0.15[1] 0.24[1] 0.38[0.97] 0.99

MMMRNAO.25 ¥y 0.085[1] 0.074[1.017 0.14[1.03] 0.26[1.04] 0.51[1.12] 0.20
Val 0.085[1] 0.074[1.01] 0.14[1.03] 0.27[1.08] 0.58[1.29] 0.10

F> 0.085[1] 0.074[1.017 0.14[1.03] 0.27[1.08] 0.58[1.29] 0.10

D 0.085[1] 0.074[1.01] 0.14[1.03] 0.26[1.04] 0.56[1.24] 0.16

&E 0.085[1] 0.073[1] 0.13[0.96] 0.24[0.96]  0.4[0.89] 0.7

MMMRNwMHD  F 0.085[1] 0.076[1.04] 0.15[1.1] 0.37[1.48] 1.5[3.33] 0.075
D 0.085[1] 0.076[1.04] 0.15[1.11 0.39[1.56] 1.58[3.58] 0.0012

£ 0.086[1.01] 0.077[1.05] 0.16[1.19] 0.43[1.72] 1.23[2.73] 0.1
(0] 0.085[1] 0.074[1.01] 0.14[1.03] 0.26[1.04] 0.1[0.22] 0.0082

& 0.085[1] 0.072[0.98] 0.13[0.96] 0.2[0.8] 0.17[0.38] 0.5

MMMRNNIMHD ~ F 0.085[1] 0.077[1.5] 0.15[1.11 0.37[1.48] 1.5[3.33] 0.081
D 0.085[1] 0.076[1.04] 0.15[1.1] 0.37[1.48] 1.44[3.2] 0.011

P 0.086[1.01] 0.077[1.05] 0.16[1.19] 0.43[1.72] 1.22[2.71] 0.1
O 0.086[1.01] 0.076[1.04] 0.15[1.1] 0.32[1.28] 0.2[0.44] 0.0018

& 0.085[1] 0.072[0.98] 0.13[0.96] 0.2[0.8] 0.17[0.38] 0.5

Table 4.3: Mass averaged dust-to-gas ratio (@), (in %) and gas mass (in units of My) for
all runs #.ore + 2 kyr and all the objects, the number inside the brackets is the corresponding
mass averaged dust enrichment. When <®d >m > 1, the enrichment is referenced in red while it

is referenced in blue when <®d>m < 1. I denote the different objects as follows, ¥; represent
the fragments (¥ being the FHSC), D the disks, O the outflow, # the pseudo-disks and & the
envelope.
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Gas and dust magnetohydrodynamics
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”Quiet, all of you! They’re approaching the Tyrannosaur paddock.”
- Jurassic Park

N THIS CHAPTER, | present a set of equations for magnetohydrodynamics with multiple charged
I grains species that I recently derived in collaboration with Pr. Daniel Price at the Monash
university. This visit in Australia was possible thanks to the DUSTBUSTERS consortium. This
work is also carried out in collaboration with Vincent Guillet (IAS). This chapter is the most
technical of this manuscript and I encourage the reader to be read Chapter 2 before this one.
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5.1 Introduction

Growing number of studies have investigated the dynamics of neutral dust grains in various
regions of the interstellar medium (ISM). When large enough, these grains are expected to
decouple from the gas. The size at which the decoupling occurs typically depends on the
environment, it goes from 1 — 10 pum in molecular clouds (Lee et al., 2017; Tricco et al.,
2017) to 1 — 10 mm in protoplanetary disks (e.g. Dipierro et al., 2015, 2018a; Riols & Lesur,
2018; Lin, 2019). During the protostellar collapse the typical grain size for the decoupling is
intermediate (~ 10 — 100 um, see Bate & Lorén-Aguilar, 2017, or see Chapter 4).

One of the missing ingredients in these studies is the impact of the grain charge. These
studies indeed all consider the grains to be dynamically neutral. In the diffuse ISM and up to
the densities of molecular clouds, dust grains are typically negatively charged, approximately
carrying one elementary charge per grain (Draine & Sutin, 1987; Guillet et al., 2007). Dur-
ing the protostellar collapse, they might even be the main charge carriers. In this case the
value of magnetic resistivities would be controlled by the shape of the grain size distribution
(Umebayashi & Nakano, 1990; Marchand et al., 2016; Wurster et al., 2016). This is important
because the coupling between the magnetic fields and the neutral gas, regulated by the resis-
tivity, probably controls the early disk properties (Masson et al., 2016; Hennebelle et al., 2016;
Vaytet et al., 2018b; Hennebelle et al., 2020).

Sub-micrometer grains are believed to be extremely important for the coupling between
the gas and the magnetic fields. Small grains tend to strongly couple to the magnetic field.
This happens because their gyration time is shorter than their stopping time (see Guillet et al.,
2007; Hopkins & Squire, 2018, or Chapter 4). As a consequence, their presence reduce the
values of the resistivities and hence increase the magnetic braking efficiency. It was shown by
Zhao et al. (2016) that the smallest grain size in the dust size distribution is a critical parameter
that controls the angular momentum transport during disk formation. In particular, they have
shown that including very small grains in the dust distribution could prevent the formation of
a rotationally supported disks. A key question of disk formation might thus be: what is the
fate of the very small grains from the diffuse ISM to collapsing regions? Another potential
consequence of the strong coupling between the magnetic field and the very small grains is that
they might decouple with the gas when the latter is poorly coupled with magnetic fields (Guillet
et al., 2007). This potential decoupling might lead to a size sorting even for small grains and
enhance the effect of grain growth in low density regions. To investigate this hypothesis, the
drift velocity of dust grains needs to be determined in a full set of MHD equations that includes
their dynamics whether if they are charged or neutral.

The charged dust grain dynamics has been investigated in the ideal MHD limit with a
multifluid approach by Hopkins & Squire (2018); Squire & Hopkins (2018); Hopkins et al.
(2020). In the non-ideal case, monofluid approaches have been proposed by Wardle (1998);
Guillet et al. (2007); Kunz & Mouschovias (2009). These studies however neglected the impact
of the hydrodynamical drift (see Chapters 2 and 4 ) due to the imperfect coupling between the
grains and the neutral gas and that remains when the grain charge goes to zero. In this chapter,
I present a new set of non-ideal MHD equtions for neutral gas + charged particles mixtures in
section 5.2. In section 5.3, I show that this set of equations recovers the expected drift velocities
in the main limiting cases, e.g. non-ideal MHD, ideal MHD and hydrodynamics. In section
5.4, I discuss the potential astrophysical objects where this new formalism could prove useful.
Finally I present my conclusions and perspectives in section 5.5
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5.2 Dynamical equations

The aim of this section is to provide a new set of non-ideal MHD equations (dusty-MHD
hereafter) that includes the drift of several distinct charged species, i.e. the dust, ions and
electrons and one neutral gas. For simplicity, I consider that the collisions with the neutral gas
are dominant over charged-charged collisions. It is important to keep in mind that, although I
put the emphasize on dust grains, ions and electrons have the same treatment.

5.2.1 Definitions and useful relations

Before introduce the dynamical equation, I re-define here the multi- and mono-fluid quantities.
The new notations aim to be as general as possible. In this work, I consider N charged species.
The species n, represented by the N + 1 index in sums, is the neutral gas. The total density of
the fluid p writes

N+1

pP=> 0 (5.1)
j=1

p; is the density of the fluid j, g; its typical charge and n; its number density . For a fluid k, the
mass fraction xy is defined as

x =2 (5.2)

el

In the case of the dust, the mass fraction is exactly the same quantity as the dust-ratio. Each
fluid & has a velocity v;. The barycenter of the total mixture has a velocity v that is expressed
as

V= XjVj, (53)

Wi = Vx—V is the drift of the species k with respect to the barycenter. The neutral gas differential
velocity is then directly given by

W, = — Z ﬁwj, 5.4)

N+L o
as 3 xw;=0.

f are the specific forces that apply on all the fluids, e.g. the gravitational force. Fy the
forces that apply only on the fluid &, drag and Lorentz force excluded. I define again K = ”t—f’”

as the drag coefficient between k and the neutral gas, #; being the timescale of coupling with
the neutral gas, e.g. the stopping time for the dust.

Finally, E and B are the electric and magnetic field, respectively.
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5.2.2 Multifluid: Mass and momentum conservation

In the multifluid approach, the mass and momentum conservation equations of the charged+neutral

gas mixture are written as

0

§+V-pnvn - 0,

dpk

— +V. = 0,

o1 PkVk
0ppv N
8“tn+V-[ann®vn] = pnf+Fn+ZKjAVj,

J=1

OpxV
'O(;(tk+V-[kak®Vk] = puf + Fy + mqi(E + v X B)

- KkAVk. (55)

The electric fields need to be constrained by an Ohm’s law, derived from the momentum equa-
tion, while the magnetic field evolution is constrained by the induction equation. This set of
equations must also be completed with an energy conservation equation and an equation of
state when thermal pressure forces are significant.

5.2.3 Monofluid: Mass and momentum conservation

As explained in details in Chapter 2 or in the previous works of Laibe & Price (2014a,b,c);
Hutchison et al. (2018), the mass and barycenter momentum conservation equations can be
rewritten without any approximation using a monofluid approach. In the case of the dusty-
MHD equations are given by

dp
Ziv. = 0,
6t+ oV
0
§+V~pk(V+Wk) = 0,
opv N
%+V-[pv®v] = =) V-(pjw;®@W))
=1
+ F+F+JxB, (5.6)

where F = pf and F = Zﬁ *!F;. Note that we do not need to solve a similar equation for
the neutral gas in virtue of equation (5.4). Let us recall that, it virtue of the Maxwell-Ampere
equation, the current is defined as J = VB in the non-relativistic magnetic regime. No electric
force applies to the barycenter in virtue of local electroneutrality.

On top of this, the drift velocities of the charged particles are constrained by the following
equation

— + (v-V)w

P (Wi - VIV + —(w - V)wg

N
1
+ - E V-(ijj®Wj)
p]:l

F K,

+ X KR+ wiex B) — —X (wy — W)
Pk My Pk

F JxB

p P

(5.7)
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where Ep, = v X B + E is the electric field in the rest frame of the barycenter. This equation is
obtained similarly as the evolution equation of Av (see chapter 2) but subtracting the evolution
equation of v instead of v, to the one of v.

5.2.4 Approximations

In strong coupling regimes, one can neglect neglect the quadratic and inertial terms in equa-

tions (5.6) and (5.7) : this is the terminal velocity approximation and the diffusion approxima-

tion (see Chapter 2 or Laibe & Price, 2014a,b,c; Price & Laibe, 2015, for a complete study).
In this formalism, equation (5.7) becomes

F Ki F_JxB
O:—k+—(Eb+wka)——(wk—wn)———J
Pk M Pk P P

(5.8)

We can further neglect the cumulative back-reaction of the dust on the gas when x,, ~ 1 > xj,
which gives ||wy|| << ||w|| as ZNI X;jV; = x,V, = v and also p, ~ p. This leads to

K Fy F xB
Ko B g Byt F_IxB (5.9)
Pk iy Pk Mg p p
which, after rearranging the terms yields
Fy - xF+JxB
wi —Tewi x b = K, 4 = B+ TxB) (5.10)

1] K

where I define the Hall factor as I'y = p qulB‘ . It is the ratio between the coupling time #; and the

gyration time foy;x = M The Hall factor quantifies the relative importance of the coupling

with the neutral gas to the one with the magnetic field. I also define the magnetic field unit
vector as b = %.
We can rewrite the former equation as

Iy
wi — wi X b = @Eb"'(W‘Hk’ (5.11)
where Wy is the drift velocity of & in the limit I'y — 0. In other words, Wy is the drift
velocity of neutral grains. It is defined as

Fr—x(F+JxB
Wy = — k(Kk ), (5.12)

Equation (5.11) can be inverted straightforwardly to obtain wy, as long as the forces Fy do
not depend on the drift velocities, to obtain

Wi = WMHE T WEML,
(5.13)
where I distinguish the magneto-hydro drift !
Ik 1
WMHk = Z(Wﬂ’k X b + Z(W(H,k,J_ + (Wq{’k// (5.14)
1+17 1 +T7

Isee chapter 2 for the hydrodynamical limit of this drift
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and the electromotive drift due to the imperfect coupling between the neutral gas and the mag-
netic field

1| 12 r
WeMx = — | ——=Ej, xb + —=

2 =b 2
Bl 1+12 1+12

Ep, +TiEp ) |, (5.15)

where // and L denote the parallel and perpendicular component of a vector, respectively.
Equation (5.13) shows strong similarities with the form proposed by the previous studies of
Wardle (1998) and Guillet et al. (2007). They were however neglecting the neutral drift Wy
due to the differential forces between the neutral gas and the charged species. As explained
earlier, in this study, a drift between the neutral gas and the charged species remains when
I't — 0. More precisely, in this limit wgpx — O and the magneto-hydro drift tends to the
hydro drift WMHk — (W‘H,k'

5.2.5 Full Ohm’s law

As previously mentioned, the evolution of the magnetic field is constrained by the induction
equation that writes as follows

0B
— =-VxE. 5.16
% X (5.16)

An Ohm’s law is then required to constrain the electric field. Using the local electroneutrality
we can show that

N N N N
J= an C]j(V+Wj) = (an qj)v+ an qjw; = an qjw;, (5.17)
=1 Jj=1 j=1 =

using equation (5.13) and defining the magneto-hydro drift current

N
Jvu = ) njqjwmn,j, (5.18)
j=1
we can show that
J=JMH+O'oEb//+O'pEb,J_+O'HEbXb, (5.19)
where we define
o the Ohm conductivity
N
- njdj..
LEDY B (5.20)
j=1
o the Peterson conductivity
N
njqj Tj
= , 5.21
EPIE T G20
J=1 J
o the Hall conductivity
N 2
njdj "
= . 5.22
EEPIE T ©:22)

~
Il

—_
~
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Apart from the term Jymy, equation (5.19) is the same a in usual non-ideal MHD (e.g.,
Wardle & Ng, 1999). Writing AJ = J — Jumu, it is then easy to demonstrate that the Ohm’s law
writes

Ep = noAJ + nuAJ X b + naAJ ., (5.23)
where we define
o the Hall resistivity
OH
™= —F5— 5> (5.24)
o o
e the Ohm resistivity
1
no=—, (5.25)
0o

e the ambipolar resistivity

Op 1
na = ﬁ - . (526)
optog 90

We note that, in the limit |[Jyy| < |J|, equation (5.23) reduces to the standard Ohm’s law in
non-ideal MHD.

5.2.6 Energy conservation

In the terminal velocity approximation, we neglect the internal energy of the charged particles,
. . . 2 .

assuming the total energy of the mixture is defined as £ = %pv2 + BT +pu, where u is the neutral

gas internal energy. The energy conservation equation is thus written as

%—f V- [((E+ Py)v—-BB-v)]

= (F+F)-v+ A, (5.27)
where the resistive heating source term Aes writes
Ares = Ep - J. (5.28)

Contrary to the standard non-ideal MHD case there is no constrain on the positivity of AJ-J
even though that must be intrinsically the case to verify the second principle of thermodynam-
ics. This means that [|Jmpl| must be smaller than ||J|| for the terminal velocity approximation
to hold. As a precaution, I choose to neglect the magneto-hydro drift current in the induction
equation and assume a standard non-ideal MHD Ohm law (see Wardle & Ng, 1999; Kunz &
Mouschovias, 2009, for detailed works on the matter). We therefore have

E, =noJ +nuJ X b +n4J.. (5.29)

129



CHAPTER 5. GAS AND DUST MAGNETOHYDRODYNAMICS

5.27 Summary

Using the previous derivation we can now write down the expression of multispecies MHD
in the first-order terminal velocity approximation with neglected back-reaction and magneto-
hydro drift current as

dp
—+V- =0
ot oy
Opx
—+ V. + =0
E Pk(V + W)
dpv al
—r T Vlovevl = —;v-(pjwj®wj)
+ F+F+JxB,
B
a——V><(v><B) = -VXE,
ot
OE _
o + V- [(E+P)v-BB-v)] = F+F) v+ Ags, (5.30)
with the drift velocity and electric field given by
Wi = WMHk + WEMk,
E, = noJ+nuJ xb+nal.. (5.31)

We note that E,;, = 0 as J = V x B, which is why there is now only three terms in the
drift velocity. For energy conservation reasons, we neglected Jyy in the induction equation
but one should keep in mind that this term exists. The set equations that includes Jyy can
be straightforwardly obtained by performing the transformation J — AJ except in A, that
remains unchanged.

5.2.8 On the back-reaction

I neglected the cumulative back-reaction of charged species onto neutral gas particles, but this
is only valid in the low ionisation regime and when the dust ratio is small compared to unity.
During the protostellar collapse phase neglecting the back-reaction for the dust is likely to be
valid (see Chapter 4). In addition, the ionization fraction of the most abundant charged species
remains between x; ~ 1072° — 107> in dense cores (Marchand et al., 2016) which is signifi-
cantly smaller than unity. We note however that in certain objects, such as the protoplanetary
disks, the back-reaction of dust is not negligible (Dipierro et al., 2018b). A simple solution
to approximate the back-reaction consists in a first order development in terms of x = Z;V: 1 Xj
such as

WEaCk - w;{lo—back + xOwy + O(xzwzo_baCk), (5.32)

where wZaCk and and wzo‘b“k are the drift velocity of the species k when the back-reaction is
not neglected and neglected, respectively. We note that w}(‘o‘baCk is given by equation (5.31).

When the back reaction is considered, we must solve equation (5.8), it now becomes

_ N .
Fi-xF+JxB) Z XJ yback (5.33)

r
back back k
w —Iw xb=—E;+
k k 4
B| Ky P ]
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back :

substituting w;*“* in equation (5.33) with the expression given by equation (5.32) yields

N

x6Wy — owg x b = — 3 Lyyno-back, (5.34)
=
which eventually gives
_ S Xj no— back 1 N Xj no—back N Xj no—back
XOWy = — F Z; x_,,w 1 T Z; —nw Z; x_nwj’// . (5.35)
k j= k j= j=

To determine the new Ohm’s law, we need to separate the expression into a magneto-hydro
drift and electromotive drift as in the back-reaction free case. We will thus obtain additional
terms in the three resistivities. I choose not to go any further on this question yet.

5.2.9 Dimensionless numbers

Before reviewing the different regimes of dusty-MHD mixtures, it is convenient to define cer-
tain dimensionless quantities. Let us re-define the Stokes number as

St = , (5.36)

where 14y, is the dynamical timescale of the system studied. e.g. the free-fall timescale during
the protostellar collapse. When St; <« 1, the coupling between the species k and the neutral
gas is strong. Similarly we can also define a magnetic Stokes number as

Toyrk
Stmy = S,

(5.37)
tdyn

When Stm; <« 1, the coupling between the species k and the magnetic field is strong. If
Stmy, < Sty, then the species k preferentially couples to the magnetic field rather than with the

neutral gas. This corresponds exactly to the condition I'y, > 1 because I'y = %
For each resistive effect » we define the magnetic Reynolds number as
V24
Rm, = —". (5.38)
nr

When any of the magnetic Reynolds number is smaller than unity, the resistivity of the mixture
potentially causes a decoupling from the magnetic field. If both Rm, and I'; < 1, then the
species k can decouple from the neutral gas by coupling with the magnetic field even when
St < 1.

We also define the 8 plasma parameter as

2P

= —, 5.39
B=gm (5.39)
this parameter quantifies the relative importance of the thermal and magnetic pressure forces.
The magnetic force dominates over the pressure force when § < 1.

The last dimensionless numbers that we define quantifies the relative the importance of
the magneto-hydro drift velocity compared to the electromotive drift. This magneto-hydro-to-

electromotive-drift ratio writes as

_ (Wl

= . (5.40)
[WEM
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5.3 Dynamical regimes

In these section, I introduce the main dynamical regimes that can be explored by our formalism
(see table 5.1 for a summary). For simplicity, and as it is the most usual case, I consider in this
section that F; = 0 and F,, = —VP,, where P, is the thermal pressure. Therefore

1
Woip = /—];(VPH —~JxB).

Regime Tkl D Wy

Neutral <1l >1 Wik

Resistive - <1 Wy =~ ﬁEb X b
Ideal MHD >1 >1 Wy k)

Guiding Center =1 > 1 IWy i xb+ 1 Wy, + Wi

Table 5.1: Summary the different coupling regimes for a phase k. Name of the regime and
expression of the terminal drift velocity depending on the Hall factor I'; and of ®; (— means
that the regime is valid for any value of the quantity) .

5.3.1 Neutral regime

When I'y < 1 and @ > 1 it is easy to show that w; =~ W, which is exactly the expression
that one would obtain in the case of neutral grains dynamics when back-reaction is neglected
(Laibe & Price, 2014a, or see Chapter 2).

It is interesting to note that since We ; = t*—”‘(VPn — J X B), even neutral grains will not
preferentially drift toward pressure bumps but rather towards regions where VP, = J X B.
Which can be substantially different in the case where the plasma parameter is of the order of
unity or less (e.g. see the next chapter).

5.3.2 Ideal regime

When I, > 1 for all the charged particles, then the electric field writes E ~ v X B and
ideal MHD becomes a correct approximation. In this case we expect that @ > 1 and wy =~
W1k, the drift between the charged particles and the neutral gas can only occur along the field
lines. Interestingly, Wex, = t;—’k(VPn -b)b as the current is orthogonal to the magnetic field.
Contrary to neutral grains, that drift toward VP, = Jx B regions, perfectly coupled magnetized
grains do drift toward pressure bumps. However, they only do so along the magnetic field lines.

5.3.3 Resistive regime

Let us now consider the resistive regime for a charged species k that has ¢; < 1. In this case,
Wi = ﬁEb x b. The resistive regime contains three sub-regimes depending on which resistive
effect dominates.

e Ambipolar regime. When |oy| < op < 0, the ambipolar diffusion dominates over the
other resistive effects, then w;, ~ ‘%AlJ X b.

e Ohmic regime. If 0o ~ op > |og| we enter the Ohmic regime. In this regime wy =~ %OlJ .

e Hall regime. If the Hall effect is the dominant resistive effect then we enter the Hall
regime where wy, =~ \TIFHI(J x b) x b.
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5.3.4 Guiding center regime

Another interesting regime occurs when [I['4| =~ 1 and ®@; > 1. In this case, we obtain wy =
%(Ww’k Xb + %(Wq{’k, 1+ Wag,. Wi, although similar in norm as Wy, does not have the
same direction as in the case of neutral grains. This regime might be of particular interest when
grains of Sty ~ 0.01 — 0.1 also have |I['x] =~ 1 as it significantly alters the dynamics of dust
species that typically decouple from the gas in the neutral case.

5.3.5 Critical grain size

A particularly interesting quantity is the maximum grain size s for which [[';| > 1. Assuming

the Epstein regime
= /HMM, (5.41)
8 p Cs

the condition |I';| > 1 is expressed as

3 Y |Zcricle|B|

2 Crll

= - 5.42
Serit 8 V21 pcs ( )

where Z.i, the average number of charges for a grain of size s, need to be determined to
find sei - . According to Spitzer (1941); Simpson (1978) a simple estimate of the charge of a
grains with a size S 1S

kBT Scri
|ZCI'it| = ezgczcrlt (5.43)
Combining equations (5.42) and (5.43) yields
3 [y ksTg |B|

£ = A — —, 5.44
it = 8V 21 e pey (>44)

which can be further simplified as ¢s = /% We thus obtain

3 1 kyT, |B

ser = ez |2 B (5.45)

b
2 ec? Hgasmy n

where 7 is the neutral gas number density.

5.4 Discussion

In this section, I review the critical grain size in various astrophysical objects to have a first
idea of the dynamical regime that applies to them. We note however that to clearly identify
the regime in which a grain stands, an estimate of @y is essential although it is not as trivial as
determining s.j; because it requires a precise knowledge of the charge distribution and current
intensity.

note that in this system of units e ~ 1.602 x 10720 abC
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5.4.1 Protostellar collapse
During the protostellar collapse, a typical estimate of the magnetic field is (Li et al., 2011)
Bl ~ 143 x 107" vn G. (5.46)

Considering that during the collapse ug,s = 2.31 and assuming isothermality (which is valid in
low density regions) , we can estimate Sci; as

10K 10 cm™3

this size is smaller than most of the grains present in the ISM, which seems to indicate that
during the protostellar collapse most grains are well described in the neutral regime. Small
sub-nanometer grains such as the Polycyclic Aromatic Hydrocarbons (PaHs) will probably
only couple to the magnetic field in low density regions (typically with n < 10* — 10> cm™3).
Tons, that have a typical size of ~ 107® ¢cm could potentially couple to magnetic field up to
higher densities.

I refer to Chapter 4 for more detail on the charge during the collapse with another model of
magnetic field and grain charging. The main picture is relatively unchanged with the simplified
model that I use in this chapter.

T, \'/? -1/2
scrit:8.8><10‘6cm( g) (o) (5.47)

5.4.2 Protoplanetary disks

I now aim to estimate s.¢ in protoplanetary disks (see the next chapter for details on proto-
planetary disks). In that perspective, I consider a simple magnetic field configuration where the
magnetic field intensity is given by the § parameter such as
g =~ 2 V27 Hgasm ykag%. (5.48)
Let us now assume a disk density profile (Hayashi, 1981, see the next chapter for the
details) such as

Nz
p=poe 7, (5.49)
where pg = 9 X 10719 cm™ is the disk density at a radius of 1 AU and N, is the altitude in
terms on scale height (typically smaller than 5 — 6). Combining the disk equilibrium density
with equations (5.45) and (5.48) and considering y = 1.4 and ug,s = 2.38 (Bai & Stone, 2013,
e.g. asin), we get
- -12 Ty 1w
Scrit = 4.73 X 10" “cm (280 K) 7,36 4 (5.50)
this length is extremely small (even compared to the size of an hydrogen atom). 8 being prob-
ably rarely smaller than 10~! within less than 5 — 6 scale heights (Lesur et al., 2014), we thus
expect dust grains to behave dynamically as is they where neutral in the innermost regions of
protoplanetary disks even where the temperature is high. This is consistent with the presence
of the dead zones (and the domination of the Ohmic dissipation) in the mid-plane of protoplan-
etary disks. We note that the mid-plane density py decreases with R. In the Hayashi (1981)
model for example, py o« R™/? and Ty o< R™'2. At the disk edge R ~ 150 AU, at N, = 5 and
B = 0.1, we therefore have

Serit = 3.3 % 107 cm, (5.51)

this is still a very small grain size, especially in the context of protoplanetary disks.
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5.4.3 Interstellar medium

Let us now focus on dust in the interstellar medium, where the density is significantly lower
than during the protostellar collapse or in protoplanetary disks. I will investigate three different
regions, i.e the warm neutral medium (WNM), the cold neutral medium (CNM) and the Giant
molecular clouds (GMC). Some key properties of these regions are

e WNM. It is also composed of atomic gas but with temperatures of 7 =~ 10* K and
densities of ~ 0.6 cm™ (Draine, 2011).

e CNM. These regions are composed of atomic gas, have temperature of the order of 7 =~
10% K and densities of ~ 30 cm™ (Draine, 2011).

e GMC. They are large clouds composed of molecular hydrogen and the locus of prestellar
cores. They have typical temperatures of ~ 10 — 50 K and densities typically larger than
103 cm™3 (Draine, 2011).

These three regions are intrinsically connected. The thermal instability (Field, 1965; Parker,
1966), occuring at the boundaries of the CNM and the WNM, is one of the most common
mechanism to explain molecular cloud formation. These three environment have completely
different temperatures. Since they are low density regions and we can expect a strong coupling
between the magnetic fields and the grains. In the following, I estimate the critical grain size
in the three regions.

WNM

We now place ourselves in the typical WNM conditions, assuming a temperature between
500 K and 7000 K, a density of ~ 0.6 cm™, Mgas = 1 and a magnetic field between 2 uG and
8 uG (Draine, 2011). We find that typically s. € [0.028,0.1] cm, these values are even largen
than what we obtain for the CNM (see next section). They are typically much higher than the
maximum grain size expected in the diffuse ISM. This indicates that, in the WNM, all the dust
grains strongly couple to the magnetic field and quite possibly decouple with the gas. If the
gas is however coupled to the magnetic field the dust might couple to it even better than if they
were neutral as they would be in the ideal MHD drift regime (W =~ Wy, )

CNM

In the CNM, the temperature is typically 100 K, assuming a density of ~ 30 cm™ and a mag-
netic field between 2 uG and 8 uG (Draine, 2011) we find s¢i; € [6.3 x 1075,2.5 x 10‘4] cm.
Both values are larger than the expected maximum grain size of the diffuse ISM (typically
0.1 wm Mathis et al., 1977). In the CNM, all the dust distribution might thus couple to the
magnetic field when the latter is large. In regions of low magnetic fields, the largest grains
~ 0.1 pm might only be marginally coupled with the field.

Molecular clouds

Molecular clouds are the locus of the protostellar collapse and hence star and planet formation.
They are typically denser and colder than the CNM and WNM but less dense than collapsing re-
gions. Assuming a typical cloud density of ~ 100 cm~3, temperatures of ~ 10—50 K and Mgas =
2.31 and magnetic fields between 2 uG and 8 uG, we obtain serii € [3.8 x 107,3.5x 1075 | em.

The bulk of the grain size distribution * is still coupled to the magnetic fields in molecular

3in terms of abundance and not in terms of mass
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clouds if there is no dust growth in GMC. If grains larger than a micron are already formed in
this clouds (Pagani et al., 2010), they will rather couple to the neutral gas than to the magnetic
fields although it was shown by Tricco et al. (2017) that this coupling is not perfect either and
leads to strong dust-to-gas ratio variations.

5.5 Conclusion

In this chapter, I introduced a monofluid formalism in the terminal velocity approximation use-
ful to model simultaneously several neutral and charged fluids. This formalism allows to follow
simultaneously the decoupling of charged particles with the neutral gas or with the magnetic
field under the approximation that neutral gas-charged collisions are the most frequent and that
the cumulative back-reaction of dust on the neutral gas is negligible. I proposed a solution to
extend this formalism including the back-reaction with a first-order Taylor expansion in terms
of charged particle concentration. In the near future, I aim to use this method to include the
impact of charged-charged collisions.

After a presentation of the derivation of the monofluid in section 5.2, I described the dy-
namical regimes that can be treated with this formalism in section 5.3. These regimes are:

1. The neutral regime. Whatever their charge, the grains are not coupled to the magnetic
field.

2. The ambipolar, Ohmic and Hall regimes, that are the three non-ideal MHD regimes
where the drift between the charged particles and the neutral depends on which non-
ideal effect dominates.

3. The ideal MHD regime, where all the charged particles are strongly coupled with the
magnetic fields and with the neutral gas, only a drift parallel to the magnetic field lines
remains.

4. The guiding center regime, where the charged are marginally coupled to the magnetic
field. In this regime the drift velocity is typically of the same order of magnitude as if
they were neutral but its direction is changed.

After presenting the dynamical regimes, I introduced the maximum grain size for a grains
to couple more to the magnetic field than to the neutral gas. The study of this critical grain
size in protoplanetary disks and during the protostellar collapse indicates that when the density
is high enough (typically larger than 100 cm?), the grains are more prone to behave as if they
were neutral no matter how many charges they hold. I have however shown that the smallest
grains of the size distribution might still be marginally coupled to the magnetic fields in low
density regions and that it is worth investigating their dynamics. In low density parts of the star
forming ISM such as the cold neutral medium, the warm neutral medium and giant molecular
cloud, I have shown that most grains are significantly coupled to the magnetic field. I have yet
to determine if this strong coupling with the magnetic field weakens or strengthens the coupling
between the grains and the neutral gas.
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Samwise Gamgee
”Come on, Mr. Frodo ! I can’t carry it for you, but I can carry you.”
- The Lord of the Rings (The Return of the King)

N THIS FINAL CHAPTER, | focus on evolved protoplanetary disks around T-Tauri stars. More
I specifically, I investigate a possible formation mechanism for chondrules in resistive current
sheets. After drawing some of the essential context, I introduce my preliminary results and
current issues. This work is carried out in collaboration with Pr. Mordecai-Mark Mac Low.
I got the pleasure to work with him at the American Museum of Natural History (AMNH) in
New York City. This visit took place in 2018 and was allowed by the Kade Fellowship'.

6.1 Context

The dust content of the solar system originates from interstellar dust. All the dust collected
on earth is highly reprocessed either during the early solar system evolution or during the
entry in earth’s atmosphere. This is especially the case in chondrites. They are the most often
found type of meteorites (around 80% mass). In these meteorites, the chondrules represent the
20—-80% the mass. They are surrounded by a matrix of fine grains that are more numerous than
chondrules. The chondrules are spherical silicate grains of 0.1 — 1 mm with a glassy texture
(Jones et al., 2005). To constrain the physical conditions at play in protoplanetary disks, it
is essential to find a common mechanism that explains chondrule formation and is able to
reproduce their abundance in the solar system.

Chondrule properties indicate that they might form during rapid heating and cooling events
called flashes (see Boss, 1996, for a short review of chondrule formation theories). The abun-
dance of chondrules is an evidence that these flashes, no matter how and where they occur, are
common enough to turn a large fraction of the dust into chondrules. Nevertheless, a chondrule
forming flash must meet at least three prerequisites. They must have extremely short timescales
(less than a few minutes, Connolly & Love, 1998), be very localized so that the chondrule can
exit them rapidly (Hubbard & Ebel, 2015) while being energetic enough to increase the grain
temperature up to =~ 1700 — 2000 K (Lofgren & Lanier, 1990; Radomsky & Hewins, 1990;
Hewins & Connolly, 1996). Compared to the free-space cooling time of chondrule-sized ob-
jects of a few seconds, the cooling rate must be relatively slow (= 10> — 103 K h~! Radomsky
& Hewins, 1990). Chondrules are most likely formed in repeated heating events which suggest
that they must experience several flashes during their heating (Barosch et al., 2020). Chon-
drule formation theories must also be able to reproduce their narrow range of size (0.1 — 1 mm,
Jacquet, 2014; Friedrich et al., 2015), their diversity of composition and must explain the pres-
ence of the matrix. The evidence for complementarity suggests a reservoir of common origin
for chondrules and matrix. Nevertheless, the matrix grains are clearly different from chon-
drules in term of composition and size. They contain a substantial abundance of volatiles that
would evaporate at temperatures higher than 500 — 800 K, which indicates that they do not ex-
perience any dramatic heating event. In addition, the matrix is mostly composed of fine grains
(less than < 5um). Whether it is a by-product of chondrule formation (Huss et al., 2005) or a
population that experiences a totally different evolution, the question of the matrix formation
is intrinsically related to chondrule formation.

Magnetic fields in protoplanetary disks have been widely studied as a possible source of
angular momentum transport via the so-called magnetorotational instability (hereafter MRI,

'T was granted a total of 9,500 $ by the Richard Gilder Graduate School for a three month stay
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Balbus & Hawley, 1991; Stone et al., 1996; Sano et al., 2000, among others). As disks are
in fact poorly ionised, the importance of the MRI has later been downward revised as mid-
plane dead zones have been theorized (Gammie, 1996; Fleming et al., 2000). Some studies
have shown that it might even be suppressed entirely in disks, with the angular momentum
carried away instead by magnetocentrifugal winds (Bai & Stone, 2013; Lesur et al., 2014).
An imperfect coupling between the neutral and the magnetic field however might give birth
to interesting dissipative structures (Brandenburg & Zweibel, 1994). An interesting theory of
chondrule formation states that it could happen it in narrow current sheets (Joung et al., 2004).
These dissipative structures are believed to occur because of the finite electric conductivity
(Parker, 1972, 1994; Joung et al., 2004). The resistive heating might be efficient enough in
current sheets so that dust grains reach their melting temperatures (McNally et al., 2014). In
addition, it was shown by Hubbard et al. (2012), that the increase of the temperature could
theoretically reduce the sheets spatial extension making them a favoured place for chondrule
formation. Current sheet formation has been investigated in the unstratified shearing box mod-
els of McNally et al. (2014) with Ohmic dissipation only and observed in global (Gressel et al.,
2015) simulations of protoplanetary disks as well. In parallel, recent studies have started to
investigate dust dynamics in resistive disks (Riols & Lesur, 2018; Riols et al., 2020) however
the dust behaviour near the current sheets and in presence of dissipation essentially remains
unexplored.

In this chapter, I investigate the theory of chondrule formation in current sheet simulations
with the help of both unstratified and stratified shearing box simulations including the dynamics
of multiple neutral dust species. After a recall of the theoretical framework, I present the early
results of my simulations and the perspectives to improve my models.

6.2 Theoretical framework
In this section, I review the essential properties of resistive dusty protoplanetary disks.

6.2.1 NdustyNIMHD for protoplanetary disks

Around T-Tauri stars, the disk mass is much smaller than the mass of the star, it is usual to
neglect the self gravity of the disk. In this context the equations of MHD with multiple neutral
dust grains species write as

dp
V. =0
8t+ lov] ’
p)
gk+v [k (V+w] = 0, Vke[1,N],
i) B’
DY v [P+ —|T+p(vev)-BeB| = —pg,
ot 2
B
B——Vx Z wk)xB = -VxEp,
k=
V-B = 0, 6.1)

where I still model the dust differential velocity as

VP, - (VxB)xB
Jol

(6.2)
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This set of equations is essentially the same as in Chapter 4 but without self-gravity. The
gravitational acceleration is g is now simply given by

M.
g= —lrg_ LT (6.3)

where M, is the mass of the central star and r, is its position. At this point, let us recall the
definition of the plasma parameter
_ 2P

= W 6.4)

6.2.2 Thin-disk approximation

Thin disk approximation2

H\ =R
R* QA+ \ R

pres

Simplified gravity force

Figure 6.1: Cartoon illustration of an edge-on cut of a protoplanetary disk explaining the prin-
ciple of the thin-disk approximation. As H/R < 1, the distance to the star can be approximated
by the cylindrical radius. As a consequence, the gravitational force is simplified and an analyt-
ical solution for the hydrostatic equilibrium can be found.

We now place ourselves in a cylindrical set of coordinates where R is the cylindrical radius,
z is the altitude and 6 is the azimuthal angle. At equilibrium and neglecting magnetic fields or
dust, we find

0P, 3 65)
az - pggZ, .
0Py PsVy

OR Pg8R + R (6.6)
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If we assume that the protoplanetary disk is vertically thin, which constitutes the thin disk
approximation, then the gravity can be simplified (see figure 6.1 for the justification)

2= (¢r,0,87) = (- Q03 0.~ R), 6.7)

where Qe = % is the Keplerian orbital velocity.

Vertical equilibrium

At first, we place ourselves at a radius R and focus on the vertical equilibrium. With the
simplified gravitational acceleration, equation (6.5) becomes

0P, 68)
az pggZ‘ .
As the disk is very thin z < R, it is reasonable to assume vertical isothermality (%—C; =0, ¢

being the gas sound speed). We can re-write equation (6.8) for a perfect gas as

pigaa_ng = —%, 6.9)
H, the disk scale-height, is defined as
H = Qisep . (6.10)
Solving equation (6.8) yields
Pe(R,2) = pgo (R) e‘%, (6.11)

where pg o (R), the mid-plane density, is an integration constant for z that only depends on the
cylindrical radius. The mid-plane density is a free-function of R modeled as

R -n
Pgo(R) = po (R_o) ; (6.12)

where pg, Ry and n can be chosen to best reproduce observed disks.

Radial equilibrium

If we now assume that the temperature also has as a power law radial dependency such as

R -
Ty =Ty (ITO) , (6.13)
then
R —a/2
Cs = Cs0 (]T()) > (6.14)
and
iﬁcgpg _ _(n + @) cfh 6.15)
pz OR R
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Which yields

2
Ve = Ruep \/1 —(n+01)(%1). (6.16)

In thin disks, the gas is almost Keplerian with a small deviation of the order of H/R. If H/R
is large then the pressure force starts to act on the rotation velocity and this deviation must be
considered. To simplify the model, I now assume that vy = RQjep.

Thin disk model

In summary,thin disks equilibrium can be approximated as

R\™" _2
pe(R,2) = po(R—O) e 22
vo(R,2) = RQxep (6.17)

6.2.3 Shearing box approximation

-Shearing box approximation

Figure 6.2: Cartoon illustration of an edge-on cut of a protoplanetary disk explaining the prin-
ciple of the shearing box approximation. In the shearing box, we neglect both the curvature
terms and the radial dependency of the hydrodynamical quantities.

Modeling the protoplanetary disk as a whole is computationally expensive, especially when
attempting to resolve the current sheets. Fortunately, a simple approximation can be made
when considering only a small part of the disk. In this so-called vertically stratified shearing
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box approximation (VSBA, Hawley et al., 1995), we only model a small volume of the disk at
aradius Ry called the shearing box, with a length Ly < Ry typically of a few H and in rotation
at the Keplerian velocity Qeplr,. We then neglect any radial variations of the quantities within
the shearing box (as shown is the cartoon illustration of figure 6.2). Neglecting locally the
curvature of the disk (Hill, 1878), we can approximate the shearing box as a Cartesian box

where e, = ¢, and e, ~ ey. In the Keplerian case Q o R73/2 hence
anep 3 lep|RQ
=, 6.18
R ® =TT R, (6.18)

for simplicity we now write Qyeplr, = €2. In the co-rotating frame, and in absence of any
perturbation, the disk material flows at the shear velocity vgpeqr in the x direction. It is expressed
as

Vshear = —¢— Q. (6.19)

Out of equilibrium, the total momentum conservation equation becomes (Hawley et al., 1995)

opv B?

%+V- PY@V+(Py+ =)+ BOB| = 200 x v+ pg, (6.20)
where the gravitational acceleration g is given by g = —2¢Q’x—Q?z. The term —2pgQ?x repre-
sents the centrifugal pseudo-force and —2p€Q X v is the Coriolis force. The vertical gravitational
acceleration, —Q?z, is often neglected in what is called unstratified shearing boxes.

6.2.4 Ionization fraction

Protoplanetary disks are poorly ionized (Fromang et al., 2002; Lesur et al., 2014). The electron
fraction x, (equal to the ionization fraction in the dust free case) needs to be determined in
order to quantify the impact of the non-ideal resistivities on the disk evolution (essentially on
the gas and dust motions). The ionization fraction is defined as

Ne

Xe = —, (6.21)

n

where n, and n,, are number densities of the electrons and the neutrals, respectively. The ion-
ization model follows Lesur et al. (2014) and Béthune et al. (2017). In a metal free environment
Gammie (1996) and Fromang et al. (2002) have shown that

¢

kyn,

, (6.22)

Xe =

where ( is the ionization rate and k, is the dissociative recombination rate coefficient of molec-
ular ions that is estimated as (Leu et al., 1973)
ky = 3% 107077 /2em3s 7. (6.23)

In addition, as in Lesur et al. (2014), I also consider the ionization from far-ultraviolet (FUV)
.. —2\4
radiation xpyy = 2 X 1077 ¢/0:03 gem™)" gyych as

Xe = é’ + XFuv. (624)
N k,n,

To compute x,., one must evaluate the ionization rate £. As in Lesur et al. (2014)

¢ ="lor + Lrad + {X—rays, (6.25)

where
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Figure 6.3: Elsasser number (top) and ioniza-
tion fraction (bottom) profiles of the stratified

10°

104 4

102 4

100 4

Elsasser number
=
=

H
9
IS

=
5]
|

&

1076

1078 4

10-10 4

lonization fraction

10-12 4

models at R = 1 AU (solid lines) and R = 5 AU : 2
(dashed lines).

. . . . . . -2
o The ionization rate by the cosmic rays is given by {; = g“cr’oe‘(z/ 96 gem™) where Lo =

10716 57! (see for example Umebayashi & Nakano, 1981).

The radioactive decay of 26 Al is given by {ag = 107! s7! (Umebayashi & Nakano,
2009).

The ionization from x-ray photons at 3 kev (Igea & Glassgold, 1999; Bai & Goodman,
2009) is given by

—rays [ R \*? o N 04 N 04
éﬂ (—) = (e 1.5x102lecm=2 4 @ 1.5x102lcm=2
Ly \1AU
Ny 065 N_ 065
+ O e Tx1083cm2 + e 7x10Bem=2 ,
where Lyy9 = IOZL—';erg’ L, being the x-ray luminosity of the star. As in Béthune et al.

(2017), I consider the case L, = 103Oerg s~! which is typical of T-Tauri stars. Ny and N_
are the number column density above and bellow the considered point. Finally, we have
G =6x107"2 sV and & = 1071 s71. The first two terms represent the attenuation of
x-rays by absorption and the two last terms represent the contribution from scattering.

This estimate of the ionization fraction, although simplified, considers most of the effects

at play in protoplanetary disk. It however lacks an essential ingredient which is the dust. It
could play an essential role in the ionization level by capturing the free-electrons becoming the
main charge carriers in the disk (Marchand et al., 2016).
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6.2.5 Resistivities

The ionization fraction allows us to directly infer the value of the resistivities assuming only
one ion species (potassium K* of mass m; = 39 my, Balbus & Terquem, 2001) we have

me 1 (o)
= —{oV),,
o 4me? x,. ¢
IBJ?
na = - (6.26)
1M1

T . .. .
where (ov), = 8.28 X 107° lOochm3s‘1 is the electron-neutral collision rate (Draine et al.,

1983) and y; = A% where the ion-neutral collision rate (Draine, 2011), writes as {ov); =

1.3 x 10~%cm3s™!. As a first step, I do not consider yet any effect of the Hall resistivity which
constitutes one of the caveats of this study.

At this stage it is interesting to define the ambipolar and Ohmic Elsasser numbers Am and
A, that quantify the relative importance of the resistivity and the Alfven wave propagation and
are defined as

2
\%
Am = _A’
NS
V2
A = no_AQ (6.27)

where v = [B|/ 4/p is still the Alfven speed.

Figure 6.3 shows the Elsasser number (top) and ionization fraction (bottom) profiles of the
stratified models at R = 1 AU (solid lines) and R = 5 AU (dashed lines). As can be seen, the
impact resistivities is expected to be significant in the inner 2 to 4 scale heights above the mid-
plane. Typically Ohmic dissipation is dominant in the close to the mid-plane while ambipolar
diffusion takes over at around 2—-3H. At these scale heights, the Elsasser numbers are typically
of the order of 1-100.

6.2.6 Resistive heating

The Ohmic and ambipolar resistivities both introduce a heating term in the energy equation,
Ao and A4 respectively (see chapter 5). These two heating terms can be written as

Ao = nollJII%,
_ IxB|?
AA = TIAW (628)

In this preliminary study, I do not introduce these terms in the energy equation and assume
isothermality because including them would require an accurate treatment of the cooling terms
as well.

6.2.7 Useful quantities

Several quantities need to be defined in order to properly analyze magnetized disks. First let us
define the spatial horizontal average of any quantity A as

(A)g = % ﬂ Aduxdy, (6.29)
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Figure 6.4: Illustration of a current
sheet near a magnetic null (black
dotted line). The magnetic field
lines are displayed in blue, while the
current direction is given by the red
symbols.
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where L is the box size. I also define the time average as

1
Wr =+ f Adt, (6.30)

where T is the time at which the average starts and 7, the time at which it ends, both are
specified in the text. Naturally the horizontal space-time average then is defined as

Wsr =7 1 T1 % Hj Adxdyds, (6.31)

There are two source of angular momentum transport in my models.

o the Maxwell stress tensor, defined as M = —B®B. It quantifies the amount of momentum
transported by the magnetic field.

o the Reynolds stress tensor, defined as R = pv®v. It quantifies the amount of momentum
transported by the fluid motions.

Using these two quantities, we can define the effective radial transport parameter (Shakura &
Sunyaev, 1976)

J ((Mxy>3,,~ + <ny>&,r) dz

a= , (6.32)
[ Pydz

it quantifies the efficiency of angular momentum transport in the disk is typically smaller than
1.

6.2.8 Current sheets generation

To understand the basic principle of current sheet formation, let us place ourselves in a simple
one dimensional case as in Joung et al. (2004) with a magnetic field in the y direction and
varying with x. This simple configuration is illustrated in figure 6.4. Similarly to Joung et al.
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(2004), I assume that the resistive part of the induction equation rapidly dominates over the
V X (v x B) term and that the Ohmic resistivity is locally uniform. When a steady state is
reached, the induction equation of By simplifies as

2
(B2 + B?)dzﬁ +2B, dB,\_ 0 (6.33)
07"y qx2 7\ dx ’

where By = \Movipip- The solution of this equation satisfies the condition

%B; + BB, = Cx, (6.34)
where C is an integration constant. It can be determined by estimating the value of the magnetic
field at x = %/IMRI, AMRI = f/—’% (va/Q) being the distance between two magnetic nulls (or
current sheets), but also the wavelength of the most MRI unstable mode (Balbus & Hawley,
1991).

Naturally, we expect the magnetic field to be close to its maximum value B at x = %AMRI,
hence we have

3 “max

2Bumax(B% + B%.)

ot (6.35)
where By is inferred from the remnant magnetic field in chondrites which is typically a few
Gauss (Desch & Connolly, 2002; Fu et al., 2014). When B% < %Bg, this model retrieves the
expected behavior of ideal where By o x!/3 or J, oc x72/* (Brandenburg & Zweibel, 1994). We
note that here the peak of the current is obtained at x = 0. As stated in Joung et al. (2004), we
can define the typical current sheet thickness Lcg as the value of x where there is a transition
between the resistive and ideal regime, i.e where B(z) ~ 1B2. This yields

35y-
2V3B}
LCS I~ . (636)
C
With a simplified resistivity profile Joung et al. (2004) obtained
T B B -3 R 3/2
L ~1.5x105( . ) e (—)( “‘*‘X) (—) km. 6.37
< 105em3/\ 1000k )\16/\ 36 /) \3au) ™™ (037)

6.3 Numerical Model

In this work, I still take advantage of my implementation of the dust dynamics in the RAMSES
code (see Chapter 3 for more details). My new tool is indeed well suited to study dust dy-
namics in the context of protoplanetary disks. I present, in this chapter, two types of shearing
box models, the unstratified and stratified models. In this manuscript, I emphasize more on
the unstratified models. I also present the setup of the stratified models that are described in
sectio 6.5. Although they are less advanced, they represent the next goal of this study and its
interesting to discuss them.

6.3.1 Numerical scheme

In all the models, I integrate equations (6.1) replacing the momentum equation by equa-
tion (6.20). I use the MUSCL scheme of RAMSES with the HLLD Riemann solver for the
barycenter part of the MHD equations and for the induction equation (Miyoshi & Kusano,
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2005). For stability and similarly to Fromang et al. (2013), the solver automatically switches
to a Lax—Friedrichs solver where 8 < 1073. As in Fromang et al. (2013) and again for stability
issues, I use the multidimensional slope limiter of Suresh (2000) for the barycenter part of the
conservation equations. Similarly to Colling et al. (2018), I use an operator-splitting and an im-
plicit Crank-Nicholson scheme to take into account the shear source terms in equation (6.20)
without adding any constrain on the scheme stability.

For the dust source term, I use the upwind MUSCL solver that I implemented in RAMSES
and I use the MINMOD slope limiter (see Chapter 2 for the details on the implementation). I
found that using this slope limiter for the differential dust advection source term is significantly
faster as it does not require the computation of any transverse derivatives.

6.3.2 Regularization of the scheme

When regions of very small density form in a model, they can lead to very large Alfven veloc-
ities and hence very small timesteps. When this happens, to evolve significantly the model in a
reasonable time is impossible. To circumvent this issue, I impose an adaptive density floor that
prevents 3 to be smaller than the value Bmi, = 107*. In other words, I impose

B
p = max (p,ﬁmm—z). (638)
2c;

I noticed that this floor is enough to get tractable timesteps and is actually less restrictive
than density floors used in the previous studies of Bai & Stone (2013); Bai (2013) and simpler
than implementing a source term in the density as in Fromang et al. (2013). I point out that this
method is strictly equivalent to imposing a maximum Alfvenic Mach number.

In low density regions, the terminal velocity approximation no longer holds. I impose a
maximum dust differential velocity of 5 km s~ everywhere in the box to avoid unphysically
large dust velocities or new constraint on the timestep. This value is typically only reached in
regions of very low densities. For safety, I also enforce the maximum Stokes number to be 0.3
by setting

0.
fx = min (ts,k, 33) (6.39)

This last regularization is similar to what was used in Ballabio et al. (2018).

6.3.3 Boundary conditions
Radial boundaries

In shearing box simulations, the shear must be imposed at the ghost cells of the radial bound-
aries. I adapted the previous implementation of the shearing box in RAMSES by Colling et al.
(2018) used in galactic disk simulations to Keplerian rotation. At the upper boundary, the shear
requires replacement of the value of the conservative variables in the ghost cell (at the exception
of the magnetic field and the radial velocity) by the value in the lower domain shifted by —qQ%t
(modulo half the box size). Similarly, the hydrodynamical variables of the lower boundary are
estimated by applying the shear qQ%t on the upper domain. In addition, the shear is added to
the radial velocity so that v, ghost = v + qQ%. At each timestep, the length at which ghost zones
are displaced is not an integer multiple of the grid size, hence a linear interpolation between
two adjacent cells is required to get the exact value of the shear at the ghost zone. Figure 6.5
shows a simplified cartoon illustration of the shearing box radial boundary conditions for the
hydrodynamical variable when ghost cells are exactly moved one cell size during a timestep.
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HEEEN HNEEEEEEER
‘_' Figure 6.5: Cartoon illustration of the shearing
*—' boundary conditions (inspired from Colling
et al., 2018). Values in the ghost zone are ob-
“—' tained by the advection of the variables of the
AN corresponding cells at the opposite side of the
HEEEEEEEEN HEEEN domain.

The magnetic field is treated differently because one must ensure the preservation of the
solenoidal constrain. I first impose the continuity of the tangential magnetic fields (B, and
B;) by setting a zero-gradient between the ghost zone and the extremity of the computational
domain. Then, I also enforce the continuity of B, in the face of the ghost cell neighboring the
domain by copying its value from the last cell of the computational domain. Finally the value
of B, in the remaining face of the ghost cell is deduced by enforcing a zero divergence in the
cell.

Azimuthal and vertical boundaries

In all the models, azimuthal boundaries are treated as simple periodic boundaries. For the
unstratified models, the vertical boundaries are also periodic. They however require a special
treatment in the stratified case. To avoid any odd symmetry in the wind solution (Bai & Stone,
2013), to gain in resolution at a cheap cost and to partly circumvent the cubical box of RAMSES, I
model only the upper half of the disk, hence the lower vertical boundary is treated as a reflective
boundary, which is similar to a zero gradient boundary but with a flip of the vertical component
of the velocity. The upper boundary is a zero-gradient boundary where I forbid any inflow by
imposing a positive vertical component of the velocity. As for the shearing boundaries, the
magnetic fields also require a special treatment. At the lower boundary, the magnetic field is
treated exactly as for the shear boundary. At the upper boundary, I impose the continuity of
the vertical component of the magnetic field and set the horizontal component to zero as in
previous studies (Fromang et al., 2013; Bai & Stone, 2013; Lesur et al., 2014).

6.3.4 Initial conditions
Equilibrium

o Unstratified models. I impose a constant initial density and a temperature of 300K. The
initial magnetic field is vertical with Sy = 750. In addition, the effect of vertical gravity is
neglected. Although the vertical gravity is neglected, the Coriolis and Centrifugal force
are kept. These models have a box length of one scale height, i.e 0.05 AU as all the
unstratified models are computed at Rg = 1 AU. The models are all isothermal, however
future models will explore the impact of heating and cooling.
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o Stratified models. The disk equilibrium is computed according to the Hayashi (1981)
model where the initial column density and temperatures are given by

-3/2
-l
Ro
R\L2
T, = Tg,O(IT) . (6.40)
0

As in Hayashi (1981), Xy = 1700 g cm™2, Typ = 280 K and Ry = 1 AU. The initial
density p is determined by equation (6.17) where

x _2
= 271'RH€ 2H2 (6.41)

Je

The initial magnetic field is vertical with mid-plane value for 8y of 10°. During the
disk evolution, a magneto-centrifugal wind is quickly triggered. As there is no way for
accretion to proceed in local disk simulation, the mass of the box decreases significantly
if one does not replenish it as it would naturally occur in a global accretion disk. To
mimic the steady state implied by the replenishment of the disk, I multiply the density
by an uniform factor at each timestep to ensure the total mass conservation (Ogilvie,
2012)°.

Dust

In all the runs, I consider three dust species of size 10 wm,100 wm and 1 mm with initial dust-
to-gas ratios of 1/3%. I choose not to explore the behavior of grains smaller than a micron
because they are probably strongly coupled with the gas (as 10 um grains). All the dust species
have an intrinsic grain density of 3 g cm™>. In this model, I did not considered the Kwok
correction of the stopping time as the gas soundspeed is significantly higher than during the
first protostellar collapse.

Resitivities

o Unstratified models The initial ambipolar and Ohmic resistivity are initially uniform
and imposed by setting the value of the Elsasser number. Through the run, the Ohmic
resistivity stays constant. The ambipolar resistivity however varies as it scales as o« [B|.
To avoid very small timesteps, I cap the value of the resistivies by the value 10QH?
as Lesur et al. (2014). This safety threshold has not yet been reached in the stratified
models.

o Stratified models The ambipolar and Ohmic resistivities are set according to the model
presented in sections 6.2.4 and 6.2.5. For simplicity, the column density used to get the
ionization profile is considered constant and matches the initial conditions during the run.
I indeed assume that it does not vary significantly during the evolution of the models. I
aim to reproduce the strong ionization in high altitudes where the vertical isothermal
approximation breaks down (Aresu et al., 2011). I therefore multiply the resistivity by
a factor e=</10™ a5 in Béthune et al. (2017). I still cap the values of the resistivity to
10QH? to avoid very small timesteps.

%I do not do this for unstratifed runs since they use periodic conditions at z = +L/2 and mass is better conserved
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6.4 Results

In this section, I present some of the preliminary results in the unstratified case. I briefly discuss
the stratified models in section 6.5.

6.4.1 Models

The naming of the models follows simple rules. Each unstratified model name starts with the
label unsTR while stratified model names start with sTR. When either the Ohmic dissipation of
the ampibolar diffusion is activated, the letter O and A are included in the name respectively.
For the unstratified models the number following O and A refers to the initial value of the
Elsasser number of the Ohmic dissipation and ambipolar diffusion. For the stratified models
no Elsasser number is specified because the resistivity is computed according to the model
presented above. If a non-ideal effect is not activated then its corresponding letter is absent in
the model name. The initial mixture density is specified by the number after the letter . For
the unstratified models, it refers to the density according to pg = 10™°g cm™3, while, for the
stratified models, it refers to the column density such as Xy = p g cm™~2 . Finally the radius at
which the model is computed is given after the letter r.

I show in table 6.1 the main properties of each model including their name, the presence
of stratification, the box size, the radial distance from the star, information on which non-ideal
effect is considered, the initial density (of the mid-plane for stratified runs), @ and the current
final time of the model 7¢;q expressed in units of Q. In addition, I provide the resolution and
the initial plasma parameter 8. In the future, I will run these models further in time until they
all reach at least £ = 100 Q! in the unstratified case and t = 1000 Q! in the stratified case.

6.4.2 Fiducial run

log(3) log(J) [g em~2 572

-1.3 -0.2 0.9 2.0 3.0 -12.5 -11.9 -11.3 -10.7 -10.0

Figure 6.6: Edge-on slices (x-z cuts) of the beta plasma (left) and the current (right) atr = 5
years (~ 31Q!) for the unsTR-O10A10p1 1R 1 model.

In this section, I introduce my fiducial model unsTR-O10A10p11r1 which is an unstratified
model at R = 1 AU. In this model, both the ambipolar diffusion and the Ohmic dissipation are
activated. The ambipolar and Ohmic initial Elsasser numbers are both set equal to 10.

Figure 6.6 shows a slice of the 8 plasma (left) and the current (right) at = 5 years which
corresponds approximately to ~ 31Q~!. As can be seen, some MRI turbulence has developed
in this model. There are strong local variations of 8 ranging between ~ 0.05 and ~ 1000. I
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Model Strat. L(AU) R(AU) Ambip. Ohmic pg(gcm™) « Am At (Q7DH
UNSTR-O10A10p11R1 No 0.05 1 Yes Yes 10°11 0.66 10 10 38.6
unsTR-O1A1D11R] No 0.05 1 Yes Yes 10~ 0.28 1 1 33.1
UNsTR-O10A10p10R 1 No 0.05 1 Yes Yes 10710 0.75 10 10 34.4
UNSTR-DI IR 1 No 0.05 1 No No 10~ 0.88 0 o 56
sTR-OAD1700R 1 Yes 0.3 1 Yes Yes ~9x10710  63x1077 N/A N/A 443
sTR-OAD1700RS Yes 1.5 5 Yes Yes ~1.8x10710 134x1072 N/A N/A  464.25
Resolution B Hall
Unstratified runs 1283 750 No
Stratified runs 643 10° No

Table 6.1: Summary of the different simulations, with the name of the model, the presence of stratification, the box size, the radial distance from the star,
information on which non-ideal effect is considered, the initial density (of the mid-plane for stratified runs), a (averaged up to the end of the calculation)
and the current final time of the model 7.,4. In addition, I provide the resolution and the initial plasma parameter S.
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Figure 6.7: Edge-on slices (x-z cuts) of the dust ratio at t = 5 years (~ 31Q"") for the
UNSTR-O10A10p11R1 model. The dust grain size increases from left to right. The unique
colorbar has been chosen to display at best the dust ratio variations for the millimeter grains.
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Figure 6.8: Histogram of the dust ratio € of the 10 pum (left), 100 um (middle) and 1 mm grains
(right) as a function of the current ||J|| at = 5 years for the unsTR-O10A10p11r1 model. The
colors represent the averaged total density (the colorbar is log-scaled).

verified, by looking at parallel slices, that the complex structures in the current are made of
sheets rather than filaments although they might re-organize themselves after a longer integra-
tion time. These sheets have a typical width of ~ 1073 AU =~ 1.5 x 10° km which is about the
same order of magnitude as our previous estimate but it also of the order of 4Ax. We can thus
wonder if the current structures are resolved yet. I am currently running the same model with
twice the resolution to confirm this.

In figure 6.7, I show a slice of the dust ratio for the 10 um (left), 100 um (middle) and 1 mm
grains (right) at # = 5 years. The colorbar of these three slices is unique and aims to display at
best the variation of dust ratio of the 1 mm grains. As can be seen, these grains experience a
strong dynamical sorting. Their dust ratio indeed increases up to two order of magnitude in a
significant fraction of the volume. Smaller 100 um grains also experience significant, although
less important, dust ratio variations (up to an order of magnitude). The dust ratio variations
of 10 pum are much smaller (about +10% at most). Dust grains tend to be more depleted in
current maxima. This is actually not unexpected, if we consider a magnetically dominated
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Figure 6.9: Histogram of the dust ratio € of the 10 pm (left), 100 um (middle) and 1 mm
grains (right) as a function ambipolar heating source Aa term at t ¢+ = 5 years for the
UNSTR-O10A10p11r1 model. The colors represent the integrated total mass (the colorbar is
log-scaled).

plasma (8 < 1), the differential dust velocity can be approximated as wy = —ts,k¥, and dust

thus tends to be repelled from current sheets (see figure 6.4 for the structure of J X B in current
sheets). This correlation between strong currents and low dust ratio is clearly visible in figure
6.8 that shows the histogram of the dust ratio as a function of the current for the three dust
species. We note, however, that a significant proportion of the dust is still observed in high

current regions.
19xBJ>
IIBJI?

over the Ohmic source term 7o||J |I* in this model. The ambipolar term

The heating source term Ax = 1a due to ambipolar diffusion dominates strongly

9B

IBI?
the same morphology as ||J||*>. The strongly heated regions are thus not necessarily where the
peaks of the current sheets are. In figure 6.9, I display the histogram of the dust ratios as a
function of A, the color represents the integrated mass. In the right panel, we see that the bulk
of the mass for the millimeter dust grains resides in regions of moderate heating although large
dust ratio can be noted in a wide range of As. As explained earlier, the dust ratio variations
of small 10 pum grains are much less important. There is no significant preferential sorting of
these grains.

does not have

6.4.3 Impact of the resistivity
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Figure 6.10: Same as figure 6.6 for the unsTR-O1A1p11R1 model.
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Figure 6.11: Same as figure 6.8 for the unsTR-D1 1R1 model.
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Figure 6.12: Same as figure 6.7 for the unsTR-O1A1p11r]1 model. The colormap is set to match
the one in figure 6.7
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Figure 6.13: Same as figure 6.9 but for the unsTR-O1A1p11r1 model.

I now explore the impact of resistivity with two additional models, unsTR-O1A1p11r1 and
UNSTR-D1 1R 1. In the first model, the two Elsasser numbers are set to one, and the second model
is computed with ideal mhd.
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Figure 6.10 and 6.11 show slices of the 8 index (left) and the current (right) at = 5 years
for unsTR-O1A1D11R]1 and unsTR-D11R]1, respectively. As can be seen, in both model similar
current sheets structures form as in the fiducial mode. In the case of unsTR-O1A1p11R1, these
sheets are wider than for the fiducial case with a typical size of ~ 2 x 107> AU. A widening
of the current structures is expecting with an increasing resistivity. As the ambipolar length
increases, the magnetic field lines are rearranged over larger scales. In figure 6.11, that shows
the ideal case, we observe, on the contrary, a sharpening of the current structure but also an
increased number of strong current sheets. We should however keep in mind that, in the ideal
case, the current structures are non-dissipative. The magnetic field can however generate high
temperatures because the MRI turbulence compresses the gas. However, as stated in McNally
et al. (2013), the regions of strong compression might be too short lived to consistently generate
enough heat to form chondrules.

Figure 6.12 shows a slice of the dust ratio for the 10 um (left), 100 pm (middle) and
1 mm grains (right) at t = 5 years for the unsTR-O1AIpIrR] model. We observe local varia-
tions of the dust ratio for the 100 pm and 1 mm grains of the same order of magnitude as in
UNSTR-O10A10p11Rr1, however the regions of high dust ratio are wider in this model because
the current sheets are also wider. In this model, we see even better that the dust tends to migrate
toward regions of small current. However, as explained earlier these regions are not necessarily
regions of low dissipation by ambipolar diffusion. As can be seen in figure 6.13, that shows
the histograms of the dust ratio for each dust species as a function of A, a significant fraction
of the regions of high ambipolar heating are actually significantly enriched in 1 mm grains.
Smaller 10 um grains are still very coupled everywhere.

6.4.4 Impact of the density

log(53) log(J) [g em~2 577

13 -01 11 22 34-122 -115  -108  -101  -95
Figure 6.14: Same as figure 6.6 for the unsTR-O10A10p10R1 model.

As the dust drift velocity scales as oc 5, it is essential to study the impact of the initial den-
sity on the dust ratio evolution near current sheets. To do this, I have run the unsTR-O10A10p10r 1
model, which is the same model as the fiducial, but with an initial density of 10~'°g cm=3.

As can be seen in figure 6.14, that shows again slices of the 8 index (left) and the current
(right) at r = 5 years for uNsTR-O10A10p10r1. Sheet-like regions of high current still form at
a higher density. In fact, the peak of current measured in this model is actually higher than in
the fiducial model. The dust however concentrates less in this model, as was expected. Figure
6.15 shows the slice of the dust ratio for the 10 um (left), 100 um (middle) and 1 mm grains

(right) at t = 5 years for this model. The colormap is still set to match the one from my
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Figure 6.15: Same as figure 6.7 for the unsTR-O10A10p10r1 model. The colormap is set to
match the one in figure 6.7

fiducial model. We do observe less variations of dust ratio in this model than in the fiducial
one, however they are still significant. In particular, there are local increases of dust ratio of up
to one order of magnitude near current sheets for the millimeter grains. This increase is caused
by a strong depletion of grains in the peak of the current sheets. Note that even if the increase
of dust ratio for the millimeter grain is one order of magnitude smaller than in my fiducial,
the peak millimeter dust densities of the two models are comparable since the initial mixture
density of unsTR-O10A10p10Rr1 is ten times higher. In summary, the physical conditions in
UNSTR-O10A10p10R 1 might be as favorable as in uNsTR-O10A10p11r1 to form millimeter size
chondrules.

6.5 Future work and conclusion

6.5.1 Heating and cooling

All the models here were computed in the isothermal approximation. My first goal for improve-
ment is to include the resistive heating terms in order to assert that it can generate localized hot
spots of temperature 2> 1000 K. T have already run preliminary models with the ambipolar
and ohmic heating in the setup and an exponential orbital cooling term to mimic the impact of
radiation. This simple prescription for the cooling led to very high temperatures of = 5000 K.

In order to accurately describe the thermal evolution, I will first include the thermal con-
duction flux in the energy equation. This term is already implemented in RAMSES and should
be relatively straightforward to include. Later, I aim to better estimate the cooling source term
in the energy equation by using FUV thermochemical models similarly to Gressel et al. (2020).

6.5.2 Lagrangian dust evolution

It is not straightforward to determine the thermal history of dust grains with an Eulerian dust
solver. In order to retrieve it, future models will be computed with Monte-Carlo tracer particles
(Cadiou et al., 2019) that I recently coupled with my dust dynamics solver. It will be used to
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o follow the temperature of dust grains
e follow their interaction with current sheets

e compute the chondrule mass formation rate.

6.5.3 Stratifed local and global models

log(33) log(.J) [g em=? s77]
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Figure 6.16: Same as figure 6.6 for the sSTR-OAD1700r 1 model at # = 60 yr (~ 375Q7"). In this
case 0.05 AU is also the disk scale height.
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Figure 6.17: Same as figure 6.7 for the sTR-OAD1700r1 model at r = 60 yr (~ 375Q7°1).
The colormap is set to match the one in figure 6.7. The squares represents the unstrati-
fied boxes and are placed in the regions when the physical conditions are roughly similar to
UNSTR-O10A10p11R1 and unsTR-O1AIDp11R]1 (for the red square) and uNSTR-O10A10p10rR1
and unsTR-O1A1D10R] (for the blue square).

The long term goal of this study is to investigate chondrule formation in global disk models
that include the radial dependency of the disk profile. As a first step, I now consider the vertical
stratification. The two main objectives of including stratification are
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Figure 6.18: Averaged dust ratio profile for the two stratified runs

o to determine if large dust grains are present far above the mid-plane where the current
sheets are believed to form;

e to confirm that current sheets do form even when stratification is included.

My fiducial stratified model is sTR-OAD1700Rr1. The set of parameters used for this model
is described in table 6.1. In short, it is a model computed at a radial distance from the star of
1 AU that includes both ambipolar diffusion and Ohmic dissipation. Figure 6.16 show slices
of the 3 plasma (left) and the current (right) at ¢ = 60 years for sTR-OAD1700r1. We observe a
relatively dead zone near the disk mid plane (z < H), although the mid-plane § is significantly
smaller than expected from this model (that is very similar to 1-OA-5 in Lesur et al., 2014, for
example). I also note that the value of @ measured in sTR-OAD1700r1 is 6.3 X 1073, which is
higher that what is measured by Lesur et al. (2014) or Bai & Stone (2013) by almost one order
of magnitude. In other words, the angular momentum transport is likely to be too efficient and
the mid-plane magnetic field is likely to be too strong in my models. This discrepancy with
the literature could be due to several reasons, such as an insufficient resolution of the current
models (10 points per scale-height while Lesur et al., 2014, have 16 points per scale-height),
the fact that I model only the upper half of the disk or that we must use a cubical box with
RAMSES. Future models with twice the resolution or that include the two sides of the disk will
be dedicated to understand this discrepancy. Until then, the results from the two stratified runs
cannot be considered as conclusive.

Above the mid-plane, complex sheet-like current structures can be clearly distinguished.
These high-current regions are quite thick compared to those observed in the unstratified runs,
but one could expect them to narrow down with an increasing resolution. Figure 6.17 shows
a slice of the dust ratio for the 10 um (left), 100 um (middle) and 1 mm grains (right) for
the fiducial at + = 60 yr (~ 375Q7!). The squares are placed at the approximate loca-
tion where the physical conditions in the model are roughly similar to uNsTR-O10A10p11RrR1
and unsTR-O1A1p11R]1 (red square) and UNSTR-O10A10p10r1 and unsTR-O1A1D10R]1 (blue
square). As can be seen, millimeter grains settle efficiently in the inner regions of the mid-plane
and the wind, although properly developed, is not sufficiently strong to lift them to regions of
density ~ 107!'g cm™ (red square), they are however not absent from the regions of density
~ 107'% cm~3 (blue square). As explained earlier, the dust sorting near current sheets in these
regions is less important for p ~ 107! cm™3 than it is for p ~ 107!'g cm™3 but still significant
and the initial density of p ~ 107'%g cm™ compensates for the sorting difference. Figures
6.18a and 6.18b show the average dust ratio profile as a function of height for both stratified
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models. As can be seen, the settling is even more efficient in sTR-OAD1700rS5. Close to the
mid-plane, the dust ratio of these grains is almost doubled. As a consequence they are strongly
depleted above 1-2 scale heights. Intermediate 100 wm grains are quite present up to 2 scale
height in both models and are also depleted above that. As can be seen, the small grains are
efficiently redistributed over the entire computational domain by the wind.

6.5.4 Summary

In this chapter, I presented preliminary results of an ongoing study that aims to investigate a
model of chondrule formation in current sheets within weakly ionized protoplanetary disks.

After an introduction to the essential theoretical and numerical aspects of protoplanetary

disk evolution. I presented two types of models;

e Unstratified models. I have shown that structures similar to current sheets are formed

under various initial conditions. I have also shown that the structures in the current can
lead to an important sorting for grains of = 100 wm. This is particularly interesting in
the context of chondrule formation as they are thought to form in regions of high solid
concentration (Alexander et al., 2008) and because the typical minimum chondrule size
is about = 100 um. It is also worth noting again that, in all the unstratified models,
regions of strong ambipolar heating are observed for a wide range of dust ratio for the
millimeter grains (and = 100 um in some models).

Stratified models. I have shown that millimeter grains seem to settle efficiently in the
disk mid-plane (z < 1 -2 H) and are strongly depleted above 1 —2 H. In addition, above
1 — 2 H, I observe current structures that are similar to those of unstratified models.
It is important to note that, at this stage, the stratified model sTR-OAD1700r1 fails to
reproduce some aspects of similar models of the literature, e.g. it has a very large a. 1
am still carefully investigating this puzzling discrepancy. It could be due for example to
an insufficient resolution or differences with the literature in the treatment of the mid-
plane boundaries.
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Chapter 7

Conclusions and perspectives

Jack Sparrow
”No survivors? Then where do the stories come from, I wonder.”
- Pirates of the Caribbean

In this PhD thesis, I presented my work dedicated to the study of the early stages of low
mass star and planet formation. More particularly, I have put a strong emphasize on dust
dynamics and its relation to star formation. This thesis was carried out with the help of both
numerical and theoretical tools, I will now present a short summary of its content.

In the chapter 1, I have reviewed some of the essential knowledge of star formation in the
theoretical, observational and numerical point of view. I also explained why the dust is an
essential component of the star and planet forming interstellar medium. In particular, I have
shown that its dynamics, while being largely overlooked, might strongly differ from the gas.

In chapter 2, I presented our current understanding of the dynamics of small neutral grains.
After a description of the interaction between a gas and a single dust grain, I presented neutral
dust dynamics using a fluid approach. Starting from a multifluid approach for the dynamical
equations of gas and dust mixtures, I described how they can be reformulated as a monofluid
composed of several phases but with a single advection velocity. Then, I introduced the so-
called terminal velocity and diffusion approximations that greatly simplify the monofluid set of
equations in the presence of strongly coupled gas and dust mixture. Eventually, I proposed an
extension of this formalism to the study of neutral grains in a magnetohydrodynamical context.

In chapter 3, I introduced the main numerical tool used in this thesis, i.e. the RAMSES code
(Teyssier, 2002). Then, I described the dust dynamics solver that I implemented in the code
and that I presented in Lebreuilly et al. (2019). After a description of the principle of my
dust dynamics scheme, I benchmarked it against a wide battery of tests all designed to isolated
different aspects of the algorithm, i.e. DUSTYADVECT, DUSTYDIFFUSE, DUSTYSHOCK, DUSTYWAVE, a
wave propagation test and a SETTLING test. These canonical tests have all been successfully
passed by the solver I that implemented which, in addition, proved to be fast and efficient.

In chapter 4, the core of this thesis, I have presented the first 3D protostellar collapse sim-
ulations with multiple dust species pusTycoLLAPSES. After a description of my methods, I first
presented spherical collapse simulations with only one dust species at a time. With these mod-
els, I verified that we retrieve the expected free-fall timescale for strongly coupled gas and dust
mixtures and also provided a simplified view of pusTycoLLAPsEs. I then increased the com-
plexity of the pusTycoLLAPSES by considering initial solid body rotation, multiple dust species
and, in some models, magnetic fields. I have shown that dust grains can decouple significantly
from the gas provided that they were large enough (typically 2 10 — 100 um). However, this
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decoupling strongly depends on the initial cloud properties. Conversely, I have also shown that
standard MRN dust size distributions, that have a maximum grain size of ~ 0.1 pm, remain
very well preserved during the collapse in absence of coagulation/fragmentation of the dust
grains. I demonstrated that the cumulative back-reaction of dust grains on the gas is negligible
during the collapse for initial dust-to-gas ratio of less than 1%. In addition, I presented a semi-
analytical model of dust enrichment. It has shown that during the collapse, the dust-to-gas ratio
varies exponentially with the Stokes number, the ratio between the stopping time of the grain
and the free-fall timescale of the gas.

In chapter 5, I proposed another extension of the monofluid formalism that is designed to
the study of strongly coupled charged dust+ions+electron+neutral mixture. After a description
of the derivation of this so-called dustyMHD formalism, I highlighted the main dynamical
regimes that it holds. Eventually, I analyzed the critical maximum grain size required for a
grain to couple to the magnetic fields in various astrophysical objects such as the protostellar
collapse, protoplanetary disks, the cold and warm neutral medium and molecular clouds.

In the chapter 6, I presented the early developments of an ambitious project that aims to
study a possible mechanism of chondrule formation in the current sheets of weakly ionized
protoplanetary disks. After reviewing the basic theoretical framework necessary to understand
protoplanetary disks, I presented unstratified shearing box calculations that simultaneously in-
clude three neutral dust species. I have shown that complex sheet-like current structures, similar
to current sheets, are formed in the early times of these models and that they strongly affect the
dust dynamics for grains of size = 100 um. Then, I presented the direct perspectives of this
study which are, to introduce the disk heating and cooling, Lagrangian tracer particles for the
dust and vertical stratification of the disk.

After this work, many direct prospects could be imagined. In the upcoming years, dusty
protostellar collapse calculations will increase in complexity. Among other things I intend to

e evolve them over a long time after the first-core formation using sink particles similarly
to Hennebelle et al. (2020).

o self-consistently estimate the resistivities accounting for the dependency on the local dust
distribution.

e include a better treatment of the radiation with the use of the flux limited diffusion and a
self-consistent estimate of the dust opacity.

These developments should be extremely valuable to constrain dust dynamics during the col-
lapse. In addition, these models will be computed with an accurate treatment of dust growth
currently in development at CRAL (Lombart & Laibe, 2019) and that I will soon couple to my
RAMSES dust module. A direct step, that follows the work I carried out in chapter 5, is to in-
clude the dynamics of charged grains in my dust solver and to carry simulations of charged dust
dynamics of the protostellar collapse, protoplanetary disks, the cold and warm neutral medium
and molecular clouds. A particular attention to the three last objects will be payed since they
are the ones where dust grains might be the most coupled to magnetic fields. Naturally, I plan
to continue to carry the project to study chondrule formation according to the prospects that I
discussed in chapter 6.
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