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Résumé : Pour mieux comprendre les structures de la couronne solaire —de
température élevée— et leurs évolutions, des méthodes de vision & 3 dimensions a
partir des images EUV de SOHO/EIT ont été développées. Des anaglyphes ont servi
a mieux comprendre le role du champ magnétique et des intéractions entre champ
fermés et ouverts. Il est apparu que la reconnection entre des trous coronaux (CH)
et des régions actives (AR) peut expliquer certaines disparitions de boucles coronales
fermées. De plus, des analyses multi-instruments ont montré que la structuration des
CHs résulte parfois de changements dans l'activité magnétique voisine.

Les mesures d’incertitudes sur les reconstructions par stéréovision n’ont pas permis
de valider une méthode générale pour visualiser la couronne globalement en 3D. Par
contre, le principe a pu étre utilisé avec succes pour la reconstruction en 3 dimensions
de boucles coronales. Ainsi apres analyse des parametres physiques de 30 boucles EUV
de températures intermédiaires d’une région active, il est apparu que contrairement
aux boucles chaudes en X, elles étaient en équilibre hydrostatique.

Les boucles d’une région active émergentes sont apparues comme se détorsadant au
fur et & mesure de son grandissement ce qui correspond a un transfert de I’hélicité.
Des corrélations entre des brusques détorsadages et des éruptions ont aussi été établis
dans les cas ou la torsion initiale est trop importante et permet le développement
d’instabilités.

Ces études 3D vont pouvoir permettre de mieux contraindre les bilans énergétiques
pour le chauffage coronal grace a la conservation de I’hélicité et d’améliorer la prévision
de la météorologie spatiale. L’utilisation de techniques d’imageries adaptées (comme
le dégrillage ou le Modele de Vision Multi-échelle) a permis de faire ressortir certains
détails dans la formation de CMEs par exemple.

Les instructions relatives a4 'utilisation du CD-Rom sont données dans les fichiers
README de chaque répertoire

Summary This thesis deals with 3D evolution of coronal structures based
upon the ultraviolet telescope of SOHO : EIT.
Anaglyphs and incertainties on a complete stereovision reconstruction are described.
Stereoscopic methods for loop reconstruction were successfully made to find 3D pa-
rameters. With dynamical stereoscopy, physical conditions were derived for 30 loops
of temperature around 1MK.
A method which is able to derive twist variation were also built. Emerging loops were
found highly twisted and they detwist as they grow. According to helicity conserva-
tion, this correspond to a transfert of twist into expansion.
Long time twist evolution of magnetic flux tubes are followed in relation with flares
as relaxation.
Interaction between magnetic field lines were analysed. An example of reconnection
between open and closed field line were observed. Other interactions were found with
multi-wavelength observations : coronal holes borders (and thus CH) are better de-
fined when an active region nearby is growing.
Other imaging techniques were used to better take profit as possible of SOHO/EIT.
A multiscale vision model (MVM) was applied with success to show small coronal
structures evolutions hidden by the noise level.

Instructions to use the CD-Rom are given in each directory inside the README files
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XVii

Préambule a la deuxieme édition
de la these

A la demande de certains lecteurs, pour faciliter la lecture, cette deuxiéme édition se
retrouve allégée de I'ancien chapitre 5 et d’'une partie du chapitre 4 (soit d’une trentaine
de pages). Cela correspond a un recentrage de la these sur I'étude en 3 dimensions des
boucles ce qui a permis d’approfondir dans cette version du manuscript I'importance du
réle des boucles dans la physique solaire coronale et dans leurs implications dans les
relations Terre-Soleil. Les conclusions ont été aussi retravaillées en ce sens.

Les lecteurs interessés par la structuration des trous coronaux a cause de régions ac-
tives se repporteront au CDROM et a la version originale de la these. Il ressort de cette
etude que I'hélicité magnétique joue un role fondamental dans I'ouverture des champs et
que I'apport d’hélicité via une région active torsadée peut contraindre une région de cham-

p magnétique faible a se structurer en une région de champ magnétique ouvert. Cela peut
expliquer ainsi les observations de la structuration de mini-trous coronaux en vastes trous

coronaux bien definis lorsqu’une région active apparait. D’autres observations peuvent

venir completer utilement cette étude, aussi cela fera partie d’'une publication ultérieure.

Il est temps désormais de se pencher sur I'étude de notre étoile et de profiter de sa
proximité pour essayer de mieux comprendre la physique qui la regle.

Réver al'impossibleréve.

Tenter, sans force et sans armure,
D’atteindre |I'inaccessible étoile
Telle est ma quéte.

Suivre |’ étoile

Jacques Brel, la Quéte
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O Soleil! toi sans qui les choses
Ne seraient que ce qu’ elles sont !
E. Rostand, Chantecler
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.1 Motivation de lathése dans le cadre actuel de la physique
solaire : situation de la question

Latrés haute température coronale — qui peut atteindre plusieurs millions de degrés Kelvin-
s dans certaines structures — ne trouve actuellement aucune explication complétement sat-
isfaisante. Divers processus sont évoqués qui mettent en jeu le champ magnétique et les
evolutions des lignes de champs. En effet, dans la couronne solaire, le plasma se retrou-
ve figé par le champ magnétique. Aussi la structure 3D du plasma coronal permet de
cartographier la topologie et la morphologie du champ coronal et permet de comprendre
ses évolutions. Par exemple, les boucles coronales —structures fermées— sont suscep-
tibles de devenir instables et d’engendrer des phenomenes éruptifs et d’éjections. Aussi,
la détermination de la physique 3D des structures est importante pour faire les bilans
energeétiques.

L'étude des structures 3D de la couronne solaire et de leurs évolutionapparait
donc comme un théme important pour comprendre le role du champ magnétique. La
formation des tubes de flux, les conséquences de leurs émergences dans la couronne,
I'évolution des structures fermées ou ouvertes peuvent étre étudiés en relation avec le
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chauffage coronal a partir du champ magnétique, le développement d’'instabilités qui sont
sources de nombreuses questions.

En cela le lancement du satellite SOHO entierement dedié aux observations solaires
a permis d’accumuler des données pour une analyse précise et d’actualiser nos connais-
sances sur le Soleil. A son bord I'imageur EUV EIT avec une résolution temporelle et
spatiale plus importante que les fusées ou missions embarquées précédentes montre la
richesse d’activité coronale méme pour le Soleil calme.

|.2 Etapes de travalil

Avant de pouvoir s’'intéresser au theme choisi de I'étude des structures 3D de la couronne
solaire et de leurs évolutions, il a fallut tout d’abord qualifier les données et les outils
d’analyses.

La premiere priorité pour I'équipe EIT fut donc de mettre en place des outils perfor-
mants pour dépouiller les données. Dans ce cadre, afin d’obtenir des images sans artefact,
apres avoir diagnostiqué sur les images du vignettage périodique — da principalement a
une grille support de filtre—, avec M Jean Maucherat, nous avons développé une méthode
de filtrage local pour les 6ter numériquement.

Ensuite pour étudier les évolutions temporelles en 3D des structures coronales, plusieurs
études ont alors été réalisées concernant la vision en 3D. Des techniques de stéréovision
(eg anaglyphes) ont permis de définir les régions d’intérets en visualisant la morphologie
des structures 3D, —boucles, évolution de structures, ...—. Cela met en évidence par
exemple la complexité des boucles des régions actives supportant des protubérances et
avoisinant des trous coronaux.

Une étude préliminaire sur les possibilités de reconstruction totale par stéréovision
basée sur la géométrie projective fut entreprise. A partir des résultats obtenus par I'INRIA
sur les inversions d’objets ordinaires, nous avons défini les contraintes dans le cadre de
structures “diffuses” — ce qui est le cas pour les ions coronaux étudiés —. Le taux
d’erreur de reconstruction pour des structures coronales estimeé a partir des reconstructions
d’objets réels fut jugé comme trop important pour continuer actuellement I'étude dans le
cadre général.

Dans le cas des boucles coronales, il est par contre possible de définir la géométrie
3D de ces structures et de les reconstruire par stéréoscopie. Pour cela a été mis en place
en collaboration avec M. Markus Aschwanden des programmes d’ajustement en 3D de
boucles EUV. Tout d’abord des programmes d’ajustements a priori permettent de con-
venablement ajuster les projections des boucles sur des modéles circulaires ou torsadés.
Les anisotropies observées pour les boucles comme le torsadage et le cisaillement sont
apparues comme étant des parametres importants liés a I'énergie disponible dans la ré-
gion active. Nous avons ainsi pu établir des liens entre les parametres des boucles et leurs
stabilités.

2 types de methodes distinctes ont été mises en place : la stéréovision statique et la
stéréovision dynamique.
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Le calcul des températures le long et transversalement aux boucles a pu étre réalisé
pour des boucles circulaires. Des comparaisons sur la cospatialité des boucles de dif-
férentes températures ont été réalisées en collaboration avec d’autres instruments (eg avec
M Peter Young pour CDS).

Une étude exhaustive se servant de la stéreovision dynamique pour contraindre les
parametres des boucles, a permis d’analyser 30 boucles et de trouver les relations physiques
qui régissent ces boucles.

Afin de mieux suivre I'évolution et de choisir les périodes correspondant a nos sujets
d’études, nous avons développé des catalogues d’images sélectionnées selon les dates et
longueurs d’ondes. Dans d’autres cas, nous nous sommes servis des programmes de films
existants.

La contrainte avec succes de I'algorithme de filtrage en ondelettes de M. Albert Bi-
jaoui a fait ressortir des phénomenes d’évolutions de structures noyes initialement dans le
bruit de I'image.

Des études en collaborations multi-instruments ont permis de définir avec exactitude
la nature des objets et d’étudier leurs évolutions (structuration de trous coronaux,...). Cela
fut aussi le cas pour I'étude des phénomeénes éruptifs et éjections. Des observations co-
ordonnées entre plusieurs instruments (EIT, Coronographes du Pic Du Midi —avec M.
Jacques-Clair Noens—, Radio de Metséhovi —avec Mme Silja Pohjolainen—,...) ont
ainsi pu étre programmees.

A partir de ce theme scientifique principal sont aussi venus se greffer des themes
secondaires connexes comme le cisaillement avec responsabilité scientifique au sein de
I'équipel. De méme, lorsque les données EIT étaient privées, chaque membre de I'équipe
a eu un role d’arbitréet de conseil auprés des personnes extérieures a I'équipe qui de-
mandaient des données. Cette tache de service scientifique — qui recoupait un réle ad-
ministratif, scientifique et technique— fut 'occasion d’échanges et discussions tres in-
téressantes sur différents aspects de la physique solaire.

.3 Plan de these

Apres avoir rappelé dans le chapitre suivant des notions de physiques solaires coronales,
les instruments utilisés sont présentés.

Le chapitre 3 précise les techniques d'imageries employées pour visualiser en 3 di-
mensions. De plus, des techniques se servant de vision multi-échelles pour retrouver des
details fins noyés dans le bruit sont aussi mises en oeuvre.

En se servant de ces ouitils, I'étude physique se porte d’abord sur les structures fermées
— chapitre 4—. Tout d’abord le développement d’'une méthode basée sur la stéréoscopie
permet de retrouver les principaux parametres physiques des boucles. Une premiére méth-

IDurant 1996, les membres de I'équipe SOHO/EIT se sont répartis les thémes scientifiques en fonctions
de leurs thémes propres d'études [57]
20n dit aussi “de referee”
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ode, a partir d’'un a priori de circularité pour les boucles, permet de regarder I'évolution
dynamique des tubes de flux. Ainsi des statistiques sont réalisées pour 'ensemble des
boucles d'une région active.

Or certains ajustements justifient un nouveau modeéle de boucle qui prend en compte
le fait que les boucles ne sont pas toutes circulaires. Une deuxieme méthode basée sur
la stéreovision statique permet de mesurer ces écarts via le degré de torsion d’'une boucle
et d’étudier leurs évolutions. L'observation de I'apparition rapide d’'une boucle avec un
torsadage diminuant lors de son expansion est ainsi analysee. A partir des tubes de flux de
Parker, 'émergence d’une région active est reanalysé d’un point de vue observationnel et
théorique. Pour une région de boucles stables, 'augmentation observée du torsadage est
attribuée en partie a la rotation différentielle. Enfin les observations sont venues confirmer
la théorie sur la possibilité de création de phénomenes éruptifs lorsque le torsadage des
boucles devient trop important.

L'évolution de structures coronales a partir d’observation multi-instruments est décrite
au chapitre 5. Elle compléte I'ancien chapitre 5 sur la structuration des régions magné-
tiques coronales. Ces analyses permettent de mieux comprendre, la formation de phénomenes
eruptifs et des éjections de matieres coronales.

Une synthése du travail est rédigée au chapitre 6. Elle reprend de maniére succincte
les grandes lignes de I'étude.

Un bilan et les perspectives de ce travail sont tracés au chapitre 7.
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La Science consiste a oublier ce quel’ on croit savoir;
et la Sagesse a ne pas S en soucier
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Dans un premier paragraphe nous allons rappeler les lois physiques qui régissent la
couronne solaire. Le second paragraphe sera consacré aux moyens modernes d’observation
du soleil en particulier les observations multi-longueurs d’ondes, ainsi que I'apport du
satellite SOHO et en particulier de I'instrument EIT.

II.1 Physique de la couronne solaire

Si'atmosphére solaire est vue comme une sphére symétiiquplén paralléle), alors la
couronne solaire est la partie extérieure de I'atmospheére solaire au dessus d’une certaine
altitude ou d’'une certaine température. Mais en fait la couronne est loin d’étre homogéne
et le modele précédant sera précise par rapport a ses structures. Comme nous allons le
voir 'aspect de la couronne et son activité sont commandeés par le champ magnétique. La
compréhension de sa physique nécessite quelques rappels sur la structure du soleil et sur
les plasmas dans les champs magnétiques.



6 II.1. PHYSIQUE DE LA COURONNE SOLAIRE

I1.1.1 Le soleil et son champ magnétique

La proximité de la Terre vis a vis du Soleil a permis d’obtenir sur cette étoile moyenne
(de type G2V) des connaissances sur ses structures spatiales.

Lintérieur du Soleil se compose d’'un noyau chauffé par les réactions thermonu-
cléaires. Selon les densités, I'énergie est transmise de maniere radiative ou convective.
La structuration de ces zones est connue grace aux ondes qui s’y propagent (héliosis-
mologie).

Figure II.1: Eclipse du Soleil du 11 Aout 1999 a Vouziers (France) : La Lune a caché pen-
dant 2 minutes 14s la photosphére, rendant visible la couronne en blanc, des protubérances
en rouge. Noter la forte activité coronale présente et la haute protubérence au Sud Ouest
(Photo personnelle (€ Association NOVAE)

L'atmosphére du Soleil se compose de couches structurées de la maniere suivante:

e La photosphere : c’est la surface visible du soleil avec une température voisine de
5800K.

e La chromosphere : elle se situe au dessus de la photosphere et s’obddgve en

e Larégion de transition : c’est une région intermédiaire ou la température croit trés
fortement sur une faible "épaisseur”. Son étude permet de faire le lien entre les
mesures du champ magnétique photosphérique et les structures coronales.

e La couronne solaire : Observable pendant longtemps uniquement pendant les é-
clipses —ou la Lune cache la photosphéré fbis plus brillante en visible—, elle
tire son nom de son aspect (Fig. 1.1). La spectrométrie a montré une température
tres élevée de plusieurs millions de degrés pour certaines de ces activités. Les pro-
cessus physiques formant de telles températures sont encore sujets a de nombreuses
interrogations.
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Le champ magnétique joue un role important dans 'atmosphere solaire. Parmi les
structures de la photosphére, les taches solaires sont des parties refroidies (3800K) par le
champ magnétique important qui bloque les mouvements convectifs subphotosphériques.
La variation du nombre de taches solaires ([87]) selon un demi-cycle de 11lans ([213]) se
conjugue avec une migration de méme periodicité de ces taches en latitude de I'équateur
(au minimum de I'activité) vers les poles ([44]).

+

Figure 11.2: Vitesse différentielle des taches en latitude (d’aprés [225])

La période de rotation des taches solaires est de 26,24 jours a I'équateur et augmente
avec la latitude : cela induit une rotation différentielle (Fig. 11.2).

Figure 11.3: Emergence de bipolarité (d’aprés [230])

Les taches apparaissent par paires [99]. La force de Coriolis via I'effet dynamo (ou le
champ magnétique toroidal se conjuge avec le champ poloidal) forme les “cordes magné-
tiques emergentes” [66].

Des travaux récents (par exemple [235]) semblent montrer que le stockage des champs
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Figure 11.4: Structure du soleil

magnétiques toroidaux intervient dans la zone a I'intérieur du Soleil ou la rotation differ-
entielle égale la rotation rigide et correspond aux latitudes d’émergences des taches (réle
de la tachocline). Nous reviendrons la dessus pour discuter de la morphologie des boucles
coronalex (Fig. 11.3).

D’autres structures photosphériques sont observables telles que les plages, les gran-
ules (diamétre 1000km, durée de vie 8mn) et supergranules (diamétre 30000-35000km,
durée de vie 20h -[210]-). Ces 2 dernieres structures traduisent le “bouillonnement” con-
vectif de zones plus internes qui transporte ainsi I'énergie des réactions nucléaires vers
I'exterieur.

Dans la chromosphere, des protubérances brillantes dépassant du bord du soleil suiv-
ent les lignes de neutralité du champ magnétique et correspondent a des filaments sombres
lorsqu’ils sont vus sur le disque. Des spicules de durée de vie de 5mn et de diamétre de
500-1500km, et un réseau chromosphérique (de diamétre 30000-35000km et de temps
caractéristique 20h) composé de mottes -brillantes ou sombres- et fibrilles sont aussi clas-
siguement observes ([210]).

Les structures de la haute atmosphére sont décrites au paragraphe suivant.
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[I.L1.2 La physique de la couronne et de la région de transition

Aspect

Figure I1.5: Image EIT de la couronne (Fe XIlI, le 27 Novembre 1998 a 23h 24mn)

La couronne solaire (Fig. 11.5), un milieu trés chaud de plusieurs millions de K, Fig.
1.6, se décompose classiquement en 4 parties ([94]) :

e La couronne K (continue) causée par la diffusion Thomson du rayonnement photo-
sphérique sur les électrons coronaux rapides.

e La couronne F (de Fraunhofer) est le résultat de la diffusion de la lumiére photo-
sphérique par les poussiéres interplanétaires (entre Mercure et la Terre).
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e La couronne E (émission) provient de I'émission de la radiation des particules
hautement ionisées de la couronne

e Lacouronne T (thermale), principalement observable en InfraRouge, est de la pous-
siere interplanétaire chauffée. Il s’agit de la méme poussiere que celle qui produit
la composante F coronale.

La couronne que nous analyserons en détail est la partie chaude qui émet en UV et
en X. A cause des températures €levées, les longueurs d’ondes ultraviolettes sont parti-
culierement bien adaptées a I'imagerie de la couronne solaire. Le rapport de transition-

s de raies permet de calculer les températures et les densités des différentes structures
([61],[62],[60]).
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Figure I1.6: Température versus altitude

Les structures de la haute atmosphére solaire

Températures et densités varient selon les structures. La Table Il.1 résume quelques
parametres typiques de structures coronales observées en rayon X.

Selon les auteurs les bornes de la région de transition (centrés ¥y d0de la
couronne (plusieurs MK) sont variables. Par exemple, on peut donc considérer que les
structures vues par SOHO/EIT et TRACE en Fe IX/X sont soit la région de transition,
soit la partie basse de la couronne. Nous reviendrons lors du chapitre sur les boucles sur
cette séparation physique de I'atmosphere solaire.

Les structures coronales peuvent étre fermées (régions actives de boucles aussi notées
ARL) ou ouvertes (trous coronaux — notés CH—, plumes polaires,...). Afin de compren-



CHAPTER IIl. NOTIONS GENERALES REQUISES 11

Composante Taille Température Part de contribution

caractéristique maximale dans la luminosité en X
atteinte | (respectivement au maximum
et minimum du cycle)

Régions Actives (AR) 410" m 3MK 40-5
Structure a large échelle 108 m 2 MK 20-70
Trous coronaux (CH) | < 10®m < 2.10°K <1

Table II.1: Composantes coronales (d’apres [94])

dre le r6le du champ magnétique précisons comment se comportent les particules chargées
(ionisées) de la haute atmosphere solaire en présence d’un champ magnétique.

[1.L1.3 Rappels de physique des plasmas et MHD
Définitions et équations de base

Un plasma est un fluide dans lequel les particules chargées (ions et électrons liés) sont
suffisamment nombreuses pour influencer son comportement. Il se décrit ainsi d’apres
son comportement collectif ([46]). Un exposé extensif décrivant le plasma coronal solaire
est disponible dans Velli ([244]).

L'équation de Poisson permet de définir 'écrantage électronique (ie distance limite
d’influence) aussi appellé longueur de Debye :

Ao =/ eor;};T (I.1)

Comme les structures étudiées sont de tailles caractéristiqueap, on considerera le
plasma coronal comme monofluide.

Les équations de Maxwell décrivent le systeme (E étant le champ électrique, B le
champ magnétiqu®) = €.E etB =pH) :

Div(D) = p

ROUE) =~ (11.2)
Div(B) =0 '
Rot(H) = j+ %

J=p.(E +VAB) (1.3)
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En combinant les équations précéedentes, on écrit la loi d’induction

2| @

=0 x (Vx B)+n0%8 (11.4)

avecn = % = diffusivité magnétique. Le premier terme de laloi d'induction (Eq. 11.4) est

un terme dynamique, le second est un terme résistif. Le nombre de Reynolds magnétique
est défini comme étant le rapport entre ces 2 termes. Dans le cas de la physique solaire
il est environRy ~ 10° — 10°m >> 1 et on peut donc souvent négliger le terme résistif :
c’est le cadre de la MHD idéale.

A partir de la il est donc possible de faire les bilans énergétiques des transferts entre
structures magneétiques.

La materialisation de B

Les concepts de lignes de champ et de tube de flux magnétique matérialisent par leurs
représentations les configurations magnétiques. En effet, une ligne de champ décrit la
variation deB(r,t) dans I'espace oti= (Xx,Y,z) c’est a dire par définition

B« By B

La force de LorentzR = qive B+ E)) s’exerce sur les particules de charge g et de masse

m et de vitesse v. Dans le cas de la couronne solaire la gyration de la matiere est tres faible
([297]) donc on considere que les particules suivent les lignes de champ magnétique.

Un tube de flux magnétique est par définition un groupe de lignes de champ coupant une
surface (ou section) ouverte S occupant un volume V. On peut définir son flux

®= / /S B.dS (11.6)

D’apreés le théoreme mathématique de la divergence, on a

//é&sz///Vdiv(é)dV(S) (I1.7)

Cette valeur est nulle puisth'av(ﬁ) =0 (Eq. 11.2). Donc pour un tube de flux entre des

surfacesS; etS,
¢://Slé.dél+//82§.déz=0 (11.8)

, c’est a dire®; = — Py, ce qui veut dire quée flux magnétique se conserve sur toute la
longueur du tube de flux. Priest [197] résume différentes propriétes magnétiques.
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Confinement

Le rapport entre I'énergie thermique et I'énergie magnétique

E(thermique)  3nKT

B= E(magnetique) B_: (11-9)

déetermine le confinement ou non du plasma par le champ magnétique. Dans le cas des
structures magnétiques coronales, comme 10°cm=3, T ~ 10° K, et B ~ quelques
Gauss on trouve

B<<1 (11.10)

A partir de I'equation d’induction (Eq. 11.4), lorsque la diffusivité magnétiguest
nulle (cadre de la MHD idéale), on a la variation de flux magnétigugii s’'écrit :

——* B — .11
dt dt/BﬁdS/ [ x (Vx B))fidS=0 (I1.11)

Les lignes de champs se déplacent donc avec la matiere : le plasma se retrouve “gelé”
par le champ magnétique ([210]).

La magnétohydrodynamique permet de décrire les structures coronales. Nous de-
taillerons au chapitre 4 le cas des boucles coronales.

1.2 Instrumentation et utilisation des données

Comme nous allons nous intéresser au champ magnétique au niveau de la couronne, nous
allons utiliser les instruments qui sont susceptibles de tracer ces structures. En imagerie
spatiale nous nous servirons principalement des observations UV et X c’est a dire de SO-
HO/EIT, de SOHO/CDS, de Yohkoh/SXT et de TRACE. Les données coronographiques
de SOHO/LASCO ainsi que des observations terrestres viendront compléter ces données.

[1.2.1 Présentation des instruments utililisés
Le satellite SOHO : SOlar Heliospheric Observatory

Le lancement du satellite SOHO (SOlar Heliospheric Observatory, Fig. 11.7) en décem-
bre 1995 a fourni un nouvel outil performant pour mieux comprendre le Soleil. Les
12 instruments qui se trouvent a son bord profitent du positionnement au point de La-
grange L1 Terre-Soleil pour observer de maniére continue divers aspects de notre étoile.
L'héliosismologie, I'étude de I'atmosphére extérieure du soleil, et la mesure du ven-
t solaire in situ au niveau du satellite sont les 3 composantes principales de la mission.
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Figure 11.7: Le satellite SOHO : au premier plan au centre I'instrument EIT

Parmi les instruments nous nous servirons de MDI pour étudier le champ magnétique,
d’EIT pour imager les structures coronales, de CDS pour observer les variations spatiales
en température des structures éventuellement des coronographes LASCO et du spectro-
coronographe UVCS pour comprendre les structures coronales étendues. Des relations
avec d'autres instruments de SOHO seront éventuellement évoquées le moment venu.
Comme nous allons principalement utiliser SOHO/EIT et mettre en oeuvre de nouveaux
outils adaptés a cet imageur EUV, une description s'impose.

Limageur EUV de SOHO : EIT

Figure 11.8: Linstrument EIT

Linstrument EIT (Extreme ultraviolet Imaging Telescope, Fig. 11.8) image en 4
longueurs d’ondes centrées respectivement sur 171 A(Fe IX=X), 195 A(Fe XII),
284 A(Fe XV), 304 A(He I1) la couronne solaire.
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Figure 11.9: Transition UV pour le Fe XV ([270])

Le choix des raies La formation des raies est décrite dansnhexe I. 4 raies ont été
judicieusement choisies pour couvrir une gamme de température entre la chomosphére et
la couronne moyenne (Fig. 11.6).

e Laraie chromosphérique He Il 2 304 A([118]) a été utilisée lors des missions SERT-
S 91. Comme le montre les images EIT, une raie coronale -chaude- de Si IX étan-
t proche, la séparation de ces 2 raies se trouve impossible a réealiser. Cela rend
'analyse de ce filtre quelquefois complexe ([157]). En premiere approximation
le bouillonnement de la partie convective subchromosphérique est “pollué” par les
points brillants coronaux des régions actives.

e Au voisinage de 171 A, les transitions & — P] a 171.01 Apour le Fe IX, et
2P2 — D2 & 174.53 Apour le Fe X (Dere [62]) permettent d’analyser la région de
2 2

transition dont I'intéret du Fe IX apparut lors de Skylab a 241 et 244 A(Feld#nan
al., [78]). Les structures observées dans cette raie sont généralement fines (boucles
étoites,...).

e Le quadrant de filtre spectral centré sur le Fe XIl & 195 observe |la s33p3—
3s?3p?3d ainsi que 2 autres transitiol®§ — P¢ etD3 — D% a 195.13 A. D’autres

2 2 2 2
raies peuvent étre aussi présentes dans ce filtre ([62]). Des CMEs sont observées
dans cette raie.

e Le Fe XV 3 — 3s3p a comme transition atomique (Fig. .95 — P} a 28417.
Les boucles chaudes sont alors tracées et apparaissent moins précises spatialement.

La technique de linstrument Le télescope est de type Ritchey-Chrétien (Fig. 111.3)
avec a son foyer une caméra CCD 1024x1024 pixels qui couvre48arcmin?. La
focale de l'instrument est de 1652mm.

Chaque pixel de la CCD couvre @17, ce qui donne une résolution dg2 x 2.62arcsec?
avec un temps de lecture de la CCD de 21 s.
Les miroirs sont formés de couches multiples Mo-Si et la sélection des bandes passantes
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Télescope de Ritchey-Chrétien
Longeur effective 165.2.7 0.2cm
Diamétre du primaire 12 cm
Aire Géometrique par quadrant 13cm2

CCD

(refroidie a environ -80 C)

Taille de la matrice
Taille des pixels

1024 x 1024 (45 x 45 arcmin)
21un? (2.6 arcsec)

Temps de lecture 21s
Filters
Filtre d’entrée 1500 Al/700 A cellulose/1500 A Al
Roue a Filtre a plusieurs positions
Télémetrie durant la premiere année avant d’ étre augmentée

Taux habituel moyen
Taux combiné EIT/LASCO
Taux meélangé (avec CDS et SUMER)
Compression des donnees
Racine carré
Avec algorithme ADCT
Temps de transmission
pendant télemétrie normale (5.2 Kbps)
Temps de transmission
pendant télemétrie normale

1 Kbps
5.2 Kbps
26.2 Kbps (30 mn par 24 h)

de 14 a7 bits
jusqu’a un facteur de compression de 10
d uneimage entiere pleine résolution (a 7 bits/px)
23.5min (toutes les 2h)
d uneimage derésolution 4 x 4 pixels
1.5 min

Télémetrie
Temps de transmission d’'une image enti

moyenne apres 1997

ere environ 12 minutes

Table I11.2: Caractéristiqu

es techniques d’EIT ([58])
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Figure 11.10: SOHO/EIT : Trajet Optique ([228])

s’effectue par un cache ouverture, cache qui ne laisse passer que la lumiére du quadrant
choisi (Fig. 11.10).

Les caractéristiques principales Tables 11.3 et 1.2 et le schéma optique Fig. 11.10 de
l'instrument viennent compléter la descriptiah. (@ussi [58], [228], [56]).

Longueur d'onde lon | Température Observation
304 A Hell | 8.0x10*K | Le réseau chromosphériqlie
171 A FelX,X | 1.3x10°K la région de transition
195 A FeXll | 1.6x10°K la couronne calme
284 A FeXV | 20x 10°K les régions actives

Table 11.3: Les filtres EIT ([58])

Quelques possibilités observationnelles : Le calcul des températured.orsque EIT

prend des images dans les 4 longueurs d’ondes de facon quasi-simbitdesethéorique-

ment possible de mesurer les températures et les densités ([162], [15]). En effet,@lason
al., (ref. in [60]) ont développé un code atomique (CHIANTI) qui a partir de la tempéra-
ture et de la densité de diverses especes chimiques (dont les ions du Fer) donne l'intensité
eémise dans toutes les raies du spectre EdV.Annexe). Cette émission est proportion-
nelle & une quantité indépendante de I'ion considéreé : la mesure d’émission différentielle
qui est le carré du nombre d’électrons dans un domaine de température donné. En ren-
versant le code a partir dimages dans plusieurs longueurs d’ondes d’EIT, on peut —
moyennant quelques précautions — obtenir les températures et les densités ([162]) des
structures.

Ce méme principe est utilisé aussi par l'instrument CDS qui observe simultanément en
plusieurs longueurs d’onde de I'EUV pour faire des diagnostics de plasma.

1Le temps raisonnable entre les poses doit etre tel que les structures auxquelles on s'intéresse n'ont pas
eu le temps de varier c'est a dire hors formation de CMEs
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Figure 11.11: SOHO/EIT : Positions des filtres UV ([228])
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[1.2.2 Les autres instruments utilisés

Les observations multi-longueurs d’ondes sont nécessaires pour déterminer les parameétres
physiques des régions étudiées. Sans décrire en détail les instruments, nous précisons
guels sont leurs apports dans notre étude.

1. Disques en lumiere “Blanche” : L'observation de la photosphére (Big Bear Solar
Observatory -BBSO-, Le Grand Equatorial Coudée de I'observatoire de Nice,...)
permet de décrire la morphologie des taches solaggsdonfiguration er,...)

2. Disques en filtres spécifiques :

(@) Hapha : Filaments et protubérances sont mis en evidenke-86563A (e.g.
Bass 2000, BBSO,...)

(b) Hel: Laraie He | a\ = 1083(A trace les trous coronaux (CH) depuis le sol
car son mécanisme de formation met en jeu le rayonnement coronal qui vient
de la couronne vers la chromospheére [210]. (Exemple : Observatoire de Kitt
Peak)

3. Magnétogrammes :Les magnétogrammes permettent de déterminer 'importance,
la polarité et la structure du champ magnétique photosphérique. (Exemple : Na
A = 5896A et FeA = 5250A au Mont Wilson, ...).

A bord de SOHO, MDI dispose d’une résolution de 4 arcsec ([79]) ce qui permet
des modélisations “force free” des lignes de champs d’une région active. De plus,
'observation des polarités des régions magnétiques renseigne sur les possibilités
d’interactions.

4. Radio : Les observations radio a 17GHz du Nobeyama Radio Observatory per-
mettent de distinguer entre les protubérances (en sombres sur le disque [96]) et les
trous coronaux —CH— (brillants [97]) qui sont tous deux sombres en UV.

Nous verrons ulterieurement que la comparaison avec le radiotélescope de Met-
sahovi a 87GHz permet de mieux comprendre la structuration des trous coronaux.

5. Les imageurs UV

(a) SOHO/CDS

Sur le satellite SOHO, le spectro-imageur CDS mesure les températures et
les densités coronales a partir d'images simultanées en plusieurs longueurs
d’ondes UV ([79]).

L'utilisation simultanée de son canal a incidence normale et d’EIT permet
d’avoir une gamme compléte de température entreetd @ K (Fig. 11.12)

et de suivre I'évolution de la morphologie d’une structure en fonction de sa
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(b)
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Figure 11.12: Spectres des instruments UV de SOHO ([79])
température.df. par exemple le chapitre sur les boucles).

Le satellite TRACE Par rapport a EIT, I'instrument TRACE (Transition Re-
gion And Coronal Explorer, [236]) grace a sa forte résolution (entre 0.5 et 1
arcsec /pixels) est capable en UV d’agrandir certaines régions son champ de
vue étant & x 8.5 arcmin (avec une CCD 1024 X 1024 refroidie a -65C).

Les longueurs d’ondes d’observations de Trace sont les 3 mémes raies coro-
nales qu’EIT (Fe IX/X, Fe XlI, Fe XV), plus la région de transition (1550 A),

la chromosphére (1700 A, 1216 A), et la photosphére (2500 A).

Pour observer le soleil entier, TRACE est obligé de faire une mosaique —c’est

a dire des prises successives d'images en changeant le cadrage—. Apres avoir
repéeré sur EIT les régions d’intérets, cet instrument permet de regarder en dé-
tail les structures a petites échelles (par exemple les détails dans les boucles).

6. Le satellite YOHKOH Le satellite Yohkoh observe en X la couronne chaude (2-
20MK) depuis une orbite autour de la Terre.

4 instruments se trouvent a son bord ([168]), le plus connu étant SXT (Table 11.4):

HXT : Hard X Ray Telescope : imageur a transformée de Fourier de Rayons
X durs (~ 15-100 KeV) , Champ de vue 2x2’, résolution 5" ([127])
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Instrument: Miroir a incidence Rasante
Plusieurs longueurs d’ondes entre 2.3-10
Résolution angulaire 2.45 arcsec pixel
Champ de vue: 42 x 42 arcmin
Résolution temporelle maximale: 05s
Résolution temporelle typique:; 2.0 s pour les éruptions,
8.0s dans les regions calmes

Table I1.4: L'imageur SXT a bord de Yohkoh [94]

e SXT : Soft X Ray Telescope : Télescope Rayons X mous a incidence, CCD
1024 x 1024, pixels 2.46 arcsec ([237])

¢ WBS : Wide Band Spectrometer : spectrometre depuis les SXR (1KeV)jusqu’au
rayonsy (< 100 MeV) ([269])

e BCS : Bragg Crystal Spectrometer pour le spectre complet ([54])

L'analyse des données du satellite Yohkoh [267] a montré que la structure a grande
echelle varie fortement avec les phases du cycle d’activité solaire. En outre, les
boucles coronales chaudes interviennent fortement dans I'activité.

A partir de ces constatations, la couronne en UV étant de température intermédi-
aire entre la couronne en X et la chromosphére vuélgnmes axes principaux

de recherches avec SOHO/EIT sont établis comme étdatstructuration et
I'évolution de la couronne EUV globale ainsi queles changements observes

dans les boucles

De plus les variations ou non de températures dans les structures sont analysées en
corrélant les images de Yohkoh et EIT.

7. CoronographesLes coronographes réalisent artificiellement des éclipses de soleil
selon le principe de I'occulteur de Lyot. L'occultation permet d'imager en lumiére
visible et proche IR les structures coronales environ®1® 1012 fois moins bril-
lante que la photosphére suivant la distance au centre du soleil.

Des observations coordonnées entre SOHO/EIT et les coronographes du Pic du Mi-
di ont été organisées. Le petit coronographe imagelgtes protubérances. Le
spectrometre du grand coronographe mesure l'intensité des structures dans la raie
verte (Fe XIV :A = 5303A, transition en lumiére visible [94] de la raie interdite
2p.2P% — .ZP%) et 2 raies InfraRouge du Fe XIN = 10747, transition en lumiére

visible de la raie interdite §°.2P, —3 Py et A = 10798\, ie 3p2.3P, —3Py. Leur rap-

port permet de déduire les densités de ces structures.

Les coronographes de SOHO ([79]) appelés LASCO (entre 1.1 Bt 3@t UVC-

S (entre 1.3 et 1K) permettent d’observer les éjections de matieres coronales
(CMEs), les “helmets streamers” —ou est supposé se former le vent solaire—, et
les trous coronaux. Il est possible de remonter sur EIT a I'observation des activités
qui forment les CMEs. Ces mécanismes exacts de formation sont encore un sujet
ouvert.
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8. Les satellites GOES :
Les satellites GOES mesurent les éruptions solaires avec des capteurs en rayons
X, eéruptions souvent vues par SOHO/EIT. Une échelle quantitative de flux recu est
alors mise en place.

Les bulletins quotidiens d’organismes spécialisés comme le Space Environment Cen-
ter (SEC, [222]) résument I'ensemble de I'activité observée depuis les différents observa-
toires (Eruptions, Disparition Brusque des Filaments, ...), ce qui peut servir de premiéere
base pour I'analyse multi-longueurs d’onde d’une évolution de structure.

[1.2.3 Un exemple d’observation multi-longueurs d’onde avec SO-
HO/EIT

A titre d’exemple nous allons analyser quelles sont les activités présentes le 27 novembre
1998 (Fig. 11.13) au niveau de la couronne.

1. Régions Actives :
Correspondant aux taches solaires photosphériques, elles apparaissent comme bipo-
laires sur les magnétogrammes (AR4). Sur EIT, souvent des tubes de plasma con-
finés par le champ magnétique rejoignent ces bipolarités et forment des “boucles
coronales” (AR3). Elles ont tendance a s’etaler avec le temps (AR1, AR2, AR5).

2. Les Trous Coronaux :
Il s’agit de régions correspondant a des champs magnétiques ouverts, le plasma
s’échappant apparait sombre en UV et brillant sur les cartes radio de Nobeyama.
Généralement polaires (CH1, CH2) ils peuvent aussi étre quelquefois présents a
basse latitude.

3. Les Filaments ou Protubérances :
Ce materiel plus froid est visible édq comme sombre sur le disque (on parle
alors de filament —FC1—) ou brillant sur le limbe solaire (on parle alors de pro-
tubérance). En fait, il s’agit du méme objet —cf FC2— dénommeé différement par
les observateurs pour des raisons historiques.

Le champ magnétique se manifeste de hombreuses autres manieres que nous analy-
serons le moment venu.
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Figure 11.13: Image composite de différents instruments solaires
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Chapter Il

Technigues d’'imageries spécifiques

Le Sage voit, fait et transmet
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Dans ce chapitre nous présentons les techniques d’'imageries spécifiques que nous
avons employées dans notre recherche sur les structures coronales. La mise en place de
catalogues d'images facilitera la recherche des données. La calibration des données a
comporté la mise au point d’'une méthode de dégrillage. Afin d’améliorer la compréhen-
sion physique des structures coronales présentes, des structures cachées dans le bruit de
fond de 'image ont pu étre révélées aprés une utilisation adéquate du Modéle de Vision
Multi-echelle. De plus des méthodes 3D ont été etudiées pour étre appliquées sur les

images SOHO/EIT.
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1.1 Imagerie EIT

Linstrument SOHO/EIT a été présenté au chapitre précédent. Le grand nombre de don-
nées regues quotidiennement a motivé la création d’outils qui permettent de suivre les
evolutions avec le temps. Ainsi on peut utiliser la procédure movie_maker pour faire
des films. Des procédures permettant d’archiver des films sur Video-cassettes ont aussi
été réalisées. En complément, nous avons développé et mis en place un programme de
catalogue par imagettes.

[11.1.1 Mise en place du catalogue d'images

Pour comparer efficacement et analyser les données nous avons congu et mis en place un
catalogue par imagettes.

Ce catalogue par imagettes réunit sur une seule planche les images caractéristiques
correspondant aux donnees choisies par des criteres de sélections tels que la longueur
d’'onde, la taille de 'image, la date. Un exemple du catalogue d’'images est donné Fig.
l1l.1. Les lignes générales de la programmation sont précisées en annexe. Ce programme
de catalogue d’'image réalisé au LAS, fut commenceé par le stagiaire Martial André au
printemps 1996, avant que je modifie profondémment sa structure afin d’y introduire cer-
tains criteres de selections et de pouvoir lire les données précalibrées (Level Zero : EFZ) et
non plus seulement les données de vision rapide (“quicklook™ EFR). La programmation
du catalogue par imagette ne se sert que des entétes de chaque image disponible puisque
pour des raisons de rapidité d’acces lors de I'écriture, le catalogue “officiel” EIT est écrit
en binaire ce qui necessite un script adapté pour le transformer en fichier texte lorsque
I'on cherche des parametres précis (taille image, longueur d’onde,...). Les imagettes per-
mettent de définir et de suivre temporellement les régions d’intérets.

Pendant prés de 2 @nse programme fut adapté pour aller chercher directement sur
la base de données aux USA uniquement celles répondant aux criteres d’entrées pour
en faire les imagettes diminuant de facto le temps de transmission et 'espace mémoire
nécessaire.

Aprés avoir été fiabilisé pour Unix, la version a été installé sur les sites du Médoc
en Septembre 1997 et puis inclus au soft EIT du Goddard. Cela permet désormais de
cataloguer I'ensemble de la base de donnée des images EIT disponibles selon des criteres
précis (longueur d’'onde, taille,...) a partir des entétes des images en FITS.

Des catalogues obtenus pour le Fe IX/X sont présentés sur le CD-Rom en Annexe. Ces
catalogues sont des images au format gif regroupant les Années 1996, 1997, et début
1998.

Ces catalogues par imagettes ont permis I'étude de la couronne solaire a grande échelle
lors du minimum de 1996. Un choix adéquat des données (Fig. lll.1) correspondant a
la recherche physique du moment a pu étre réalise a partir des milliers d'images de cette
période. Larticle présenté ci dessous résume l'intérét de son utilisation pour faire une
analyse de I'évolution temporelle des structures coronales.

Liusqu’a 'abandon par Renater des transmissions Outre-AtlantiqRRGaVMS
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First Year of Observations with SOHO/EIT of the "Quiet" Sun Corona
by PORTIER-FOZZANI, F., MAUCHERAT, A. J. & THE EIT TEAM

published in New Perspectives on Solar Prominences, proceedings of a meeting
held in Aussois, France (ASP Conference Series, Vol. 150, IAU Colloquium 167)
28 April- 4 May 1997. Edited by David F. Webb, Brigitte Schmieder, and David M.
Rust, p. 41.

Code ADS : 1998npsp.conf...41P
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New Perspectives on Solar Prominences, [AU Collogquium 167
ASP Conference Series, Val. 150, 1998
David Webb, David Rust, and Brigitte Schmieder (eds.)

First Year of Observations with SOHO/EIT of the “Quiet”
Sun Corona

F. Portier-Fozzani, A. J. Maucherat and the EIT Team

Laboratoire d’Astronomie Spatiale, CNRS, BPS8, 13376 Marseille Cedez
12, France

Abstract. Since January 1996 (EIT first light) the Extreme Ultraviolet
Telescope aboard SOHO has produced about 20,000 wide-field images of
the corona and transition regions. Four different emission lines (He II, Fe
IX/X, Fe XII, Fe XV) were selected to detail morphologies of magnetic
structures in the corona. They show the different structures present in
the corona with information about their topologies (Neupert et al. 1998).
They provide the global temperature distribution in the quiet corona in
the range 0.5 to 3 x 10°K.

The evolution of the corona during the first year of the SOHQ mission
revealed its nonuniform aspect and the nonregularity of the appearance
of new active regions. Changes observed in active regions and coronal
holes (e.g., August-September 1996) showed the complex role of magnetic
fields including magnetic interactions and possible reconnections needed
to explain some loop morphology evolution.

1. Introduction

A full description of the EIT Telescope aboard SOHO can be found in Delabou-
diniere et al. (1995). Since February 1996 at least one image per day in all
4 wavelengths of the whole Sun have been taken (except during CCD bakeout
done to increase efficiency). Movies were made on smaller areas to give shorter
time evolution. The satellite observes the Sun 24 hours per day but, due to
telemetry sharing, precise targets have to be chosen.

The Sun was at the minimum level of the 11 year cycle during 1996, but
even at that time, some activity was present. Comparison between the amount of
activity (determined by active region counts) with time and the sunspot number
shows the well known links via magnetic fields. We followed the evolution with
studies of 3D coronal structures (Portier-Fozzani et al. 1996).

2. 1996: A Full Year of Observations of the Quiet Sun’s Corona

During January 1996 three Active Regions (ARs) were present. There was also
another active fuzzy area, in which two new ARs appeared the next month. A
decrease of activity was noted in March with only two large and two small ARs.

The lowest activity occurred in April with 4 small ARs: the “Quiet” Sun's

41
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FIRST YEAR OF OBSERVATION WITH SOHO/EIT 43

corona remained in fact still active. During May, two large ARs were
present, both shared and spread in four parts in June. July showed an increase
of activity. ARs and Coronal Holes (CHs) became more frequent, introducing
strong nonuniformity in the corona. An interaction between CHs and ARs be-
gan in August. A strong Equatorial Coronal Hole (ECH) developed from the
North polar CH toward an AR loop present in the southern hemisphere (Figure
1). Then, in September, the morphology of the AR changed completely, with
fewer loops inside. By October, the ECH had decreased. In November, 5 ARs
Wwere present and 7 in December, showing the increase of activity of the cycle.

K. Harvey (1997, private communication) found that the minimum of the
sunspot number was in May 1996, but the appearance of the new cycle activity
was unusual. From EIT results, the AR number was minimum around April
1996 (Portier-Fozzani 1997). On the other hand, the main presence of a large CH
suggests that the minimum of coronal activity occurred during June-October.

3. Global Evolution of the Coronal Activity
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Figure 2.  Coronal and photospheric activity during June 1996: (*
represents the sunspot number, A the AR number and X the number
of big ARs)

During that minimum period the corona appeared very nonuniform. An example
is given by mid-February when the Sun had an actjve region on one side while the
other side had nothing. Apparitions of AR were nonlinear with time; sometimes
1, 2 or 3 could appear during a short time like in October-December,

Phillips (1995) mentioned that ARs do not always correspond to sunspots
despite the expected link via the magnetic field. This is mainly the case in 1996,
except for the weak activity in June 1996 (Figure 2), where coronal numbers
were proportional to sunspot numbers. The reason is probably that only a part
of the sunspots influence strongly coronal activity and are able to build via
the magnetic field some loops with high enough temperature to be seen at all
wavelengths.

The number of large active regions seen on the disk are proportional to the
absolute value of the magnetic field. This was expected because the plasma is
frozen to the strong magnetic field and then creates large ARs (Klimchuk et
al. 1998). Finally, by studying C,M,X flare eruptions, no observed links are
noted between the numbers of ARs and flares. As there was no relation with
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the time of the flares, this activity could be linked to AR’s stability and not to
their statistical numbers (Portier- Fozzani and Noens 1997).

4. Conclusions

Figure 3.  Loop evolution in Fe IX/X

Magnetic fields drive coronal evolution. Synoptic EIT observations give us the
possibility to study the global change of the corona with time. Comparison
with other observations help us to understand the relationship between different
physical processes present in the Sun at the minimum of the cycle. The evolution
of the corona, such as changes in AR loop morphology (e.g., Figure 3), recall the
role of different magnetic fields and possible reconnections (Portier-Fozzani et
al. 1998). Thanks to a high telemetry rate, the birth of a CME was recorded on
December 24, 1096 (Moses et al. 1998). In conclusion, observations will certainly
yield more and more surprises as the activity cycle grows toward maximum, but
even at the minimum lots of events occurred in the corona.
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[11.1.2 Dégrillage

De maniere usuelle, I'étalonnage d’un instrument comporte outre les tests mécaniques
de solidite, la mesure de la fonction de transfert de I'optique (CCD incluse). Afin de
determiner la fonction d’étalement d’un point (PSF), on envoie une source brillante quasi-
ponctuelle sur I'instrument. Pour EIT, cela a été mesuré en envoyant un faisceau collimaté
de lumiere UV produit par un rayonnement synchrotron sur EIT [228]. Pour pouvoir u-
tiliser les images, il faut en plus connaitre la carte de sensibilité de 'ensemble instrument
optique et de son récepteur. ldéalement on souhaite regarder I'image d’'une source uni-
forme obtenue par un instrument optique et son récepteur ce qui permet de cartographier
les défauts de I'instrument comme la différence de sensibilités dans les pixels de la CCD,
les anisotropies introduites dans le chemin optique, etc... On obtient ainsi la carte de sensi-
bilité de 'ensemble du champ. Les images observées sont alors corrigées a l'aide de cette
carte afin d’obtenir des données étalonnées. Mais il est tres difficile techniquement de
réaliser, une source étendue uniforme rayonnant dans I'UV. Pour SOHO/EIT les champs
plats? de l'instrument n'ont pu étre complétement mesurés avant le vol. Le champ plat
de la CCD seule a été mesuré ([157]).

On peut aussi chercher a se servir du soleil, qui est un objet étendu, pour mesurer la
carte de sensibilité. Mais, I'intensité de la couronne solaire — méme en dehors de struc-
tures — n’est pas constante entre le centre et le bord du disfjudigtogrammes ou
sections d’intensités dans [184]), et donc il n’est pas possible de mesurer les variations de
l'instruments sans connaitre celles du soleil. Par contre, le lancement en 1998 et en 2000
d’'une fusée d’étalonnage dont on connait les cartes de sensibilités, permet en compara-
nt les images simultannées du soleil avec les 2 instruments de parfaire la connaissance
technique de l'instrument ([56]).

Figure 111.2: Extrait d'une image EIT et sa grille

Ainsi, sur les images SOHO/EIT, une grille brillaritest visible (Fig. I11.2). Ceci est
le résultat d’'un phénomene d’ombrage introduit par le support d’'une feuille aluminium
qui sert aempécher la CCD de recevoir la lumiere visible solaire (Figure 111.3). A cause de
sa position sur le trajet optique proche de la CCD ([199]) cette grille intervient comme un
masque de transmission multiplicatif. Etant donné les fréquences respectives du faisceau

2ou Flat Field
SEn fait 3 grilles sont visibles mais celle qui est proche de la CCD est la principale source du bruit sur
les images [109].
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et de la grille celle ci apparait en émission [56] suite & un phénomene d’aliasing. L'aspect
de la grille ne peut étre totalement décrit uniguement que lors du vol car le "champ plat”
incluant la grille n’était pas réalisable au sol.

¢4
Jostmes LE::: B ]

J

Source o-f the grid pattern

Figure 111.3: Schéma de I'instrument EIT

Il va donc falloir déterminer cette ombre parasite pour la supprimer numériquement
afin de reconstruire I'image “originale” du soleil dans les longueurs d’ondes qui nous
intéressent.

Propriétés de la grille Nous allons déterminer les propriétés de la grille en regardant

la transformation de Fourier de 'image. Aprés avoir séparé la composante image de la
composante grille dans I'espace frequence, il est théoriquement possible de reconstruire
l'image dégrillée.

Propriété d’'une grille idéale Prenons une grille idéale (c’est a dire grille de taille
infinie, de pas et d’espacement réguliers) a 1 dimension. Sa fonction de transmission
optique s’écrit comme un assombrissement de largeur e régulierement espaceé de a. La
fonction "porte” de largeur dl¢(x), est telle quéle(x) = 1 pour—§ < x < § et nulle en
dehors de cet intervalle.

Par analyse de Fourier, nous savons que convoluer une fonctidixpara) revient a
translater de a. La fonction de transmission de I'optique de la grille 1D peut donc se
formaliser de la maniére suivante :

ZI‘Ie X) * O(X— Nn.a) = Me(X) * Ma(X)

ou la fonctionlTl, est définie comme le peigne de Dirac d’espacement a.
On peut demontrer ([199]) que la transformée de Fourier (TF) d’'une porte d’épaisseur e
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est un sinus cardinal, que la TF d’0R de période a est uill de période 1/a, et que la
TF d’une convolution est un produit ordinaire. On obtient donc dans le plan frequence
sintue

f(u) = TR(tp(u)) = e=——= x M1 (u)

, le produit d’une fonction périodique de période 1/a nulle presque partout et d’'une fonc-
tion pseudo-périodique d’amplitude décroissante.

Il s’agit maintenant de connaitre I'espacement des fréquefiaggs= 0 en dehors du
support delT et lorsque le sinc n’est pas nul sur le supporfBu Ces deux fonction-
s sont simultanément nulles padin(ttn.a.e) = 0 avec n entier puisque cela dépend du
support ddTl. Cela s’écrittmae = k2= n= %‘ avec k et n entier. Pour a et e don-
nés, un calcul montre que ces cas sont rares. On s’attend donc a observer des fréquences
régulierement espacées

Le cas de la grille a 2 dimensions se traite de la méme maniére et on obtient des
fréquences spatiales dans le plan (u,v) réguliérement espacées

En divisant la fonction réguliére de la grille dans le plan fréquence par une fonction de
grille synthétique il est théoriquement possible de retrouver toutes les fréquences initiales.
C’est le principe du filtrage global par analyse de Fourier, ou I'on choisit dans le plan des
fréquences les structures a cacher ou a faire ressortir.

Le filtre focal, disposé a une distance de 14.5mm du plan focal, a une grille support
constitué de fils de nickels de 4t de diamétre de diamétre avec des mailles dqd40
de coté. Compte tenu de ces valeurs, un calcul complet est présenté par [56] chapitre 4 et
annexe 2.
Si la grille était contre le filtre, on aurait bien le résultat obtenu précédemment. La grille
se trouvant a une distance z du filtre, le calcul par la convolution montre le déphasage
induit par le trajet optique induit par la distance supplementaire z a parcourir et donc que
la grille apparait en surbrillance ([56]).

Aspect de la grille sur les images et motivation d’'une méthode locale de dégril-
lage Nous allons donc pouvoir maintenant comparer la TF de la grille théorique avec
les fréquences de la grille réelle.

“4Le support d’'une fonction est le lieu ot la fonction est non nulle
SLa mesure approximative de a et e sur les images montre que I'on est bien dans ce cas la
6La Transformation de Fourier 2D d’une fonction f est par définition

~ o0 .
fluv) = / F(x,y).e~ 2 MOy dy

—00

, d'ouf(u,v) ~ M1/a,1/b)(u,v) x Snc(u,v).
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L'aspect exact de la grille est obtenu en regardant la transformation de Fourier d’une
image. En effet, soit t(x,y) le facteur de transmission de la grille, soit O(x,y) I'objet
d’entrée (le soleil issu de I'instrument), I'image s’édfix,y) = t(x,y).O(x,y) car la grille
intervient comme un facteur multiplicatif. Sa transformée de Fourier s'éauitv) =
f(u,v)* O(u,v). Limage de la TF est donc la fonction de transfert de la grille convoluée
avec la TF du soleil.

La transformation de Fourier des images (Fig. 111.4) nous donne, outre les fréquences
du soleil, les difféerentes frequences de la grille. La période spatiale de la grille dans le
p|an de Fourier d0|t @tra 1/a calan 'ava 11 at 1/h calan 'ava v/

Figure lll.4: TF d’'une image SOHO/EIT a 171A (Fe IX/X).
Remarquez I'aspect irrégulier de la grille pour la partie Fe 1X/X du télescope EIT

Or sur la Fig. 111.4 les espacements mesures entre 2 points de I'image de la grille sont
irreguliers. La grille & donc des pas irréguliers dans I'espace direct ([182]).

De plus, I'image de la grille evolue suivant la longueur d’onde d’observatioBn
effet, le trajet optique est différent suivanpuisque le miroir du télescope est séparé en 4
quadrants (Fig. I11.10. Une éventuelle déformation (position par rapport au miroir, support
non plan ou irrégulier) se répercute au niveau de I'image.

Un filtrage global donc n’est pas adapté pour enlever numeériquement cette grille ir-
réguliere desimages. Par contre, les variabilités mesurés du pas de la grille étant observées
localement, un filtrage local est plus adéequat ([182]).

Sur une image, on mesure le pas moyen de la grille a 1 pixel pres : il avoisine les 21
pixels. L'épaisseur de la grille est d’'un pixel d’épaisseur environ.

La méthode la plus simple initiale réalisée pour supprimer cette grille ([182]) est un
filtre médian en croix sur 5 points de I'image. Le filtre médian remplace le pixel traité
par le pixel de la fenétre ayant la valeur médiane. Lorsqu’une valeur isolée est aberrante
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Intensite d'un champ plat (theorique) Utilisation du filtre median sur 5 points  apres filtrage median

- B

pixel aberrant

N/

Figure I11.5: Principe du filtre médian :
(la largeur choisie du filtre est de 5 pixels;
les pixels aberrants ont une épaisseur d’un pixel.)

(trop grande ou trop faible), elle disparait (Fig. 111.5). Cette méthode a l'avantage de la
simplicité de la mise en oeuvre (méme en 2D) mais elle supprime toutes les structures
fines d’un pixel d’épaisseur.

De plus, méme avec 1 pixel de large la grille ne “tombe” pas nécessairement sur 1 pix-
el de la CCD mais peut se projeter entre deux. Il faut alors corriger 2 pixels de large pour
oter les effets de la grille. Pour remédier a cela, un filtrage adaptatifocal peut étre
plus approprié. 1l s’agit d’isoler la grille et de faire subir aux points de la grille — et a ces
points seulement — un filtrage médian sur 5 points (2 de chaque coté de la grille). Ainsion
ne supprime plus les éventuelles structures fines présentes. Cette derniére amélioration de
la technique fut proposée par J. Maucherat et collaborateurs en Fevrier 1996. L'ensemble
de la méthode fut inclus au Software EIT sous le nernh degrid_smooth.pro).

Des mesures calibrées

Les filtres médians étant non linéaires, cela peut étre un inconvéniant pour les valeurs trou-
vées. La méthode précédante peut étre aussi appliquée pour trouver I'aspect de la grille :
Il suffit de soustraire une image ainsi lissée a une image brute. En sommant 'ensemble
des grilles ainsi obtenues pour un grand nombre de données on obtient une grille moyenne
qui lorsque le nombre d'images de grilles sommées est important, devient indépendant du
signal d’entrée. Il suffit alors de soustraire cette grille moyenne a une image pour obtenir
ainsi une image calibrée dégrillée.

La partie “moyennage” de grille a été calculée sur des modeles théoriques de grilles par
F. Clette ([157]). L'évolution de la sensibilité des CCD avec l'activité croissante du soleil

’ie. qui adapte ses coefficients au cours du temps en fonction des conditions non stationnaires du signal
d’entrée
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montre désormais I'intéret du calcul de la grille par la méthode non linéaire et la somma-
tion de toutes les grilles ainsi obtenues malgré le long temps de calculs sur chaque image
(environ 3mn).

Dans la procédure eit_degrid_smooth.pro, des options permettent de sauvegarder la grille
pour chaque image.
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EIT Images of the EUV Solar Atmosphere

by PORTIER-FOZZANI, F.; MOSES, J. D.; DELABOUDINIERE, J. P.; GUR-
MAN, J. B.; CLETTE, F.; MAUCHERAT, A.

Magnetic Reconnection in the Solar Atmosphere. ASP Conference Series; Vol.
111; 1997; ed. R. D. Bentley and J. T. Mariska (1997), p.402

1997mrsa.conf..402P
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EIT Images of the EUV Solar Atmosphere
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Laboratoire d'4 stronomic Spatiale, CNRS, BP 8, 19376 Marseille Ceder
12, France

J.I Moses
Naval Research Loboratory, Washington, DC 20575, U784

J.P. Delabondiniere

Inst. d'Astrophysique Spatiale, Iniversite Pares X1, 91408 Orsay Crder,
France
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Observatoire Royal de Belgigue, 8-1180 Bruzelles, Belgigue
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Laboratoire ' dstronomie Spatinle, CNRS, BP & 13978 Marseille Ceder
12 France

Abstract. The Extreme-ultraviolet Imaging Telescope (EIT) was one
of several instruments launched on board the SOHOG (Solar and Helio-
spheric Observatory) satellite on 1995 Decernber 2. It was stationed in
a halo orbit around the L] Earth-Sun Lagragian point on 1996 February
H, and has already produced thousands of wide-field imzages of the low
corona at 3 wavelengths (171, 195, 284 and 304 A). These wavelengths
carrespond to different emission lines {Fe IX-X, Fe XL Fe XV and He 11},
formed over 4 wide range of plasma temperatures, from & x 1049 K {transi-
tion region} to 2% 16% K {quiet corona and actjve regions). In this respect,
the BEIT experiment is fully complementary to the Yohkok mission which
studies hot active corona. The first BEIT images and movies, presented
during this meeting, reveal how this sensitive instrument will provide un-
precedented information about the dynamics of small scale phenomena
in the quiet solar corona and inside coronal holes. Results of a local de-
convolution method, used o correct a grid pattern present in raw BIT
images, were also presented.

4602
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e & rig
Image without deconvolution at 195 A Grid Pattern at 195 A (with zoom)
Figure 2.  An uncorrected image taken at 195 A showing the pattern

caused by the nickel supporting grid (left); an expanded extract of the
grid pattern (right).

2. EIT Images

A GIF format representation of each 'raw quicklook™ EIT image (as well as each
quicklook LASCO image) can be viewed as it is recieved via the LASCO home-
page URL http://lasco-www.nrl.navy.mil/lasco.html. Full disk synoptic
images corrected for shadowing by the support grids of the aluminum visible light
rejection filters near the focal plane are available via the EIT homepage URL
http://umbra.nascom.nasa.gov/eit/. This shadow pattern was expected but
could not be characterized accurately in the EUV before launch. It is thus ex-
tracted from the in-flight solar images. Figure 2 shows the appearance of the
erid pattern on the raw images. Results of filtering and local deconvolution
methods are shown in the pictures in Figure 3.

3. Physies with EIT

The consortium of EIT investigators has developed a list of science topics which
will be investigated through EIT observations and analysis such as morphology
and evolution of loops in the corona (quiescent features), signatures of coronal
heating (including waves, nanoflares, emerging flux regions, and magnetic shear).
sources of the solar wind and interplanetary disturbances (including coronal
plumes. transient events), properties of He Il emission and structures, properties
and evolution of the large scale corona.

4. Temporal Evolution of the Quiet Corona

The movies presented during, the Bath meeting were assembled {rom images

covering the commissioning phase, between January and April 1996, This period
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Firure 4.  Extract of a loop observation movie (1996, February 3 at

1&-25 UT) at 195 A

was characterized by very low levels of solar activity. Nevertheless, EI'T images

reveal continuous changes of the structures inside quiet regions and the large
polar holes, The so-called “quiet” corona now appears as a highly dynamical
medium, which completely changes on timescales of few hours

Flaring activity was also observed in an active region between 1006 January
2% und February 4 (Figure 4). Multi-temperature data from EIT contain unigque
nformation concerning magnetic reconnection processes daily at work over a

range in the solar corona

References
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Hell (304A) T=8.010%K FelX-X (17T1A) T=13105K
r S il corona/transition region boundary

chromosphenc network; coronal holes
structures inside coronal holes

FeXll (195A) T=16108K FeXV (2B4A) T=20108K
quiat corgna oulside corgnal holes active regions

Figure 3.  Results of the deconvolution: these images taken on 1996,
February 16 have had the grid pattern removed
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[11.2  Vision multi-échelles basée sur une transformation
en ondelettes

La méethode de vision multi-échelle (MVM) —élabore par M. Albert Bijaoui & son
equipe—, qui utilise les ondelettes spatiales, permet de mettre en évidence sur des im-
ages de galaxies des structures fines. Nous avons élaboré des contraintes dans I'utilisation
de cette technique pour I'imagerie solaire.

Figure II1.6: Premiers résultats de MVM appliqués sur des photos de I'éclipse du 11
Aout 1999 (Original : négatif couleur Konica 100 ISO, lunette 80/400 mm + doubleur de
focale)

La Figure I11.6 montre une premiere eébauche de I'application de cette technique, real-
isée avec des photographies personnelles de I'éclipse du 11 Aout 1999.

L'utilisation de cette méthode avec SOHO/EIT a permis de mettre en évidence cer-
taines structures coronales. Les aspects techniques (contraintes) de son utilisation et les
apports scientifiques sont discutés dans l'article suivant.
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¢ A Multiscale Vision Model applied to analyse EIT images of the solar corona

¢ by Portier-Fozzani, Vandame, Bijaoui, Maucherat

¢ Article soumis a Solar Physics (Novembre 1999)



A MULTISCALE VISION MODEL APPLIED TO ANALYZE EIT
IMAGES OF THE SOLAR CORONA
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Germany

2Eur0pean Southern Observatory, Karl Schwarzschild Strale 2, D-85748 Garching bei Miinchen,
Germany

3 Observatoire de la Cote d "Azur (OCA), Departement Cerga, UMR-CNRS 6527, BP 4229, 06304

Nice Cedex 04, France
4LAS-CNRS, BP 8, 13376 Marseille Cedex 12, France
Swith J.P. Delaboudiniére P.I.

(Received 15 December 1999; accepted 8 January 2001)

Abstract. The large dynamic range provided by the SOHO/EIT CCD (1 : 5000) is needed to observe
the large EUV zoom of coronal structures from coronal homes up to flares. Histograms show that
often a wide dynamic range is present in each image. Extracting hidden structures in the background
level requires specific techniques such as the use of the Multiscale Vision Model (MVM, Bijaoui
et al., 1998). This method, based on wavelet transformations optimizes detection of various size ob-
jects, however complex they may be. Bijaoui et al. built the Multiscale Vision Model to extract small
dynamical structures from noise, mainly for studying galaxies. In this paper, we describe require-
ments for the use of this method with SOHO/EIT images (calibration, size of the image, dynamics of
the subimage, etc.). Two different areas were studied revealing hidden structures: (1) classical coronal
mass ejection (CME) formation and (2) a complex group of active regions with its evolution. The aim
of this paper is to define carefully the constraints for this new method of imaging the solar corona
with SOHO/EIT. Physical analysis derived from multi-wavelength observations will later complete
these first results.

1. Introduction

The solar corona is a complex, hot part of the solar atmosphere (a few million de-
grees kelvin) with plasma structured by the magnetic field due to a low 8 parameter.
SOHOVEIT extreme ultraviolet wavelengths reveal mainly:

— Active regions (ARs) : they are seen in emission in all 4 EIT wavelengths.
The simplest case occurs when the bipolar magnetic field is seen as a loop. For
a group of ARs the aspect could be more complex involving several loops with
different footpoints (Bray et al., 1991; Klimchuk and Porter, 1995 and references
therein).

— Coronal holes (CHs) : they correspond to regions with open field lines (Bohlin
and Sheeley, 1978). Due to lower density (escaping plasma along the magnetic
lines) and temperature, they correspond to an intensity depression in EUV lines.
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Figure 1. Histogram of 4 SOHO/EIT EUV full-disk full-resolution images (1024 x 1024) taken on 1
February 1996.

— Prominences and filaments : they are always found above inversion lines (i.e.,
neutral line) of the photospheric magnetic field. They are usually seen in absorption
— except during eruption — in coronal lines over the disk as lower temperature
material in front of the hot corona and are called filaments. Outside the limb, they
are seen in emission in the chromospheric 304 A line and called prominences.

Usually, by comparing space data with ground-based observations one can de-
fine and delimit these areas. For example, CHs are seen in He I, prominences and
filaments in He, etc.

The magnetic evolution of an active area (increase of AR shear, twist variation
for active region loops (ARL), interactions between magnetic field lines), leads
sometimes to eruptive events such as flares, CMEs, etc. (Canfield, Hudson, and
McKenzie, 1999, and references therein)

Delaboudiniere et al. (1995) fully described the instrument SOHO/EIT. Defise,
Moses, and Clette (1998) derived some aspects of the preflight and in-flight calibra-
tion. Moses et al. (1997) described the calibration methods for EIT. This includes
the smooth de-gridding pattern procedure that we will use.

The SOHO/EIT 1024 x 1024 pixel CCD provides a resolution of about 2.6 x
2.6 arc sec” over the full solar disk. The CCD’s dynamic range is 1:5000 and the
whole dynamic range is needed to observe different structures from coronal holes
up to flares. Stern and Portier-Fozzani (1996) show by analysis of histogram images
that the wide dynamic range of the CCD is often completely used. Histograms in
Figure 1 show pixel numbers versus intensity level. The distribution appears almost
log-normal over more than 1 magnitude. Intensity values range from 10 up to
10* in DN units. Therefore, when images are displayed on standard devices, very
tiny coronal structures are sometimes hidden by the neighborhood level. These
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structures cannot be revealed by classical methods such as changing the look up
table (LUT) to have better dynamic, thresholding, etc. We test here a new approach
using multiresolution to dissociate large and smooth structures from small details.

Astronomical image-processing software is often based on a single spatial scale
with adapted smoothing and background mapping. Bijaoui, Rué, and Vandame,
(1998) built a Multiscale Vision Model (MVM) in order to find small structures
which could not be detected due to the background level. This method is very
successful in revealing thin structures such as weak galaxies over a wide Schmidt
photograph. The multiscale method used in this vision model is based on the
notion of significant structures. An object is defined and rebuilt when wavelet
coefficient values significantly different from zero are present simultaneously in
different planes of the wavelet transform space. Objects and sub-objects are thus
found from trees and subtrees in the graph.

This method was applied to the solar corona with images taken by SOHO/EIT.
Data for scientific analysis were prepared with the EIT package of the IDL solar
software. Very efficient local smooth-filtering of EIT images avoids taking into
account shadow artifacts given by grids placed in the foreground of the CCD
(Portier-Fozzani et al., 1997, 1998). Thus to obtain the best structure reconstruc-
tion, we checked different parameters with the MVM method to have the most
efficient tree reconstruction.

2. Reconstruction Method Derived from Multiscale Vision Model

2.1. MULTISCALE APPROACH

The multiscale approach (Bijaoui, Rué, and Vandame, 1998) is performed using
wavelet transformations. The classical discrete wavelet transform results from Mul-
tiresolution Analysis (Mallat, 1989). But this method is not shift-invariant (i.e.,
contrary to the continuous wavelet transform, these analyses are not covariant
under translation) and does not lead to an isotropic vision. That is why, among
the extensions of Mallat’s algorithm, the ‘a trous’ algorithm (Holschneider et al.,
1989; Bijaoui, 1991) was preferred. It does not favor any direction in the image
and maintains the sampling at each scale.

At a given scale, we derive a number of wavelet coefficients decimated by a
factor 4. Due to this decimation the transform depends on the origin. In the case
of the a trous algorithm, no direction is favored, no decimation occurs and the
shift-invariance is verified.

In this method, the sampled data, F (k, ), are assumed to be the scalar product
of a continuous function # with a scaling function ¢:

F(k,D) =(F(x,y),¢(x —k,y =D); ey

F(k, 1) is also denoted F (0, k, [) in order to be compatible with the equations that
follow.
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Figure 2. Scaling function (on the left) and the wavelet function (on the right) associated.

Let us consider the following scalar products that give the smoothed image of
F(k,I) at scale i:

1 —k y—1
F(ikI) = I<?(x, .o <x — y2—)> )

¢ is chosen to satisfy the dilation equation (Strang, 1989).

%¢ (%%) :Zn:;h(n,m)d)(x—n,y—m), (3)

where £ is the low pass filter (Bijaoui and Rué, 1995). The wavelet coefficients are
chosen as the difference between two smoothed images. They correspond to the
details lost between two scales:

W@, k,)=FG—-1,k,1)—FQ@,k,I). “)
We choose the following scaling function:

¢(x,y) = Bi(x) By (y), &)

where B is the B-spline function of degree 1 (Unser and Aldroubi, 1992). In
Figure 2 the scaling function ¢ (a triangle) is shown on the left. On the right we
see the wavelet function i associated.

2.2. OBIJECT DEFINITION IN THE WAVELET TRANSFORM SPACE

The wavelet transform space (WTS) is a 3D space. In an image, an object occupies
a physically connected region. Each pixel of the region can be linked to the others
(Bijaoui and Rué, 1995). The connectivity in direct space has to be transferred to
the WTS. At each scale, structures associated with an object are also connected.
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Figure 3. MVM algorithm.

All these structures form a 3D connected set which is hierarchically organized: for
a given scale, structures are linked to smaller structures of the previous scale. This
set gives the description of an object in the WTS. The steps of the multiscale model
can now be defined (Figure 3).

After applying the wavelet transform to the image (i.e., the ‘a trous algorithm’),
to identify the statistically significant coefficients we performed a thresholding in
the WTS. A wavelet coefficient is significant if its value is such that the probability
to be only due to the noise is smaller than a given thresholding €. These are gathered
in connected fields using a scale-by-scale segmentation procedure in order to define
the object structures.

At a given scale the thresholding leads to connected fields. Each one can display
many local maxima coefficients. Each field is decomposed in different sub-fields
using a ridge line algorithm in order to get a decomposition for which we have only
one maximum, i.e. one peak, per field.

An interscale connectivity graph is established and the object identification pro-
cedure then extracts each connected sub-graph corresponding to 3D connected sets
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TABLEI
Graph statistics for the image efr19980407-010014.fits. The image cho-
sen is 1024 x 1024 pixels (full-disk full-resolution image), SOHO/EIT
Fe1x/X on 7 April 1998 at 01700™148. The exposure time was 7 s with
the Al+1 filter. The threshold coefficient was chosen to be 3o

Wavelet plane number  Noise level ~ Number of defined elements

1 4.7148 31962
2 2.4551 12206
3 2.0568 2747
4 1.1133 670
5 0.55663 90

of pixels in the WTS. By referring to the object definition, these can be associated
with the objects. Finally, from each set of pixels the corresponding object image
can be reconstructed using MVM algorithms.

3. Utilization of the Multiscale Vision Model to Analyze Solar images

3.1. THE ALGORITHM

The MVM program (Bijaoui, Rué, and Vandame, 1998) is a C++ program run-
ning on a Digital Alpha (Unix). Input data are FITS files and the output consists
of five FITS files for the different wavelet transform planes and another one for
the final reconstructed image. Different parameters can be adjusted for the best
performance.

The procedure’s first step determines structures in all wavelet planes (Table I).

The second step compares structures and defines a structure which is present in
2 different wavelet planes as an object — or a sub-object — (Table II).

As each wavelet plane is a ‘filtering for some frequencies’, by rebuilding all
structures present in at least 2 planes, noise — which is a random structure — disap-
pears because it is not present simultaneously at two WTS, and low-level structures
are now visible.

3.2. CONSTRAINTS OF UTILIZATION

(1) The first step is to degrid an EIT raw image with a smooth method. All EIT
images include the shadow of a fine grid that supports an aluminum filter standing
in front of the CCD camera.
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TABLE II

Statistics concerning object numbers for the
image efr19980407-010014.fits.

Wavelet plane  Number of  Number of

number objects sub-objects
1 26560 13045
2 1668 531
3 756 120
4 108 3
5 12 0

This procedure removes perfectly the grid pattern with local filtering. Without
it, as Multiscale Vision Model is rebuilding all structures, the grid pattern would
appear first on the image (Figure 5).

(2) We remark (Figure 4) that the simple model does not work correctly for
large images and must be adapted. This is due to the way we decompose the trees
to define the objects. The apparent small-scale object could be hidden by larger
scale objects. Even if the wavelet transform is a local method, the rules which
allow us to define an object in MVM are adapted to favor the largest objects. In
this case the smallest structures are swamped in the largest ones. In order to avoid
that, we limit the largest scale by working only on small images.

Otherwise for large images, we need to compute the MVM twice. The first
computation creates the large scale branching. The large reconstruction objects are
removed, then the second computation made with higher wavelet frequency planes
builds the small branching. Then we overplot the 2 reconstructions of the MVM
and obtain a good image with the whole tree. If we do not do that, when there is
too much information on the image, small details disappear.

(3) Choosing an area with less dynamic range is the third constraint to increase
the algorithm precision. It is recommended that portions of the image with high
intensity compared to the area of interest (Figure 6) be excluded.

As the EUV coronal lines of EIT are optically thin (Portier-Fozzani, 1999, and
references there), intensity comes from the integration along the line of sight. At the
limb, due to integration with more plasma material, there is limb brightening. Thus,
the limb diffusion light could have the same intensity as the structures (Figure 4)
and then the use of MVM method is very convenient to extract coronal structures
at the limb from the noise (Figure 6).
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Figure 4. Processed full SOHO/EIT Fe 1X/X image of 7 April 1998 at 01:00 UT (negative look up
table, hereafter LUT).

3.3. COMPARISON WITH OTHER USUAL FILTERING METHODS TO ENHANCE
STRUCTURES ON IMAGES

Tiny structures can sometimes be enhanced using their characteristic spatial fre-
quencies. Usually, in basic vision models, small intensity gradients are used to
define an object. For example, the edge of a table appears clearly with high fil-
tering. Sobel filtering uses advanced high space frequency filters. Results for this
EIT image are given in Figure 7. The comparison with MVM methods in Figure 6
shows clearly the advantage of using the multiscale vision model (i.e., which use
different spatial frequencies for the reconstruction).
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Figure 5. Magnification of the rebuilt wavelet image processed with the rough EIT image: The grid
pattern appears clearly and hides some structures. Negative LUT.

W v“)’i

a b

Figure 6. Size and dynamic range comparison with the same restricted area processed: SOHO/EIT
Fe 1x/X taken the 7 April 1998 at 01:00 UT (negative LUT). (a) Reconstruction using the complete
data set 1024 x 1024 (b) Reconstruction using a restricted portion of the image.

4. Application: Link between Loops and Material Ejecta

We analyze now the active region NOAA 8100 from 5 November 1997, 20:00 UT
to the 6th before 12:00 UT. During that period, loop evolution appears to have
slower variations than we will describe below.

Figure 7. Sobel image of EIT image of Figure 6(a).
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Figure 8. Initial image: south west zoomed on a 512 x 512 pixel SOHO/EIT Fe X1I image taken on
6 November 1997 at 00:15 UT (exposure time: 4.8 s; filter: clear, negative LUT).

After that time, an eruption followed by a CME (with coat-hanger shape) is
observed. In this paper, we will focus on only the first part of the event, prior to the
main changes.

From 22:00 UT and lasting 3 hrs, EIT images taken every 12 min show a
morphological change in the coronal loop structures which cannot be completely
described only with these images (cf., for example, MPEG movies on the CD-
ROM).

As the active region is on the (west) limb, MVM can be used to enhance the
structures hidden by the noise. We hide the bright part of the AR by putting a mask
over the line plotted in Figure 8. The MVM reconstruction of the EIT image at
00:30 UT (Figure 10) then shows a Y structure. This Y structure’s footpoints cor-
respond to the AR, while the edge corresponds to the helmet seen with LASCO/C2
in the SW quadrant.

By reversing the time to 22:00 UT, we found that the Y corresponds to the
evolution of the loops which expand and deform (Figure 11). After 01:00 UT,
structures become too tiny to be followed on EIT even with the help of MVM.

On LASCO/C2 at 02:00 UT (see movie on the CD-ROM), outward material
above 1.5 Ry and structures with helicity escaping are seen along the streamer
area denoted (1) in Figure 12.

As the Y structure constitutes the continuity between the EUV data and corona-
graphic data, Figure 13 sketches a possible evolution of the loops into the streamer
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Figure 9. Aspect of NOAA 8100 with loops on 4 November, 1997. SOHO/EIT Fe x11 (195 A) with
negative LUT processed with smooth de-gridding and image enhancement by MVM.

direction. Portier-Fozzani et al. (2000) have studied loop expansion in relation with
twist decrease during ARL emergence. They analyzed the observations of loop
expansion and twist decrease during the emergence of a new active region, as a
consequence of magnetic helicity conservation while the twist is transferred to
a larger volume (i.e., a longer loop). Here, helicity transfer from the loop to the
streamer seems to be observed.

5. Application to Complex Structures

We studied a complex AR on the south-east limb on 6—7 April 1998. Filaments —
which follow the neutral magnetic lines — appear here in absorption in Ho (Fig-
ure 14, right) as He 11 (Figure 14, left) due to low temperature. Two filaments are
present between the 2 polarities of each bipolar AR NOAA 8194 and NOAA 8195
(Figure 14).

On the SOHO/EIT image sequence shown in Figure 15 coronal activities present
in NOAA 8194, NOAA 8195 and between these numbered areas (hereafter named
area (1)) as defined on the image in Figure 15 there is a change of morphology but
their structures are hidden by the noise level from the surrounding corona. As the
activities are present on the limb, it is then possible to extract the structures from
the ‘coronal diffusion noise’ by using MVM (Figure 16).

With MVM, an arcade can be observed in the lower part of area (1) on 6 April
1998 at 02:06 UT (Figure 16(a)). Over the arcade, closed twisted structures con-
nect NOAA 8194 to 8195. The observed connection becomes weaker with time
(15:02 UT, Figure 16(b)). Perpendicular to this axis and replacing the loop arcade,
a tiny coronal structure normal to the surface is observed on 7 April at 07:00 UT
(Figure 16(c)). Area (1) is completely open at 13:16 UT (Figure 16(d)).
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scale 3

scale 5 Final reconstructed

Figure 10. Wavelet reconstruction of NOAA 8100, 6 November, 1997 (SOHO/EIT Fe x11 with neg-
ative LUT). The 5 wavelet transform planes and the rebuilt object (double Y shape). Only half of
the image was used to avoid large intensity gradients. Scales 1 to 5 give, respectively, small to large
scale for sub-objects. The large-scale background appears in the scale 5 picture.
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Figure 11. Aspect of NOAA 8100 with SOHO/EIT Fe X11 (195 A) on 5 November, 1997 at 23:02 UT.
We emphasized the structure which is a twisted loop (as analyzed with a ‘stereoscopic’ method)
(Portier-Fozzani, 1999).

1897/11/06 02:39 1897/11/06 04:40

Figure 12. Coronagraphic LASCO C2 images taken on 6 November 1997 at 02:39 UT (left) and
04:40 UT (right). Outward materials follows the arrow. On the movie, we note that the escaping
structure is twisted with an Y shape.

PPN

Novenber Sth, 1997 Noverniber 6th, 1997 November 6th, 1997
November dih, 1997 about 22:00 UT about 0:15 UT about 04:00 UT
(EIT image) (BIT movies) (MVM of EIT image) (LASCO image and movie)

Figure 13. Possible outward ejection of coronal materials from highly twisted loop: aspect of NOAA
8100 in EUV and consequences for coronagraphic images.
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Figure 14. Aspect of the area NOAA 8194 and 8195 and their filaments with multi-wavelength
observations on 8 April, 1998. Left: SOHO/EIT He1l (304 A) at 17:00 UT. Right: Meudon
spectroheliograph He.

In our field of view, we have 2 filaments and an area (area (1)) which contains
a neutral line. Area (1) does not appear to be filled by any prominence material
(Figure 14). During the same time, openings of closed structures in area (1) are
observed. Martin (1998) reviewed conditions for the formation and maintenance of
filaments. Existence comes from the association between chirality of the filament,
the presence of a filament channel and an arcade. In area (1) we have the arcade
only. At present, the condition of filling a neutral line which will become a filament
is still open. We analyze in area (1) the conditions of arcade loop stability which
would have supported the filament material if it existed. The simplest coronal loops
can be described by the magnetic lines of a potential field configuration which
corresponds to a minimum of the magnetic energy for a given vertical field at the
photosphere (e.g., Aly, 1991). Loop arcades are formed with parallel plane loops.
Higher-energy configurations correspond to sheared or twisted structures. In cer-
tain cases, Aly (1991) showed that sheared or twisted magnetic closed field lines
can become open according to magnetic helicity conservation. In area (1), over
the arcade, we have a twisted structure. With time, NOAA 8194 and NOAA 8195
are no longer connected. The structure might have been opened by transferring
the extra twist into the opening of the field through the magnetic helicity. This
would explain why such an arcade could not exist too long as the shear destroys
the possibility of filling a neutral line channel. The link with chirality has to be
made. This discussion has to be finalized with other data.
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Figure 15. SOHO/EIT Fe IX/X original images taken on 6 April 1998 at 02:06 UT, 15:02 UT, and on
7 April 1998 at 07:13 UT and 13:16 UT (negative LUT).

6. Conclusion

Usual image-processing methods enhance images up to some values limited by the
noise level. So, even if the dynamic range of an instrument is important, such as
the EUV imager SOHO/EIT, not all the structures are seen. While analyzing im-
ages as the sum of different objects, the multiscale vision model extracts structures
from the diffuse background and highlights details concerning some thin coronal
structures which were not seen with usual filtering.

The method used can be summarized as follows:

(1) The wavelet transform with the ‘a trous algorithm’ is computed.

(2) Wavelet coefficient deviations due to the noise are determined.

(3) Thresholds at each scale are deduced.

(4) The wavelet coefficient maxima in the wavelet space are determined.
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Figure 16. SOHO/EIT Fe 1X/X rebuilt by wavelet imaging taken on 6 April 1998 at (a) 02:06 UT, (b)
15:02 UT, and on 7 April 1998 at (c) 07:13 UT and (d) 13:16 UT (reverse LUT).

(5) Image labeling is done taking into account a multi-peak decomposition.

(6) Interscale relations are determined.

(7) Trees are deduced from the maximum in each wavelet frequency space
plane.

Thus sub-objects and objects are rebuilt.

The method is very efficient when the area studied has a low dynamic range.
Constraints for the method with SOHO/EIT images were derived with success.
Efficient applications of the method are obtained when the images are small with
low contrast.

Our first example took place on 5—6 November 1997. On EUV processed
images, highly sheared or twisted loops progressively form a Y-shape. The Y-
shape usually characterizes fast magnetic reconnection with plasmoid ejections.
At the same time on a coronagraphic movie, a helicoidal structure observed in the
streamer, escapes. Then injection of material in a coronal streamer in relation with
coronal loop evolution is established.

Our second example happened on 6 —7 April 1998. Original images show global
coronal modifications with time. With MVM processed images, it becomes possi-
ble to identify which structures show a change of morphology. In a complex active
region, openings of arcade loops are observed. Such phenomena are possible due
to helicity transfer. Consequences for filament stability and relations with shear,
twist and chirality will be discussed in a later paper.

Additional material can be found on the CD-ROM.
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La méthode a aussi été testée avec moins de succes sur des données LASCO/C2 pour
comprendre des Ejections de Matieres Coronales (CME). Il apparait que des problemes
de lumiéres parasites entrent alors en compte et empéchent la recherche fructueuse de
structures fines.

111.3 Vision 3D : Généralités

[11.3.1 Problématique

Les images correspondent a une représentation en 2 dimensions du monde en 3 dimen-
sions. Le probleme de la reconstruction de cette 3eéme dimension se pose a partir de
groupes d’'images en 2D.

En préambule précisons ce que signifie la “connaissance 3D d’un objet”. Un objet est
représenté differemment en 3D selon si on s’interresse a son contour ou a son contenu.
Comme pour une orange avec son écorce, la connaissance de 2 angles distincts permet
seulement de disposer de I'aspect extérieur de sa peau (ie son enveloppe) éventuellement
legerement bosselée. Toutefois pour connaitre son intérieur il faut impérativement réaliser
des coupes. La haute atmosphere solaire (couronne et région de transition) est une sorte
d’écorce épaisse. On peut donc soit determiner I'aspect d’une enveloppe donnée, soit
comparer en coupe l'aspect des enveloppes des différentes parties de la couronne solaire.
Cela aboutit donc a 2 possibilités de “vision 3D” assez différentes :

1. utiliser des coupes différentes pour connaitre l'intérieur de I'écorce (eg. le "3 D
par couche”). Cette approche est retranscrite symboliquement sur les cartes IGN ou
les isocontours de plusieurs plans d’altitudes différentes sont reportés sur un méme
plan (pseudo-2D)

2. utiliser des angles de vues différents pour déterminer I'enveloppe 3D de la struc-
ture donnéedg. stéréovision, tomographie, ...). En médecine, grace a des traceurs
adequats, la tomographie ([147]) permet de déterminer la structure 3D d’organes
internes. Utilisée par Davila ([55]) sur la couronne solaire, I'algorithme de recon-
struction tomographique ART permet de retrouver I'enveloppe externe des struc-
tures coronales. Batchelor ([18]) se sert de paires d'images de Skylab X-ray Spec-
trographic Telescope, distantes de 12h pour visualiser de maniere quasi-stéeréoscopique
I'enveloppe de la couronne chaude.

Dans ces 2 manieres de concevoir la 3D (intérieur ou enveloppe), I'échantillonnage (ie
le nombre de coupes ou angles) joue un role essentiel dans la possibilité de reconstruire
I'objet initial a partir de ces informations 2D.

La difficulté dans le cadre de la couronne solaire vient du fait que les ions du plasma
considéres etant optiquement mince, l'intensité d’un point est définie par I'intégration sur
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une certaine épaisseur. La position d’'un point sur une image 2d est donc la résultante
d’une intégration sur la ligne de visée qui devra étre prise en compte lors de la reconstruc-
tion par chacune des méthodes.

[11.3.2 Le “3D par couche”

Cette méthode ne peut étre réalisée que dans le cas tres particulier de la couronne en de-
hors des structures. Cela est donc uniguement valable au moment du minimum du cycle et
en dehors de toutes régions actives. D’apreés la relation température versus altitude donnée
par la Fig. 11.6, une image prise avec un filtre EIT correspond & température (Fig.

[11.7). On peut ainsi définir les couches d’altitudes a partir des filtres en températures.

Figure 11.7: Bande Passante des filtres pour EIT

En dehors des structures, les 4 longueurs d’ondes disponibles donnent 4 coupes de la
“couronne” en couches paralléles a la surface de la photosphere (Fig 111.8).

Les séquences synoptiques de prises de vues SOHO/EIT prévoient au moins 1 image
pour chacune des 4 longueurs d’ondes par jour. Elles permettent donc de construire ces
coupes (Fig. 111.8).En pratique ces coupes en températures sont rarement applica-
bles pour trouver la structure 3D. Par contre la comparaison des 4 longueurs d’'ondes
d’EIT sert pour correller les structures entre la région de transition et la couronne,
ainsi qu'a mesurer les températures (cf chapitre 2).

Pour avoir une vision 3D de la haute atmosphere solaire, les méthodes de vision basées
sur la stéréoscopie sont plus efficaces.

8Plus précisément, la bande passante de chaque filtre recouvre, de maniére plus ou moins piquée, des
gammes des fréquences qui caractérisent des températures.
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Figure I11.8: Le soleil en 4 coupes UV de température :
De bas en haut : He Il, Fe IX/X, Fe XlI, Fe XV.
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[11.3.3 Principe de la vision en relief : “3D par différence d’angle” :
Methodes stéréoscopiques et Anaglyphes

Le relief d’'un objet est conceptualisé au niveau des 2 yeux grace a des différences d’angle
de vue (Fig. 111.9) entre chacune des images recgues.

‘n:rzl

O O

ol gauche | dron

Figure I11.9: La vision binoculaire : la base —définit comme la distance entre les recep-
teurs (yeux)— et la distance a I'objet, interviennent dans I'angle sous lesquels I'objet est
Vu.

Les différences (Fig. 111.10) entre les images gauches (G) et droites (D) sont inter-
prétées par le cerveau comme une profondeur déterminée. Ainsi a partir de 2 images 2D
on a une connaissance de la 3eme dimension.

o

Figure 111.10: La vision binoculaire : perspectives

Plusieurs techniques ([93]) sont alors possibles pour reconstituer le relief a partir de
photos d’angle différents (c’est le sens étymologique du mot stéréoscopie : stereo = solide,
scopie = observer) .

1/ Soit on prend des photos simultanées avec 2 appareils semblables séparés de quelques
degrés

2/ soit les photos sont prises du méme appareil en le déplacant (il faut alors que le temps
caractéristique de variation de I'objet soit négligeable par rapport au temps nécessaire
entre les poses)

Dans notre cas, nous disposons d’un seul récepteur (EIT). Le satellite observant dans
une direction fixe, ce sera la rotation du soleil qui donnera I'angle nécessaire entre 2 ob-
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servations pour retrouver la profondeur et donc permettra I'étude des structures stables du
soleil. La vitesse de rotation variant en fonction de la latitude, 'angle mifinédessaire
est de quelques degrés soit 3-4 heures environ a I'équateur solaire (13.45 degrés par jour

[2]).

Figure 111.11: 2 méthodes utilisées permettant une vision stéréoscopique:
(a) en bas pour des diapositives,
(b) en haut pour des anaglyphes

Il faut alors affecter le couple d’'images prises a une vision quasi-naturelle pour faire
le rendu du relief. Ainsi pour voir avec la profondeur les couples d'images, il faut que
chaque oeil (respectivement Droit et Gauche) observe une image (respectivement Droite
et Gauche). Cela peut se faire soit par des

- systemes optiques séparant en permanence le trajet optique des 2 yeux (par exemple
: 2 visionneuses diapos mises ensembles, Fig. 11l.11a)

- systemes optiques qui redécomposent les objets. Par exemple, dans la vision col-
orée (aussi appelamnaglyphe, la complémentarité des couleurs est utilisée pour
superposer les deux images sur le méme tirage papier avant que les lunettes a verres
colorés (Fig. 11l.11b) séparent les voies de chaque oeil (Fig. 111.12).

Un anaglyphe d’EIT obtenu a partir des images EIT est présenté figure 111.13.

Signalons aussi qu'’il existe d’autres techniques 3D comme les stéréeogrammes, les
hologrammes, etc...

9Les variations sur cet angle accentuent ou diminuent I'effet de relief dans la limite d’accommodation
de I'oeil. L'homme & une sensation de relief a 0.01—100m environ pour un écartement entre les yeux de
6,4 cm en moyenne.
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The solar cnrom/

SOHOEIT | 5. | soHOEIT
positon 1 A " position 2
Image colored Image colored
in red in blne

A single mage

(red + blue
or 2 different polarizations)

Left eye Right eye
with red filter with blue filter
[or 2 different polarnsatons)

Figure I11.12: Principe de la stéréovision avec EIT (Extrait du Poster de Portier-Fozzani
& al. de SOHO 8)
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Figure 111.13: Anaglyphe d’EIT
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l11.4 Vision 3D (2eme partie) : reconstructions stéréo-
graphiques

Aprés avoir considére la vision “simple” en 3D, étudions maintenant les possibilités de
reconstruction en 3 dimensions.

[11.4.1 Structures visionnées par stéréovision avec un modéele a priori

Lorsque I'on connait partiellement la forme des structures que I'on souhaite observer, on
peut approximer ces structures avec des modéles connus a priori (segments de droites,...).
En particulier, l'approximation des structures en 1D par des segments de droites permet
de retrouver facilement leurs positions dans I'espace. En effet, les coordonnées des points
sont mesurées sur une grille héliocentrique et les structures sont déduites par rapport a la
normale du lieu. Dans I'approche plus formalisée que nous aborderons ensuite pour es-
sayer de généraliser la connaissance des structures quelconques a partir de représentation
géometrique, on dit que c’est une approximation a 1 Dimension de Delaunay plongée,
au sens mathématique des sous variétés, dans un espace de dimension 3. On peut ainsi
approximer les plumes polaires par des modeéles géomeétriques simples (droite centrale, ou
cOne de révolution) et retrouver les parameétres géométriques de taille et d’inclinaison par
stéreoscopie. Un exemple de ce type de résultats est donné dans l'article suivant.
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¢ Imaging the solar corona in the EUV

e DELABOUDINIERE, J.-P.; STERN, R. A.; MAUCHERAT, A.; PORTIER-FOZZANI,
F.; NEUPERT, W. M.; GURMAN, J. B.; CATURA, R. C.; LEMEN, J. R.; SHING,
L.; ARTZNER, G. E.; BRUNAUD, J.; GABRIEL, A. H.; MICHELS, D. J.; MOSES,
J. D.; AU, B.; DERE, K. P.; HOWARD, R. A.; KREPLIN, R.; DEFISE, J. M.; JA-
MAR, C.; ROCHUS, P.; CHAUVINEAU, J. P.; MARIOGE, J. P,; CLETTE, F;
CUGNON, P.; VAN DESSEL, E. L.

e Advances in Space Research, Volume 20, Issue 12, p. 2231-2237.

o 1997AdSpR..2012231DGOSPAR)
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Abstract. The SGHO (30lar and Helinspheric Observatory) satellite was launched
o December 2nd 1995, After arriving at the Barth-Sun {L1) Lagrangian point
ot February 14th 1986, it began to continuously chserve the sun, As one of the
instrumerts onboard SOHO, the BIT (Fxtreme uitraviolet Imaging Telescope}
images the Sun’s corona in 4 EUV wavelengths, The He II fiter ai 304 A im-
ages the chromosphere and the base of the transition region ab a temperature of
F—8 x 10* K; the Pe IX-X flter at 171 A images the corona st a temperatare of
~ 1.3 x 10° K; the Fe XII filter at 195 A images the gniet corons cutside coronal
koles at a temperature of ~ 1.8 % 10% K; and the Fe XV filter at 784 A images
active regions with a temperature of ~ 2.0 x 102 K. About 5000 images have
been obtained up to the present, Images and movies of all the wavelengths al-
low & jook at different phenomena present in the sun's corora, and in particular,
magnetic field reconnection.

1. Introduction

The SOHO (SOlar and Heliospheric Observatory} satellite, whick is completely ded-
icated to understanding the physics of the San, was launched December 2nd 1985
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Having arrived at its working orbit on February 14th 1996, it is now able to continu-
ously observe the Sun from the Lagrangian Li (Barth-Sun) poist. The EI'T {Extreme
ultraviolet Imaging Telescape}, one of the instruments onboard SOHO, images ihe Sun’s
corora and transition region in & EUV wavelengths, EIT's first light cccured on Jan-
wary 2, 1996 and the instrument was declared operational on January 15¢h,1996, In this
paper we discuss the instrument, the operations and the first resalts of BIT observaticns.
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2. The EIT Instrurnent

‘The BIT telescupe uses a modified wide-field Ritehey-Chretien design, (Delaboudinidre
1982h, Chauvipean 1991). Witk 4 fail field of view of 45 = 45 arcmin, the telescope has
an effective focal length of 1.852 m and & primary diameter of (.12 m.

‘The mirrcr is divided inte 4 sectory (geometrical area per quadrant — §.0013 m? §,
to isolate with appropriate flters the emission in narpow wavelength ranges. Four sep-
arate multiayers are depasited on (he Matbched quadrants of both the primary and seg-
ondary mirtors of the telescope. A rotating mask allows only a single multilayer—coated
quadrant of the telescope to be Hhiminated by the Sun at any time. The image from a
selectable single BIT quadrant is focysed on a back-illuminated CCD (1024 % 2024 pixeis,
1pikel = 21 x 21 pm? == 2.6 % 7.8 aresec’ ) with good efficiency at extreme-ultraviolet
(EUV) wavelengths. The CCD is alsa sensitive to visible light, s0 2 aluminium filters
were nsed as visible blockers. These blocking alumisium filters in EIT are mechanically
supporied by nickel meshes which creste a grid pattern in the focal planc. Another Al
filter on a filter wheel can also be introduced in the field, if necesgary, The telescope is
tontained in & vacuum enclosure for cleanliness and Lo reduce acoustical loads on the
thin-film filters during launch. The main door at the froni of the telescope was opened
after spacecraft oulgassing and may be re-closed when Ehrusters are fired for SOHO
station keeping. The CCD is cocled to ebout —65 € by a cold finger attached to a
passive radiator facing deep space, The OCD was calibrated st Orsay and Lockheod
Martin and the entire instrumented was calibrated at IAS, nsing the Orsay synchrotron
(Song 1995). A more detailed deeription of the EIT instrument and calibratior may be
found in Delaboudinidre et al. {1993},

Socondary
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3. Instrument operations and performance

3.1. Operations

“Phe baseline ohservation plan consists of taking full field of view images in all four
bandpasses one to three times per day {joint EIT/LASCO synoptic plan}. In addition,
smaller size images can slso be obtained.

LASCO and EIT have the same electronic box. The telemetry of EIT is shared
with the 3 coronographs of LASCO which observes the corona in vigible wavelengths.
FIT uges, on average, about 20 percent of the total telemetry capability and computer
resources available to the EIT/LASCO experiments. The combined telemeiry rate is
53K bps. For short time periods 26.2 Kbps can be made available nsing the telemetry
allocation of the other instruments.

Data compression rontines allow the storage /transmission requirements for an im-
age to be reduced by a factor of 24 using a loss-less Rice compression algorithm. 1t
then takes 22 minutes to transmit a full 1024 x 1024 image. To study smaller regions
op the Sun at faster rate suh-arrays of pixels, each 32 x 32 (83 x 83 arceet) in size,
may be read out while the rest of the COD Reld is discarded. Missing pixels due to
transmission problems represent less than 1 percent of the total image.

3.2. Extraetion of the grid from images:

The grid pattern created by the filter support mesh must be removed from the images
prior to scientific apalysis.

Ome appraoch to this problem uses the clasgical Fourier method with a FFT followed by
filtering. Results obtained by adding many images permit removal of the grid pattern
(F.Clette, 1996, in preparation).

3.8. Responee of the CCD with time:

During the first months of EIT operations, it became apparent that the inmstrument
response was decreasing with time. This efect can be seen by plotting counts per unib
time in full-field EIT images in each of the fonr seclors from the start of operations
{see Appendix). Note that the 304 A channe] shows the greatest change with time, and
the greatest recovery afier periods of warming up the CCD {bakeouts). Bakeouts were
performed on 1995 May 23 - 23 and 1996 June 23 - 24, After the second bakeout, the 304
A response returned to approximately the same level as after the first bakeout. Given
tire shorter duration of the second bakeout (24 hours vs. 48), this may be considered
supporting evidence that we are seeing the effects of {organie 7) ice condensing on the
detector. However, the phenomenclogy of the response variations is not well nnderstood
at present.

4. RIT Science Topics

The eonsortinm of EIT investigators has developed a list of science topics which will be
investigated throngh EIT observations and analysis. These are not meant to be exciusive
or to indicate permanent rights of any sors, bat it would benefit any prospective Guest
Investigator {official or otherwise) to read the full list of science topics and Jead consoi-
tinm members (available on the World Wide Web at: hitp: / /umbra nascom nasa.gov fet
and to contact them prior fo requesting use of EIT data.

Some of the science areas to be investigated are:

» Morphology and evolution of loops in the corona {quiescent features)

» Signatures of coronal heating, including waves, nanoflares, emerging Hux regions,
and magetic shear

/)
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¢ Properties and evolution of the large scale corona

e BEUV proxies and EUV source modeling; correlations with SEM,LASCO, and
ground based images

5. Stereoviews and movies

By using coronal rotation, we obtained a pair of stereoviews (1 to 5 hours between
right and left views) that give an idea of long lived coronal morphologies (loops,coronal
holes,plumes) (Koutchmy 1994).

Figure 3.  Respectively the left and right pictures for stereovision effect (full
images of the sun at 195 A (Fe XII) taken april 17th, 1996

A special Carrington grid that appears to vanish under bright plasma clouds (pro-
viding a visual reference for the solar surface) is superposed on the images. Stereo
movies can be also created with help of numerous intermediate images generated by
interpolation between two consecutives images. Stereomodels of polar plumes adapted
from Walker and Deforest (1993) are developed and compared with stereoviews to obtain
morphology,orientation and evolution of polar plumes.

6. Activity in Coronal Holes and Polar Plumes

One of the most exciting results to have come from early EIT observations has been
the realization that solar activity continues at all levels, even during Solar Minimum
and even in coronal holes. EIT movies made of the south polar coronal hole during the
early operational phases of EIT demonstrate transient brightenings in coronal holes on
surprisingly short (2 - 10 minutes) time scales. In addition, the EIT movies have revealed
the source areas of polar plumes as regions of possible magnetic flux reconnection and
at least in some cases, of mass ejections in “microjets.”

7. Conclusion

The EIT is a very versatile instrument that provides full-Sun EUV images covering
temperatures characteristic of the chromosphere to the corona. EIT’s spatial (2.6 arcsec
pixels) and diagnostic capabilities allows us to study a wide range of coronal problems

5
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and enhances the studies made by other diagnostic instruments on the SOHO spacecraft.
The FIT images are an important Bnk beiween observations of the inner and outer

corona and will also play an important 1ole in correlating SOHO data with ground-
based obscervations.
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Nous reviendrons au chapitre suivant sur la possibilité de contraindre par des modéles
géometriques a priori les structures que nous voulons observer en stéréovision.

[11.4.2 Limitations actuelles des reconstructions par inversion stéréo-
graphique

Vision et vision par ordinateur

L'oeil et le cerveau réalisent pour la “stéréo vision” de nombreux calculs parmis lesquels
la mesure des angles de projections et I'inversion de I'image:28D.

Les limitations interviennent dans la précision sur la définition des droites de fuites, ce
qui peut entrainer une certaine incertitude dans la reconstruction et donc une impression
de flou dans la définition des “objets”. Néanmoins le cerveau arrive a corriger jusqu’a des
valeurs angulaires importantes.

Le calcul de paramétres précis en 3D nécessite la formalisation des objets présents
dans les images. En effet, les objets doivent étre bien définis (taille, structure, position)
pour pouvoir étre calculés car il n’est plus question de faire “accommoder I'oeil” lors de
la reconstruction.

La vision par ordinateur ([233]) définit des concepts présents dans chaque image tels
gue les textures, les structures principales, etc... L'extraction de primitives d’une image
permet de définir celle ci et de mathématiser les objets présents dans I'image. On peut
alors appliquer différentes transformations sur chacun des objets.

La formalisation des transformations permettant la reconstruction 3D a partir d'images
2D conceptualisées s’explique a partir de notions de géométrie projective ([152]) dont la
base est exposée au paragraphe suivant.

Deux principales étapes constituent le départ des algorithmes de reconstruction par
stéreovision tel que celui de 'INRIA :

1. IllIfautd’abord échantillonner I'objet (comme en imagerie classique). Le plus simple
est de considerer que chaque objet 3D -si complexe soit il- est composé de petites
facettes planes (2D) définies par 3 points. On appelle cela la triangulation.

2. Il suffit alors connaitre 'image de ces 3 points par la transformation. Cette étape de
mise en correspondance est décrite dans Chabbi [45].

Précisons maintenant quels types de transformations projectives nous allons pouvoir
utiliser dans la reconstruction.

Mise en équation de la stéréovision et techniques de géométries projectives : les
premiers pas

1. Le point M représente I'objet a observer (Fig. 111.14). Ses images respectives prises
par les caméras; etC, sur les plansuy, v1) et(up, Vo) sontmy etnm,. Le probléme
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A

Figure I11.14: Stéréovision : La vision 3D

poseé est celui de la reconstruction c’est a dire connaissaat mp trouver M.
Connaissant les matrices de passage des camdras my = P1.M ety = P,.M)
et les centres optiquesd P .C; = 0 par définition de&C; [77]), on trouve M comme
étantP; 'my ou Py 'mp (ou P~ sont les matrices “inverses”).

2. Lorsque I'on a 2 points M et N (Fig. 111.15) la question d’appartenance ou non au
méme objet se pose. Il s’agit donc de classer les objets par ordre. La notion mathé-
matique de connexité permet de résoudre cela.

7S

Figure 111.15: Connexité ou nonde M & N

3. Il s’agit alors de reconstruire 'ensemble de I'objet. Pour cela, on va choisir un
echantillonnage adéquat sur les images, faire lI'inversion de ses points et ensuite

10La connexité est une généralisation & 3D de la notion de continuité d’une fonction. On distingue
connexe = en un morceau ; et simplement connexe = sans trou.
Les démontrations formelles mathématiques utilisent I'analyse et la topologie. On prend pour cela une
famille de lacet (fonction continue)edV & N, et on rgarde la continuité de la famille de fonctions. S'il
est toujours possible de construire une famille continue de fonction entre M et N, la surface qui regroupe M
et N est simplement connexe. Si par contre, il existe des fonctions qui vavitadsl mais il n’existe pas
d’application continue permettant de passer d’une fonction & une autre alors, M et N sont connexes. Si enfin
il n’existe aucune fonction permettant d’aller de M a N, alors ces 2 points font parties de surfaces disjointes.
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interpoler en 3 dimensions.

La triangulation de Delaunay (qui consiste a approximer I'objet par des éléments
triangulaires contigus —Fig. 11.16-) et les squelettes sont adaptés a cette étape.
En effet, il faut creer des echantillonages représentatifs tels que leurs maillages
permettent une reconstruction optimale. Le choix de triangles conjoints s’apparente
a la définition d’une surface (ou facette) calculée avec la “norme iafa(distance
inférieure). On obtient ainsi des miniplans que I'on peut reconstruire facilement : il
suffit de déterminer 'image des 3 points sommets.

Figure 111.16: Triangulation de Delaunay d’une main ([246]) : Il s’agit de générer sur
chaque image une triangulation 2/3 (c’est a dire un assemblage de triangle 2D dans un es-
pace euclidie®3) qui fait donc un pavage dense de I'image. Il suffit alors de reconstruire
chaque petit plan facette, c’est a dire connaitre les images de 3 points par une application
(transformation affine donnée)

L'approche explicite

1. Dans le cas général I'étape suivante consiste a déterminer la géométrie épipolaire et
définir le plan(C1MCy).

fiy

Figure 111.17: Stéréovision : La géométrie épipolaire

2. Un cas simple pour la compréhension du probleme et sa mise en équations, est celui
des caméras paralleles. On utilise les notations de la Figure 111.18 (en particulier on
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note les coordonnées sur les plans images- (v, J1) etmy = (Vo, p)). D’aprés
le théoréeme de Thaléson a:

Vo —Vq f
= — 1.1
dio z (1)
et
X _lvitve (11.2)

diog 2vi—V2

LFEN

Figure 111.18: Stéréovision : Les relations entre la profondeur et la disparité

On obtient donc des relations entre les coordonnées sur les 2 images
(V1,V2, M1, H2) et les coordonnées réelles du point 3D (x,y,z). Cela permet de recal-
culer la position du point en 3D a partir de 2 images.

3. Dans le cas général, les caméras se trouvent dans des plans quelconques avec
une distance connue. L'approche explicite suit le méme principe que ci-dessus.
Faugéras [77] présente les lignes générales de ce calcul.

Géométrie projective

Il existe une autre approche pour résoudre ce probleme : 'approche implicite.
Son nom vient du fait que les transformations employées pour la reconstruction ne sont
pas explicitées.

Par définition, un espace projecKfest la “somme” de I'espace affine X auquel on
rajoute 'ensemble des points a l'infini (c’est a dire 'ensemble des directions des droites
de X).
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Ainsi 2 droites paralleles en géométrie affine corresponded droites sécantes au
pointQ en géométrie projective. (Cela se réesume dans le langage courant en disant que 2
droites paralleles se coupent a I"infini”. Dans le langage de la géométrie projective cela
signifie que 3 droites projectives se coupent alors au [f@jri& derniere étant I'horizon
de I'espace affine précédant.)

Il s’agit alors de définir entre ces espaces les transformations (ou applications) pos-
sibles. Par exemple le choix de I'infini” détermine I'espace affine de travail mais par
l'intermédiaire des espaces projectifs, on peut déterminer des applications bijectives entre
espaces affines et donc des transformations entre séquences temporelles. En effet, une im-
age a un instant peut étre représentée comme un graphe contenu dans un espace affine de
dimension 2. La variation temporelle nous donne une variation des lignes de fuites, c’est
a dire des autres espaces affines de dimension 2. Une fois définies les transformations
adequates pour passer d'un plan affine a un autre, on peut ainsi tout reconstruire dans un
ensemble affine de dimension 3.

Le développement de certaines de ces eéquations est donné dans [152]. Nous allons
toutefois motiver notre démarche en montrant la possibilité de telles transformations dans
ces espaces. A titre d’exemple, pour définir les coordonnées, montrons que I'ensemble
des directions de droites dans un espace de dimension 2 est isomorphe a un espace de
dimension 1 plus 1 point : On appelle couramment ce dernier espace la droite achevée.

w

Q (a)

Figure 111.19: Isomorphisme entre un cercle et une droite plus un point

e DansP! = I'ensemble des droites d&?, on a:

HCette notion de perspective formalisée en mathématique fut utilisée dés la Renaissance en peinture, et
plus récemment pour construire des images “impossibkeg” Escher, [74])
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Lisomorphisme entreld et R | J{eo} résulte de la bijectivité de I'application qui
transforme un point P du cercle en un point Q de la droite (Fig. 111.19). C’est a
partir de cette application que I'on construit 'ensemble des directions de droites (y
compris la verticale) et donc I'espace projectif associé.

e Soit par définitiorf3™ = I'ensemble des droites d@™ 1. On a alorg™ ~ SM
R™1avecS™la sphére unité de 'espade”

La définition de telles applications bijectives dans ces nouveaux espaces permet donc
de définir la transformation des coordonnées. En stéréovision, pour des “plans affines
non parallele” la transformation se fait directement comme au paragraphe précédent. Par
contre pour des plans paralleles, il faut définir entre espaces projectifs la transformation
projective de passage de I'image ([152]).

111.4.3 Problemes et contraintes de la stéréovision
Généralités

1. La définition des mini-objets a mettre en correspondances peut étre arbitraire et
difficile comme le releve [246]. En effet, en théorie de la vision, I'extraction des
primitives est quelquefois non unique ce qui empéche la modélisation automatique
par relation biunivoque.

2. La définition des parametres des cameéras (les matemit étre connue avec
precision ([143]).

3. Les projections sont non linéaires rajoutant du “bruit” a la méthode et impliquant
des incertitudes dans l'inversion ([45]).

Les problemes et contraintes sur les objets solides ont été étudiés dans le cadre du pro-
jet Syntim par I'INRIA. Ce projet a abouti au développement d’algorithmes d’inversions
décrits par ([246]) dans le but de pouvoir diriger des robots.
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Sans rentrer dans les détails de ces algorithmes mais afin de déterminer la faisabilité
de la méthode envisageée pour la couronne solaire dans son ensemble, nous avons mesuré
les écarts observes entre les images originales et les images reconstruites afin de connaitre
les incertitudes de la méthode de reconstruction pour des objets solides.

La méthode d’'inversion de I'INRIA

Lalgorithme de I'INRIA tout d’abord extrait de I'image originale (respectivement Fig.
[11.20 a gauche et Fig. IIl.21 a gauche) les primitives de I'image (respectivement Fig.
[11.20 au centre et Fig. 111.21 au centre). A partir de la sont extraits et numérotés les objets
(respectivement Fig. 111.20 a droite et Fig. 111.21 & droite).

La totalité de la méthode est expliqué dans [45] p. 55 et p. 61.

Figure 111.21: Photo originale (orientation 2), extraction des primitives

On mesure les variations de distance entre les objets de la figure 111.20 a droite avec
les objets reconstruits de la figure 111.22 a gauche. On fait de méme pour ceux de la figure
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[11.21 a droite avec ceux reconstruit de la I11.22 a droite.

Pour cela, on mesure I'erreur définie j@&r= Z||Boriginal — Preconstruit||% OU Poriginal €t
Precongruit SONt respectivement les points originaux et reconstruits.

Figure 111.22: Reconstruction orientation 1 et orientation 2 : Les erreurs sont mesurees
entre Fig. 111.20 et Fig. 111.21
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Les resultats d’inversions dans le cas optiguement épais

Soient(xy,y1) les coordonnées du poiRy dans le référentiel de I'image éfy,y1) co-
ordonnées du poirfe; reconstruit dans le référentiel de I'image reconstruite. La figure
[11.23 donne le lieu dé “autour de P” c’est a dire 'ensemble des points reconstruits.

F
RN2 % R"2

P P~
P
X 9
Figure I11.23: Limitations actuelles des méthodes d’inversions :
On considére I'application mathématique dans le plan image qui a partir du point réel

(a gauche) aboutit a un ensemble de points reconstruits (a droite). C’est une application
F:R?2— R?

L'erreur sur la reconstruction pour un point “solide” s’écrit
PP = v/ (xa = %1)% + (y1— Y1)?

Problémes rencontrés pour I'inversion 3D de la couronne solaire

Aux problémes précédents de reconstruction d’objet “solide”, se rajoute les incertitudes
intrinséques sur la position puisque la couronne est optiquement mince avec SOHO/EIT.
On al(x,y) = [ EMdI.fi (cf. Annexe).

Diverses méthodes pour mesurer la colonne d mtegratlon existent ([15]). Le position-
nementd’un point sur une image s’écriten (a( ) (E)) avect la direction d’ intégration
(vecteur 3d).

Pour borner I'erreur nous allons utiliser I'astuce suivante : on considere chacun des
points de la ligne de visée de maniére séparée et on les reconstruits. On trace alors le
contour des lieux deB. Celui ci se retrouve donc étre -par construction- comme la plus
mauvaise reconstruction possible. Ainsi, on obtient une borne supérieure de l'erreur.

La figure 111.24 résume les résultats trouvés.
L'erreur ainsi trouvée dans un cas général est trop importante (Fig. 111.25).

Une autre erreur vient s’ajouter a celle ci : le calcul précédent a été fait en supposant
que les structures varient peu entre 2 images stéréographiques. En pratique la dynamique
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R"3% R"2 % R"2
X—=8 =@ % 27

Figure 111.24: Limitations actuelles des méthodes d’inversion: La reconstruction en 3 di-
mensions dans le cas des ions coronaux ou des nuages atmosphérique optiquement mince
est une applicatios : R® —s R3. Elle est composée d’une projection selon une ligne de
visée, de I'application F précédante Fig. 111.24, et de la recomposition en 3D selon la ligne

de visée. A patrtir du point réel (a gauche) on mesure les différentes erreurs cumulatives
qui aboutissent a un ensemble de points reconstruits (a droite).

de la couronne est telle que en analysant de nombreux anaglyphes, il ressort une impres-
sion de “flou” fréquente qui se traduit par un manque de corrélation entre les structures.
Toutefois I'oeil arrive a acclimater ce que ne peut faire une méthode compléetement au-
tomatique. Donc la reconstruction complete de la couronne par stéréovision semble pre-
maturée a moins de pouvoir prendre réellement 2 images en méme temps (ce qui est le
but de la futur mission STEREO).

Par contre si I'on se limite a vouloir reconstruire certaines structures uniqguemen-
t (comme les boucles par exemple), nous pouvons introduire une forme a priori pour
faire converger le modele avec moins d’erreur. C’est le principe de la reconstruction avec
contraintes que nous développerons au chapitre suivant.

111.5 Vision 3D : Conclusion sur les méthodes stéréo

Nous nous sommes servis de cette etude pour analyser la faisabilité de telles techniques
en UV. En plus de la difficulté de trouver des couples d'images ou les structures n’ont pas
varié spatialement avec le temps, il est tres vite apparu que

1. comme pour SOHO/EIT un “point” M de la couronne vu en Fe IX/X,
Fe XII, Fe XV est en fait le résultat d’'une intégration sur une ligne de vue a cause
de la profondeur optique de la raie. Cela induit une incertitude sur la position du
“point”.

2. Les méthodes d’inversion actuellement disponibles pour des objets solides générent
des erreurs importantes dans la reconstruction ([45], [246], [77])

Linversion totale (autre que visuelle) pour des raies UV est prématurée (Fig. 111.25).
Les évolutions des structures coronales viennent encore rajouter des incertitudes. La si-
multanéité des données avec la mission STEREO devrait lever ce probléme. De plus les
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TN o

Lo~
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Figure I11.25: Stéréovision : Limitations théoriques actuelles des méthodes d’inversion:
A gauche : point réel, a droite : point reconstruit.

En haut, Inversion obtenue pour un point précis défini spatialement

(Mesuré sur [45] p. 55 et p. 61 en comparant respectivement 111.20 avec Ill.22a d’'une
part, et 111.21 avec I11.22b d’autre part)

En bas, Inversion dans un cas type EIT ou l'intégration a lieue sur une Ligne de Visée
-LdV- augmentant I'ensemble des solutions possibles.

(Extrapolation d’aprés les incertitudes de la LdV et la mesure de [246]).

Espace Reel Espace Reconstruit

techniques d’inversion auront été ameéliorées. Cela devrait donc permettre de donner lieu
a de meilleurs résultats.

Toutefois la prise en considération d’'un modeéle a priori permet d’hors et déja de recon-
struire par stéréovision les structures considérées. Dans le chapitre suivant nous présen-
terons une méthode que nous avons développée qui permet de reconstruire en 3D des
boucles coronales.
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Chapter IV

Les Boucles Coronales

Otetoi de mon soleil
Diogene (413-323 avt JC),
Réponse a Alexandre Le Grand
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Apres avoir présenté les propriétés principales des boucles coronales, nous analy-
serons certaines de ces boucles. Les boucles sont présentes a différentes températures et
a différentes échelles. L'étude de leurs morphologies est importante car les boucles sont
un moyen de transfert de I'énergie magnétique en chauffage. Nous allons mettre en place
dans ce chapitre des outils 3D permettant cette étude et nous analyserons des données de
SOHOI/EIT afin de mieux comprendre leurs propriétés physiques et leurs évolutions.

IV.1 Différents types de boucles

Les boucles de plasma, en forme d’arcs de “cercles”, sont les structures dominantes dans
la haute atmosphére solaire. Elles se situent généralement au dessus des taches solaires et
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Figure IV.1: Boucles du 02/02/1997 vues en EUV par SOHO/EIT Fe Xl et magné-
togramme de SOHO/MDI correspondant. Chaque boucle de plasma suit les lignes du
champ magnétique et relie une polarité positive (en blanc sur le magnétogramme) a une
polarité négative (en noir)

connectent des régions de polarités magnétiques opposées (Fig. 1V.1). Les boucles cor-
respondent au confinement du plasma le long des lignes de champ magnétique fermées.
Les boucles peuvent étre trés variées en taille (1 & 70Mm), en températdre LUK

) et en durée de vie (de quelgues minutes a quelques mois) et coexister. Les boucles
coronales peuvent étre plus chaudes d’'un million de degrés que I'environnement [101].
Il faut véritablement attendre le lancement de SOHO et de Yohkoh, pour avoir une réso-
lution temporelle et spatiale importante pour bien etudier ces structures dont l'intérét et
'importance dans la couronne ont été révélés lors de fusées (X), ou de la mission Skylab
(EUV) et tenter de comparer aux morphologies observéés,en

On distingue classiquement 2 types de boucles :

e Les boucles chaudes T > 10°K
La table IV.1 résume leurs principaux parametres. Elles sont vues en EUV et X.
Les lois d’échelles des boucles en X ont été définies grace a Yohkoh (Klimchuk et
Porter, [125]). Yoshida & Tsuneta ([268]) avec Yohkoh ont montré que les struc-
tures en boucles avec un court temps de vie (inférieur a quelques heures) ont en
général de plus hautes températures (5-8 MK) que les boucles avec des durées de
vie plus longues (3-4MK).

e Les boucles froides :T < 10°K La table IV.2 résume les principaux parameétres.
Bray & Loughhead ([30]) ont montré que les pieds des boucles froldgs dor-
respondent a I'ombre photosphérique des taches solaires c’est a dire au plus fort
champ magnétique.

Toutefois les structures des régions actives ne sont que rarement des boucles a une
seule température.
Dans le cas de la Fig. 1V.2, les boucles sont présentes simultanément sur des images prises
avec différents filtres d’EIT. La partie la plus chaude se trouve au centre du “cylindre”.
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Température Te=20x10°—32x10°PK
Densité Ne=8.0x 10— 6.0 x 10°%cm3
Pression du gaz 2.4 dynecm 2
hauteur (projetée) 25000-200000km
Séparation des pieds 250000-500000km
Diametre 5000-30000km
Durée de vie heures-jours

Table 1V.1: Valeurs usuelles des boucles chaudes non éruptives
observées en rayons X (d’apres [31])

Température Te =21000 K
Densité électronique Ne~ 5.6 x 10%m3
Pression du gaz 0.36 dynecm—2
Hauteur (véritable) 40000-53000 km
Séparation des pieds 71000-86000 km
Diametre de 1600 (habituellement) a 500 km.

Table 1V.2: Valeurs usuelles des boucles froides non éruptives
observées eHla (d’aprés [31])

Cela peut étre analysé comme comme la conséquence de la conduction thermique de la
partie chaude vers la partie froide (Yoshida [268] et Kano [121]).
Le plasma confiné par le champ magnétique peut étre parfois aussi chauffé localement.

La comparaison de boucles a différentes températures peut aussi faire apparaitre un
gradient entre les pieds et le haut des boucles. Sur la Fig. 1V.1, les observations simul-
tanées par SOHO/EIT et SOHO/CDS le 24 et 25 Mars 1996 d’'une méme région active de
boucles montrent que la température en haut de la boucle (I) est plus chaude que les pieds
de celle ci ¢f. la grande boucle vue en Fe XVI dont seulement la partie basse est vue en
Fe IX/X).

Rosner, Tucker, & Vaiana [202], Sembal. [214] ont montré par une analyse avec une
large bande en X et des calculs théoriques que les boucles chaudes avaient une température
maximale au sommet. Kano & Tsuneta [121] ont ainsi trouveé une température au sommet
1.2 fois supérieure a celle des pieds de la boucle. Rasakr([202]) ont établi que pour
ce type de boucles, la température au sommet de la boucle est liee a la pression p et a la
longueur L de la boucle :

wi—

Tvax = 1.4 x 10%(pL) (IV.1)

Kano & Tsuneta ([119]), a partir de statistiques sur des observations de Yohkoh, trou-
vent un exposant se rapprochant davantage dg5.
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Figure IV.2: SOHO/EIT 08 Aout 1998 : A gauche, une image EIT en Fe XII.

A droite : Superposition du contour transverse des boucles a différentes températures.
A cause de la position de la région active, on obtient en fait une coupe en tranche en
température :

Le rouge correspond au contour de la boucle en He I, le bleu en Fe IX/X, le vert en Fe
XIl, le jaune en Fe XV.

On notera que le centre des tubes de flux magnétiques de I’ARL coincide avec les boucles
les plus chaudes.

Figure 1V.3: Comparaison d'images SOHO/EIT et CDS : (collaboration avec P. Young)
De gauche a droite par température croissante (cf. Fig. 11.12).
Respectivement He Il et Fe IX/IX d’EIT; Mg IX et Fe XVI de CDS

La petite boucle (Il) de 'AR est vue uniquement en Fe IX/X. Il n'y a donc sans d-
oute pas de gradient de températur&i on essaye d’appliquer la formule précédente
en considérant quBouderr = Tmax l€S pressions des 2 boucles (la petite de température

INous démontrerons rigoureusement au paragraphe suivant de ce chapitre que de telles boucles sont
effectivement isothermes.
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inférieure et la grande boucle (I) observée a plus haute température) peuvent étre trés
voisines.

Les boucles plus froides ont été mesurées comme étant des structures isothermales et hy-
drostatiques par Gabriel & Jordan [85].

Nous venons de voir que des boucles pouvaient coexister avec des températures dif-
férentes en ayant des conditions de pressions voisines. D’autres études montrent en com-
parant 'UV et I'’X que des boucles de températures différentes peuvent étre trés proches
et que les plus tiedes ne semblent pas provenir du refroidissement du plasma chaud [150].
Cela impliquerait le résultat suivant : chaque boucle est chauffée individuellement par sa
ligne magnétique propre.

L'étude sur les variations de températures en fonction des boucles nécessite une bonne
connaissance de leurs géomeétries. Il convient donc dans un premier temps d’élaborer des
outils performants permettant de trouver les paramétres physiques pertinents.

D’un point de vue modeélisation théorique, jusqu’a nos jours structures et dynamiques des
boucles étaient traitées dans I'approximation d’'un plasma mono fluide.(pdrandini

& Monsignori Fossi [129], Rosner, Tucker & Vaiana [202], Serio et al. [214], Wragg &
Priest [263], ). Ces approches ont permis de mettre en évidence de maniere théorique des
conditions physiques d’existance des boucles (role de la gravité, asymeétries,...).
Récemment des approches bifluides avec des ondes (Wu & Fang [264]) ont montré pourquoi
les boucles X les plus brillantes étaient ancrées dans la pénombre des taches solaires (K-
limchuk & Porter, [125]) ou le champ magnétique normal a la photosphere est plus faible
que dans I'ombre des taches solaires (Solanki [226]).

Klimchuk et al. ([123]) ont trouvé que la section transvetsies boucles X est relative-

ment constante. Des courants électriques qui contraignent le plasma peuvent expliquer
cela (Wang & Sakurai, [251]).

Le facteur de remplissagelu plasma dans le tube de flux estimé & partir de données Y-
ohkoh multi-filtres, reste controversé ([123]).

La section transverse sera calculée pour les boucles EUV vues par EIT ([15]). Le facteur
de remplissage nécessite plusieurs filtres simultanément et une étude préliminaire réalisée
en collaboration avec Jim Klimchuk a montré l'intéret de CDS pour de telles mesures.
Les programmes utilisés dans cette etude sont présentés dans I'annexe.

Les boucles coronales ne sont généralement pas statiques. La couronne solaire est parfois
la source d’événements trés energétiques appellés éruptions, a partir desquels on observe
parfois des boucles d’apres éruptions. Schmieder et collaborateurs ([220]) ont proposé un
modele dans lequel les boucles froides-gnsont formées a partir des boucles chaudes
(vues par SXT).

Les boucles constituent donc une partie trés importante de la couronne solaire. De d-
ifferentes tailles, elles jouent unrdle tres important dans le processus de transfert d’énergie
magneétique en chauffage. Certaines peuvent d’érupter soit par le développement d’instabilites
internes soit par reconnection avec d’autres lignes de champ. Dans ce chapitre nous allons
essayer d’établir des liens observationnels entre la morphologie des boucles et la possi-
bilité de développement d’instabilités. La théorie MHD prévoit que certaines ondes sont

2«cross section” en langue anglaise, couramment appelé largeur des boucles
Sfilling factor
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favorisées dans certains cas d’assymétries. Afin d’étudier le role des assymétries, nous al-
lons mettre en place un modele d’ajustement des boucles qui permet de trouver différents
parametres de taille et de torsion. Ces parameétres seront étudiés pour faire de la statistique
sur une région active et trouver d’autres parameétres physiques tels que la température le
long de la boucle, pour étudier 'émmergence d’'une region active, enfin pour étudier a
long terme I'évolution d’'une région active. La résolution maintenant disponible permet
désormais de faire de telles mesures qui permettont de mieux comprendre le réle des ARL
et leurs stabilités, celles ci pouvant entrainer des processus de chauffage. De plus, cette
étude portera sur des boucles de température intermédiaire entre la partie chaude de la
couronne et celle plus froide dily ce qui permettra de mieux comprendre les change-
ments de températures.

IV.2 Les boucles EUV : des maillons intermédiaires pour
comprendre le chauffage coronal

Notre étude va se centrer sur les boucles intermédiaires en température (LIMK—1.5MK)
qui peuvent étre bien étudiées avec SOHO/EIT. Lintéret de ces boucles est qu’elles peu-
vent permettre de mieux comprendre la région de transition et la partie "froide" de la
couronne. La formation et I'évolution de telles structures peuvent améliorer la com-
préhension du processus de chauffage.

IV.2.1 Les différents comportements des boucles EUV

Figure IV.4: Boucles vues par TRACE Fe Xll : le champ magnétique bien que continu ne
trace que certaines boucles
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Comme le parametre plasma est pdlik(< 1), les boucles tracent en 3 D le champ
magneétique coronal puisquﬁv(ﬁ) = 0. Dans les régions actives, alors que le cham-
p magnétique est continu de maniere transverse, les observations montrent des boucles
individuelles bien séparées et définies. Certaines images montrent que le tube de flux
ainsi revélé n’émet pas forcément sur toute sa longeur. Le plasma est ainsi confiné mais
pas forcément (suffisamment) chauffé pour émettre. C’est le méme phénomene qui rend
seulement certains tubes de flux magnétiques visibles dans une région active (Fig. IV.2.1)
alors que le champ magnetique est partout présent (avec un gradiant d’intensité). En ef-
fet, seules certaines lignes de champs sont fortement chauffées et le plasma émet alors en
EUV. Les processus entrant en jeu sont encore partiellement incompris. Les ondes qui se
développent dans les tubes de flux peuvent aussi influer sur leur luminosité.

IV.2.2 Durée de vie des tubes de flux et des boucles

Plusieurs échelles de temps interviennent :

1. le temps d’existencey, individuel d’'une boucle (qui correspond au maintient du
plasma en densité moyenne et tempeérature moyenne le long de la ligne de champ)

2. le temps d’existence ¢ du tube de flux (les boucles se créent, disparaissent et se
recréent le long des tubes de flux).

En suivant la region active de boucle numérotée NOAA 8026 le 1997-04-02 on con-
state qu’entre 8h et 23h la bipolarité reste stable mais les boucles se forment et se défor-
ment sans cesse (Fig. IV.5). Les boucles se reforment en permanence autour de tubes de
flux “moyens” qui conservent les propriétés globales a travers le temps. Cet effet a été é-
tudié en X par Porter & Klimchuk, [180]. Les calculs réalises pour I'article [15] montrent
quet;p ~ 35mn et quet;; > quelques dizaines de jours ce qui est conforme aux résultats
trouvés dans la littérature.

Donc, par abus de langage —sauf indication contraire— nous conviendrons d’appeler
“boucles” les tubes de champs magnétiques “moyens”. Pour des échelles temporelles
courtes —quelques heures— les notions de tubes de flux et des boucles de plasma chauffé
coincident. A plus grande échelle de temps, on considere que le tube peut étre ou ne pas
étre rempli.

IV.2.3 Aspect des boucles : Torsadage, Cisaillement, Gauchissement

L'aspect des boucles peut étre tres différent. Comme nous allons le voir, il traduit souvent
I'énergie interne du champ magnétique. A cause du manque de résolution spatiale sur
les instruments jusqu’alors disponibles, peu d’études ont porté sur I'aspect énergétique
impliqué par des contraintes morphologiques. Pourtant depuis la boucle potentielle circu-
laire jusqu’a la boucle fortement cisaillée préte a érupter, la morphologie des boucles joue
un réle important. Avant de définir les critéres énergétiques nous allons décrire les divers
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Figure IV.5: Les boucles se forment et se déforment sans cesse avec les mémes parametres
(taille, torsadage,...) ceux des tubes magnétiques remplis ou non de plasma (SOHO/EIT
Fe XlI, le 1997-04-02 (NOAA 8026) : évolution réguliére entre 8h et 23h)
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aspects possibles que peuvent avoir les boucles pour un observateur.

/ \ d \
/ \ 4 \
' ' 4 \
I
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\ '

Circular loop Tilted Sheared Twisted

Figure 1V.6: Exemples de differents aspects pour les boucles :

De gauche a droite : boucle circulaire, tiltée, cisaillée, torsadée

La boucle tiltée est une projection de la boucle circulaire normale. La boucle cisaillée et

la boucle torsadée nécessitent des déformations physiques importantes par rapport au cas
circulaire.

Tilt  Pour une structure, le tilt est I'inclinaison du plan de la structure par rapport a la nor-
male (Fig. IV.6). Une boucle tiltée ne change pas ses parameétres intrinséques par rapport
a une boucle “normale”, seul I'aspect pour I'observateur varie a cause de l'inclinaison.

Cisaillement Le cisaillement se référe au champ magnétique d’une région et pas u-
niguement a des boucles en particulier. Toutefois comme nous nous servirons de cette
notion pour établir des propriétés relatives aux boucles, nous avons choisi de présenter ici
cette notion.

L'équation d’Euler s’écritj x B = 0 ce qui implique que le courant électrique est aligné
avec le champ magnétique. En combinant avec la loi d’Ampere on obtiertd oquie =

aB.

Dans une telle configuration a I'équilibre, aussi appelée champ sans force (fff), le plasma
n'est soumis qu’'a la force de Lorentz.

Le cisaillement magnétique= %J enm~1. est constant le long de chaque ligne de cham-

p puisque pour un champ sans force en prenant la divergence de I'equation fff on trouve
(I§ﬁ)a — 0 c'est & direB orthogonal aux gradients de La configuration d’'un champ

sans force (igot(B) = aB aveca = Cste ou nulle) est la configuration qui requiert le
minimum d’énergie pour une ligne de champ ([232]).

Le minimum absolu d’énergie d’un champ sans force est donne par le @as-@ Un

tel champ s’appelle un champ potentiel puisqu’ars B = 0 impliqueB = OuU.

Dans le cas ow(x,Y,z), I'équation devient non linéaire et est difficile a résoudre. Cette
non-linéarité introduit des courants non paralleles aux lignes de champ magnétique.
Wilkinson, Emslie & Gary [261] définissent le cisaillement magnétique en un point comme
la différence d’angle entre le champ magnétique transverse photosphérique observe et le
champ potentiel.

Observationnellement un fort cisaillement correspond a un gradiant important du paramétre
o dans une région active. Cela se décrit souvent comme un basculement relatif des boucle-
s par rapport a la ligne de neutralité (souvent perpendiculaire aux pieds des boucles). En
absence de cisaillement, les boucles (potentielles) restent perpendiculaires a la ligne neu-
tre. Le cisaillement d’'une AR est vu comme une variation globale pour chaque ligne de

4Shear
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flux.

Le cisaillement peut provenir de la rotation différentielle dans les régions actives qui
penche les lignes de neutralité et modifie la répartition topologique dedes boucles
ne sont pas a la méme latitude. Les mouvements stochastiques des pieds des tubes de flux
peuvent aussi intervenir.

Lorsque le cisaillement d’'une ligne de champ magnétique est trop important, il peut
se relaxer sous forme d’éruption solaire (cf par exemple [203]).

Torsadage Le torsadagese refére a I'aspect d’une boucle. Il traduit le nombre de tours
gue les boucles font sur elles mémes.

Figure IV.7: Le champ magnétique se décompose en une composante torBighaéd (
une composante longitudinalBzj. En coordonées cylindriques :
B = B;.Z+ Bo. .

Les lignes de champs magnétiques peuvent s’enrouler autour d’'un axe principal (ie
le champ magnétique longitudinal) & cause d’'un champ annexe (le champ magnétique
toroidal). Les lignes de champs sont alors torsadées et on définit (Fig. 1V.2.3) en géométrie
plan-paralléle sur un cylindre de longueur L et de rayon r [197] I'angle de torsion

LBs(R)
(R) = rB,(R)

(IV.2)

Le torsadage est issu souvent d’'un mouvement local de rotation de chacun des pieds d'une
boucle.
Robertson, Hood et Lothian [201] ont montré sur des modéles 2D et 3D que des torsadages

Sou twist en langue anglaise
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importants étaient sources d’instabilités. Browning & Hood [39] ont calculé les évolutions
vers I'équilibre de boucles faiblement torsadées. Parker [172] a établi la forme du champ
magnétique toroidal et poloidal dans le cas de boucles uniformément ou non torsadées.
Vu comme un cylindre de rayon R ettéla longueur d’onde de I'hélicey = (x? +y2)%

la distance a I'axe z, il obtient que

R2\ 1
1+ %55)2

B, = Bo.( ffz)l (IV.3)
(1—|—?)2

Bo = Bz%) (IV.4)

Lothian & Hood [140] ont montré que méme pour un faible torsadage, les boucles
coronales torsadées ne pouvaient rester a I'eéquilibre que si elles étaient confinées par un
champ magnétique externe et pas par la pression gazeuse.

Des instablilités de types kink peuvent se développer a partir de certaines valeurs du
torsadage [19]. La possibilité d’ouverture rapide de boucles torsadées est modeélisée par
Amari et coauteurs [5].

Autres remarques observationnelles Il existe des cas ou il peut étre difficile de séparer
cisaillement et torsadage. Par exemple pour des formes coronales en S, on peut consid-
érer qu’il s’agit de boucles circulaires torsadées d’un tour ou de champs magnétiques
fortement cisaillés. Hormis ce cas ambigu les anisotropies engendrées étant différentes, il
est possible de séparer les situations.

Sur cet exemple de région active nous allons montrer comment il est possible -en
premiere approximation- de comparer la théorie aux observations. Dans le cadre d’'une
collaboration, Stephane Regnier a réalisé les modélisations de lignes de champs magne-
tiques suvantes (Fig. 1V.8). Certaines correspondent a des cas linéaires force free (c’est
a dire les lignes de champs ont été programmeées sur une boite tel qle= 0B avec
o constant) d’autres non force free linéaires (c’est a direcquarie suivant les lignes de
champs).

Le groupe de boucles | est quasiment circulaire. Le groupe de boucle Il a pratiguement
les mémes pieds et a des structures trés variées en son interieur. Comme vérifié d’apres
le code numérique, le groupe | est linéaire force free. Le groupe Il a un gradiantele

qui se traduit par cette déformation importante. Nous avons donc pu faire le lien entre ob-
servation et théorie. Il est toutefois a noter qu’en théorie avec un dipole magnétique il est
possible d’obtenir méme pour des champs force free des lignes qui ne sont pas circulaires.
Mais par rapport a des boucles initialements circulaires, les variations induites permettent
de connaitre le cisaillement et le courant induit.
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Figure 1V.8: Modélisation de lignes de champs magnétiques

Nous reviendrons en précisant ces arguments dans les articles au moment venu.

IV.2.4 Hélicité et énergie

Il nous faut faire ici le lien entre les critéeres précédents et les lois de conservation définies
pour le plasma.
On définit I’hélicite magnétique par

H :/Hm://xé://x.@x/x) (IV.5)

L'hélicité ([21]) se limite souvent a une somme de termes qui nécessitent une mesure
du torsadage (twist), du cisaillement (shear) et du degré de lien (linking). L'hélicité est
conservé en MHD idéale — car elle est longue a dissiper [23]—, dans de nombreux cas
de reconnection [41].

Elle se calcule indépendamment du référentiel de I'observateur ce qui permet de quan-
tifier les 3 notions qu’elle fait intervenir. Le lien avec la chiralité des régions actives et
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filaments se fait via le signe de l'intégrale. Le nombre de lien L est une description
topologique entre 2 courbes : L est multiplié par -1 uniquement quand une boucle croise
la direction de notre boucle de référence. L'expression en forme d’intégrale a été établie
par Moffatt [156].

Le cas de 3 boucles qui se croisent, s’écrit :

H = Ty(®1)% + To(P2)2 4 Ta(D3)? + 2L (D1 ) (Do) + 2L13(P1 ) (D3) + 2Lo3(D3) (D)
(IV.6)

avec®d; le flux magnétique du tube i (i=1,2,3). Dans le cas d’'une boucle uniformément
torsadée,T; mesure le nombre de tours faits sur elle méme (c’est a dire : torsion/2pi).
Noter que I'on peut considerer les premiers termes comme de I'auto inductance de torsion,
les autres termes étant de I'inductance mutuelle entre tous les cas possibles.
Globalement, on peut donc écrire

(0]
szé'u@mw (IV.7)

Introduisons maintenant le cisaillement de structureS\4lii mesure la deformation (tor-
sion) de I'axe de la structure elle méme [24].
L'hélicité s’écrit

H=3(Tw+W) (IV.8)

On a donc un moyen dans des cas de reconnections de transformer du cisaillement en flux
et en torsion. De plus dans le cadre de la MHD, il est donc possible de faire évoluer un
fort torsadage sur un petit volume vers une diminution de torsadage sur un volume plus
grand. Nous reviendrons en détail dans les articles de ce chapitre sur ces possibilites.

Swrith en anglais
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V.3 Etude des boucles EUV

Afin de pourvoir déterminer les parametres physiques des boucles, nous allons définir la
géométrie de celles-ci en utilisant la stéréovision avec contrainte par I'ajustement a un
modele. Nous allons développer 2 techniques distinctes se servant de la stéréovision; puis
une étude multi-longueurs d’ondes permettra de calculer les lois d’échelles pour analyser
la physique des tubes de flux.

IV.3.1 Des boucles EUV circulaires
Les paramétres 3D pour un modele circulaire

Dans un premier temps, il s’est agi de développer un modele d’ajustement de boucles
circulaires afin de trouver les parametres 3D de celles ci. Les programmes écrits en col-
laboration avec M. Aschwanden sous IDL pour Unix et se servent des routines de “Solar
SoftWare” (sswidl). Leur développement a eu lieu au Goddard (NASA, Washington DC)

en 1997 a partir de routines pré-existantes pour Yohkoh SXT ([10]).
A partir d'une séquence temporelle d’'imageD deSOHO/EIT, nous allons reconstruire

en 3D des boucles coronales dont les temps caractéristiques d’évolution auront été tres
grands par rapport au temps entre 2 images. La base du principe de stéréovision ayant
deja été développée au chapitre 2, nous allons ici directement nous intéresser au cas par-
ticulier de structures circulaires.

En considérant dans un premier temps que les sections trans{etessoucles EUV

sont constantes — ce qui a été observeé par Klimchuk [123] pour les boucles chaudes de
Yohkoh— on peut définir géomeétriqguement une boucle a partir du tracé du centre de son
tube de flux. Il s’agit ensuite d’identifier et de tracer des boucles dans les images ce qui
passe par le désenboitement des boucles mélangées (1), la séparation des boucles proches
(2), voire méme la discrimination des boucles multiples présentes le long de la ligne de
vue (3) (cf Fig. 1.9).

Une fois toutes ces étapes considérées, on peut reconstruire a trois dimensions la géométrie
et déeprojetter la boucle.

L'algorithme initial développé est donc le suivant :

1. On ajuste visuellement a la souris la boucle (coordonnée s)

2. On obtient donc un tabledx(s),y(s)] des coordonnées (les extrémes sont les pieds
. donc sur la surface).

3. Onentre les coordonnées (soit directement, soit calculées depuis I'entete de I'image).
On connait donc les latitudes et longitudes de la portion d'image

4. Lintersection entre les équations cercle (ou tore) et de la surface donnent alors les
conditions aux limites

5. D’ou on obtient en sortie les valeurs du modéle ajusté

’cross section en langue anglaise
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Figure IV.9: Extrait d’'une image d’une région active SOHO/EIT Fe IX/X le 11 Aout 1999

(1) Plusieurs boucles se croisent.
(2) Des boucles voisines (avec champs magnétiques paralléles) sont trés proches.
(3) Plusieurs boucles sont présentes sur la méme ligne de visée

Mais il faut encore s’assurer d’avoir trouver la bonne solution...

Unicité par contrainte stéréographique dans I'ensemble des solutions de la modéli-
sation précédente

La méthode précédente utilisée directement sans précaution aboutit & une non unicité des
résultats. En effet selon les angles de vue, une boucle de petite taille peu inelinée (
boucle numéro 3 de la Fig. 1V.10) peut avoir la méme projection qu’'une grande boucle
fortement inclinéedg. boucle numéro 1, Fig. IV.10).

L'ambiguité est levée grace au changement de perspective avec le temps (Fig. IV.11) . En
effet, le changement de direction de la ligne de visée avec la rotation des boucles sur la
“surface solaire”, fait projetter les boucles de maniéres différepte®{ différent dePs).

On peut donc contraindre le modéle de boucle a partir d’'une séquence temporelle d'image
: c’est le principe de latéreoscopie.

En suivant les tubes de flux magnétiques d’'un bord a I'autre du soleil, les solutions
issues de mauvaises projections sont éliminées. On obtient ainsi une solution unique.
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Figure IV.10: Non unicité de la projection (mathématique) : Les boucles 1, 2, 3 de taille
différentes ont la méme projection P

Meilleur ajustement possible

La méthode employée consiste a minimiser I'écart entre le modele et les points cliqués
sur le plan. Cet ajustement s’effectue par une méthode de type “moindres carrés” en opti-
misant le gradient. La convergence de la méthode peut étre insuffisante et avoir une erreur
supérieure a la tolérance admissible (1 pixel d’ecart sur I'image). 1l faut donc rechercher
une autre solution. Ce cas peut arriver si la solution arrive a un minimum local et non
global (ex A au lieu de B dans la Fig. 1V.12). Il faut donc alors appliquer une méthode
type minimum d’entropie en autorisant la recherche de solution avec une plus grande barre
d’erreur pour ensuite permettre un meilleur résul@depuis A, on autorise le passage

du maxima local C pour atteindre le minimal global B).

Evidemment, on élimine les résultats non physiques (boucle sous la surface par exem-
ple).
A noter que I'entrée manuelle de valeurs initiales visuellement adéquates permet souvent
de faire converger plus vite la méthode avec des valeurs physiquement acceptables.

Cette méthode s’appelle $éréovision statique. En effet les structures suivies avec le
temps, sont supposés ne pas varier. En pratique, en rajoutant des hypothéses sur différents
parameétres obtenus en comparant plusieurs images prises a des temps différents, on peut
permettre certaines variations dynamiques des tubes de flux.

Stéréoscopie dynamique

Nous allons proposer une amélioration de la méthode précédente (stéréoscopie statique)
dans le cas ou les boucles étudiées sont circulaires. Avec ce modele a priori, il est possible
d’étudier les cas ou le tube de flux se reforme de maniére parallele au cas précédent. Pour
cela lorsque nous disposons du premier ajustement circulaire, on linéarise la boucle sous
forme de bande ("stripe”). Un tube de flux qui se reformerait ulterieurement serait donc
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Figure IV.11: Possibilité de rétro-projection (mathématique) : Evoluant en fonction du
temps, la direction de projection tourne et maintenant les boucles 1, 2 et 3 se projettent en
3 boucles distinctes. Inversement, en considérant des temps différents on peut remonter
par rétroprojection aux véritables parametres 3D de la boucle.

Ecart

(xy.2)

Figure 1V.12: Critere d’erreur (ici : la différence par rapport au trace)

parrallele au précédant. Cette méthode appellée “stéréoscopie dynamique” est compléte-
ment décrite dans I'article ci dessous. Sa mise en oeuvre a permis I'analyse des paramétres
3D de 30 boucles d’'une région active. Leurs profils de températures, leurs densités et d-
ifféerents parametres physiques ont pu ainsi étre déterminés. Nous avons calculés que ces
boucles d’'une région active proche du minimum du cycle sont circulaires et en équilibre
hydrostatique.
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Three-dimensional Stereoscopic Analysis of Solar Active Region Loops. |. SO-
HO/EIT Observations at Temperatures of (1.0-1.5) XL0° K

by ASCHWANDEN, MARKUS J.; NEWMARK, JEFFREY S.; DELABOUDINIERE,
J.-P.; NEUPERT, WERNER M.; KLIMCHUK, J. A.; GARY, G. ALLEN; PORTIER-
FOZZANI, F.; ZUCKER, ARIK
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La recherche qui a abouti a cet article a permisiégnir la gémétrie des boucle®t
deconfronter ces parameétres observationnels avec des modéles théoriques
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ABSTRACT

The three-dimensional structure of solar active region NOAA 7986 observed on 1996 August 30 with
the Extreme-Ultraviolet Imaging Telescope (EIT) on board the Solar and Heliospheric Observatory
(SOHO) is analyzed. We develop a new method of dynamic stereoscopy to reconstruct the three-
dimensional geometry of dynamically changing loops, which allows us to determine the orientation of
the mean loop plane with respect to the line of sight, a prerequisite to correct properly for projection
effects in three-dimensional loop models. With this method and the filter-ratio technique applied to EIT
171 and 195 A images we determine the three-dimensional coordinates [x(s), ¥(s), z(s)], the loop width
w(s), the electron density n,(s), and the electron temperature T,(s) as a function of the loop length s for
30 loop segments. Fitting the loop densities with an exponential density model n(h) we find that the
mean of inferred scale height temperatures, T2 = 1.22 + 0.23 MK, matches closely that of EIT filter-ratio
temperatures, T5'" = 1.21 + 0.06 MK. We conclude that these cool and rather large-scale loops (with
heights of h ~ 30-225 Mm) are in hydrostatic equilibrium. Most of the loops show no significant thick-
ness variation w(s), but we measure for most of them a positive temperature gradient (dT/ds > 0) across
the first scale height above the footpoint. Based on these temperature gradients we find that the conduc-
tive loss rate is about 2 orders of magnitude smaller than the radiative loss rate, which is in strong
contrast to hot active region loops seen in soft X-rays. We infer a mean radiative loss time of 7,4 &~ 40
minutes at the loop base. Because thermal conduction is negligible in these cool EUV loops, they are not
in steady state, and radiative loss has entirely to be balanced by the heating function. A statistical
heating model with recurrent heating events distributed along the entire loop can explain the observed
temperature gradients if the mean recurrence time is <10 minutes. We computed also a potential field
model (from SOHO/MDI magnetograms) and found a reasonable match with the traced EIT loops. With
the magnetic field model we determined also the height dependence of the magnetic field B(h), the
plasma parameter f(h), and the Alfvén velocity v,(h). No correlation was found between the heating rate
requirement Ey, and the magnetic field By, at the loop footpoints.

Subject headings: Sun: activity — Sun: corona — Sun: UV radiation — techniques: image processing

1. INTRODUCTION

temperature of the solar corona ranges around T, ~ 1.5

The evolution of coronal plasma loops, beginning from
the well-kept secret of the elusive heating mechanism, to the
somewhat better understood conductive and radiative
cooling processes, and the various transitions from steady
state to nonequilibrium states, still represents a key
problem of coronal plasma physics. Because the average

! Current address: Lockheed-Martin ATC, Solar and Astrophysics
Laboratory, Department H1-12, Building 252, 3251 Hanover Street, Palo
Alto, CA 94304; aschwanden@sag.Imsal.com.
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MK, this temperature seems to reflect the most likely steady
state condition of coronal structures, demarcating at the
same time a watershed where cooling and heating processes
start to lose equilibrium. It is therefore a physically mean-
ingful choice to distinguish between cool®> and hot loops

2 The temperature range of T, < 1.5 MK that we denote as cool here is
sometimes also termed intermediate temperatures (e.g., Brown 1996),
whereas loops with temperatures of T, < 10° K are referred to as cool
loops (e.g., Martens & Kuin 1982).
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with respect to this maximum likelihood temperature T, ~
1.5 MK, which also separates roughly the line-formation
temperatures in the EUV/XUYV and soft X-ray (SXR) wave-
length regimes. Coronal loops in EUV/XUV wavelengths
could only be studied with few instruments, mainly from the
spacecraft missions Skylab, SOHO, Transition Region And
Coronal Explorer (TRACE), and from a few short-duration
rocket flights (e.g., American Science and Engineering
[AS&E], High-Resolution Telescope and Spectrograph
[HRTS], or Solar EUV Rocket Telescope and Spectro-
graph [SERTS]). The scarce EUV observations before the
launch of SOHO provided little systematic information on
the physical structure of cooler active region loops in the
temperature regime of T, < 1.5 MK, as opposed to the
much more frequently studied hotter loops (7, 2 1.5 MK)
in SXR (with OSO 8, P78-1, Hinotori, SMM/XRP, Yohkoh/
SXT, Coronas, etc.). A number of statistical studies exist on
hot active region loops observed in SXRs (e.g., Pallavicini,
Serio, & Vaiana 1977; Rosner, Tucker, & Vaiana 1978;
Cheng 1980; Porter & Klimchuk 1995; Klimchuk & Gary
1995; Kano & Tsuneta 1995, 1996), but there are no compa-
rable statistics available on cooler active region loops
observed at temperatures of T, = 1.0-1.5 MK in EUV.
Moreover, not much effort has been invested in the three-
dimensional reconstruction of coronal loops at any wave-
length so far (although the technology is ready; see, e.g.,
Gary 1997). This work represents a first comprehensive sta-
tistical study on physical parameters of cool active region
loops in the T, = 1.0-1.5 MK temperature range, measured
with unprecedented accuracy using a newly developed
three-dimensional reconstruction method called dynamic
stereoscopy.

Let us quickly review some highlights of earlier work on
EUYV loops in the T, ~ 1.0-1.5 MK temperature range. A
comprehensive account on literature before 1991 can be
found in Bray et al. (1991). The Skylab XUV spectrohelio-
graph provided images with 2"-3" resolution at wave-
lengths of 180-630 A, including the Mg 1x line with a
formation temperature of T,=0.9 MK. Dere (1982)
analyzed such XUYV loops and found (1) that they are close
to hydrostatic equilibrium (within the uncertainties of the
unknown three-dimensional geometry) and (2) that hot
(T, > 1 MK) loops do not have a cool core structure as
suggested by Foukal (1975). Sheeley (1980) studied the tem-
poral variability of EUV loops and found lifetimes of ~1.5
hr for 1 MK loops, somewhat longer than those of 0.5 MK
loops. This lifetime of 1 MK loops, estimated by Sheeley
from time-lapse movies, is actually close to the value we
infer for the radiative cooling time from SOHO/EIT data.
Observations with SERTS revealed that the brightest struc-
tures seen in Mg IX are not spatially coincident with hotter
coronal loops seen in SXR but are rooted in chromospheric
He 1 features and thus seem to trace out cooler coronal
loops with apex temperatures of T, < 1 MK (Brosius et al.
1997). The existence of numerous cooler loops has also been
postulated from the observed discrepancy between SXR-
inferred temperatures of active regions and simultaneous
radio brightness temperature measurements because the
former include only the contributions from hot loops,
whereas the latter are sensitive to the combined free-free
opacity of both hot and cool loops (Webb et al. 1987; Nitta
et al. 1991; Schmelz et al. 1992, 1994; Brosius et al. 1992;
Klimchuk & Gary 1995; Vourlidas & Bastian 1996). The
most recent work on EUV loops comes from SOHO/EIT

(Neupert et al. 1998; Aschwanden et al. 1998a, 1998b) and
SOHO/CDS (Fludra et al. 1997; Brekke et al. 1997).
Neupert et al. (1998) analyzed a long-lived loop structure
and an open-field radial feature and found (1) that they are
close to hydrostatic equilibrium (within the uncertainties of
the unknown three-dimensional geometry), and (2) that
radiative energy loss strongly dominates conductive energy
loss at these loop temperatures of T,=1.0-1.5 MK,
requiring a heating function that scales with the squared
density, Ej oc n2. The temporal variability and lifetime of
EUV loops can now best be studied from SOHO/EIT
movies (Newmark et al. 1997).

What progress can we expect from a new analysis of
active region loops, using the most recent EUV data avail-
able from SOHO/EIT? To accomplish sensible tests of theo-
retical models on heating and cooling processes, accurate
physical parameters from resolved single loops are needed.
However, most of the previous literature deals with line-of-
sight averaged quantities without discriminating between
single loops. For a proper determination of physical param-
eters from single active region loops, a number of analysis
problems have to be overcome.

Geometric loop definition
Identification and tracing of loops in images
Disentangling of nested loops
Separation of overlying or closely spaced loops
Discrimination of multiple loops along the line of sight
. Three-dimensional reconstruction of loop geometry
and deprojection

7. Temperature discrimination along the line of sight

8. Reliable temperature and emission measure determi-
nation.

QAW e

Most of these problems have not been treated in a sys-
tematic way in previous studies. Here we present the results
of a new approach, making use of the principle of dynamic
stereoscopy to reconstruct the three-dimensional orienta-
tion of loops, which provides a reliable method to obtain
more accurate physical parameters as a function of the loop
length, properly corrected for line-of-sight related projec-
tion effects. The enhanced accuracy is expected to allow for
more rigorous tests of theoretical loop models.

In § 2 we describe the stereoscopic data analysis of 30
loops observed with SOHO/EIT at a wavelength band cen-
tered around Fe 1x, Fe x at 171 A. In § 3 we apply physical
loop models to the data and investigate loop scaling laws. A
summary and conclusions are given in § 4.

2. STEREOSCOPIC DATA ANALYSIS

2.1. Data Set

The investigated active region is a long-lived coronal
structure that was present during several solar rotations,
from its apparition in 1996 July until its disappearance in
1996 September (Hudson et al. 1998; Harvey & Hudson
1998), numbered as NOAA 7978, 7981, 7986 during con-
secutive rotations. We concentrate here on the central meri-
dian transit on 1996 August 30, when the dipolar magnetic
field structure offered the most favorable perspective to dis-
entangle the “jungle ” of nested loops.

An Fe 1x/Fe x image recorded with SOHO/EIT
(Delaboudiniére et al. 1995) at a wavelength of 171 A on
1996 August 30, 0020:14 UT is shown in Figure 1 (top). For
stereoscopic correlations we will also use EIT images from
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Fic. 1..—SOHO/EIT Fe 1x/Fe x image of active region AR 7986, recorded on 1996 August 30, 0020:14 UT, at a wavelength of 171 A, sensitive in the
temperature range of 7, = 1.0-1.5 MK (top). The gray scales of the image is scaled logarithmically in flux, the contours correspond to increments of 100 DN
(data numbers). The heliographic grid has a spacing of 5°. The filtered image (bottom) was created by subtracting a smoothed image (using a boxcar of 3 x 3
pixels) from the original image, in order to enhance the loop fine structure.
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the previous (1996 August 29, 0015:15 UT) and following
day (1996 August 31, 0010:14 UT). The multiloop structure
of this active region is clearly visible in the high-pass filtered
rendering shown in Figure 1 (bottom). The filtered image is
simply created by subtracting a smoothed image (with a
boxcar average over 3 x 3 pixels) from the original image.
The original (full disk) image has a pixel size of 27616 and
was recorded with an exposure time of 3.5 s. The absolute
coordinate system of the full-disk image was established by
fitting a circle to the solar limb (at 30 limb positions). The
accuracy of the so-defined Sun center position is estimated
to be o, ~ 1 pixel/301/2 =~ 0.2 pixel. The offset of the Sun
center position (xy, y;) provided (by an automatic limb-
fitting routine) in the FITS header of the archive EIT image
with respect to our value (x,, y,) is found to be (x; — x,) =
+0.5 and (yy — yo) = — 3.9 pixels. For the solar radius we
find a difference of (r, — ry,) = —1.2 pixels. Part of the dis-
crepancy probably results from the automatic limb-fitting
routine that can fail in the presence of active regions near
the limb. The discrepancy in the solar radius has a more
fundamental reason related to the problem of defining the
radius of a fuzzy EUV limb, which is moreover found to be
asymmetric in equator and polar direction (Zhang, White,
& Kundu 1998). The EIT pixel size of Ax = 27616 is derived
for a spacecraft distance of d = 0.01 AU from Earth and
based on the assumption that the solar limb seen in EIT
1711 A corresponds to the top of the chromosphere (h =
2500 km).

2.2. Dynamic Stereoscopy Method

In order to analyze the three-dimensional structure of
coronal loops we develop a new technique we might call
dynamic stereoscopy, as opposed to static stereoscopy,
where the solar rotation is used to vary the aspect angle of
otherwise static structures (e.g., Loughhead, Chen, & Wang
1984; Berton & Sakurai 1985; Aschwanden & Bastian
1994a, 1994b; Davila 1994; Aschwanden et al. 1995; Asch-
wanden 1995). The innovative feature of this new technique
is that spatial structures, e.g., coronal loops, are allowed to
evolve dynamically during the time interval over which the
stereoscopic correlation is performed.

In the dynamic stereoscopy method we take advantage of
the fact that the global magnetic field is slowly evolving (say
during a day) compared with heating and cooling processes
in coronal loops. Consequently, the coronal magnetic field
B(x, t) can be considered as invariant over short timescales,
whereas the confined plasma can flow through “magnetic
conduits ” in a highly dynamic manner. If a specific coronal
flux tube following a field line B(x, t,) is loaded with bright
plasma at time ¢, the same flux tube may be cooled down
at time t, (say a few hours later) and invisible at the same
observed wavelength, whereas heating may occur in an
adjacent flux tube B(x + Ax, t,), which was dark at time ¢,
and appears now bright at time ¢,. For adjacent flux tubes,
the two field lines B(x) and B(x + Ax) will run almost paral-
lel, a property we will exploit in our dynamic stereoscopy
method. Our method is applicable to coronal structures
that meet the following two conditions.

1. The global magnetic vector field B(x, f) is static (or
slowly varying) during the time interval over which stereo-
scopic correlations are performed (typically 1 day). The
magnetic field can be traced out by optically thin emission
(e.g.,in SXR or EUV wavelengths).

2. At least one footpoint of an observed coronal loop is

identifiable, which can be used as a reference level of the
altitude. For EUV emission we assume that the altitude of a
loop footpoint is located in the lower corona above the
chromosphere, at an altitude of k., =~ 2500 km above the
photosphere.

We outline briefly the numerical procedure of our imple-
mentation of the dynamic stereoscopy method, and the
mathematical coordinate transformations are given in
Appendix A. The projected geometry of a loop segment in
an image at time ¢, is traced out by a series of image coordi-
nates (x;, y;), i =1, ..., n, starting at footpoint position
(x4, ¥1), assumed to be anchored at height h;,, (Fig. 2). Two
additional variables to characterize the three-dimensional
geometry of the loop segment are the azimuth angle « of the
footpoint baseline and the inclination angle $ of the mean
loop plane (intersecting the footpoint baseline; see Fig. 2).
The procedure of stereoscopic correlation (illustrated in
Fig. 3) includes the following steps.

1. Measuring of positions (x;, y;), i = 1, ..., n; by tracing
a loop segment in an image recorded at time t,, starting
with the primary footpoint at (x,, y,).

2. Estimating the position of the secondary footpoint
(xf,> Yr,) to obtain the azimuth angle a of the footpoint
baseline. If the full length of the loop can be traced, the
secondary footpoint is just given by the last point x,, y,,
and the tangent of the azimuth angle « corresponds to the
ratio of the latitude (bp, — br,) and longitude difference
(Ir, — Ir,) of the two footpoints, i.e.,

tan o = 0F2 ~ br) )

(lF 2 lF 1) ‘
However, most of the loops analyzed here can only be reli-
ably traced over 1 density scale height, whereas the apex
segment is generally so weak that some uncertainty results
in the localization of the secondary, magnetically conjugate,
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F1G. 2—Definition of loop parameters: loop point positions (x;, y,),
i=1, ..., n starting at the primary footpoint at height h, = h;,, the
azimuth angle « between the loop footpoint baseline and heliographic
east-west direction, and the inclination angle $ between the loop plane and
the vertical to the solar surface.
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F16. 3.—Principle of dynamic stereoscopy is illustrated here with an example of two adjacent loops, where a thicker loop is bright at time ¢,, whereas a
thinner loop is brightest at time ¢,. From the loop positions (x;, y;) measured at an intermediate reference time ¢, i..,t; <t < t, (middle panel in middle row),
projections are calculated for the previous and following days for different inclination angles $ of the loop plane (left and right panel in middle row). By
extracting stripes parallel to the calculated projections $ = 10°, 20°, 30° (bottom) it can be seen that both loops appear only co-aligned with the stripe axis for
the correct projection angle $ = 20°, regardless of the footpoint displacement Ax between the two loops. The co-alignment criterion can therefore be used to

constrain the correct inclination angle 9, even for dynamically changing loops.

footpoint. However, the general dipole characteristic of the
magnetic field in this active region provides sufficient guid-
ance to localize the secondary footpoint with an accuracy of
<10% of the loop length. In order to obtain an error esti-
mate of the location of the secondary footpoint, we repeat
the loop tracing procedure five times for each loop and
obtain from the measured azimuth anglesa;, j=1, ...,5a
mean and standard deviation o + do.

3. The loop positions (x;, y;) measured in the image at
time ¢, are then transformed into heliographic longitude
and latitude coordinates (;;, b;;) and altitudes (h;;), based on
the azimuth angle « of the footpoint baseline and the vari-
able inclination angle §;, which is varied over a range of
—90° < §; < +90° in increments of A$ = 1°.

4. The heliographic coordinate [;{(t,) is then transformed
to the time ¢, of the second stereoscopic pair image, [;{(t,),
using the solar differential rotation rate applied to the time

interval (t, — t,). We use the differential rotation rate speci-
fied by Allen (1973),
I'(t,) = I(t,) + [13°45 — 3° sin” b] (t — 1) . )
1 day
The heliographic latitude b;; and altitude h;; are assumed to
be constant during the considered time interval.

5. In the stereoscopic pair image at time ¢, we calculate
the image coordinates (x;;, y;;) of the projected loop struc-
ture. Parallel to these loop curves (with typical lengths of
ny = 50-200 pixels) we extract image stripes of some width
(n, = 16 pixels) by interpolating the image brightness
F(x, y) at the positions of the curved coordinate grid.

6. The stretched two-dimensional image stripes (1, x n,,
pixels) are then scanned for parallel brightness ridges,
caused by “dynamic” structures that are co-aligned (or
parallel-displaced) to the loop projection in image ¢, (for
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illustration see examples shown in Fig. 3, bottom). This
scanning process is numerically performed by measuring
the total lengths L(9,) of parallel contiguous brightness
ridges detected in each image stripe k for a given angle 9,.
As the examples in Figure 3 (bottom) show, loop projections
in stripes with angles $ (e.g., $ = 10° or 30°) that deviate
from the mean loop plane $ = 20°) appear as curved fea-
tures and thus have shorter parallel segments than those
projections in stripes with inclination angles that coincide
with the mean loop plane ($ = 20°). The numerical detec-
tion of the length of parallel segments is therefore a reliable
indicator of whether the inclination angle $, used in the
coordinate transformation matches the effective loop plane
Y. We evaluate this criterion in our algorithm by maximiz-
ing the sum of all detected contiguous parallel brightness
ridges, i.e., by maximizing the quantity (max [, L($,)]) as
a function of the variable inclination angle %, used in the
coordinate transformation. This way we infer the most
likely value of the inclination angle $ of the mean loop
plane.

7. The same procedure is repeated in forward and back-
ward directions in time. The mean and standard deviation
of $ + d9 is determined by averaging the two stereoscopic
solutions (+ 1 day).

The independent stereoscopic correlation in forward (+1
day) and backward (—1 day) direction provides a useful
redundancy of the solution. The time difference of +1 day
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corresponds to an aspect angle change of +13°5. Except for
steps 1-2, which constitute the definition of a selected loop
feature, all other steps (3—7) of the stereoscopic correlation
are performed automatically by a numeric code without
human interaction. The determination of the loop inclina-
tion angle $ is therefore achieved in a most objective way,
within the principle of dynamic stereoscopy.

2.3. Loop Geometry

With the dynamic stereoscopy method described above
we analyzed the three-dimensional coordinates of 30 loops
from the EIT 171 A image on 1996 August 30 (Fig. 4, middle
column). The true three-dimensional geometry of (the
central axis of) a coronal loop can be characterized with
three orthogonal spatial coordinates [x(s;), ¥(s;), z(s)], i = 1,
..., n, parametrized by the loop length parameter s;,, When
we trace a loop structure in an image (see Fig. 4, middle
column), we can accurately measure the two coordinates
[x(s;), ¥(s;)], without imposing any geometric constraint on
its shape, as opposed to a method that fits a predefined
geometric model (e.g., a circular geometry or its elliptic
projection). We impose only some constraints on the third
coordinate z(s;), namely, assuming that the loop segment is
mathematically described in a plane, whose orientation we
quantify with two free parameters (Fig. 2): with the azimuth
angle o (of the loop footpoint baseline) and the stereo-
scopically measured inclination angle $ (with respect to the

deg

Fi1G. 4—Projections of 30 stereoscopically reconstructed loop segments (numbered white curves) are shown overlaid on the SOHO/EIT 171 A images
(top) and the filtered images (bottom) of 1998 August 29 (left), 30 (center), and 31 (right). The 30 loop segments were traced from the filter image of August 30
(bottom middle), whereas the projections on the previous and following day were calculated from the inclination angles $ obtained from the dynamic
stereoscopy method. Note that the overall magnetic field structure is almost invariant during the 3 days, but dynamic changes of the loops produce slight
displacements between the calculated projections forward and backward in time and the actually observed fine structure.
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vertical). However, the planar approximation serves only
for mathematical convenience and defines a mean loop
plane but does not require that the actual loop is exactly
confined in a plane because our dynamic stereoscopy
method allows for near-parallel displacements in time and
space within some range. One additional constraint is also
introduced by the reference level A(s;) of the first footpoint
position, assumed to be located at a fixed height of A(s,) =
Reoor = 2.5 Mm.

Some geometric elements of the analyzed 30 loops are
listed in Table 1: the heliographic longitude (/) and latitude
(b,) position of the primary footpoint [x(s,), y(s;), h(s;) =
heoor], the azimuth angle a of the footpoint baseline mea-
sured at the primary footpoint, and the inclination angle $
of the loop plane. The average heliographic position of the
30 loop footpoints is I,y = 251°0, <by,» = —11%8, which
is slightly southward of the Sun center position at this time,
lo = 25528,by = 7°2.

The average azimuth angle (modulo 180°) of the 30 loop
footpoint baselines is « = —3° + 10°, which represents the
global orientation of the large-scale dipolar magnetic field
that dominates the active region, which was used as a guide
to estimate the azimuth angle of the footpoint baseline for
individual loop segments. The only complete loop that
could be traced out (without gaps between the footpoints) is
loop 1, which has an azimuth angle of o = 15° + 1°.

The inclination angles $ of the loop planes cover a large
range from $ = —56° to $ = +69°, having an average of

Vol. 515

(§) = 7° + 37°. The southern loops (loops 1-11, 23-30) all
show an inclination toward south (with $ negative if the
primary footpoint is to the east), whereas the northern loops
(loops 12-22) show a systematic inclination toward north
(with & positive if the primary footpoint is to the east). This
fan-shaped divergence of loop planes is consistent with the
overall magnetic dipolar field, having the dipole axis
aligned to the east-west direction.

We visualize the three-dimensional structure of the ste-
reoscopically reconstructed 30 loops in Figure 5, where dif-
ferent perspectives and viewing angles are displayed. The
traced segments (Fig. 4) of the reconstructed loops are
marked with thick lines in Figure 5, whereas the thin lines
represent circular segments in the loop plane, constrained
by the two footpoints and the endpoint of the traced
segment. We rotated these reconstructed 30 loops by —7.2
days to the east (Fig. 5, bottom left), in order to illustrate the
distribution of inclination angles. The group of loops that
are inclined to the south in our EIT image of 1996 August
30 are also found to have a similar configuration (with
similar loop heights and loop plane inclinations) in an EIT
image observed 7.2 days earlier, when this active region
crossed the east limb (Fig. 5, top left).

2.4. Loop Background Subtraction

We parametrize the positions of the traced loop segments
from the image coordinates [x(s;), y(s;)] as a function of the
(projected) loop length parameter s;, by interpolating the

TABLE 1
GEOMETRIC PARAMETERS OF 30 CoRONAL Loops (1996 Aucust 29, EIT 171 A)

Heliographic Azimuth  Inclination Loop Center Loop Loop Scale Loop
Loop Coordinates [, b, Angle o Angle § Radius R, Offset Z, Trace L, Length L  Height A  Width w
Number (deg) (deg) (deg) (Mm) (Mm) (Mm) (Mm) (Mm) (Mm)
) B 2479, —154 15+1 —42+1 56 —14 149 149 49 6.8
2 i 24777, —15.5 13+1 —49+5 62 18 91 234 50 6.1
3o 2474, —15.6 12+1 —34+1 68 31 89 282 57 7.4
4 247.3, —15.0 8+2 —-26+1 77 45 104 338 57 6.9
5, 247.1, —149 8+3 —49 +1 73 37 121 309 56 6.3
6 it 247.0, —13.9 2+2 —56+1 84 53 80 381 42 7.0
T o, 246.1, —14.7 442 —36+1 89 51 125 389 62 7.1
8 245.2, —14.7 9+2 —33+2 113 80 124 534 57 7.1
9 i, 247.0, —12.2 —3+3 —12+1 86 44 41 366 60 8.1
10....ceee. 2458, —13.3 1+2 -23+1 124 95 90 609 53 7.9
1. 2449, —12.2 1+3 —31+2 144 116 56 725 66 6.8
12, 247.3, —10.7 —6+2 10+1 116 94 153 585 60 7.8
1300, 250.6, —10.1 —-9+7 11+1 73 60 62 373 60 6.4
14............ 2471, —9.8 —8+3 10+1 113 87 70 554 33 6.4
15, 2475, —9.0 —-8+1 12+1 125 105 103 643 47 6.8
16.....ce..e.. 248.1, —8.5 —-11+3 25+1 85 59 63 400 53 6.7
17 i, 248.5, —8.0 —14+4 32+1 93 71 52 455 47 74
18, 249.0, —74 —-9+4 40 +3 92 79 109 483 93 5.6
19, 249.6, —6.9 —18+3 39+1 116 95 130 590 65 7.9
20 i 250.7, —6.6 —24+6 52+ 6 78 64 103 399 56 7.7
) U 251.5, —6.1 —21+6 58+3 67 47 85 318 45 7.6
22 i 2519, —5.7 —25+5 58+3 49 29 53 217 58 7.2
23 i 259.1, —10.7 —4+4 0+1 102 71 69 479 60 8.0
24 ...l 258.6, —11.4 —1+4 14+6 114 90 106 568 64 8.7
25 i, 263.2, —16.6 —1+5 43+1 138 70 59 582 42 8.1
26 it 259.9, —13.8 —8+4 13+2 100 60 39 446 59 5.1
27 e, 259.1, —134 —2+3 50 +2 101 68 72 471 58 71
28 it 258.0, —13.4 0+2 27 +2 90 63 86 423 57 7.5
29 i, 2579, —13.7 5+2 36+1 78 45 88 344 60 6.0
30 i, 257.5, —13.8 —2+3 69 +1 76 44 86 336 38 74
Average... 251.0(+54), —11.8(+3.3) —3(+10) 7(+37) 93 (423) 62 (+27) 89 (+29) 433(+136) 55(+10) 7.1(+0.8)
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F1G. 5—Three different projections of the stereoscopically reconstructed 30 loops of AR 7986 are shown. The loop segments that were traced from the

1996 August 30,171 A

image are marked with thick solid lines, whereas the extrapolated segments (thin solid lines) represent circular geometries extrapolated

from the traced segments. The three views are (1) as observed from Earth with I, b, (bottom right), (2) rotated to north by b, = b, — 100° (top right), and (3)
rotated to east by I, = I, + 97°2 (corresponding to —7.2 days of solar rotation, bottom left). An EIT 171 A image observed at the same time (—7.2 days
earlier) is shown for comparison (top left), illustrating a similar range of inclination angles and loop heights as found from stereoscopic correlations a week

later. The heliographic grid has a spacing of 5° degrees or 60 Mm.

coordinates with a constant resolution of As; = 5;,,; — s5; =
1 pixel in the image plane. These positions mark the central
axes of the analyzed loops. For single-loop analysis it is
convenient to introduce a coordinate grid [s;, ¢;] that is co-
aligned with the loop axis s;, and ¢; is the coordinate ortho-
gonal to the loop axis. The projections [x(s;, t;), ¥(s;, t;)]
of these curved coordinate grids are shown in Figure 6 (top
right). We parametrized both coordinates [s;, t;] with a
uniform resolution of 1 pixel and have chosen a width of 16
pixels for the width of the stripes (¢;), symmetrically bracket-
ing the central loop axis. We show the radiative flux F(t;) as
a function of the loop cross section t; for each loop (1-30)
and for each position s; along the central loop axis with an
incremental step of As; = 1 pixel in Figure 6, measured from
the EIT 171 A image of 1996 August 30.

In a next step we attempt to separate the loop-associated
fluxes from the loop-unrelated background. This is a very

crucial step to determine the correct emission measure and
electron density in a given loop. This task is difficult
because most of the loops are very closely spaced and
separated only by a few pixels at their primary footpoint
(see Fig. 6). Very few loops occur in an isolated environment
(e.g., such as loop 25; see Figs. 4-6). For many cross sec-
tions there is not enough separation between adjacent loops
to model the loop-unrelated background properly. The fact
that the flux-unrelated background makes up typically
50%-90% of the total EUV flux measured at a given line
of sight (see Fig. 7) indicates that we can separate out only
a fraction of superposed and nested loops, like the top-
most elements on the topological surface of a “strand of
spaghetti.”

We tested various methods and found the following to be
least susceptible to confusion by adjacent loops. We calcu-
lated the background profile F(t;) to the observed flux F(t))
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F16. 6.—Positions of the curved coordinate grids of the 30 analyzed loop segments are shown in the top right panel, which has the same orientation as the
1996 August 30 map shown in Fig. 4 (middle). The coordinate grid of loop 1 is represented with 1 pixel resolution, whereas only the outer borders and central
axes are indicated for the other loop segments. The vertically oriented panels represent the coordinate grids of the analyzed 30 loops, stretched out along the
loop axis. The top of the panels corresponds to the primary footpoint (see positions /;, b, in Table 1). In each panel we show the EIT 171 A flux loop cross
sections measured perpendicularly to the loop axes. Successive cross sections are separated by a distance of 1 pixel along the loop axis. The flux associated
with each loop is marked with a gray area, obtained by background subtraction with a cubic spline interpolation between both sides of the loop cross section.
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measured along the loop is shown for loop 1 (left). A histogram of the relative fractions Fy,,,/F,y, (integrated over the traced loop lengths) is shown from all

30 analyzed loops (right).

by cubic spline interpolation between various cross section
boundaries [¢,, t,], which were varied over a range of 1, ...,
4 pixels (or 2-7 Mm for the half-width of the loop cross
section) on both sides of the central loop axis. From the
varied loop boundaries [t,, t,] those were used for the
background envelope that maximize the flux integrated
over loop cross section, ie., the maximum of | [F(t)
— Fy(t;)]dt; because th1s quantlty is invariant to lateral
dlsplacements (in transverse direction t) and is least suscep-
tible to changes of the functional form F(t) along the loop
coordinate s. This method has the advantage of adjusting
for loop thickness variations, for offsets in tracing of the
central axis, and for co-alignment errors between the 171
and 195 A image in the use of the filter-ratio technique. The
so-determined loop-associated fluxes are shown with gray
areas for each cross section F(t)) |-, in Figure 6. The results
show that the allowed loop half-width range of +1, ..., 4
pixels separates most of the loops reasonably, except for
occasional double loop detections (e.g., 22 or 26 in Fig. 6)
near the primary footpoint. Such loop segments where the
loop separation fails will be excluded in further analysis.

2.5. Loop Cross Sections

We measured the loop width w(s) as a function of the
loop length parameter s, using the definition of the equiva-
lent width w(s),

| F(s, t)) —

max [F(s, t;) —

Fils, t)dt
F B(Ss t j)] .

These loop widths w(s) are shown as a function of the loop
length s in Figure 8 for the 10 loops that are least confused
by adjacent loops, as can be judged from the cross sections
F(t;) |4 shown in Figure 6 (loop 1, 8, 11, 14, 15, 19, 20, 21,
25, 28). Performing a linear regression fitted to the observed
values w(s), we find a significant variation of the loop thick-
ness only for two of them (loop 20 and 28). To quantify the
variation of the loop thickness we calculated a loop diver-
gence factor, defined by the average width in the upper part
(Smax/2 < 8 < Spax) to the lower part (0 < s < s,,,,/2) of the
traced loop segment. We remind the reader that the traced
loop segments generally extend over about 1 density scale
height but often do not reach the loop top (except for the
smallest loop, 1). The loop divergence factors and their
uncertainties are shown in Figure 8 (bottom right) for each
loop. We caution that some of the loop thickness variation
near the footpoints is due to separation problems of closely
spaced adjacent loops (as can be judged from Fig. 6). A

©)

w(s) =

histogram of average loop widths is shown in Figure 8 (top
right), whereas the individual values w and their mean and
standard deviation (w = 7100 + 800 km) are also listed in
Table 1. The preference for such a narrow range of loop
diameters is perhaps an instrumental resolution bias
because the finest recognizable structures are most likely to
be seen at a scale corresponding to the size of a few pixels.

2.6. Loop Densities and Scale Heights

For electron density and temperature diagnostics we are
using a filter-ratio technique applied to the EIT 171 and 195
A wavelength images, based on the most recent EIT stan-
dard software (status of 1998 February, Newmark et al.
1996; SOHO EIT User’s Guide). The resulting emission
measures EM and temperatures TE'T are based on the cal-
culation of synthetic spectra using the CHIANTI database,
containing some 1400 emission lines in the 150-400 A
wavelength range (Dere et al. 1997). For details of the EIT
calibration and error analysis, the reader is referred to
Delaboudiniere et al. (1995), Moses et al. (1997), and
Neupert et al. (1998). Further cross calibrations of the EIT
instrument with NRL rocket flights carrying an EIT dupli-
cate instrument are in progress (led by D. Moses). In brief,
we note that the main errors at this stage are systematic and
due to calibration questions. This has a larger effect on the
emission measure than on the temperature because the
latter is determined from a ratio, in which systematic errors
cancel out to some extent. Our estimate of the absolute
error in the temperature determination is about 0.2 MK,
whereas the emission measure has a systematic error of up
to a factor of 4. The abundances in the above calculations
are those given by Meyer (1985) for the corona. As iron is a
low—first ionization potential (FIP) element, abundance
questions play a minor role in the uncertainties.

To determine the electron density n,(s) along individual
loops, we use the background-subtracted EIT fluxes
Flo0p(5) = F(s) — Fp(s) in the filter ratios and the loop widths
w(s). An additional important loop parameter is the line-of-
sight angle y(s), which provides a correction factor of the
effective column depth for a loop with circular cross section
specified by a diameter w(s), i.e., w,(s) = w(s)/cos [V (s)] (see
Appendix B). With this parametrization we define the
density n,(s) along a loop (normalized to a filling factor of
unity) by

\/EM(S) \/EM(S cos [l//(S)] )

w(s)
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Note that most of the loops show no significant loop thickness variation.

with the loop length s(x, y) parametrized as a function of the
image position (x, y), from which the EIT emission measure
EM(x, y) is measured. Because the line-of-sight angle y(s) is
very sensitive to the loop orientation, correct values of the
electron density n,(s) can only be obtained from an appro-
priate three-dimensional model of the loop (constrained by
stereoscopic correlations here). The projection effect of the
loop curvature on the effective column depth w,(s), and the
effect of the inclination angle $ of the loop plane on the
inferred density scale height A($) are illustrated in Figure 9
(see also discussion in Alexander & Katsev 1996).

The electron density n,(s) calculated from equation (4) is
shown graphically for the 10 least-confused loops (1, 8, 11,
14, 15, 19, 20, 21, 25, 28) in Figure 10 (left). Because the
height dependence s(h) of the loop length is known from our
stereoscopic reconstruction (displayed in Fig. 5), we can
directly obtain the parametrization n,[s(h)]+ n,(h) and fit
an exponential density model,

h
ne(h) = Ngo €Xp |: - ﬁ] (5)

to obtain a scale height temperature TZ, which is defined by
(e.g., Lang 1980, p. 285)

kg T, T,
AT) =—== 46 —
(7) bumy g <1MK

with k; the Boltzmann constant, u the mean molecular
weight (¢ ~ 1.4 for the solar corona), my the mass of the

>[Mm] , (6)

hydrogen atom, and g the acceleration of gravity at the
solar surface. The so obtained scale height A, with a mean of
A =554 10 Mm, and the inferred scale height temperature
T%, with a mean of T = 1.22 + 0.23, are listed in Tables 1
and 2 for each of the analyzed 30 loops. Loop segment
ranges that are obviously confused by adjacent or crossing
loops (as can be judged from Fig. 6), have been excluded in
the fitting of the scale height model. We find that most of
the analyzed loop segments fit closely an exponential
density model (see Fig. 10, left). Deviations from an expo-
nential density model can often be explained by uncer-
tainties in the background subtraction or by confusion from
adjacent or overlying loops. A correction to the local scale
height temperature would also result from temperature gra-
dients (§ 2.8), which are of the order (dT/ds)/(T/Z) =~
0.05 + 0.20 and are neglected here.

2.7. Loop Temperatures

Independently of the scale height temperature TZ, we can
also determine the temperature directly from the EIT filter
ratio (as described in § 2.6), which moreover provides a
temperature differentiation along the loop, TE™(s). Since
our loop definitions are based on tracing of an EIT 171
image, we use only the filter ratio of EIT 171 A (Fe 1x, Fe x)
and 195 A (Fe xm), which is sensitive in the temperature
regime of T, = 1.0-1.5 MK. We are using the spatial loop
definition [x(s), y(s)] based on the 171 A image and app%l
the same background-subtraction technique to the 195
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image before we determine the temperature from the
filter ratio (F!°5 — F1°%)/(F'7' — Fi’!). Because our
background-subtraction technique has some tolerance (of
+1, ..., 4 pixels) in the localization of the loop cross section
(by maximizing the flux integrated over the loop cross
section), the filter-ratio is not susceptible to small co-
alignment errors between the 171 and 195 A image. The
employed background-subtraction technique also requires
a correlated structure (with a width of 2-8 pixels) in both
wavelengths, whereas larger or diffuse structures with poss-
ibly different temperatures are safely subtracted out.

The filter-ratio temperatures TE'" averaged over the loop
segments are tabulated in Table 2, with a mean of TE'T =
1.21 + 0.06 MK. The distribution of filter-ratio tem-
peratures N(TE'™) is shown in Figure 11 (bottom left), along
with the distribution of scale height temperatures N(T?%)
(Fig. 11, top left), both having almost identical means. The
range of scale height temperatures (+0.23 MK) is broader
than the range of EIT filter-ratio temperatures (+0.06 MK),
probably because of systematic errors in background sub-
traction and loop separation. This is also consistent with
the scatter plot of the two temperature definitions (Fig. 11,
top right), where no obvious correlation is seen. Despite
these unavoidable uncertainties in the background subtrac-
tion, it is remarkable that the means of the two indepen-
dently determined temperatures coincide so closely.

2.8. Loop Temperature Gradients

The detailed variation of the temperature TE"(s) along
the loop length s is shown for the 10 least-confused loops in

TABLE 2
PHYSICAL PARAMETERS OF 30 CoRONAL LooPs (1996 AucGust 29, EIT 171 A)

Emission Electron Scale Height Filter-Ratio Temperature Conductive Steady State Magnetic
Measure Density Temperature  Temperature Gradient Loss Rate Radiative Loss Heating Rate Field
Loop EM, n,/10° T TEIT dT/ds VF, x 10° Rate E; x 103 Ey x 10° Bioor
Number log (cm™%) (cm™3) (MK) (MK) (K km™?Y) (ergscm™3s™!)  (ergscm™3s7!)  (ergsecm 3s7Y) (G)
2771 2.5 1.08 £ 0.07 1.25 £ 0.09 22+05 —0.001 —0.718 0.716 —413
2793 23 1.09 +£0.12 1.27 £0.10 1.7+10 —0.001 —0.607 0.607 —413
27.79 2.1 125+ 0.13 1.22 + 0.10 —0.1+08 —0.000 —0.506 0.506 —285
27.60 2.6 1.26 £ 0.14 1.27 £ 0.11 37+£08 —0.004 —0.776 0.773 —285
27.34 2.5 1.22 +£0.33 1.23 £0.10 —11+04 —0.000 —0.718 0.718 —270
29.68 37 0.93 + 0.08 1.30 + 0.12 79 + 2.7 —0.015 —1.572 1.557 —298
27.88 1.7 1.36 £0.17 1.19 £ 0.09 09+03 —0.000 —0.332 0.332 —261
2745 22 1.26 +0.10 1.23 £ 0.06 0.9 +02 —0.000 —0.556 0.555 —114
27.52 21 1.32 £ 0.53 1.15 + 0.03 0.6 + 1.0 —0.000 —0.506 0.506 —333
27.49 1.4 1.16 £ 0.30 1.21 £ 0.11 22+05 —0.001 —0.225 0.224 —148
27.11 1.6 144 +£0.18 1.20 +0.09 49404 —0.006 —0.294 0.288 7
27.56 2.0 1.31 + 0.07 1.10 + 0.06 0.5+02 —0.000 —0.459 0.459 —208
2741 1.8 1.31 £0.17 1.21 £ 0.11 46+ 13 —0.006 —0.372 0.366 —252
27.18 1.7 0.73 + 0.08 1.12 + 0.05 1.2 +07 —0.000 —0.332 0.331 —157
2748 2.0 1.04 + 0.08 1.18 + 0.09 1.8+03 —0.001 —0.459 0.458 —294
27.28 1.4 1.15 £ 0.32 1.24 £0.12 —64+0.7 —0.000 —0.225 0.225 —269
27.04 1.7 1.03 + 0.30 1.18 + 0.04 22+ 06 —0.001 —0.332 0.330 —178
26.90 1.1 2.03 + 041 1.30 + 0.06 0.7 £ 0.6 —0.000 —0.139 0.139 —159
27.28 1.3 143 £0.17 1.18 £ 0.04 0.0+ 04 —0.000 —0.194 0.194 —129
2743 1.8 1.22 + 0.05 1.22 + 0.04 1.2+02 —0.000 —0.372 0.372 —140
27.51 2.1 0.98 + 0.11 1.15 + 0.04 08 +0.3 —0.000 —0.506 0.506 -97
2732 1.0 1.27 £ 0.82 1.22 +£0.12 —45+19 —0.000 —0.115 0.115 —159
27.61 23 1.31 + 0.28 1.23 +0.15 114 + 1.0 —0.024 —0.607 0.584 54
28.29 1.3 141 £0.22 1.20 £0.08 —-73140 —0.000 —0.194 0.194 951
27.38 1.8 0.93 + 0.04 118 £ 0.11 54+05 —0.007 —0.372 0.365 76
26.95 14 1.30 + 0.36 1.15 + 0.08 59+ 18 —0.009 —0.225 0.216 60
27.20 1.5 1.26 +0.30 1.21 £0.07 —-17+0.5 —0.000 —0.258 0.258 61
27.79 2.6 1.24 +0.05 1.12 £ 0.04 00+03 —0.000 —0.776 0.776 128
27.76 24 1.31 + 0.06 1.36 + 0.07 —12+0.6 —0.000 —0.661 0.661 128
29.48 1.7 0.84 + 0.10 1.16 £ 0.08 —9.7+438 —0.000 —0.332 0.332 142
Average... 27.61 (+£0.61) 1.92(+0.56) 1.22(+0.23) 1.21 (+0.06)  0.960 (+4.265) —0.003 (+0.005) —0.458 (+0.285) 0.455 (+0.283) —108 (+257)
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F1G. 10—Electron density n(s) (left) and the EIT filter-ratio electron temperature 7T)(s) (right) as a function of the loop length s for the same 10 loops
selected in Fig. 8. An exponential model n,(h) is fitted, yielding the density scale height 7 and scale height temperature T2 indicated in the left panels. The
average EIT filter-ratio temperature TE'™ (obtained from 171/195 A images) is indicated in the right panels. A temperature gradient dT,/ds is listed if the
gradient is significant.
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Figure 10 (right). We note that the filter-ratio temperature
varies sometimes discontinuously along the loop, e.g., there
isajump from 7, = 1.35 MK to T, = 1.1 MK at s = 70 Mm
in loop 1 (Fig. 10, top right), which may be caused by con-
tamination from a hotter loop that is located almost paral-
lel to loop 1 at s < 70 Mm (see cross sections in Fig. 6). Such
confusion problems can only be identified in hindsight.
Despite such confusion problems, there seems to be a trend
of a positive temperature gradient dT/ds > 0 above the
footpoint for most of the loops (Table 2). To estimate these
average temperature gradients (without correcting for
multiloop confusion) we performed a linear regression T,(s)
for all loops. The most significant temperature gradients are
found for loop 11 (dT/ds = +0.0049 K m™1), for loop 20
(dT/ds = +0.0012 K m™!), and for loop 25 (dT/ds =
+ 0.0054 K m™1); see examples in Figure 10 and Table 1.
The distribution of temperature gradients N(dT/ds) is
shown in Figure 11 (bottom right), revealing that ~75% of
the loops have a positive temperature gradient d7/ds > 0
across the first scale height above their footpoints. Higher
parts (h 2 14) of these loops are not detectable in EIT
images due to insufficient density contrast (1 scale height
corresponds to a factor of ~3 in density or a factor of ~ 10
in emission measure or EIT flux).

2.9. Magnetic Field, Plasma-f Parameter, and
Alfvén Velocity

There is no accurate method available yet to determine
the height dependence of the coronal magnetic field, nor to

trace the magnetic field along a particular active region
loop. Some attempts are in progress to match loop geome-
tries observed in SXR or EUV with potential field models
(constrained by the photospheric boundary and projections
of coronal loops; Gary 1997; Gary & Alexander 1999). As a
first approximation to investigate the magnetic field along
the observed EUV loops, we calculate here a potential field
model of AR 7986, using the code of Sakurai (1982) applied
to a SOHO/Michelson-Doppler Imager (MDI) magneto-
gram, recorded on the same day as the EIT image (with a
time difference of 20 hr). The potential field model is shown
in Figure 12, overlaid on the MDI magnetogram, and co-
aligned with the traced EIT loops (by transforming the
three-dimensional field lines according to the solar rotation
rate during the time difference). Note that the EUV loops
represent independent tracers of the plasma along magnetic
field lines and thus convey an important test of how well the
coronal magnetic field is represented with a potential field
model. The match of the traced EUV loops with the poten-
tial field shown in Figure 12 is remarkably good, given the
time difference of 20 hr and the nonpotential structure
implied by currents that are likely to be present in this
active region, imposed by the observed filament along the
neutral line. Detailed modeling with potential and force-free
magnetic fields and investigating the best match with indi-
vidual loops traced from FIT and SXT images will be
pursued in a subsequent study.

To estimate the magnetic field along the traced EIT loops
we localize those potential field lines that have the closest
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F16. 12—SOHO/MDI magnetogram recorded on 1996 August 30, 2048 UT, rotated to the time of the analyzed EIT image (1996 August 30, 0020:14 UT),
with contour levels at B = —350, —250, ..., + 1150 G (in steps of 100 G). Magnetic field lines calculated from a potential field model are overlaid (thin lines)

onto the 30 loops (thick lines) traced from the SOHO/EIT image.

footpoints to the EIT loop footpoints and take the height
dependence of their magnetic field strength B(h) as a proxy
for the EIT loops. The height dependence of the magnetic
field B(h) of the 30 potential field lines closest to the
analyzed EIT loops is shown in Figure 13 (top). It can be
approximated with a dipole model,

h -3
B(h) = Bfoot<1 + _> s
hp,

with a mean dipole depth of h, = 75 Mm and a range of
footpoint field strengths B, ~ 20, ..., 230 G (dashed lines
in Fig. 13, top), or a mean of B;,,, ~ 100 G.

With the potential field B(h) and the measured density
n,(h) and temperature profiles T,(h) we can now determine
the height dependence of the plasma-f parameter for each
of the 30 analyzed loops,

n(WkT(h)
[B(h)*/8] B(h? ’

which quantifies the ratio of the thermal to the magnetic
pressure and thus provides a crucial criterion for magnetic
confinement. The plasma-f parameter is shown in Figure 13
(middle), ranging typically at f < 0.1 in the entire coronal
range (h < 200 Mm) of the EUV loops. We find only 2 (out

(7

~ 347 x 1015 "N TM)

B(h) = ()

of 30 loops) that exceed the critical limit of f > 1, possibly
implying currents and nonpotential magnetic fields along
the loops. Gary & Alexander (1999) found such regimes
with § = 1 in the upper corona at h > 0.2 R, from analysis
of SXR loops, in contrast to the common belief that the
coronal value is always f < 1 (Dulk & McLean 1978; Priest
1981; Sakurai 1989 ; Gary 1990; McClymont, Jiao, & Mikic
1997). Reliable measurements of the plasma-f parameter
require fully resolved structures, such as single loops
analyzed here (save for unknown filling factors), whereas
line-of-sight averaged densities are expected to underesti-
mate the density in loop structures and thus are biased
toward too low f values.

A further plasma parameter that is of interest for coronal
loop dynamics is the Alfvén velocity, which can be com-
puted along individual loops thanks to the knowledge of
the magnetic field B(h) and density n,(h),

B(h)

B ~218x10'' ——cm s

/ 4nnh)m; /1e(h)

This quantity is shown in Figure 13 (bottom). The Alfvén
velocity is found to be highest near the footpoints of the
analyzed EUV loops, ranging from v,(h = 0) ~ 2000 to
6000 km s ', and is dropping off steadily with larger height

-1

va(h) = &)
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(see Fig. 12). The vertical density scale height A = 55 Mm is marked with a
dotted line. A potential field model is indicated with dashed curves (top).

to a characteristic value of v,(h = 100 Mm) =~ 500-1000 km
s™L.

3. PHYSICAL MODELS AND DISCUSSION

The density and temperature diagnostics obtained as
functions of three-dimensional space coordinates allow us
to investigate the physical conditions in the analyzed loops
and to test some theoretical loop models and scaling laws.
The major benefit of this study is that the loop geometry is
well determined by the data, so that no geometric assump-
tions have to be made in the application of theoretical loop
models.
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3.1. Loop Length Parametrization

Because the thermal energy is generally much smaller
than the magnetic energy in the corona [plasma parameter
B = n_ kg T,/(B?/87) < 1], energy transport in coronal loops
can be reduced to one dimension, as a function of the loop
length parameter s. In our analysis we detected, except for
one complete loop, only segments of loops that extend
about 1 scale height above the primary footpoint. We will
denote the start of the traced loop segments at the primary
footpoint with s = 0, the end of the traced loop segment
with s = L,, and the full loop length extending all the way
to the secondary footpoint with s = L. By localizing the
secondary footpoint of traced loops from the global dipolar
magnetic field of the active region, we obtained the approx-
imate azimuth angle and length of the footpoint baseline.
Using the stereoscopically determined inclination angle $
and the azimuth angle o of the footpoint baseline (Fig. 2), we
were able to project the three-dimensional loop coordinates
into the loop plane X-Z (eq. [AS]). In this loop plane we
can approximate the loop geometry with a circular func-
tion, by interpolating the three loop positions (s = 0, L,, L)
with the circle parametrization [ X(¢), Y(¢)],

X =R,cos ¢, (10)
Z=R,singp+Z,, (11)

yielding the circular loop radius R, and the offset Z, of the
circle center from the footpoint baseline. The loop length
5(¢p) can now be parametrized as a function of the circular
angle ¢,

(@) =Ro(@ +90)y, —@0o<o=<(m+0¢), (12

where the starting angle ¢, is defined by the loop radius R,
and center offset Z,

Z
@, = arcsin R_Z . (13)

The full loop length L is then
L = Ry(m + 2¢,) . (14)

The geometric elements R,, Z,, L;, and L are listed in
Table 1 for all 30 loops. The same circular geometry was
also used to visualize the extrapolated loop segments in
Figure 5.

For the application of the hydrostatic equilibrium equa-
tion we need also to quantify the height dependence h(s) of
the loop length, which is determined by the loop plane
inclination angle $ and equations (11)—(12),

h(s) = Z cos § = |:Z0 + R, sin (i — (p0>] cos & .

R,
(15)
The apexes or loop tops, hy,, = (Z, + R,) cos §, have a

range of h,,, = 30-225 Mm in our sample of 30 loops and
thus extend up to 4 scale heights (with A = 55 + 10 Mm).

3.2. Static Loop Model

In static loop models it is assumed that mass flows can be
neglected, leading to the basic steady state energy balance
equation, e.g., derived by Rosner et al. (1978),

Ey(s) + Eg(s) — VF(s) =0, (16)
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where Ey denotes the rate of heat deposition, Ey the energy
radiated from the loop, and F is the thermal conductive
flux, to be balanced at each location s of the loop in a static
model.

The conductive flux term can be expressed in one-
dimensional form (with the Spitzer thermal conductivity
k=092 x 10 %ergss~! cm™! K~ 7/?; Spitzer 1962, p. 144)
by

VFs) = % |:—KT5/2(S) %}

2
R 23 xT3/2(s)[@:| ergsem 3s™!, (17)
2 ds

where the approximation on the right-hand side includes
only the linearized temperature dependence T'(s). The lin-
earized temperature dependence can be written in terms of
our measured temperature gradients (d7/ds) and mean tem-
peratures T2 listed in Table 2 by

T(s) = TET + ((fi_D(S - %) . (18)

The conductive flux term VF(s) in the energy balance equa-
tion (17) is calculated for s = 0 in Table 2, having a mean of
(V(F,)> = (—0.003 4+ 0.005) x 10 3ergscm 35~ 1.

The radiative loss term Eg(s) can be written in terms of
the electron density n,(s) and the radiative loss function
A(T),

Ex(s) = —n,(s)>A[T(s)] ergscm 3 s~ 1, (19)

which can be approximated with a constant value in our
relatively narrow temperature range of interest (7, =
0.5-2.0 MK),

A[T]=10"2"%%ergsecm™3s™1 (1057° < T < 10%3),
(20)

as calculated by Raymond, Cox, & Smith (1976) for solar
abundances (Rosner et al. 1978; Fig. 10; and eq. [A1]). The
radiative loss rate Eg(s) is calculated for s = 0 in Table 2,
having a mean of (Eg)> =(— 046 + 0.29) x 1073 ergs
cm ™3 s~ for our 30 analyzed loops, surpassing the conduc-
tive loss rate by about 2 orders of magnitude (under the
assumption of a filling factor of unity).

Static hydrodynamic loop models assume steady state
conditions, i.e., the heating rate has to balance the energy
losses by conduction and radiation according to equation
(16). Because we find here that the conductive loss rate is
much smaller than the radiative loss for this set of analyzed
EUYV loops, the required steady state heating rate has to
balance essentially the radiative loss rate, ie., Ey ~ —Eg.
This steady state heating rate requirement E (defined by
eq. [16]) is listed in Table 2, having a mean of {Ey) =
(+0.46 + 0.28) x 1073 ergs cm~3 s~ 1. Because the radi-
ative loss rate is proportional to the squared density (eq.
[19]), for which we found an exponential decrease with
height (eq. [5]), the steady state heating rate requirement
follows a similar exponential relation,

2h
Eg(s) ¥ —Eg(s) ® n2, A(T) exp |: — ﬁ] ,  (21)

with an exponential scale height that equals half the density
scale height. Such an exponential heating scale height sy, or
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heat-deposition length, has been introduced, for instance in
loop models of Serio et al. (1981),

Ey(s) = Eno oxp < - i) : 22)
SH

which has a mean value of sy = 1/2 = (55 + 10 Mm)/2 =
28 + 5 Mm (see Table 1) for our group of EUV loops. This
is a very stringent requirement for the spatial distribution of
the heating function. It is very unlikely that the heating
function always adjusts to the gravitational stratification
without thermal conduction. However, because we found
that conductive loss is 2 orders of magnitude smaller than
radiative loss, the observed temperature and density struc-
ture of EUV loops can only be controlled by a combination
of heating and radiative loss. Because these two terms
cannot be balanced in a natural way, we conclude that the
observed EUYV loops are not in steady state and thus cannot
be explained with static models.

Coronal loops in steady state conditions have also been
simulated numerically, where solutions of the static energy
equation yield the result that the conductive energy loss is
about equivalent to twice the radiative loss (e.g., Vesecky,
Antiochos, & Underwood 1979). Consequently, for loops in
steady state condition, the heating rate, the conductive loss,
and the radiative loss are all of about the same order. The
fact that we find the conductive loss to be 2 orders of magni-
tude smaller than radiative loss violates this rule of thumb
for steady state condition. Therefore, we conclude that the
observed EUYV loops are not in steady state condition but
rather in a cooling phase, far off the equilibrium.

3.3. Loop Lifetime
To investigate the lifetime of loops we have to consider
the fastest of the energy loss timescales. The conductive loss
time,
_ Ey 3n.ky T,
cnd T dEqdt -~ VF,

T ~ 1.1 x 10~°n, T~%2L% [s],

(23)

is found to be 7., ~ 9 x 10° s (or 10 days), using the
average parameters from Table 1, n, = 1.92 x 10° cm 3,
TEIT = 122 x 10° K, and L, = L/2 = 2.2 x 10'° cm. The
conductive loss time of EUV loops is therefore substantially
longer than for SXR loops, for two reasons (1) the tem-
perature is cooler, and (2) the loop length is somewhat
larger. If we compare typical SXR loops as observed with
Yohkoh/SXT, where typical temperatures of T5*® = 5 MK,
densities of n, =3 x 10° cm 3, and loop lengths of
¥R = 10!° cm were measured (Kano & Tsuneta 1995), we
find conductive loss times of T35k ~ 8 x 10% s (or 2.4 hr).
The huge difference in the conductive loss times of EUV
and SXR loops comes mainly from the temperature factor,

(TSXR/TEVY) ~ 5, which raised to the T~ power yields a

ratio of
EUV EUV\ —5/2
Tcond T
oSXR z <—TSXR> ~ 55, (24)

i.e., the conductive loss time is about 55 times longer for
EUYV loops than for SXR loops.

Let us now estimate the radiative loss time of EUV loops
(under the assumption of a filling factor of unity). The radi-
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ative lifetime is

__Ey _3nekae
Trad = gpdt T 2 A(T)’

yielding a mean lifetime of 7,4, ~ 2.3 x 103 s or about 40
minutes, based on our mean values {(n,> = 1.92 x 10°
cm 3, (T,> =122 MK, and A(T) = 10"21°* ergs cm 3
s~ 1. Comparing the radiative lifetime of EUV loops with
SXR loops, there is less of a difference than for the conduc-
tive loss time. This similarity is because the mean electron
densities are comparable, i.e., nEYY x~ 2 x 10° cm ™3 versus
nS*R ~ 3 x 10° cm ™3 (Kano & Tsuneta 1995), and the radi-
ative loss function has only a slightly smaller value at SXR
temperatures, ie., A(TEY) ~ 107214 ergs cm ™3 s™! (eq.
[17]) versus A(TS*®) ~ 1072218 ergs cm ™3 s™! (Kano &
Tsuneta 1995), whereas the temperatures differ by a linear
factor TS*R/TEUV ~ 5. The ratio of radiative loss times
between EUV and SXR loops is therefore mainly deter-
mined by the temperature ratio,

EUV TEUV
Trad z( >z02, (26)

SXR SXR
Trad T

(25)

yielding a radiative cooling time of 15Xk ~ 10* s (or about 3

hr) for SXR loops. The mean physical loop parameters of
EUYV and SXR loops and the resulting timescales are also
summarized in Table 3 for convenience.

From these average physical parameters of our 30
analyzed EIT loops we find therefore that the conductive
cooling time is at least 2 orders of magnitude larger than the
radiative cooling time, a result that we have already noticed
by comparing conductive loss rates versus the radiative loss
rates in Table 2. This extreme ratio for EUV loops is in
marked contrast to SXR loops, where the ratio t5xy/t55% =
8 x 103/10* ~ 1 is close to unity if we use the mean loop
parameters of Kano & Tsuneta (1995). An even greater dif-
ference was found by Porter & Klimchuk (1995) and Priest
et al. (1998), who measured ratios <1 for individual SXR
loops. Note that, for many of these loops, the ratio may
actually be near unity if we allow for the possibility of small
filling factors (see § 3.5). It is therefore possible that a major-
ity of SXR loops are in quasi-static equilibrium. This is
definitely not the case for the EUV loops, since small filling
factors make the discrepancy between the radiative and
conductive loss rates even larger. The ratio of conductive to
radiative cooling times of EUV loops is even more different
with respect to large-scale SXR loops, where the opposite
ratio was found, i.e., the conductive loss being 2 orders of
magnitude stronger than radiative loss (Priest et al. 1998).
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We have only limited information on the real lifetime of
the analyzed loops. A lower limit is constrained by the radi-
ative cooling time, amounting to 40 minutes at the loop
base. The real lifetime can be a few times longer, if radiative
cooling is partially balanced by heating. However, the real
lifetime cannot be much longer than the radiative cooling
time because the required heating function would then have
to be extremely fine tuned close to the steady state condi-
tion, which is implausible without the effect of thermal con-
duction. Based on this argument we conclude that the real
lifetime cannot exceed a few radiative cooling times, say a
few hours. This conclusion is somewhat supported by the
localization capability of our dynamic stereoscopy method.
The stereoscopic correlation over time intervals of +24 hr
clearly shows spatial displacements of loops. It is therefore
conceivable that the heating function is not cospatial over
24 hr, but rather spreads over multiple neighbored field
lines, where individual loop strands cool off on timescales as
short as the radiative cooling time (~40 minutes). Short-
term fluctuations in 7, < 1.0 MK on the order of 5-10
minutes were also reported by Habbal, Ronan, & Withbroe
(1985). A conceivable scenario is quasi-periodic microflare
heating as simulated by Peres (1997).

3.4. Loop Scaling Laws

Scaling laws have been derived among physical loop
parameters (such as the temperature T, the loop pressure p,
the loop length L, the steady state heating rate requirement
Ey [in a steady state model], and the magnetic field B), to
test the internal self-consistency of the energy balance equa-
tion for a given set of observed loops. We show the relation-
ships between these parameters in the form of correlation
plots for our sample of 30 EUV loops in Figure 14, includ-
ing the loop length L, the loop base pressure p, = p(h = 0),
the steady state heating rate at the footpoint E5, = Egx(h =
0), and the magnetic field By, at the footpoint. The foot-
point field strengths B, have been measured from the
MDI magnetogram by taking the maximum field values
among the nearest MDI pixels to the EIT loop footpoints
(see values of By, listed in Table 2).> We omit correlations
with the temperature because this parameter is almost con-
stant (TE'T = 1.21 + 0.06) for our data set. Linear regres-

3 The cautious reader may make a distinction between a photospheric
and coronal footpoint definition, which can be related using flux conserva-
tion as (B, )72, = {Byno )T 2hot» int case of a canopy-like divergence from
photospheric flux tube radius r, , to coronal footpoint radius r_,,. This

effect is not considered here.

phot cor*

TABLE 3
COMPARISON OF MEAN PHYSICAL LooP PARAMETERS IN EUV AND SXR

EUV SXR
Parameter (This Work) (Kano & Tsuneta 1995, 1996)

ObJEctS ..eovnniieiiiiiieeaiieanns Cool loops Hot loops
Observations ..........c.oeeeeennnnn. SOHO/EIT 171 A Yohkoh/SXT
Electron temperature T, (MK)...... 12 5
Electron density n,, (cm™3)......... 2 x 10° 3 x10°
Loop half-length L (cm)............. 2 x 10t° 1 x 10%°
Loop pressure p, (dyne cm™~?)...... 0.6 4
Conductive loss time 7 g4 (S) - ...... 9 x 105 8 x 10°
Radiative loss time 7,4 (5)........... 2 x 103 1 x 10*
Ratio Ty opg/Trag coveevvermeenmeenuennns 450 1
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sion fits reveal the following correlations

Do € L—0.41i0.12 , (27)
B oc L—1.02i0.43 , (28)
EHO oc L—0.73i0.23 , (29)
EHO oc pé.89i0.07 . (30)

We do not find a significant correlation between the loop
pressure p, and the magnetic field By, (Fig. 14, middle
right), or between the heating rate Ey, and the magnetic
field B;,, (Fig. 14, bottom right).

First, let us discuss the scaling between loop pressure and
loop length. From the analysis of SXR loops (Porter &
Klimchuk 1995; Klimchuk & Porter 1995), a power-law

index of — 1.82 < f < —0.22 (90% confidence range) was
found for the correlation p, oc I. This result is consistent
with our findings from EUV loops, with f§ = —0.41 £+ 0.12
(1 o standard deviation, eq. [27]). The theoretical interpre-
tation of this value § depends on the heating deposition
length in the context of a specific heating model. In the
simplest case where the heating source is localized in a point
source and does not depend on any other physical param-
eters, i.e., the same amount of thermal energy is deposited in
loops of different lengths, the volumetric heating rate would
scale as Eyoc L', If we additionally assume that the
heating rate has to balance the radiative loss, Ej oc p?, as
supported by the observed correlation (eq. [30]), then the
pressure is expected to scale with loop length by p, oc L™ %3,
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or f = —0.5, for one-dimensional loops. This is consistent
with our observed relation p, oc L™ %-41%0-21 (eq. [27]).

Second, we discuss the physical interpretation of corre-
lations with the heating rate Ej,. Inserting the definition of
the loop base pressure p,,

Po = plh = 0) = 2n,o ky TS, (31)

into the steady state heating rate E, that is required to
balance the dominant radiative loss — E (eq. [21]), we find
immediately

Ego oc ngo ~ P(Z) s (32)

since the temperature TE'T, as well as the radiative loss
function A(T), can be approximated by a constant for the
given data set. This explains, by definition, the correlation
found for EUV loops (eq. [30]). Such a dependence (Ey, oc
p?) was also inferred for soft X-ray bright points
(Kankelborg, Walker, & Hoover 1997). Note that this
scaling law is distinctly different from that derived by

Rosner et al. (1978), or Galeev et al. (1981),
Epo ~ 10°p§/°Lg *°, (33)

which was derived under the assumption of quasi-static
equilibrium, in which radiative and conductive losses are
necessarily comparable (e.g., Vesecky et al. 1979). The same
applies to the generalized scaling law of Serio et al. (1981),
who account for a nonconstant pressure p(h), parametrized
by a pressure scale height s, and a heading deposition scale
height s,

1 1
Ego ~ 10°pg/®Lg 3¢ exp |:0.5L<— — —):l . (34
Sy S,
Also Kano & Tsuneta (1996) derived an energy scaling law
by equating radiative and conductive energy loss, for the
special case of the heating source is located at the loop top,

Eyo =40 x 103(p, TL?)Ly ergs cm ™2 s™!  (35)

with T,, the maximum temperature at the loop top. Simi-
larly, Ofman, Klimchuk, & Davila (1998) derive a heating
rate scaling law for resonant absorption of Alfvén waves
under the assumption of quasi steady state equilibrium.
Consequently, because all these energy scaling laws are
based on the assumption of quasi-static equilibrium, in
which radiative and conductive losses are necessarily com-
parable, they are not applicable to our set of EIT loops,
where conductive loss is completely negligible compared
with the radiative loss.

Third, we discuss the physical meaning of correlations
with the magnetic field. For models where loop heating is
accomplished by dissipation of magnetic energy (e.g., nano-
flare heating model of Parker 1988), one would expect a
relation Ey oc B%, which is not consistent with our findings
because we did not find any significant correlation between
Ey and B, (Fig. 14, bottom right). In many coronal heating
models, the dissipated energy E depends also on the loop
length L. It is then useful to investigate the specific depen-
dence of the magnetic field B on the loop length L from
observations, e.g., specified by a power law (Porter & Klim-
chuk 1995),

Boc 2. (36)

Theoretically, a power-law index of 6 = —3 is expected for
a point dipole, or 6 = —2 for a line dipole, in the far-field
approximation. In the near field, i.e., for field lines compara-
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ble with the dipole separation, these relations are strongly
modified (approaching a regime of § &~ 0). The distinction
between the near-field and far-field approximations should
therefore be taken into account in the application of a B(L)
relation. Klimchuk & Porter (1995) inferred that 6 ~ —0.7
by combining their P oc L~! result for SXR loops with the
Skylab result of Golub et al. (1980) that P, oc By, where
the subscripts refer to averages over entire active regions.
Recent work with more detailed magnetic field modeling
yields a value of 6 = —0.97 + 0.25 (Mandrini, Demoulin, &
Klimchuk 1999). This recent value obtained from magnetic
field extrapolations of many active regions agrees very
well with the value found here from EUV loops,
0~ —1.02 + 042 (eq. [28]). The value of 6 ~ —1 for both
SXR and EUV loops indicates that the observed loops
belong to the near-field regime rather than to the far-field
case. Interestingly, no correlation was found between B,
and L for large-scale magnetic fields of the global corona,
which extends out to the heliosphere (Wang et al. 1997).

3.5. Loop Filling Factors

So far we assumed a filling factor of unity in our deriva-
tion of physical loop parameters. However, there is some
indirect evidence that coronal loops may consist of many
unresolved thin strands (Golub et al. 1990), which suggests
a higher electron density inside the strands than obtained
from the volume-averaged emission measure across a
macroscopic loop diameter. If we denote the true density
inside the strands with n¥ and the volume filling factor of
strands by f, the two densities relate by

EM() 1 _ ns)

v S Jf

This filling factor affects the radiative loss rate (eq. [19]),
but not the conductive loss rate (eq. [17]). Numerical solu-
tions of the static energy equation in coronal loops have
shown that the conductive energy loss to the chromosphere
is about twice as much as the radiative loss in the corona
(Vesecky et al. 1979). Based on this argument, the filling
factor can be derived by equating twice the conductive loss
rate with the radiative loss rate, 2VF(s) &~ Eg(s). Porter &
Klimchuk (1995) used this approach to infer filling factors
< 1 for most of the 47 SXR loops they analyzed. Several had
filling factors greater than 1, an unphysical situation that
led them to conclude that those particular loops cannot be
in quasi-static equilibrium. We find a similar situation for
our EUV loops. Introducing a filling factor less than 1
would increase the radiative loss rate, but not the conduc-
tive loss rate, and so the 2 order of magnitude discrepancy
that already exists would become even larger. Thus, our
conclusion that the loops are not in equilibrium seems ines-
capable. It is interesting to note that the nonequilibrium
loops of the Porter and Klimchuk study are relatively cool
at T ~ 2 MK. They may belong to a separate class of loops
(Cargill & Klimchuk 1997) that includes the EIT loops pre-
sented here.

(37)

ng(s) =

3.6. Hydrostatic Equilibrium

The exponential density profiles n(h) of our analyzed
sample of EUV loops together with the finding that the
resulting scale height temperature (T* = 1.22 + 0.23 MK)
matches exactly the filter-ratio temperature (T =
1.21 £ 0.06 MK) in the statistical average, clearly proves
that these EUV loops are in hydrostatic equilibrium. On the
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other hand we found that these EUV loops are not in steady
state condition, but are dominated by radiative cooling.
The question arises then how pressure changes due to
unbalanced heating or cooling processes can always adjust
to hydrostatic equilibrium. Pressure gradients propagate
with sound speed,

ks T,
o= [FBen151 x 10°/T, cms™t,  (39)
Hmy

which amounts to v ~ 165 km s~ for the observed EUV
loops with an average temperature of T, ~ 1.2 MK. Based
on the mean scale height of A = 55 Mm, the sound travel
time across a scale height is ¢, = A/v, = 330 s, or about 5
minutes. Because this sound travel time is therefore always
much shorter than the radiative cooling time, with a
minimum value of 7%, ~ 40 minutes at the loop base,
increasing to 7,,4(h = 4) &~ 110 minutes at a height of 1 scale
height, pressure changes can always be adjusted to hydro-
static equilibrium, so that we expect these loops always to
be close to hydrostatic equilibrium. This is also consistent
with results based on numerical simulations of the thermal
stability. Although uniform-pressure loops were found to be
thermally unstable under some conditions (e.g., if the base
heat flux is too small), the influence of gravity (or hydro-
static equilibrium) was found to have a stabilizing effect
(Wragg & Priest 1982). These arguments may partially
explain the numerous existence of hydrostatic EUV loops
observed by EIT during four solar rotations in this active
region.

3.7. A Statistical Heating Model for EUV Loops

Our measurements have shown two important findings:
(1) EUV loops are in hydrostatic equilibrium, and (2) radi-
ative energy loss dominates conductive loss completely. The
second finding is in strong contrast to SXR loops, which are
found to be close to steady state condition, where radiative
cooling and thermal conduction are comparable. Conse-
quently, EUV loops are far off the steady state equilibrium,
and their temperature structure cannot be explained by
steady state models. Although it is mathematically possible
to construct a heating function that exactly balances the
radiative loss (eq. [21]), the conductive loss rate cannot be
increased (given the observed temperature gradients) to
match the radiative loss, a necessary condition for static
equilibrium. It is therefore more reasonable to invoke a
model that does not require static equilibrium, e.g., a
dynamic model with a time-dependent heating function.

Because thermal conduction is demonstratedly not essen-
tial in EUV loops, we cannot assume a single localized
heating source, e.g., at the loop top, but rather have to
assume a heating function that acts in all parts of the loop,
either uniformly or randomly distributed, but affecting all
parts of the loops in the temporal average. The loop can be
subdivided into multiple strands, where the heating func-
tion acts randomly in different strands, or along the loop
strands (Fig. 15, top). Let us characterize such a heating
function with a fragmented topology, where each elemen-
tary heating event has a dissipation length [, (Fig. 15, top)
and occurs with a mean recurrence rate R = 1/t at a given
loop position h. The duration of the heating event has to be
shorter than the local radiative cooling time z,,4 because the
loops would cool off faster than they can be heated other-
wise. The radiative cooling time depends primarily on the

Vol. 515
STATISTICAL LOOP HEATING MODEL
£ Dissipatign length
'g Loop‘ sfrand
8 l
: Loop height
|
h=0 h=A
ﬂ CYCLIC HEATING ﬂ
+RADIATIVE COOLING

Temperature T(t,h=0)

T(h=A)>
<T(h=0)>—\— -\~ [-\— — —

Time t Time t

F1G. 15—Cartoon of a statistical loop heating model, where heating
events are uniformly or randomly distributed along and across a loop
(possibly in different loop strands) and occur cyclically with a mean recur-
rence time. Because the heated loop portions cool off faster at the loop
footpoints (due to the shorter radiative cooling time, bottom left) than in
larger heights, ie., at 1 scale height, h = A (bottom right), a positive tem-
perature gradient arises in the statistical average.

density and has therefore a height dependence that is
related to the hydrostatic equilibrium, i.e.,

_ kT, h
Trad(h) - ne(h)zA(Te) N Trad exp ()u) ’ (39)

where 12, refers to the radiative cooling time at the loop
base (h = 0). Since the heating timescale has to be shorter
than the radiative cooling time, we can neglect it to first
order and obtain a sawtooth-like temperature profile T)(t)
for a recurrent sequence of heating events, i.e., the loop is
heated cyclically to a temperature T, ,, and cools off with an
exponential decay time t,,4 (Fig. 15, bottom). Because the
radiative cooling time increases with height due to the
hydrostatic density dependence, the loops will cool off
slower in larger heights and thus maintain a higher tem-
perature in the temporal average. This simple model
already explains the basic mean temperature structure of
EUYV loops, producing a positive temperature gradient with
height (without invoking thermal conduction). We can now
derive the mean loop temperature (T (h)> as a function of
the height by averaging the time-dependent temperature
evolution during one heating cycle ¢ (the mean recurrence
time of a heating event),

_ j‘td( Tmax eXp [_ t/Trad(h)] dt
(T = o

- M) [}, _
‘T'““[ I }{1 °Xp[ t,ad(h)]}‘ “0)

Inserting the height dependence of the radiative cooling
time t,,4(h) from equation (39) yields then the following
temperature profile,

Lo (M) - __4r__
) e el |
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where we defined a dimensionless recurrence time ratio gz
by

Ir
Tl(")ad ’
The average temperature gradient dT/dh over a scale height
Ais then

dT  T(h=2) — T(h=0)
dh ~ A

1 {e[1 — exp < — %)] —[1 —exp (—qR)]} ,

dr
(43)

which can be related to the measured temperature gradients
dT/ds described in § 2.8 (see also Table 2). We see that the
temperature gradient depends only on one free model
parameter, the recurrence time ratio gz. For very short
recurrence times, gg < 1, the temperature gradient becomes
zero because heating is almost continuous and thus main-
tains the loop temperature everywhere near T, and is
therefore constant along the loop. On the other side, the
rarer the heating events, the more the loop will cool off
before onset of the next heating event, and thus the steeper a
temperature gradient will arise due to the hydrostatic
dependence of the radiative cooling time. A comparison of
the measured temperature gradient with this model allows
therefore to constrain the recurrence time. We show the
theoretical temperature profiles < T (h)) (eq. [41]) in Figure
16 (left), for a set of recurrence ratios g =0, ..., 1, with the
maximum temperature T,,,, adjusted for each case in such a
way that the loop base has a temperature of T,(h = 0) = 1.2
MK, as observed for our set of EIT loops. The resulting
temperature gradients dT/dh(h = 0) at the loop base are
shown as a function of the recurrence time ¢ in Figure 16
(right), where we find the following behavior: (1) the tem-
perature gradient is very shallow (dT/dh < 0.01 K m™?) for
fast recurrence times (tx < t2,), and (2) a maximum tem-
perature gradient of (dT/dh),,,, < 0.04 K m~1! is predicted
for long recurrence times. We mark the observed tem-
perature gradients dT'/ds in this diagram (crosses in Fig. 16,
right), to infer the recurrence times that are consistent with
the observations. We find that most of the EIT loops (20 out
of 30) have temperature gradients that require recurrence
time ratios of gz < 0.25, or recurrence times of tz = qx

qr =

(42)
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)
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x 124 < 10 minutes (based on 124 ~ 40 minutes). From
this model we predict that heating events should occur with
a mean rate of about 5 minutes in a given loop location to
maintain the observed temperature gradient in EUV loops.
The predicted correlation between temperature gradients
(dT/dh) and temperature fluctuation rates R could possibly
be checked with high-cadence EIT movies (Newmark et al.
1997).

This heating model is entirely constrained by the
observed temperature T,(s) and density profile n,(s) and
predicts a recurrence rate R at a given loop location. In
order to affect the entire length of a loop strand, the total
rate R of heating events has to be multiplied by the ratio of
the loop length L to the dissipation length [, ., of an individ-
val heating event,

L

strand —

R (44)

lheat '
If the loop is composed of Ng,,.q Strands, the required total
number R,,,, of heating events scales with the ratio of
strand cross sections to the loop cross section, i.e.,

2 L 2
) Rl e
Wstrand Wstrand

=R—

lheat
where wg,,,,q indicates the width of a strand. If the width of
individual strands is very small, the total rate of heating
events becomes so large that the variability of individual
heating events cannot be resolved with currently available
time cadences, and the temperature profile of the loop will
appear smooth in space and time. Future investigations will
reveal whether individual heating events can be resolved or
not.

The purpose of this simple statistical heating model
without conduction is just to illustrate that the observed
temperature gradients can naturally be explained with
recurrent heating events uniformly distributed all over the
entire loop. A heating source that is confined to a small part
of the loop cannot explain the temperature structure of
EUYV loops. For instance, a heating source localized at the
loop-top cannot balance the radiative energy loss in the
lower part of the loop (because thermal conduction is ineffi-
cient in EUV loops), an argument that was used by Neupert
et al. (1998) against the heat-deposition model at large
heights (e.g., Wheatland, Sturrock, & Acton 1997). A con-
ductionless heating model necessarily requires a heating
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F1G. 16.—Temperature profiles T,(h) along a loop predicted by the statistical loop heating model (Fig. 15) are shown for different recurrence time ratios
qr =0,0.1,0.2, ..., 1.0 (left). The resulting temperature gradients dT/dh are shown as a function of the recurrence time ratio g (right). The crosses mark the
temperature gradients observed in the 30 EIT loops, and the resulting distribution of recurrence times ¢ is shown in the form of a histogram (insert). Note

that most of the required recurrence times are <10 minutes.
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function that covers the entire loop, either uniformly or
randomly distributed (in space and time). Because a
uniform heating function requires an implausible fine
tuning with the hydrostatic equilibrium, we invoke a sta-
tistical heating function. At this point we leave it open
whether the statistical heating events can be interpreted by
nanoflares (Parker 1988), by resonant dissipation of Alfvén
waves (Ofman et al. 1998), or by cyclically driven mass flows
(e.g., chromospheric evaporation cycles, spicules, surges,
jets, injections). A scenario with quasi-periodic microflare
heating has been modeled, e.g., by Cargill (1994), Cargill &
Klimchuk (1997), or Peres (1997). In the nanoflare concept,
dominant radiation loss (with a ratio of 7,,4/Tconq = 1072),
as observed for the EIT loops here, would occur in the final
cooling phase of a nanoflare event, according to a model of
Cargill (1994).

3.8. Mass Flowsin EUV Loops

In the discussion of heating requirements we neglected
mass flows, which could play a significant role. Downflows
were found from Doppler shift measurements at EUV tem-
peratures of T, ~ 1 MK that carry an energy flux compara-
ble with radiative energy loss (Foukal 1978). Upflows with
(Doppler shift) velocities of 50 km s~ have been reported in
Mg 1x and Mg X lines (T, ~ 1 MK) in an active region
recently observed with SOHO/CDS (Brekke et al. 1997).
Brown (1996) performed hydrodynamic simulations of
loops that cool from an initial temperature of T, = 2 MK
down to temperatures of 7, = 0.1 MK, with subsequent
heating back to the original temperatures of T, = 2 MK (in
cycles of 3000 s). These simulations demonstrate that down-
flows with velocities of 7-45 km s~! occur during the
cooling phase due to coronal condensation.

4. SUMMARY AND CONCLUSIONS

We developed a three-dimensional analysis method
designed to determine geometric and physical parameters of
loop structures in solar EUV or SXR images. This method,
called dynamic stereoscopy, makes use of stereoscopic
correlations of dynamically evolving loop structures that
can be traced from high-pass filtered images. The method is
designed to separate closely spaced, nested loops, in the
plane of the sky, as well as along the line of sight, by suitable
background subtraction. With this method we analyzed
SOHO/EIT Fe X, Fe X, and Fe xm observations of active
region AR 7986, obtained on 1996 August 30. We traced 30
loop segments of this active region and determined the
three-dimensional Cartesian space coordinates [x(s), ¥(s),
z(s)], the loop widths w(s), the electron density #n,(s), and the
electron temperature T,(s) as a function of the loop length s.
The vertical density scale height A of these loops was prop-
erly corrected for the inclination angle $ of the loop plane to
the vertical, and the column depth w,(s) of loops was cor-
rected for the projection angle y(s) between the loop axis
and the line of sight, which enters the conversion of emis-
sion measures EM(s) into electron densities n,(s). From
potential field lines neighbored to the selected EUV loops
we estimated also the magnetic field B(h), the plasma-f
parameter f(h), and the Alfvén velocity v,(h) along the
loops. The physical parameters obtained with this stereo-
scopic three-dimensional method have therefore an
unprecedented accuracy. The statistical results of geometric
and physical parameters of the analyzed 30 EUV loops of
AR 7986 are listed in Table 4.
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The major findings and conclusions of this analysis are as
follows:

1. The analyzed cool EUYV loops are in hydrostatic equi-
librium, i.e., the mean scale height temperature is identical to
the filter-ratio temperature, T2 ~ TE'T, and the density
profile n(h) is nearly exponential. The high accuracy of this
result could only be accomplished by proper reconstruction
of the three-dimensional loop geometry, in particular by the
stereoscopic measurement of the inclination angle ¢ of the
loop planes. The existence of hydrostatic equilibrium is
physically plausible because pressure gradients can be
quickly adjusted to the gravitational scale height, since the
loop cooling times are found to be much longer than the
sound travel time across a scale height.

2. The loop width w(s) is found to be almost constant for
most of the analyzed loops. Only four out 30 loops show a
significant divergence with height, as is expected for dipolar
fields. The constant thickness of EUV loops indicates the
presence of current-induced nonpotential magnetic fields
(Wang & Sakurai 1998), consistent with the findings from
SXR loops (Klimchuk et al. 1992). However, we cannot
make a statement about the magnitude of nonpotential
fields because we measure the geometric divergence only
over a segment of 1 scale height.

3. The potential magnetic field is found to convey an ade-
quate representation of the coronal magnetic field traced
out by EIT loops in some parts of the active region, whereas
significant deviations are present in other parts. The ratio of
the thermal to the magnetic pressure is found to be always
B < 1 up to the apexes of the EIT loops, warranting mag-
netic confinement in all parts of the EUV loops. The Alfvén
velocity is found to be highest near the loop footpoints and
reaches asymptotically values in the range of v, =~
500-1000 km s~ ! in the upper parts of the loops.

4. We find the following scaling laws between the loop
length L, the loop base pressure p,, the footpoint magnetic
field B, and the steady state heating requirement Ep:
Pooc L 0-41£012 B o0 [71.02%043 Tp o [-0.73£0.23
Ego oc pa82£%97 These scaling laws are distinctly different
from steady state loop models usually applied to SXR
loops, where radiative loss is comparable with conductive
loss, e.g., the Rosner et al. (1978) loop scaling laws.

5. The conductive loss rate VF is found to be about 2
orders of magnitude smaller than the radiative loss rate Eg
for these cool EUV loops, a fact that is in marked difference
to hot SXR loops, where it is generally the case that VF . ~
Egr. The dominance of radiative cooling over conductive
cooling is mainly an effect of the cooler temperature of EUV
loops. As a consequence, the heating rate has to balance
only the radiative loss in steady state, implying that the
heating rate scales with the squared density, E, oc n2, and
that the heating scale height sy corresponds to the half-
density scale height A, sy = 4/2. However, because a steady
state solution requires that radiative and conductive loss
are comparable, these cool EUV loops cannot be in steady
state equilibrium.

6. The non-steady state of cool EUV loops requires a
heating function that heats uniformly or randomly along
the loops because thermal conduction from a localized
heating source is inefficient. This excludes heating models
where the heating source is strongly localized, either at the
loop top or at the footpoints. A plausible possibility is sta-
tistical heating events distributed along the entire loop that
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TABLE 4

STATISTICAL RESULTS OF GEOMETRIC AND PHYSICAL PARAMETERS OF THE ANALYZED 30 EUV
Loops oF AR 7986

Parameter Value

Loop radius (Mm) .......ccovviiiiiiiiiiiiiieinineennnnenn. R,=93+23
Offset of circular loop center from baseline (Mm)...... Z,=62+27
Loop height (Mm) .....ccovvviiiiiiiiiiiiiiiiieeenanns h =128 + 56

Loop length (Mm) .......ccooiiiiiiiiiiiiiiiiii e, L=433 + 136
Length of traced loop segments (Mm) ................... L, =89 +29
Loop width (Mm) .........ccooeiiiiiiiiii w=71+028
LoOP aSPeCt Tatio ....ovvuverrinreeriieeriiereieeennnnnns L/w=61+20
Azimuth angle of loop baselines (deg) ................... a=3+10
Inclination angle of loop planes (deg).................... $=7+37

Base emission measure (cm™5)...................
Base electron density (cm™3).................ee.
Base pressure (dyne cm™2) ..........ooiiiinnnn
Density scale height (Mm) ..............cceeennn
Scale height temperature (MK) ..................

EIT 171/195 A filter-ratio temperature (MK)

Temperature gradient (K km™1).................
Conductive loss rate (ergscm 3 s™1) ...........
Radiative loss rate (ergs cm 3 s™ 1) .............
Steady state heating rate (ergs cm ~3s™ 1) ......
Conductive cooling time (S) .....................
Radiative cooling time (S) .......ocevvvvrreennnnns
Ratio of conductive to radiative loss time......
Magnetic field strength at footpoints (G).......
Magnetic dipole depth (Mm) ....................
Ratio thermal/magnetic pressure at footpoints
Ratio thermal/magnetic pressure at loop tops
Alfvén velocity at loop footpoints (km s~ 1)....
Alfvén velocity at loop tops (kms™1)...........

EMO — 1027.61 +0.61

1, = (192 + 0.56) x 10°

Po = 0.61 + 0.17

A=554+10

T# =122 + 023

TET = 121 + 0.06

dT/ds = 0.96 + 4.26

VF, = (—0.003 + 0.005) x 10~3
Eg =(—0.458 + 0.285) x 1073
Ey = (+0.455 + 0.283) x 1073
Toona = 9 % 10° (10 days)

Ta = 2 X 10% (40 minutes)
Teond/Traa = 450

| Byoy, | = 20, ..., 230

hy ~ 75

B(h = 0) = 0.001, ..., 0.01

B(h = 100 Mm) = 0.04, ..., 0.15
v(h = 0) = 2000, ..., 6000

va(h =100 Mm) = 500, ..., 1000

balance the local radiative loss. The radiative cooling time
increases with loop height because of the hydrostatic
density structure and thus leads naturally to a positive tem-
perature gradient along the loop. A mean recurrence time of
<10 minutes for individual heating events at a given loca-
tion can reproduce the observed temperature gradients
measured in EUV loops. Possible candidates for such a
statistical heating function are nanoflares, dissipated Alfvén
waves, or mass injections.

The obtained conclusions rely on the correctness of the
density and temperature measurements, for which we
quoted accountable uncertainties. The quoted uncertainties
do not include possible systematic errors that could not be
quantified in this study, such as calibration errors of the
EIT instrument, uncertainties of coronal abundances used
in the computation of the EIT response function, including
FIP effects of some elements, or newer calculations of the
radiative loss function (e.g., currently computed by J. Cook).
The major progress of this study lies in a more rigorous
reconstruction of the three-dimensional geometry of

coronal loops (which has virtually not been attempted in
earlier studies) and thus should provide more reliable values
of electron densities free from projection and line-of-sight
convolution effects. In future work we will analyze the
hotter loops T, = 1.5 MK of this active region with stereo-
scopic methods. A further goal is to investigate the time
variability of cool and hot active region loops, their steady
state phases, and transitions to nonequilibrium states.

We thank the anonymous referee and a number of people
for suggestions and helpful discussions, including John
Cook, Dan Moses, Charles Kankelborg, Stephen White,
Tim Bastian, Arnold Benz, and Pascal Demoulin. SOHO is
a project of international cooperation between ESA and
NASA. The work of M. J. A. was supported by NASA
grants NAG-54551 and NAG-57233 through the SOHO
Guest Investigator Program. W. M. N. was supported by
NASA Contract NAS5-32350 with the Hughes STX Corpo-
ration. A. Z. was supported by a summer internship at
GSFC through grant NCC5-83 with the Catholic Uni-
versity of America (CUA).

APPENDIX A

HELIOGRAPHIC COORDINATE SYSTEMS AND TRANSFORMATIONS

For analysis of observed images, for time-dependent coordinate transformations that take the solar rotation into account
(as needed in stereoscopic correlations), and for convenient definitions of loop geometries we define three different coordinate

systems:
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Image coordinate system (x, y, z)—The (x, y) coordinates refer to the x-axis and y-axis of an observed image, whereas the
coordinate (z) is orthogonal to the image, or parallel to the line-of-sight direction, defined positive toward the observer. The
origin (x, y, z) = (0, 0, 0) of this coordinate system is most conveniently assumed at the Sun center position. A solar FITS
image should contain the position of the Sun center in pixel units (i, j,o) (in FITS header CRPIX1, CRPIX2 or E_XCEN,
E_YCEN), the pixel size (Ax, Ay) in units or arcseconds (in FITS header CDELT1, CDELT2), and the solar radius i, in pixel
units (in FITS header SOLAR R, or E_ XSMD, E_YSMD if the semidiameters of an ellipse are fitted). With this information,
a pixel position (i, j) can then be converted into the coordinate system (x, y) by

x; = Ax(i — i), (A1)
yi =Ay(j —Jyo) » (A2)

where Ax = arcseconds pixel ~* for (x, y) in units of arcseconds, or Ax = R /i,q, wWith R = 696,000 km, if physical length
units (km) are preferred.

Heliographic coordinate system (1, b, r).—The heliographic coordinate system is corotating with the solar surface. A position
on the solar surface is generally specified by heliographic longitude and latitude coordinates (I, b) (in units of heliographic
degrees), with reference to the Carrington rotation grid. The heliographic longitude and latitude [1,(¢), bo(t)] of the Sun center
and the position angle P(t) of the solar rotation axis for a given time ¢ are published in The Astronomical Almanac (Nautical
Almanac Office, NRL, Washington DC). The two-dimensional spherical coordinate system (I, b) can be generalized into a
three-dimensional coordinate system by incorporating the height & above the solar surface, which can be expressed as a
dimensionless distance to the Sun center (in units of solar radii),

h
r=<1+R—o>. (A3)

The transformation from the three-dimensional heliographic coordinate system (I, b, r) into image coordinates (x, y, z) can be
accomplished by applying a series of four rotations to the (normalized) vector (0, 0, r) (see also Loughhead, Wang, & Blows
1983),

X/Rg cos (P + P,) —sin (P + P,) 0) (1 0 0
y/Ro | = | sin (P + Py) cos (P + Py) 0f]0 cos b, —sin b,
z/Rg 0 0 1) \0 sin b, cos b,
cos (I — ) 0 —sin(ly—0) (1 0 0 0
0 1 0 0 cos—b —sin—b||0f, (Ad)

sin (I, — ) 0 cos (lo— D) \O sin—b cos—b) \r

where (I, b,) are the heliographic longitude and latitude of the Sun center, P is the position angle of the solar rotation axis
with respect to the north-south direction (defined positive toward east), and P, is the image rotation (roll) angle with respect
to the north-south direction (P + P, = 0 for images rotated to solar north). In stereoscopic correlations, only the longitude of
the Sun center, [ (), is time-dependent in first order (according to the solar rotation rate), whereas b,(t) and P(t) are slowly
varying and thus almost constant for short time intervals.

Loop plane coordinate system (X, Y, Z)—To parametrize coronal loops it is also convenient to introduce a Cartesian
system that is aligned with the loop footpoint baseline (X-axis) and coincides with the loop plane (X-Z plane, Y = 0). For
instance, a circular loop model defined in the X-Z plane is specified in equations (10)—(11). The transformation of loop
coordinates (X, Y = 0, Z) into Cartesian coordinate system (X', Y’, Z’) that is aligned with the heliographic coordinate system
(1, b, r) can simply be accomplished with help of two rotations,

X’ cos o —sina 0) (1 0 0 X
Y| =|sin« cos o of|o cos 9 sin$g|[|Y |, (A5)
zZ 0 0 1)\0 —sin$ cos $) \Z

where the azimuth angle o denotes the angle between the loop footpoint baseline and the east-west direction and 9 represents
the inclination or tilt angle between the loop plane and the vertical to the solar surface (Fig. 2). Placing the origin of the loop
coordinate system [ X = 0, Y = 0, Z = 0] (which is also the origin of the rotated coordinate system [ X' =0, Y' =0, Z' = 0]
at heliographic position (/;, b,) at an altitude h,,, above the solar surface, the transformation into heliographic coordinates is
then given by

l I, + arctan [X'/Z' + h¢ooy + Ro)]
b|=| b, +arctan [Y/Z + heoi + Ro)] . (A6)
r)  \VIX?+Y?+(Z + h + Ro)*1/Ro
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APPENDIX B
LINE-OF-SIGHT CORRECTION ON LOOP COLUMN DEPTH

Column depth of loops with constant cross section—In order to convert observed emission measures EM(x, y) =
| nZ(x, y, z) dz into local electron densities n(x, y, z) we need information on the column depth | dz. An approximation that is
often useful is coronal loops with a constant cross section w, which can be measured from the FWHM as it appears
perpendicular to the line of sight in the plane of the sky. For three-dimensional models of loops parametrized by coordinates
(x;, yi» z;), the angle Y between the line of sight and a loop segment can then directly be derived by the ratio of the projected to

the effective length of a loop segment [i,i + 1].

\/(xi+1 — %)+ Wivs — V)

cos (Y[x;, yi» z;]) = (B1)
\/(xi+1 - xi)2 + Vi1 — yi)2 + (Zivq — Zi)2
yielding the column depth w, along the line-of-sight axis z,
w
w.lx;, ¥i» zi] = B2
Yo 2 = s W v 2 2
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Conclusion Provisoire

Récemment, Lenz et collaborateurs ([134]) ont analysé avec la haute résolution de TRACE
des boucles EUV a 171A et 195A. lls ont retrouvé et confirmé notre résultat, a savoir, gu’il
n'y a pas de variation en température le long de certaines boucles EUV. Il va donc falloir
comprendre a I'avenir pourquoi des boucles EUV isothermiques d’une part et des boucles
X plus chaudes au sommet d’autre part peuvent toutes 2 correspondre au confinement de
plasma le long de lignes magnétiques fermées.

IV.3.2 Role du torsadage pour les boucles coronales

En analysant les données il est apparu la nécessité de prendre en compte par un nouveau
modele d’ajustement les anisotropies sur les boucles EUV. Lintroduction du torsadage a
permis d’ajuster des boucles dont le modele circulaire ne pouvait rendre compte.

Nous allons donc faire de la stéréoscopie statique avec un modele a priori non circu-
laire.

Dans le cas d’'un modele simple, on approxime la boucle par un cercle dont on calcule
le rayon, et la hauteur du centre par rapport a la photosphere.

L,=110.2°, B,=19.5°, r,=32.1Mm, h= 9.8Mm, Az=-15.1°, 8=-25.0°,
LOOp # 3 r= 0.0Mm, @= 0.0° @= 0.0° o= 0.2pix
eits_970806_232518fits filter_image.fits eits_970806_232518.loop3

i J 0.080 M iy & 0.080F B ¥ E
! -, ] 3l :
¢ LT ' iz i L
< 0070 - 5 0070 g 'k E g 0.070F ...ho--ooo7
2 3 s . o, 3 .

9718/ 6 23:25:18.950 ) B . . . .
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EIT, wavlength= 195 A

Figure IV.13: Exemple ou le modele circulaire convient pour ajuster une boucle

Certaines boucles s’ajustent parfaitement sur ce modele circulaire (Fig. 1V.13).

Afin de prendre en compte les écarts a la circularité observés (Exemple Fig. IV.14), on
peut étre amené a considérer que le flux de plasma se retrouve torsadé inclus a la surface
d’un tore (cf [261]).

En effet, lorsque la boucle est torsadée, elle n'est plus nécessairement coplanaire.
Dans le cas d’un modele plan photosphérique parallele la boucle se retrouve comme une
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L,=111.4° By=20.0°, r,=16.7Mm, hy= 1.0Mm, Az=-20.1°, 8=-99.1°,
r= 0.0Mm, @= 0.0° @= 0.0° o= 0.8pix
fller_lmage.ms eits_970805_192404.loopl

L " g
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Figure 1V.14: Exemple ou le modele circulaire ne suffit plus pour ajuster une boucle

ligne. Lorsqu’il y a torsadage cette ligne évolue dans un tube cylindrique. En retransfor-
mant en 3D cela revient a dire que la boucle se trouve sur la surface d’un tore (Fig. IV.15).
On peut donc mesurer les angles de départ et d’arrivée de la courbe sur le tore ainsi que
les parametres du tore (rayons, hauteurs,...).

La suite de l'algorithme basé sur la stéréoscopie est le méme. Toutefois au niveau des
contraintes, lorsqu’il existe plusieurs types de solutions possibles on préférera la solution
la plus simple (sans torsion). La continuité des paramétres avec le temps dans I'ensemble
des solutions possibles donnera I'existence et I'unicité de la solution physique.

La méthode a été appliquée aux cas ci dessous : une émergence rapide de boucles et
une évolution a long terme de tubes de flux dans une région active.
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—>

)

Representation plan parallele
de la boucle

|Pelparaions R ARG s

Boucle circulaire

Representation plan parallele
Ligne magnetique torsade

Boucle torsadee

Figure IV.15: Du cercle a la ligne sur le tore (Justification du modele torique)
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Figure IV.16: Définition des parametres des boucles torsadées :

ro le rayon principal du tore, h la hauteur du centre du tore par rapport a la surface,
le rayon secondaire du tor@®; et d, les angles par rapport a une origine arbitraire de la
position de la boucle par rapport a la coupe horizontale.
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Validation de la méthode

Algorithme A titre d’exemple considérons les données du 2 Aout 1998 a 07:24 TU.
Le fichier eits_960802_072407.loop1l comprend les coordonnées de la boucle 1 telles que
obtenues aprés ajustement a I'ecran sur I'image EIT. Ces coordonnées vont étre transfor-
mées en fonction des éphémerides et de la position héliographique de I'image pour obtenir
differents ajustements.

Plusieurs exemples de resultats d’ajustements des parametres sont données dans la ta-
ble 1V.3 (Fichier eits_960802_072407.paral).

lo bo o ho az th r Pl o2 dev
254.24| -7.95| 57.16| 9.77 | 18.91| -92.56| 2.92 | 301.73| 138.35|| 1.15
256.29| -7.58| 58.11| 1.39 | 32.67| -86.87| 25.01| 145.79| -39.05 || 1.73
254.26| -8.02| 54.65| 10.11| 28.99| -74.45 1 0.0 1 0.73
254.52| -7.79| 64.93| 16.49| 16.09| -97.01| 19.21| 228.96| 118.75| 1.22
254.62| -9.27| 52.61| 24.22| 14.21| -94.59| 0.12 | 39.00 | 55.27 || 1.13
254.51| -6.35| 62.26| 13.31| 15.56| -57.93| 18.71| 122.27| 104.08|| 2.85
254.52| -6.34| 62.28| 13.48| 15.47| -58.02| 18.91| 122.60| 103.49|| 2.84

Table 1V.3: Différentes solutions géometriques pour 1 boucle avec 1 seul angle de vue (La
déviation entre le modéle et I'ajusté - dev - est exprimé en pixels)

Certains valeurs de ce tableau sont non physiques comme par exemple lorsque la
boucle est trouvée comme étant sous la surfaee ( th! > 90 degres ). On élimine
alors ces solutions.
On obtient nénamoins plusieurs valeurs pour I'ajustement. L'unicité de la solution es-
t obtenue en comparant I'évolution temporelle. Les valeurs alors doivent étre proches
puisque le tube de flux magnetique se déforme de maniere continue (au sens mathéma-
tique).

On peut alors retracer la boucle ainsi correctement ajustée sur le graphique.

Incertitudes On verifie (Fig. V.17 et IV.18) pour chacun des parametres calculés les
barres d’incertitudes.

A titre d’exemple sur les données du 30 Aout 1996, si au lieu d’agdie= —197.10

on avaite2 = —190, on passerait d'une déviation de 0.32 pixel a une déviation de 2.78
pixels. En minimisant le paramétre de déviation on est bien capable de voir les différences
de torsadages méme lorsqu’elles sont inférieures a 7 degrés.
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L,=251.6°, B,=-15.0°, r,=54.8Mm, hj= 6.3Mm, Az= 0.4°, 08=55.9°,

Loop# 1 rZ101Mm, =813 @="° o= 0.3 pix
eits_960830_002014.fits filter_imagefits eits_960830_002014.loop1
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Figure IV.17: SOHO/EIT le 96-08-30 a 00h 20mn 14s (UT) boucle 1, Les parametres
d’ajustement sont |0 = 251.62, b0 =-15.02, r0 = 54.84 Mm, h0 = 6.28 Mm, az = 0.45, th
=55.86, rl = 10.05 Mm¢l = —81.33 degrésgp2 = —197.10 degrés. L'erreur mesurée
entre le modéle et I'ajustement est dev = 0.32 pixel

L,=251.6°, B,=-15.0°, r,=54.8Mm, hj= 6.3Mm, Az= 0.4°, ©8=55.9°,

r,=10.1Mm, ¢;=-81.3°, @="*** o= 1.6 pix
filter_image fits

Loop # 1
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Figure 1V.18: SOHO/EIT le 96-08-30 a 00h 20mn 14s (UT) boucle 1. Les parametres
d’ajustement sorp = 251.62 by =-15.02,rg = 54.84,hy = 6.28, az = 0.45, th = 55.86;
=10.05,91 = —81.33,d2 = —190. L'erreur mesurée entre le modele et I'ajustement est

dev = 2.78 pixels
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Vérification de la convergence vers un minimum global On prend le cas du 96-08-30
a 00h20mn14s. La Table 1V.4 donne la solution trouvée par la méthode.

lo bo ro ho az th ri Pl P2 dev
251.62| -15.02| 54.84| 6.28 | 0.45| 55.86| 10.05| -81.33| -197.10|| 0.32

Table IV.4: Valeur de convergence trouvée par la méthode

Nous allons nous assurer que cela est bien un minimum sur 'ensemble des parametres
en prenant comme valeur

10 b0 r0 ho az th
262 -156 55 6 0 56

et en faisant varier r1 de 5 a 15 Mm avec des pas de 1 §Inde -90 a -80 degrés
avec des pas de +1 degq, de -200 a -190 degres avec des pas de +1 degré.

Ainsi on va analyser la déviation en fonction dd (p2) pour r1=10Mm. De méme on
prendra 2 autres plans de rl pour verifier la dependance.

o 1=
Dev‘@t@ 4<
2.2 ;’\-
2.0
1.8
= RN

Figure IV.19: Pour rl fixé a 10Mm, mesure de la variation minimale pglurariant
de -90 a -80 degrégp2 de -200 a -190 degrés: Le minimum de déviation correspond a
@l ~ —81 degrés ep2 ~ —197 degres.

Le minimum est atteint sur la fig.IV.19 pour les valeds = —81 degrés e, =
—197 degrés. En comparant les figures 1V.19, V.20 et IV.21 ce minimum semble &tre un
mimimum sur un certain voisinage topologique. Afin de vérifier cela on regarde aussi les
variations avec rl qui varient IV.22 et IV.23. Cela confirme la necessité de faire le calcul
variationnel sur 'ensemble des variables.
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Figure IV.20: Pour rl fixé a 9Mm, mesure de la variation minimale gdurariant de -90
a -80 degrésp2 de -200 a -190 degreés.
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Figure 1V.21: Pour rl fixé a 11Mm, mesure de la variation minimale gduvariant de
-90 a -80 degresp2 de -200 a -190 degres.



CHAPTER IV. LES BOUCLES CORONALES 137

A=
feds @hW/ -

PP

[N
aa

11y
H‘H’
/W8O SRR

T A
RN

_1.90 |

. [
R

OO i""‘.!""‘,"'jl'\‘\!\
/2 NIRRT,
AR

Figure 1V.22: Pounp, fixé a -81 degré, déviation en fonction de rlget: Le minimum
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Figure IV.23: PouKp, fixé a -197 degre, déviation en fonction de ripet Le minimum
est atteint pourl ~ 10 et@; ~ —81
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Convergence La convergence de la méthode se fait en minimisant le parametre d’erreur
dev. Différentes itérations de la méthode sont présentés figures 1V.24 et IV.25.

Ajustement des boucles
ppF—T———————

Erreur (unites arbitraires)

a 500 1000 1500 2000
nombre d'iterations

Figure 1V.24: Minimisation de dev en fonction de l'itération

Ajustement des boucles
——

Erreur (unites arbitraires)

a 20 40 60 80 100
nombre d'iterations

Figure IV.25: Minimisation de dev par mimimum d’entropie (deviation en fonction de
I'itération)
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IV.3.3 Quelgques exemples

Apres avoir qualifié la méthode en y ayant introduit des asymétries, nous allons main-
tenant étudier plusieurs possibilités d’évolution. Tout d’abord, nous prendrons le cas
de I'’émergence rapide de nouveaux tubes de flux. Ensuite nous regarderons le cas de
I’évolution de tube de flux sur une plus longue durée (plusieurs rotations solaires)

Cas d’une évolution rapide
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e Emerging flux and short time loop expansion August 5th-6th, 1997
e par Portier-Fozzani, Démoulin, Neupert, Aschwanden, Maucherat

e Soumis a Astronomy & Astrophysics (Novembre 1999)

Dans cet article nous nous sommesinteresse a |’ émergence de boucles et a I’ évolution
de leur torsadage en fonction de I” expansion.
Nous avons compar € lesrésultats observationnelsainsi obtenus avec lesthéories d’ évolution
de tubes de flux.
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Abstract. Emerging coronal loops were studied with extreme ultraviolet observations performed
by SOHO/EIT on 5 and 6 August 1997 for NOAA 8069. Physical parameters (size and twist) were
determined by a new stereoscopic method. The flux tubes were measured twisted when first observed
by EIT. After emerging, they de-twisted as they expanded, which corresponds to a minimization of
the energy. Different scenarios which take into account the conservation of the magnetic helicity are
discussed in relation with structure and temperature variations.

1. Introduction

The solar magnetic field (Solanki, 1998), which drives solar activity, emerges over
the photosphere as flux tubes which confine the plasma (Klimchuk and Porter,
1996; Parker, 1974).

Different types of loops with fast or slow evolution — between days up to
months — coexist (Bray et al., 1991). Their morphologies can change a lot due
to shearing and twisting of the flux tubes. Shear, measured along the inversion
line of the vertical field component (between the two footpoints of a bipolar AR),
plays a major role in flares as reviewed by Heyvaerts and Hagyard (1991). In other
cases, loops are sometimes seen to be twisted which indicates a perturbation from
a lower energy state. Energy release within very hot loops observed in X-rays and
also highly twisted — i.e., with an S shape called a sigmoid — happens sometimes
as flares (Rust and Kumar, 1996). Difficulties in measuring the loop twist accounts
for the small number of articles concerning it. With new stereoscopy techniques
and the actual resolution of EUV instruments it has become possible to estimate
the magnetic helicity by twist measurement.

After describing the instruments and the active region loops (hereafter denoted
ARL) that we observed, we explain the stereoscopic method that we used to deduce
the 3D shape of the observed EIT loops. We focus this study on the measurement
of twist and its evolution with time during the short period of time when the loops

A Solar Physics 203: 289-308, 2001. %3

"w © 2001 Kluwer Academic Publishers. Printed in the Netherlands. ROM



290 F. PORTIER-FOZZANI ET AL.

Figure 1. Active regions observed with SOHO/EIT Fe IX/X on 7 August 1997 at 19:54 UT with their
NOAA numbers (with reversed intensity table: dark on the figure is bright on the Sun).

emerge. We will then discuss the energy and helicity transfer during the evolution
of the geometrical morphology of the loops.

2. Instruments and Target

2.1. INSTRUMENTS

Multiwavelength observations were used for this study.

— SOHOV/EIT images the solar corona in four EUV wavelengths (Delabou-
diniere et al., 1995). Loops with temperature around 1 MK are clearly visible and
their evolution can be studied (e.g., Portier-Fozzani et al., 1997).

— Yohkoh SXT images the hot corona in X rays (temperature between 2—10 MK
e.g., Uchida, 1992; Bentley, Mariska, and Sakao, 1996).

— Magnetograms: SOHO/MDI gives the longitudinal component of the photo-
spheric magnetic fields with two arc sec resolution for full disk images.

Temperature maps are derived with SOHO/EIT using the atomic CHIANTI
code (Dere et al., 1997) with quasi simultaneous image ratios of different EIT
filters (Figure 6, cf., Newmark, 1997; Neupert et al., 1998).
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Photosphere

Photosphere

l Deformation (footpoints motions, ...)

Circular loop

Helix in cylindrical coordinates

Twisted loop

Figure 2. The torus shape approximation for coronal loops: Top: simple circular model with its linear
representation. Bottom: footpoint vortex motion consequences: loops are approximately transformed
respectively to a helix shape on a cylinder and into a line on a torus surface.

2.2. TARGET

The rapid emergence of a new active region (NOAA 8069) on August 5, 1997 made
possible a study of the growth of its coronal loop system. This area — emerging
shortly after the 1996 solar minimum cycle (Harvey and Hudson, 1998) — was far
enough away from other active regions (Figure 1) to provide a good example of
emerging flux tubes with rapid expansion and without interaction with other active
regions (cf., also the MPEG movie in the CD-ROM).

3. Method to Compute the Size and Twist

3.1. THE GEOMETRY OF THE LOOP FITTING MODEL

A plasma loop traces the magnetic field from a positive polarity to a negative
polarity. The simplest coronal loops can be described by the magnetic lines of
a potential field configuration which corresponds to a minimum of the magnetic
energy for a given vertical field at the photosphere (e.g., Aly, 1991). In many cases
(Aschwanden et al., 1999), loops can be fitted approximately with a circular model
(i.e., constant radius without torsion in an Eulerian frame). A geometrical approxi-
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Figure 3. Geometric circular parameters definition with the standard circular approximation.

mation often used to describe a coronal loop is to neglect the global curvature of the
loop, so the configuration is stretched and contained in a line between two ‘half’
planes representing the photosphere (Figure 2 top). We call F the transformation
which, if applied to a circular loop, transforms it into a straight line.

In simple cases, footpoint motion will introduce torsion. In cylindrical coordi-
nates, field lines are then transformed to a helix. By applying the reverse application
F~',in 3D the field lines will approximately appear as lines upon a torus surface
(Figure 2 bottom). It is worth noting that the force balance will be changed by this
transformation. We neglect these effects here.

These non-circular and non-coplanar models are needed to describe twisted
loops. More complex loop shapes, present even in bipolar magnetic regions are
not considered in this paper.

3.2. ALGORITHM

As a first step, we consider that the loop is circular. We then determine the 3D
parameters from static stereoscopy. In static stereoscopy, the solar rotation is used
to vary the aspect angle of otherwise static structures (e.g., Loughhead, Chen,
and Wang, 1984; Berton and Sakurai, 1985; Aschwanden and Bastian, 1994a, b;
Davila, 1994; Aschwanden, 1995).

Recently, Aschwanden et al. (1999) have developed a method called dynamic
stereo vision where the fit can be obtained even if the circular loops traces are not
completely visible all the time (for the case where the closed magnetic field lines
are not permanently traced). In this paper we want to take into account that the
loop could be non circular. To be able to keep that possibility, our software uses
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Figure 4. Definition of the parameters used to define a helix wound on a torus.

almost the same formula derived in steps 1 to 4 of paragraph 2.2 in Aschwanden
et al. (1999, pp. 845-846). Each fitting is divided into 2 parts:

(1) A forward-fitting method of a given geometric model. The work is done on
a single image where a geometric form is defined a priori and a best fit to one
projection is done.

(2) Using pairs of images separated in time and assuming continuous change of
parameters with time, we calculate the 3D geometry for twisted loops.

Afterwards if the circular fit shows a significant deviation from the observed
loop we assume that the loop is on the torus to check if this deviation could be
interpreted as a magnetic twist (as justified above).

The first model of coronal loop fitting (Figure 3) describes in a simplified
way the morphology of the loops as circular arcs where radius ry, altitude of
the center over the photosphere /i, azimuth and inclination angle (Az and ¢) are
determined. Different fitting parameters are found with an improved least square
method (Powell function of IDL). Heliographic transformations used are presented
in the Appendix A of Aschwanden et al. (1999).

When the loop is non circular, we replace the circular fitting (e.g., radius found
R) by a torus fitting with the initial main radius ryp = R, the small radius r; starts
from zero and is fitted as the twist. This final fitting gives then, with time evolution:
the torus radius ry, its section radius 7y, the altitude above the photosphere %y and
the position centers of the 2 cuts of the torus with the solar surface (S1 and S2).
The program then gives how the line (loop) is twisted along the torus with ®; and
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Figure 5. Example of the fit of one loop for 6 August 1997 at 01:40 UT. On the upper left: the EIT
image and its transform with a Sobel filter which emphases the high spatial frequencies on the image.
On the upper right: the determination of the loop on the image. Lower images: 3 different view points
of the loop fit.

@, phase angles over sections S1 and S2. The complete twist W is given by the
difference between the two angles at the footpoints (Figure 4). The definitions of
the origin of @, and @, are carefully chosen in such a way that if there is no twist
W is zero. It is important to note that each loop asymmetry is fully described by ry,
@, and P, or in an equivalent way by ry, @, and W (see Figure 4).

The fit is non linear, so in general there are several sets of parameters which
minimize the distance between the observation and the model. Let us call s/ the
jth solution for the fitted parameters ( (Lo)!, (Bo)/, Az!, 9/, (ro)], (ho)!, (r1)],
(®1)], (®,)! ) for the image number i.

From the different set of solutions we use the continuity obtained by stereo
vision to derive the unique solution. For that, we select from the set of solutions s; ,
the one with most continuous evolution of parameters. In practice, we first consider
that the loops are circular. The heliographic latitude and longitude can be estimated
by putting a spherical grid on the Sun. From two different images, it is easy to
derive an initial estimation of the azimuth and inclination angles. These are the two
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parameters that we derive first because the line of sight gives us a strong constraint.
The sizes are then deduced. These provide starting values for the circular fit. If the
deviation from the circular fit is too large we evaluate the twist as a perturbation of
the circular model.

3.3. APPLICATION OF THE METHOD

As an example, the method is applied to the SOHO/EIT Fe 1X/X image of 6 August
1997 at 01:40 UT (Figure 5). Loops (Figure 5(a)) are emphasized by Sobel filter-
ing techniques (Figure 5(b)) as a high pass band filter. Loops are fitted with the
described method. The tracing of a loop is established interactively on the image.
It is plotted with crosses on Figure 5(c) while the result of the fitting obtained is
drawn with a full line. Three different viewpoints are presented in Figures 5(d—f)
to show the 3D geometry. The parameters deduced from the fitting are given at the
top of Figure 5.

3.4. UNCERTAINTIES

To determine the exact coordinates and then the real morphology of the loops, we
need to know with high accuracy the Sun center on the EIT images. The coordinates
of the Sun center given by the FITS header is provided by an automatic fitting
routine in which asymmetries, such as an active region on the limb introduce errors.
Instead, we determine the Sun center by fitting a solar limb by a circle with 30
positions. It gives an accuracy of o = 1 pixel/30%> = 0.2 pixel (EIT pixel size
is about 2.616 arc sec). A more complete discussion can be found in Aschwanden
et al. (1999).

We now discuss the error estimation of the values derived. As the precision on
the image is 1 pixel and we fit loops with more than 10 points, the standard error
introduced by describing the loop by a series of points is o = 1 pixel/10%3 ~ 0.3.
Errors concerning the determination of latitude, longitude of loop position, azimuth
angle and inclination angle are already discussed in Aschwanden et al. (1999). To
derive the error for every other parameter, we measured successive images of each
loop and analyzed the variation in each variable (while the other parameters were
kept fixed). As EIT resolution is 2.6 arc sec, we obtained uncertainties of 2 Mm in
linear dimensions. The loops studied have a size around 36 Mm, thus we are able
to distinguish loops with 5 deg of twist differences (within the torus hypothesis).
See the Appendix for details concerning measurement uncertainties.
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Figure 6. Intensity ratios 195A/171A, i.e., temperature between 0.7—1.5 MK (respectively dark —
bright): 5 August 1997 at 07:00 UT, 13:00 UT, 19:00 UT, and 6 August 1997 at 01:00 UT, 15:00 UT.

Figure 7. Aspect of the area with SOHO/EIT Fe 1xX/X et SOHO/MDI, 30 July 1997, i.e., 5 days before
the appearance of the active region.

4. Observations of NOAA 8069

4.1. BEFORE EMERGENCE

Active region NOAA 8069 emerged in an old activity location (Figure 7), as seen in
some other cases (van Driel-Gesztelyi et al., 1998). The remnant of the old active
region (NOAA 8066) was weak. For example, on 30 July 1997, this coronal activity
was seen by EIT as a diffuse area without distinguishable loops in agreement with
MDI observations which showed a small bipolar magnetic field with weak intensity
(Figure 7). The sunspot area in NOAA 8066 appeared at the limb on 25 July 1997
(Solar Geophysical Data Report, 1997) and was no longer visible on 31 July 1997
although it should have been near the disk center. The photospheric magnetic field
remained weak but detectable (cf., iso-contours of the Stanford Magnetogram in
Solar Geophysical Data Report, 1997). No structure was visible at the highest
temperatures in X-rays with Yohkoh. No activity was reported until 5 August (Solar
Geophysical Data Report, 1997) when the sunspot NOAA 8069 appeared there.
New bright loops appeared on the EIT images on 5 August 1997 at 07:18 UT.

4.2. ACTIVE-REGION EVOLUTION

Loops were observed simultaneously in EUV-structures with temperatures around
10° K, and in X-rays 7, ~ 5 x 10° K. The loops observed by EIT in NOAA 8069 do
not appear to be simple potential loops corresponding to the bipolar photospheric
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Figure 8. SOHO/MDI magnetic evolution of the bipolar AR: 5 August 1997 at 14:29 UT, 5 August

1997 at 15:27 UT, 6 August 1997 at 09:41 UT, 6 August 1997 at 17:28 UT. Magnetic field: white =
positive polarity, black = negative polarity.

TABLEI
Loop size and twist evolution. Average of 5 different loops (the results for the different
loops exhibit the same variations). We obtained uncertainties of 2 Mm for the maximum
altitude and 5 deg for the twist. The small radius of the torus remains about 5 Mm.

Date 5 Aug. 1997 6 Aug. 1997 6 Aug. 1997 6 Aug. 1997
time 19:07 UT 01:40 UT 15:51 UT 23:25 UT
Maximum altitude 34 37 40 46

(ro + hg in Mm)

Twist: ¥ = &) — P 210 55 27 10
E.g.,Loop la: ¥y 230 105 70.1 50.3
E.g.,Loop la: @ 18 50 43 40

field observed (Figure 8). The fitting technique developed in Section 3 was used to
estimate the twist in these loops.

From EIT images, first an increase of temperature was observed (Figures
6(a—c)). The increase of the temperature coincides with the position of the mag-
netic field lines which emerge. During the same time, magnetograms showed an
enlargement of the bipolarity and an increase in the magnetic field intensity. This
revealed strong development of photospheric magnetic activity (Figure 8) which is
followed by an increase of temperature observed in the neighborhood of the loops
and not only along the magnetic field lines (Figures 6(d) and 6(e)).

Five similar loops were fitted on each image. Then, the 3D loop geometry
was obtained for 5 August 1997 at 19:07 UT (Figure 9(a)), the 6th at 01:40 UT
(Figure 5), 6 August at 15:51 UT (Figure 9(b)), 6 August at 23:25 UT (Figure 9(c)).

Within the uncertainties, latitude, longitude and inclination angles were found
to be the same for each loop which is consistent with the expected continuity in the
evolution of loop parameters. Measured loop sizes and twists are summarized in
Table I. The average loop expansion increased in height which is consistent with
the development of the polarities observed at the photosphere (Figure 8). The loop
size (altitude + main radius) increases with time.

The velocity of the average loop expansion is found to be less than a few km s~!.
After 2 days of quick expansion, the AR stabilizes in size.
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The results of the fit (see Figure 5) give a left-handed helix (cf., definitions in
Berger, 1998). This corresponds to a negative twist (7,,) and a negative helicity as
the magnetic helicity is proportional to T,,®? (Berger, 1985). As the region studied
is in the northern hemisphere, this chirality agrees with the usual rules by hemi-
sphere: for the northern hemisphere, the magnetic helicity is negative (Seehafer,
1990; Pevtsov, Canfield, and Metcalf, 1995).

The main result is that the measured twist (Table I) decreased continuously with
time during the increase of loop size. The coherent evolution found for the fitting
parameters gives some confidence in the technique developed in Section 3. The
main result is that the measured twist is decreasing with time during the emergence
of AR 8069. The difference of sign between T,, and iy comes from the geometrical
definition. The evolution is analyzed in the next section.

5. Analysis

5.1. ACTIVE-REGION EMERGENCE

We have analyzed the formation of a new active region where a set of loops was
visible in UV. Our observations show that these loops were twisted when they first
appeared in the corona (Table I). In the same way as Leka ef al. (1996), we interpret
our observations as the emergence of a twisted flux tube. However, one difference
is that Leka et al. observed the emergence of 5 small bipoles in an already existing
active region, while in our case it is the full active region which is emerging.

Such emergence of a twisted flux tube is expected from the recent develop-
ment of the theory analyzing the transport of magnetic flux from the bottom of
the convection zone to the photosphere. Indeed both Emonet and Moreno-Insertis
(1998) and Fan, Zweibel, and Lantz (1998) show independently that a minimum of
magnetic twist is needed in order that the flux tube keeps its coherence during its
rise through the convective zone.

5.2. EVOLUTION IN THE CORONA

What is the expected evolution in the corona of such a flux tube? As the emergence
proceeds, a larger part of the twisted flux tube is present in the corona, thus, with-
out dissipation, the twist is expected to grow up to a maximum value (when the
remaining part of the flux tube in the convective zone is no longer buoyant). This
increase of coronal twist has probably happened in our analyzed case earlier in time
but it was difficult to visualize the loop in EUV in this early stage of the emergence
(before 19:00 UT on 5 August). Rather, when we were able to follow the loops,
a continuous decrease of twist was observed (Table I). Since the magnetic twist
is closely related to the non-potentiality of the magnetic field and thus to its free
energy, the decrease of twist may be interpreted as the consequence of magnetic
dissipation. In particular it is well known that a potential magnetic field, with no
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Figure 9. Loops fitting: radius, altitude and twist measured for the 3 other images. From left to right:
the EIT image studied, its Sobel transformed with the loop pointing overlaying, the pointing and the
result of the fitting. From up to down: the results are given for 5 August 1997 at 19:07 UT, the 6
August at 15:51 UT, and 23:25 UT.

twist, minimizes the magnetic energy for a given distribution of the vertical compo-
nent of the photospheric magnetic field. Before further analyzing this scenario, we
describe the constraints given by the observations on the dissipation mechanism.

How was the energy dissipated? In the case of NOAA 8069 flares were detected
only after 6 August (as shown by EIT and GOES data). So the excess of energy
was not realized in flares or it could be that the event intensities were less than the
instrument sensitivity.

No CME either was detected in association with this active region (LASCO
Team, 1999). The only evidence of dissipation is the presence of hot loops in the
active region (Figure 6) which expand. This corresponds to a global heating of the
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loops and may explain the decrease of magnetic twist (while the energy budget of
the emission is difficult to estimate from observations with the narrow pass-band
filters of EIT).

5.3. RELAXATION OF THE MAGNETIC FIELD

According to the above section, the dissipation of the magnetic energy, associated
with the twist, appears to be the most plausible interpretation of the twist evolution.
However, this needs further analysis because a constraint arises from the conserva-
tion of magnetic helicity H in resistive MHD. It is dissipated much more slowly
than the magnetic energy in magnetized plasma with a high Lundquist number
such as the coronal medium, (Biskamp, 1993). For a closed magnetic volume (i.e.,
without flux exiting from the surface of the volume), magnetic helicity is simply
defined by the integral over the volume H = [ [ [ A -B d’r, where A is the vector
potential of B.

For an open system, like the magnetic field of an AR above the photosphere,
this definition needs a generalization : the definition of a relative helicity. But the
important point here is that this relative helicity is also preserved provided there
is no injection of helicity through the boundary — here the photosphere (Berger
and Fields, 1984). The conservation of helicity implies that the lowest energy level
(the potential field) cannot be reached if the field is contained in a finite volume.
The field with minimum energy, with the same photospheric distribution of the
vertical field component, is instead a non-linear force-free field (Sakurai, 1981).
The relaxation to this field still allows a decrease of the magnetic twist. However
in the corona the plasma beta is low so that the magnetic field is space-filling. The
newly emerged field will expand until there is a force balance with the ambient
coronal field. In general this will produce current sheets where magnetic energy
will be dissipated, and where part of the helicity will be transfered to the ambient
field.

We finally conclude that the magnetic twist of the emerging flux tube could
plausibly decrease to a low value, both because of the large expansion of the flux
tube in the corona and because part of the magnetic helicity is transferred to the
surrounding corona (so cascading to large spatial scales, see, e.g., Biskamp, 1993).
This proposition needs however to be tested quantitatively with MHD numerical
simulations.

6. Conclusion

With the development of a new fitting technique based upon stereoscopy of EIT
images we are able to find 3D parameters for loops such as their size and twist. The
emergence and the evolution of active region loops without magnetic neighborhood
interaction is tracked.



MEASUREMENT OF CORONAL MAGNETIC TWISTS 301

L,=251.6°, By=-15.0°, r,=54.8Mm, h;= 6.3Mm, Az= 0.4°, 6=55.9",
r=10.1Mm, ¢,=-81.3°, 0,="****", o= 0.3 pix
eits_960830_002014.loop1

Loop # 1

eits_9B0830_002014.fits

96/8/30 0:20:14.881
008 004 002 000 002 0.04

006 004 002 000 002 004
East-West [deg]

EIT, wavlength= 171 A

Figure 10. SOHO/EIT 30 August 1996 at 00:20:14 UT, loop 1. Parameter fitting gives [y = 251.62,
by = —15.02, r9 = 54.84 Mm, hy = 6.28 Mm, az = 0.45, th = 55.86, ri = 10.05 Mm,
¢1 = —81.33 deg, ¢pp = —197.10 deg. Measured error between the model and the fit is 0.32 pixel.

Active region loops in NOAA 8069 were twisted (almost one turn) when first
observed and de-twisted with time as the loops expanded. The de-twisting with
expansion can be explained by considering the conservation of helicity while the
twist is transfered into an adjacent volume of the corona.

We can try to speculate about what happens if the anisotropy of the emerging
flux is too large to be relaxed in a decent time scale. Thus the expansion could
happen very quickly and create a plasmoid ejection. Amari et al. (1996a,b) have
already discussed the impact of the shear to CMEs. Some flares are related with
twisted or shared emerging flux (Ambastha, 1997; Ishii and Kurokawa, 1997).
Measurement of twist between flare and emergence needs to be done in the future
to confirm this possible scenario. This method could better constrain loop flare
prediction for space weather forecasting.

Additional Material on the CD-ROM

The MPEG arem97 movie was made from the EIT full-disk full-resolution (1024 x
1024 pixels) images available in the transition region Fe 1X/X line (171A). Images
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were taken 5 August at 01:05, 07:18, 13:23, 19:18, and 6 August at 01:40, 07:53,
15:39, 17:35, 19:00, 19:54, 22:46 UT. The movie displays the emergence and
growth of the ARLs of NOAA 80609.
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Appendix : Method Validation and Uncertainty Measurement

A complete analysis concerning validation of the method and the uncertainty mea-
surement has been done using August 1996 data (Portier-Fozzani, 1999). The file
eits_960802_072407.1oop1 for 2 August 1996 at 07:24 UT includes loop 1 coor-
dinates as on a screen showing the SOHO/EIT image. These coordinates will be
transformed with the ephemerides and the heliographic position for the different
fitting.

Several examples of parameter fitting are given in Table II
(file eits_960802_072407.paral).

Some of these values, which are not physical (such as an inclination angle
more than 90 deg which would correspond to a structure under the solar surface),
are suppressed. Meanwhile, we obtain several values for the fitting with only one
image. The uniqueness of the solution is obtained in comparing data from images
given in a time sequence. Values obtained with different images must be close
while the magnetic flux is continuously moving (in the mathematical sense). It is
then possible to re-plot the corrected fitted loop.

A.1. UNCERTAINTIES

We check the uncertainties (Figures 10 and 11) for all the processed parameters.

As an example on the data of 30 August 1996, if instead of ¢, = —197.10 deg
we would have ¢, = —190 deg, then the difference between the model and the
fitting plot will grow 0.32 pixel up to 2.78 pixels. So the minimization of these
differences is effective down to 7 degrees of twist difference.
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TABLE II

Several geometrical solutions obtained for one loop with one angle only (variation between the
model and the fit -dev- is given in pixels).

303

lo by ) hg az th r1 d1 P2 dev
25424 —795 5716 977 1891 —92.56 292 30173 13835 115
25629 —7.58 5811 139 3267 -8687 2501 14579  —39.05 173
25426 —8.02 5465 1011 2899 —7445 1 0.0 1 073
25452 —779 6493 1649 1609 —9701 1921 22896 11875 122
25462 —927 5261 2422 1421 -9459 0.2 3900 5527 1.13
25451 —635 6226 1331 1556 —57.93 1871 12227 10408 2.85
25452 —634 6228 1348 1547 —5802 1891 12260 10349 2.84
L;=251.6°, Bg=-150°, r,=54.8Mm, hs= 6.3Mm, Az= 0.4°, 6=559",
Loop # 1 rZ10.1Mm, 6,813 ¢="*% o= 16pix

eits_S60B30_002014.fits

sits_960830_002014.loop1
T . T o v i T

T T

2 o
Latitude [Mrm]

EIT, waviength= 171 A

Figure 11. SOHO/EIT 30 August 1996 at 00:20:14 UT, loop 1. Parameters fitted are chosen such
as lp = 251.62, by = —15.02, ro = 54.84, hg = 6.28, az = 0.45, th = 55.86, r; = 10.05,
®; = —81.33, $, = —190, giving a measured error between the model and the fit of 2.78 pixels.
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(with ri=10Mm)
Deviation

2,2
2 10
1.8

W ‘ E?jg;\\\rpﬂ;ﬂ-ﬂ‘

-200 -80
ohi2 (fegrees)

Phil (degrees)
Figure 12. For ry given at 10 Mm, minimal variation obtained for ¢; from —90 to —80 deg, ¢, from
—200 to —190 deg: minimum deviation correspond to ¢ ~ —81 deg and ¢ ~ —197 deg.

(with ri=9%m)
Deviation

~

2.4
2.0
1.8
16

. Iﬂh\\/-. 100
-200 .99

Phi2 (in degrees) Phil (in degrees)

Figure 13. For r| given at 9 Mm, measurement of the minimum variation for ¢; from —90 up to
—80 deg, ¢, from —200 up to —190 deg.

The uncertainty calculation is given by the sum of all uncertainties for each of
the parameters. With 30 points, a previous calculation (in the main text) shows that
the most discernible difference between the sampled loop and the model is an error
of 0.2 pixels. If s is the solution and s can be a solution if Error(Norm(s; —s1)) <
0.2 pixels. Then for all fixed parameters except ®,, this cooresponds numerically
to A® ~ 4.7 deg (Portier—Fozzani, 1999). Numerical simulations for the uncer-
tainties is used because even if the torus is a correct analytical function, a line over
a torus is not a simple function and the error cannot be easily derived.
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(ri=11Mm)
Deviation

] k 61'1‘5\\’/3;}

Phi2 (in degrees) -200°-90

Phil (in degrees)
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Figure 14. For r; fixed at 11 Mm, measurement of the minimum variation for ¢; from —90 to

—80 deg, ¢ from —200 to —190 deg.

(Phil= -81 degrees)

- Deviation (pixels)
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Figure 15. For ¢ fixed at —81 deg, deviation as a function of r; and ¢,: The minimum is reached

for r1 ~ 10 Mm and ¢ ~ —197 deg.

A.2. GLOBAL MINIMIZATION CONVERGENCE

Table III gives the solution found for 30 August 1996 at O h 20 min 14 s.

TABLE IIT
Converged values found by the method.

lo bg ro ho az th r1 P1 b2

dev

251.62 —15.02 5484 6.28 045 5586 10.05 —81.33 —197.10

0.32
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(with Phi2 = - 197 degrees)
Deviation

S
2 7 P\

1 6
| 90— e
80 5 ¢

Phil (in degrees) rl (in Mm)

Figure 16. For ¢, fixed at —197 deg, deviation as a function of r| and ¢: the minimum is reached
for 1 ~ 10 Mm and ¢ ~ —81 deg.

Loops fitting
20 T
Errors B
15 7
(Arbitrary [ 1
units) [ 1
10 —L‘_‘ﬂ —
5 4
Q 1 1 I
o 500 1000 1500 2000
Step number

Figure 17. Minimization of dev as a function of the step number.

Loop fitting
15 T T T
10 —
Errors
(arbitrary | i
units)
s
0 1 ! 1 I
o 20 40 6 80 100
step number

Figure 18. Minimization of dev with entropy minimum method (deviation as function of the step).
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We show that this solution completely minimizes the error over all sets of
parameters by analyzing how the method works.

Let us take the initial value as /[y = 262 deg, by = —15 deg, ro = 55 Mm,
ho = 6 Mm, az = 0, th = 56, while r| goes from 5 to 15 Mm with 1 Mm step,
¢, from —90 to —80 deg with 41 deg step, ¢, from —200 to —190 degrees with
+1 deg step. Then we can analyze the deviation versus (¢;,¢;) for r; = 10 Mm.
In practice, we would try 2 other values of r; to look at the variations of the other
parameters.

The minimum is reached (Figure 12) for ®; = —81 deg and ®, = —197 deg.
While comparing Figures 12—14, this minimum is a minimum over a certain topo-
logical neighborhood. To check that, we have to consider also variations with r;
(Figures 15 and 16), and thus a global formula is derived from the variational
calculation over the set of all variables.

A.3. CONVERGENCE

The method is converged by minimizing the error parameter dev. Several steps for
the method are shown in Figures 17 and 18.

Because the Powell function uses a kind of entropy minimalization, the program
is able to jump over a local gap from a local minimum to the global minimum. Then
the program converges toward the absolute minimum of the deviation over the set
of all variables.

A.4. CONCLUSION FOR THE METHOD

The method, based on Powell procedures, reaches a global minimum of the dif-
ference between a graphical fit and a model. Complete uncertainty formulas can
not be calculated directly by analytical mathematics but errors can be estimated by
looking at the difference introduced by a small change in the parameters. Reason-
able values obtained (e.g., with a big difference change while the angle does not
change more than 5 degrees) confirm the good accuracy of the method.
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IV.4. CONCLUSION ET LIENS EVENTUELS DANS LES PHENOMENES
148 ENERGETIQUES

Cas d'une évolution lente

Il est apparu interessant d’étudier I'évolution 3D a long terme des boucles coronales et
de comparer avec le moment des éruptions. A part lors de reconnection entre régions
actives, il est rarement possible (pas assez de résolution spatiale ou temporelle) de décrire
parfaitement les éruptions. Velli ([244]) a rappellé I'influence théorique des ondes MHD
qui peuvent déstabiliser des tubes de flux lorsqu’ils sont torsadés ([136]).

Nous avons ainsi suivi la région qui s’est successivement appellée NOAA 7978, 7981,
7986 de I'été 1996 lors du minimum du cycle. Cette région est formée de nombreuses
boucles. Nous nous sommes servis des images SOHO/EIT pour déterminer les difféerents
parameétres des boucles (comme expliqué au chapitre précédent). Les valeurs trouvées
a petite echelle de temps qui traduisaient la continuité des variables, ont montré la forte
stabilité des boucles. Cette stabilité peut étre observée aussi en réalisant des films de
séquences temporelles.

2 boucles ont ainsi pu étre modélisées et nous avons étudié leur évolution. Ces résultats
préliminaires seront développés dans un article ulterieur mais d’hors et déja, on a pu
remarquer que

1. la torsion mesurée sans impact exterieur a tendance a croitre avec le temps

2. Lorsqu’elle atteint une valeur critique, elle décroit brusquement. Cette chute est
correllée avec une éruption GOES.

Les lecteurs interesseés retrouveront cette étude dans la premiere version de la thése,
disponible sur le CD-ROM, puisque la rédaction de l'article est encore en cours.

IV.4 Conclusion et liens éventuels dans les phénomenes
énergetiques

L'évolution des tubes de flux magnétiques se traduit au niveau de la couronne par le
comportement en 3D des boucles. Les boucles ont tendance a émerger torsadées et
s’expandent progressivement vers une forme plus lisse. Elles peuvent étre parfois trés
circulaires et en équilibre thermodynamique. Lorsque de fortes asymeétries dues au ci-
saillement induit par les mouvements de leurs pieds sont observées, cela peut conduire a
des éruptions avec une forte libération d’énergie.

Tous ces comportements sont cohérents avec une conservation de I'hélicité globale. Le
torsadage peut étre ainsi transformé en expansion. Des valeurs importantes du torsadage
peuvent avoir des conséquences sur la stabilité des structures ainsi que sur le chauffage
coronal. Nous allons étudier maintenant d’autres critéres importants pour la stabilité des
structures 3D coronales.
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Chapter V

Diverses structures coronales

Soleil éblouissant : ta belle chevelure est couronnée de rayons.
Les Véda, Inde, 2000 avt J.C.
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Pour completer I'étude sur la couronne 3D et son évolution, aprées avoir décrit le com-
portement physique des boucles EUV et les interactions entre lignes du champ magnétique
ouvertes et/ou fermés, nous allons maintenant préciser pour des cas precis I'aspect de di-
verses structures coronales.

Dans un premier temps nous allons revenir sur I'étude de la région active de I'été 1996
(NOAA 7981) dont nous avons étudié les changements morphologiques et topologiques
au chapitre précédent et dont nous avons établi differents paramétres sur les boucles. Nous
établirons ainsi un bilan énergétique pour cette région et les structures avoisinantes.

Ensuite afin de mieux comprendre quels types de structures sont détectés par le radio-
télescope de Metsahovi a 87 Ghz, nous comparons ces données a celles de SOHO/EIT.
D’autres observations multi-longueurs d’ondes viendront completer ces données.

Enfin nous regarderons la diversité de I'évolution de la couronne (éruptions, Ejections
de Matieres Coronales,...). Nous analyserons les éruptions de filaments, en considérant
cette fois-ci la stucture torsadée propre du filament.
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V.1 Régions ouvertes et fermées

L'étude de la région du minimum de 1996 a permis de mettre en évidence des structures
ouvertes et des structures fermées. Larticle ci dessous publié dans Sol. Phys. (Neupert
& al., [158]) précise les conditions physiques que nous avons pu déterminer grace a SO-
HO/EIT.
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e Observations of Coronal Structures Above an Active Region by Eit and Impli-
cations for Coronal Energy Deposition

e by NEUPERT, W. M.; NEWMARK, J.; DELABOUDINIERE, J.-P.; THOMPSON,
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e Solar Physics, v. 183, Issue 2, p. 305-321 (1998).
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Cette article compléte |’ étude de la région active de I'été 1996. Les aspects de
géométrie, topologie et évolution sont abordés en relation avec le bilan énergétique.
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V.1. REGIONS OUVERTES ET FERMEES

GBSERVATIONS OF CORONAL STRUCTURES ABOVE AN ACTIVE
REGION BY EIT AND IMPLICATIONS FOR CORONAL ENERGY
DEPOSEFION

W, M. NEUPERT! F NEWMARK?, L-P DELABGUDINIERE?, B, | THOMPSON,
B0 OATLIRAY, L DOMOSEST B B, GURMANT, I PORTIHR-FOZFANE.
ALK, GABRIEL?, G, ARTZNFR® P CLETTEY ¢ CUGNONT, A F MALCHERAT'.
LM DEFISE?, € IAMARY B ROCHUSY K. P DERET, R A, HOWARDY,
£ 5 MICBELSY S FREBLANDY L R LEMENT and R, A, §TERN?
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Abstract. Solar BUY images recorded by the EUV Enagingr Felageope JRIT on SO0 have been
meed] B evidesde temperaire and densiiy as o Tescton of posifion in roe nmeseale features i the
coring ebserved i the ermperatiere raage of 1.60-2.48 ME, Sach observations peradi esiinmies of
Jesmiriladinast semnpreraivrs gradionts O preseat) ia the corone and, conseauently, sstimates of thermat
vormdglion amd radiwive [osses a6 o Bmotior of positzon ke foatures, We caamdog two selakively
oot feateres as rocorded i BIT s o/ (371 AY aed Fexsl 199 Al bands m a decaying active
regions Fhe st & & longr Dved losge-like fedgure svizh ong kg, enbng in the aothee yeghon, ranch
mige provminest tan one oF more ditanl foclpoinig ssnonmed o Be eooted inoreghons of weakly
ehanced ekt The other 13 & nearracdial feaiurs, obsarvied 51 (hi Wesl Tigb, which sy be either
the base of & wery high loop or the base of a helmel sireamer, W ovalnale ererjy réqeiemonds o
seppost @ seindy-state energy halanee in these fealures apd find e both stances thal downwidd
Usermad comdmctive bosses ot helghls shove the tansibon region) are lnadequate 0 seppost loval
racialiie Bogses, which s the predomdnant foss srecharism, The reanhemend 1hat 4 coroaal Gnerey
deposition rale properticmal tothe squsie of the ambien electron dessity (or prossuee) & paesenst in
rhege cood corcnad Teslures provides an adiBtions) constraim on corosal heating mwchanisng.

1. Introduction
A primary objective of the SOHO missiop is the investigation of mechanismsg of
coronal heating, Soft Xeray instrementation on Svlab, SMM, and Yolhoh have
*Proserd pod wailing aclress: Code BESE MOAASED, 325 Breadway, Bouldar, OO 303403,
BiSA

Sl Piowsice U8RI B33 1905
r FOUS Klhwwer Academic Pulblishery. Friesed i the Netherfanaods,
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congribited moch 0 & doscription of the corona at 7, > 2 MK and BV in-
slanmenis on the OS0s, Sodab, and SMM have done Hkeswise for the transition
region Fe < T MR (see Woebh, 1981, and references thereind, Coronal strocone
hetween 1 and 2 MK has been less extensively stodhied, due primartly o the lack
of appropriate emission lmes in the speciral ranges of the space Insramentsfon
The meroduection of o new echnology-muitilayver normal ncidence optics (Walker
et ol YO88; Goluab er o, 19903 - has mwade i1 possible to achiove high spatial
resolution st EUV wavelengths thal was unaligineble with ewlier grazing incidence
Oogrics. Thi EXT on SOHO 18 the first instrument in space to apply s techuology
t extended observations of the San {Delsbondiniere of of | 199351 Tnital scientific
resulls of the Investigation have been preseated 1s Moses e all (19973 Tn ihis paper
we demonstrate thal energy deposition i fwo lurge emission fealares scales with
the square of {ie loead sleciron density (or presgure). This resuls ks contraey (0 the
dependence expected for grpical wave-maode energy deposifion processes {Rosner,
Tocker, and Valana, 78 Cralg, MeClyvimont, and Underwood, 1978},

Observafional progress i detecting the signanures of heating processes requires
a concerted observing program wilizing both SOHOs speciroscopic and imag-
ing capabiliies that provide a comprehensive descripion of the coronal plasma,
ncluding pon-thermal emission line widibs, skt the BIT has supported soch spoe-
troscopic westigaticns via Jomt Observing Frograms (OPS). However, # i also
useful o provide a characlesization of features as recorded by EIT jtsedf { Aschwan-
den of al, 199800 by, In this paper we examine two fealires in the temperaluie
range of 10~2.0 MK that extend 10 beights greater than their nominal pressire
scale heights in an efforl o evaluate radiative and conduclive enerpy fosses and
therr impheations for coronal snergy depostlion,

2. Observations

The EIT provides the capasbiliy for nmli-wavelength imaging of the corong in four
spectral bands, centered at 171, 195, 284, and 304 A using mwltilaver telescope
technology (Delaboudinitre e af, 1995, Moses ef ol 19970, These bamnds encom-
pass coronal temperatores from T MK to 2.3 MK as well as upper chromospheric
femperainres at aboul G000 K. e partionlar, newly simultaneous Unaging 1o pass-
bands centered aear 171 A and 195 A bands, the former il i o Fe ixand
ey emiszon imes, the latter including a strong Fe X311 lne, provides a capabil-
ity 10 infer the morphology and characteristics of the corona at femperatures of
L= 1.5 MK, a temperatare regime below the principal sensitivity range of the
Soft Xoray Telescope (KT on Yohioh.

ITT observations of an active region at Carrington Longilude 2607 were made
st s itial appearance m Jady 1996 and continued on successive solar rolations
throngh Oetober (Porer-Fozzan of ol 19981 By lale Seprember the regon was
i decling with ne evidence of sunspots of flare activity (no NOAA number was
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assignedy and with only dispersed magnetic flelds of opposite polarity separated by
a filament channe that was particulary evident in the 171 A and 195 A bands. To
establish the three-dimensional geomelry of the large-scile foatares aver this active
region remnapt, we observed ihe region fron: day- w-day doring iss Seplember pran-
sit. While changing in smali deta? over time scales of fens of minates (o hows (as
verified with several seven-mimuie cadences of ohservations), the overall shruciore
of the active region appeared (o change e as i moved from the central mearkdion
o the West Hosb, That stability was Important as i1 provided the opportunity
estimake the kderal extent of fealures from disk ohservaiions amd thedr range of
herghls from limb chservations, _

Figure T shows EIT fmages of he region near ceniral meridian in the 171 A
sod 195 A bands while Figure 2 shows the same repion as it nesred the west
hendy, The Image pairs were taken closely fopether in e (5 min or ess) so Gt
spatial shifts due to solar rotation were negligible al BIT7s spalial resolution {pixel
size = 2.6 are seey The flament channel separaiing opposiie pagnetic polarities
was elearty visihle on 25 September and was stl]l discernable sear the himb on
30 heptember. Coronal enmsion over this flmment channel consisted princigally
of high loops conpecling regions of enlwanced magnetic fickd (Le. loups over the
magnetic neniral hined. These loops were clearly detected in SXT soft Xoray tmapes
and 1o 4 Iesser exient i FIT7s 284 A (Fex v chamel. Portier-Fozzan ef al. AT
discess rthe evelation of these loops during the Seprember mansil of e region,
Such loops are generally detectable over thedr entire lepgih, have two foolpoins
of comparable brightness, and can have feraperabiores as low as 1 x 10% K {Shee-
fey, 1980L A three-dimensional analyvsis of such festures has been prosented by
Aschwanden ef ad {1998

EFY also observes features that eranate from the srong magnetic fields of an
aciive region towarnd distant repions of presumably weakly enhanced field pre-
ceding and trailing the active region. Such features display cbvious longituding
briphtness gradients. Tn sich features the leg of the (presumed) loop associaied
with & strongly enlumesd field is prominent whereas the opposite lep 18 ofter $0
pamnl that it carmot be relably vaced © a specific region of the photosphers. An
example of such an asymmetric fearore m ihe Sepltember sctive region is designated
() in Figare 1. This feature varied Hithe in #s overall configaration from day-to-
day and its limb eppearance (Figure ) was consistent with a system of Joops as
viewwed in the plane of the loops, with the frailing beight footpoints visible on the
tisk. No fige stracture that woudd be evidence for an array of diverging loops is
present in Figure b although some detall was observed af other thnes, Skyioh BLV
observations {Sheeley, 1980} did detet fan-like collecdons of loops, and high reso-
Fation (1 are sect soft Xeray observations (Sams, Golub, and Weiss, 1992 Figure 6
show similar coliectons of loops emanating from the penumbra of a large somspor,
Featare {a} may therefore allerpatively be interpreted as o bundle of loops diverging
Fromn & cornpact vegion associated with an enhanced photaspheric magnetic field in
the active region bat conneciing (o distant and well separasied footpomls in regions
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Fe IX/X (171A)

d
(a)
1996/09/25  01:01:14 UT
Fe XII (195A)
da
(b)
1996/09/25  01:05:56 UT
a

()

Figure [ Observaions of a decaying active region near the Central Meridian on 25 September 1996,
[a) Fe X/« emission: (h) Fe X1 emission: {c) Ratio of the Fe X1 and Fe IX/X images. The angular
ficld of view of each image is 640 = 1140 arc sec. A coronal loop feature selected for analysis is
indicated. Two blocks of uniform color near the centers of frames (b) and (¢) are fillers for data that
dre missing,
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a a a

171A Fe IX/X 195A Fe XII Ratio of 195/171

(a) (b) (c)

Figure 2. Observations by of a decaying active region approaching the west limb on 30 September
1996, (a) Fex/x emission; (b) Fe X110 emission: {c) Ratio of the Fe %11 and Fe 13/ images. As in
Figure 1. increasing brightness in the ratio implies increasing 7, from approximately 1.0 MK w©
1.6 MK. The angular field of view of each image is 582 x 582 arc sec. Two features selected for
analysis arc indicated,

of weakly enhanced magnetic field. Fe Xv images were obtained about 5 hours
prior to the 25 September data set and appeared to have a more diffuse morphology
probably not cospatial with the Fe 1x/x and Fe [1 features.

In addition to loops over the neutral line and the loops directed away from the
region, EIT recorded during west limb passage of the region an extended ray-like
feature with no obvious curvature or second footpoint. This feature is designated
(b) in Figure 2. Its appearance in the limited EIT field of view was consistent with
either an extended loop closing far above the field of view or a near-radial open field
region, as might be present at the base of a helmet streamer. The latter interpretation
is supported by data returned from the LASCO CI coronagraph (S. Plunkett, 1996,
private communication). Feature (b) was observed as a darker feature (diminished
emission) in Fe xv, indicating that its 7, could not have exceeded approximately
2 x 10° K.

3. Analysis
3.1. CALCULATION OF CORONAL TEMPERATURES AND EMISSION MEASURES

As the formation temperatures of lines in the Fe 1X/X and Fe X11 bands are similar
(ionization peaks near 0.8—(.9 and 1.4 MK), the ratio of these bands can provide
an estimate of T,, given the assumption that the plasma is near-isothermal and



CHAPTER V. DIVERSES STRUCTURES CORONALES 157

314 W, M NELFERT BT AL,

cospatial. These ranos are displaved i fames (o) of Figures | and 2 where increns-
g brighitaess mplies increasing 1. Newmark (1990) has convolved hypothetical
ELVIY specira provided by the CHEANTT progeanm (Ders e wl., 1997 with the mea-
sared passbands of each of E{T% thpee coronal chamnelds to derve T, and erdssion
measuze of an assuned isothermal plasma as functions of the signal Tevels in pairs
(171 A and 195 A or 195 A and 284 A) of EIT inages. The “sit-lemp’ routine In the
EIT data analysis Library was used for determigation of lemperatures and emizsion
measures, Several souices of unceriainties in the results must be addressed first,
however.

320 ERROR ANALYSIS

Klrachuk and Gary {1995} have made an error analysis of both rasdom and svs-
tematic orrors associated with the SXT messurements (as have Kano and Tsunet,
19495; Porter and Klhmchuk, 19953 Applicetion of & stmilar approach is approprisie
for the EXE mnage ratios and we base or error estimates on Bguations (3.13-(3.5)
of e paper. Tarbell (19903 hus determined that the photon noise i betwesn
AT(HN? g 0.95(DNYY a5 each data umit { DN corresponsds 10 more (han
one ariving photon. the actual value being between 4 and 6. As 2 conservative
approach we adopted avalue of LN In addition there is a residual noise leve)
of approximately 71 due 0 readout Roise and unsublracted cosmie rays associated
with each data readowt, 50 that

fnoise)” = 7+ 5, {1y

where § is the signal level The uncertaingy associated with each emdssion ralio
and hence temperatues includes contribations from four dats values {wo for each
wavelength - a feature signal and a foradbackzround signal from the adiwent
LN ).

Bystematic errors in the analysis of EIT data mclude {3} vncesiataties i the
initeed calibration, particularty e determining the speciral response in the far wings
of the mstnament’s spectral passbands, () me-dependemt ELUV absorption al the
surface of the cold CUD due o adsorption of velatiies, and (¢) vncertainty in the
Jocatiom-dependent electron/photon production sato Ju the CCT and its degrada-
gon with time (Defize er of., 1997 The calibration used in this paper is based on
the prefiight calipration, faifielding corrections fo remove amifacts produced by
the filter suppost mesh, and adinstments of wp 1o 3% o compensate for estimated
-0kt degradation, Al present, the uneertamty in sensiiviry may be as hiph ss a
factor of four {yieldiag factors of two uncerlaintios in density estimates). Work is
in progress o improve the EIT calibration asing data from a recent BT ealibration
rocket ight.

Additiomal sovrces of wncertainty are the resalt of EIT's limited spaiial res-
glution, vncertaintios in the geometnes of features, and suburacton of emission
afong the same Hoe of sight but nol emanating from spatially resolved feature



158

V.1. REGIONS OUVERTES ET FERMEES

OESERVATIONS OF CORDMNAL STRUCTORES 31z

foredbackgromnd emisaen. We assumed the level of this extranecus crndssion Lo
Taes e sarne s envission from adiacent regions that appeared to be struclureless bus
Tl anomiously famt. Ag accurare subdrsction of the ambiem iz, uneahanced)
corona is especially difficult above the solar limb becavse of the steep radial pra-
dients i coronal emission and the lack of searby featareless regions, For tha
Teases disk observirtions were preferable for analysis of feature {a), For near-radiad
Features, as onr featre (b} appears 10 be, anly linb observaiions can provide (he re-
guired spatial distnbation of ermission. With Bminishing featore brightness (as may
ocenr with ipcteasing GHstance from the solar Hmb), the nominal forefbackground
correction becomes comparable {up fo B to the totad signal which Introduces a
LT sncertaingy o Jow signal levels,

4, Resnlés
4.1, BLECTRON TEMPERATURE AND DENSITY DISTRIBUTIONS

44,10 High Looy Bvstem
A guaditative dismbuion of tempersture {within the hmited 12 MK range) for
feature {ay 15 displayed in Figure 1o Darker areas correspond to conler regions

vartions o bath 25 Septermber and 30 September for featve {8 display a gradient
from darker o light shades along ks Tength, indicating increasing temperature as
the fine of sizht moves away from the loop footpoint, with most of the increase
appearing in the npper L of (e festwre. Flucliations across (e feamre weve minor
corparsd o e i{.ﬁlgi!aﬁiir;fté change. The inferred coronal wmperaiures as a fune-
#on of distance from the active region Toolpomt (denved from disk obscrvatons}
of fanlure {a} are shown m Figure 3 together with o hand-Giued (dashed) curve.
The plot sssumes 2 senscireslar loop of height 00000 km with a emperanre
maxlinen 4 s apes, Temperature pradients range from 041 K ko’ st the lowe
est corenat helghis observed o 10 K k™ immediaely below the Joop apex. To
provide an estimate of (e impact that the vocertuinty in forefbackground coronal
COrrection ey have om onr resa s, we also indicate in Figisre 3 the lemnperatuse thin
wotld be mferred if no comectioa for fore/ackgromd emission were applied. Ve
fical ervor bars Tor poins that inclade a forebackground comection are =3 standard
deviations, Hovizontal {dashed) error bars rapresend astinated positonal sncertain-
ties of b3 pixels Q1) kend m footpoinl location and +1) pixals (18200 kep
i apex localion). These uncertainties are equivalers (0 uncertaingias in loop radii
and apex heights of 220000 k. The error in reladve calibration berween the
P71 A and 195 A channels ix estimated 10 be 1o grester than 40%. An erros of thal
magitude woukd correspond o & temperaiure shift of approxiaaely 00000 K
for all pomnts becanse of (e near-linearity of stpnal ratio with 7. An additional un-
certardy 1o esiablishing the spatial scale is the unavordable summaiion of emission



CHAPTER V. DIVERSES STRUCTURES CORONALES 159

312 TN NELPEE Y AL
8 E I i 1 ]
EY Im -
—o—
L& i
s i.ﬁ B e
' .
o T No adjusiment for fore/ 1
o 4 L heskground emission Ea" |
— O Minirnem ﬁd;c}cenf CoroRag ! : -
et subtragted from dotg G/
.f
é - — y "
o o H_?%—!
; = | i - f§
°r e 1 e = T "
i ! | ! | i | ; k

G 26 ab e su @620 et e
Mean Distance Along Loop From Footpoint {10°%km)

Fiowen 3 Temperelur&: as o functien of dismnes along foop festors {ah for an assured seniciies)ar
loop of Refght JOGGHN lem, Trom (sl observations In the FoxTiand Fe 107X bands on 23 September

Y9, Cirenlor dadn podnks inclede o comection [or fore/brokprommd smission along esch e of sight
wharens e open sgoares e nol.

alomg obligue lines of sight throngh the feature and therefore over @ range of heighis
and, in our models, a range of distances from the assvmed footpoinis, That range
eoTresponds o 66 TO%: of the nonknal footpoint distance for the fowest data poing
and 0% for the highest, These ranges are not imcluded i the error (uncertainty)
hars for distances shown in Figure 3, The distances wsed in hat figore correspond
w0 distances along the assumed axsis of the broad ohserved feature,

The average ¢lectron density along a line of sight through the modeled Joop s
assarned fo he

o {1 IJL{P}I 2 |:{.‘.'ﬂ'1m'3:§._ {3}

where EM 13 the line-of-sight emission measure from the eit-remp data analvsis
rowiing, £ 18 the distance throogh the loep along the line of sight, and & 1s the fill
facton, dhe raction of the observed velume that contains emilting material {Cuareill
and Kivnchok, 19971 A mentioned i Section |, feature {2) may be interpreted as
# sisgle loop o as an ensemble of unresolved Toop straviuses within the envelope of
the observed feature. In the latter case, we assiiped an ensemble of Toops or strands
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bty bunched together af the bright footpolnt only and comected o widely sep-
arated distant footpoints so that the fractionsl vohune. ¢, sctaally vccupied by
the cnsemble of strands decreased with creasing distange from the foolpoint,
depending on the expansion faclors of the individoal strands. That geomehry is
constsient with early resuls from Skwlab {Sheeley, 19803 and with observations of
oops rooted in the perimbra of a farge sunspot (Sam, Golrb, and Weiss, 1992;
I Plgare 3{a}). We will examine both hypotheses as 8 means of estimating the likely
rangé of Joop densities and local heating reguirements.
For both cases the total width of the loop system, w, as a fancton of distance,
&, from the footpoint was maodeiod from observations near central meridian as:

oo BIOEA0 - 00325 fkm) . {3

Fable { susmmanzes coronal densities assurmag the featurs is a shngle semicirouisr
expanding loop with a circular erossection corresponding to its observed widih,
The obliquity of the line of sight Giough the loop for each observation was taken
mter account. This moded is not likely to be readistic as we observe no svomelry of
emission 2boul a Joop apex. Furthermore. the expansion facior {ratlo of thickness
at aper [0 thickness at footpoint) of 5.6 is far larger than would be expecied for a
dipoke: magnetic configuration (Khmehuk ¢ ol 1992) B does. however, represent
# hypothesls for which we can evaluate the terms of the energy equation. Table 11
swmunarizes 11 factors and densities as a function of distance from the footpoint for
the mulple foop hypothesis, assuming that the loops originated in a foolpoint aren
with a diameter of 6 LIT pixels (11000 km) and that they diverged with heigit
{cach maintaining a4 constant crossectional area) 50 as 0 be spaced uniforrsly
withit the entive volome that we associate with the feature (Le., the cross-sectiona]
areas vsied in Table I Such a bypothesis would explain the apparent brightness
asyrmmnetry of feature (2) a3 being the result of EITs Hmired spatial resolution
combined with a rapidly diminishing fiil factor.

Fhe dessities given in Tables 1 and 1 are subject to Hmilations in detenmin-
g the sizes of the emining struetures. An estimsted error of two pixels (339%)
i the six-pixel foatpeint dinmeter has so impact on the sinple-loop densitics in
Table 1. where foop dimensions above the footpaint are measwred independently
{agair with an estimated error of two pixels - about 20% — resulting in 2 density

uicertainly of 1093 In the case of waltiple Ioops — Table T — the mreater erver
mn the footpoint diameter propagaies o all heiphts as an error in the fill factor
The effect of these ancertaintes on estimated dengities is small compared o the
present factor of four smcentainty in the BUT calibration (and hence a factor of four
in radistive losses) discussed earfior snd will not alter the conclusions regavding
enerpy balance to be discussed in Seotion 4.2

The inferred pressure scale height is dependent on the details of the assarned
model. Bor the single loop model the inferred pressures ave consistent with a scale
Berght of J0000 4 10000 km. For the mulaple loop hypothesis, the densites (and
pressures} within the compact 100ps remn approximately constant with heigls,
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Figrre < Tomperamre distribition along a seacradial feabure as observed on the west Bmb on
3 Seprembey 1996 Cliroglar dara pointy include 2 eorreetion for faefaekaround omisson whersas
apen squeares $o ol The rendls ave consisteal with an isedenmal Gsuibeion with Beipht (or s 4
slight megative gradient, il ne back ground correction ks applicd)

These wsults are w0 be compared with the expected scale height of 6GO00 ki
(L3000 L) km). By comparisoi, for foops hoder than ihe EFT loops but in the
sarne range of heights (FOG000 ki Kago and Tsuneta (319951 found densines and

4.1.2. Extended, Neor-Rediad Feanire

in coatrast to the 7, gradient found in the high loop system, the near-radjal fearrs
b} exlabils no signiflcant outwardly increasing temperalare a3 may be sees gual-
patively m Figure 2, frame €¢), where the ralio sppears a8 a nearly uniform dark
featnre oul to the greatest distance observable by BIT,

Resulting temperatures are shown 1o Figure 4, There may even be o shght nepa-
tive gradient of (.6 K k™ with height if no fore/background corection is applied,
Featire (b) was nof precisely alizned with any craission region on the solar disk
and may have been rooted @ an area already behmd the west limb, maling estima-
ton of heights above the chizomosphere somewhat ambiguous. That uecerainty &
estigrated to be 415000 km and has segligible impact on the following discugsion,
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For an eguatorial coronal hole Withbroe™s radiative energy balance model {1985,
s Figure 2) vickds a broad temperafure maxionon near & oo 2 K, well bovond the
highis of our observations. For the wnstrectured corona {his Figere 11}, which may
be: more appropriate 10 the ewrent observations, the maximmm s near 8 == 12 Ry
and not inconsistent with onr data. Adopting a circular crossecrion with diameter
increasing as 8/ R and with an avea of 1.37 = 10' oro® at a height of 150 000 k.
we find the properiies Hsted in Table 11 The resuis imply & pressare (and density]
scate beight of P7G000 km., far greater than s expecied.

4.7 LOCAal BNERGY BALANCE

We adopi the equations for energy and mass conservalion in a coronal plasm 4s
statedd By Kopp and Orradl {1970} and Withbroe (T8}, among others

I d
DN A, ol o o
e Alrydr E

arut
Amm pV AlrY, (37

where the terms denote radialive fosses, the divergence of (e conductive, mechan-
ical, and Alfvén wave Huxes, and the divergence of the enthalpy, kinetic erergy
and poterdial eneegy. 2 s the density 1 g oam™ and Vs the velocity Hlzongl the
ares Ay,

Evalueating zli the possibly sipmificant terms for BIT fealures is clearly intposst
ble. Brekke ef of. {1997 have used the COS on SOMO 10 demonstrate the preseace
of Hows 1o al least some coronal loops, bt no data are gvatlable for de featires
that we discuss here. Although a mechandca] flas is BXely present Gis evidenced by
the ubnquitons non-thermal broadening of specirad hnes), we have no mformalion
on charges of none-thenmal broadening wilh hetolt and hence the diversence of the
nechandcal e Downflows of 10 km ¢7° af ransifion reglon temperalores have
tvpeally been observed and have been the basis for estimating downward enthalpy
faxes i the chromeosphers ~ corosa transition region (Pnewman and Kopp, 19775
Hewever, their resulls have nol beon comfirmed for the coronal compeonents of a
loop and we have therefore chosen o ignore possable enthzlpy Bows,

Earcad vadiative losses were derived from:

BN, f\?p Y SR fery et S_E] ).
where b is the radiative loss function 2t T, (wensed & = 1.9 x 1 T erpom’ 577

(Careiil snd Kibmehok, 19977,
Conductive Hosses were calouliued by

d LG
div £, = -’;2‘) o {:‘ii&‘} FAR E-_} [erg e s, {7y
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where & == B s 1078 and ¢ is e Bstance slong the feature from its base,
If a feature 18 magnetcaliv open 1o the helicsphere, 5o that an outward How is
present, then work agaimst gravity is eiven by

"

.r"» 'd .GM{.'\l 5 21) .
— 3 =228 % 10 | g ot 51 8
FGYE ( , ) w 16r (R lerg o™ 577 {8}

where €7 iz the gravitational constant and M is the solar mass. This torm will be
considerad only for feature {b) and is discussed 1n Section 4.2.2.

328 High Loop Sewtem

The contritations of radiative and conductive losses 0 the energy balenve for the
two models of the foop svstem are swmmarized in Tables T and H. Uncermainties
in the maximum height and 7, of (he feature have little effect on its properties at
mtermediate heighis as can be seen by inspection of the estimated error bars (Fig-
wre 31 Becsose of the mear-nearity of temperatire a5 & function of signal ratios
hetween 1 and 200 MK, the impact of calibration errors on teraperature gradients,
henee conductive flaxes and div F, t5 mnor. The maximom (405 error in relaties
calibration of the Fe 13/X channel relative 0 the Fe xn channed discussed earlier
would vesalt in g 10% emor 1o F, and a 20% error in div ¥, The resulting changs
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i radiative fux would be neglipible becanse of the near-constancy of the radimive
foss function with temperatine at these coronal temperatures, Adopting 8 coronal
loop mwodel with a i} factor less than one (Table M) ipcreases radiative Josses
relative (o conduetive Tosses, but radiative losses ate (he major loss mechanism iy
bath loop cases. Using the BIT observations with no adinstment for extraneous line
of sighl evpisson {Section 323 would reduce emperstore gradients and condoceive
losses relative o radistive Josses, thereby only re-enforcing the predommance of
radistive losses. Wheatland, Suorock, and Acron (1997} have arpued that epergy
deposition at the tops of the kot loops recorded by SXT can by downward thermal
conduction supporl encegy losses below the Toop apex. That conclusion is incon-
sistent with cur present results for these cooler loops, A downward conductive
Hux does exidst, bt the diversence of (it fux is adequate to heat the corona oniy
irmediately below the apex and then only in the Tow density case, as represented
wm our single loop medel. Over the larger longitudingl extent of the Joops only a
volumetoe heating rate distritated over the leagth of the loops and proportional io
% can maatch the energy requireszenis of these cool Joops.

423, Fxtended, Near-Radial Feature

The significant {erms in the energy balonce for the spparently open Feature ars
sumimarized b Table 117, The lack of a temperature gradient in the exiended ray
imphies that cordductive losses again play a negligible rofe in coronal heating far
above e franstion region. To evaluate the work required to LMl fie plasma, if this
Feature does in fact ¢xtend to the heliosphere, we adopted a solar wind velocity
of ke s~ ot B, = 1.21 K. {abour twice the value giver by Withbioe (1988,
Ins Figure 11 and Table ) for an unstructored region in the corons) and mass
fux conservation in a ray whose crossectiona) diameter Tacrensed as B/ Ry, We
used a hellun/hydrogen abundance of 0.1 giving o = 137 nm » Under these
assumptions energy requirements 1 Bt the plasma become larger than radiation
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losses mt heights of B = 134 K. Peldman ef ol {997} have propesed that far
higher velociies may be present at these heights in a polar cozonal hole if explosive
jets of matter mtiate the fast solar wimd and f soch were present here (none were
chserved i high rate observations of this feehare) the onergy babance would be
appreciably altered. I & strong solar wing is not present, then the chservations are
agaln consistent with a volumetric healing rate proportional o the square of the
local eleatron density.

. Discasstor
3.1, ENERGY NPUT REQLIREMENTS

Ary discussion of energy inpul bangs on the assuwmption that & quasi-steady enorgy
deposition process (or possibly more than one) is present. Previous smadies (Klim-
chrk and Porter, 1995 Yoshida and Tsuneta, 1995 have concinded that lifetimes of
sofl X-ray eraitling 0ops are long compared o estimated energy 1088 times and the
resulls of Armdt, Habbal, and Karowsks (1994) mdicae that coronal structares in
the temperature range being discussed hore (3 1.5 MK may have Joss variability
thae either cooler (1 % 107 K1 or hotter feamres, Aschwanden ef of. {1998b) have
disessed s statsteal meodeld for heating Targe EIT loops and concluded that local-
jzed transient heating at oomean rate of ahout 3 wun ol any location could mamaln
the temperatese gradients they observe. The divergence of loops in feapme ()
for the broadening of a single loopy and thelr connections to distant and widely
separaied chromeospheric reglons would seem 10 be incompalible with o twisting
together of field nes leading to reconnection and Jocalized heating We suggest
that & process associated with the bright foodpoint aren, e, the active region end
of the Thops, is responsible for the propagation of enerzy inte the eoronal fields of
the observed loop system.

Estimates of tme-averaged tofal energy mpal rates ot the bases of features (o)
and (B can be made by integrating estimated iosses over the volime of exch fea-
ture. For loop featnre (a), the resuiting estimate scales inversely with the base aren
adopted for the Teop system. Taking into account the convergence of featare {a)
with decressing beight (a factor of 42 i cross-sectional area beiween apes and
base), we fnd that an enersy nput rate of 2 x WY erg om™ 570 at the base of
corona is required 10 mainiain the chserved loop system. The estimated error in
this resul 1s the same as that of the Dase ares, 73%. discussed garlier, Th resuli
is greater than the cerly estimate of 5 % 10% erg ey ™ 571 given by Withdroe and
MNoyes (1977} for radiafive Iosses, The discrepancy could be due eithey 10 present
errors 1n estimating the foolpamt size. ervors i EI'T calibrabion., o the lower spatial
rasohtion Ol ebhseevations on which the earlier estimates were based. OF cowrse,
another distribated heating process soch as ‘nanotires’ may satisty the observed
EFE loop charactensiics and for such a process the estimation of mechamoa ensrgy
flows &t the corenal base made above wounld not be approprlale,
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Eaegy requirements at the base of the near-radial featnre depend strongly on
whether or not & energy inpu to suppart the Hiting of the plasma (and acceleration
af higher levels in the cotona} is reqoived. The energy input to suppors radiative
losses over the haight rapge observed 15 about | x 1% erg cn™? &7, Gravitational
widk o the greatest height observed is an order of magritnde less. This resudt
1% 10 be compared wilth Wishbroe and Noves” (19771 esthnates of radistive and
solar wind Fux requirements of 12 % H¥ erg em™ 7% for the gaiel Sun and

T HF arg o™ §F for coronal holes,

5.2, DEPENDENCE OF BNEROY DEPOSITION ON AMBIENT PRESSLEE OR
MALS DENSITY

Beginang with Rosner, Tucker, and Valana (1978} and Cralg, MoeClymont, and
LUnderwood (1978), and continuing through recenl efforts by Klmchuk and Porger
{19953, nomerons authors have examined the dependence of various heating mod-
els in ferms of observablc coronal parameters. The single loop feature thal we
have discussed falls conssstestly (particularly for model 1) at the exueme range
of halflengths for SXT loops (Kiimchock and Poster, 1993, Plgore 1) and we con-
jevture that owr feabure may follow the same functional relatonship uncovered by
Kimchack and Porer (1995

PPN _. _ {1

where £ has a most probable value of --0.96,
RImmchuck and Porter inroduce the average volumetric heating rate:

Y~ F ié,e"r.:‘iE—J?.!'J:Ef__{aﬁ;-t'{},.-’{]1----25}} {']G\]
where b m —:‘ is appropriate for the EYT loops. Combiing these relationships into
the Lorm

<RI {11}

they fired that & Bas the most probable vakue of —1.95,
Combining these rwo resalts, we find:

()~ pRiB o RO {123

1., average energy depostton for an iscihermal structre 3s approximately propor-
tionai o radiative Josses. This result s consistent with our dewiled snalvsis of the
Ioop systent, Teature {a), I festure () 18 in fact the base of a very high Joop &0 that
e gravitational term 18 ol required, then radistive Josses alse predominate at ail
Weaons and the above relabionship slso applies. A hesting mode depending on
Ute sguare of the Jocal pressure Is, however, ot consistent with typicat wave mode
gnergy dissipaiion rates (Rosnen, Tucker, and Valana, 1978 Craig, McClymont,
ané Underwood, 1978} nor with the constant volumelric heating rale adoped by
Vesecky, Anficchus, and Underwood 1979,
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i2a W, I, KEUPERT BT AL,
6. Summary

W have examined a large and relatively cool coronal loop system associated with a
decaying active region and a large near-radial feature that may be either the base of
a very taree loop or the hase of & belmet streamer. $n each case we find that radiative
tosses are far greater than the divergence of the conductive flux so that energy
deposiion proportional 10 the square of the electron density {or pressurc} best fit
the ohservations. This result bnposes an addiitonal consiralnt on possible heating
processes for these cool coronal loops. Such heating must be distrbarted along
the foops and not be localized o the loop tops. We also point ot that observed
geomeiry of diversing loops connecting 1o distant weak Beld segions appears (e be
sommtihie with the twistung of maganetic Beld lines and subsequent recommection
and energy relesse.
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V.2 Comparaison UV/Radio

Afin de mieux comprendre les structures coronales et leurs évolutions, nous avons corrélé
les observations du radiotélescope de Metsahovi avec les images de SOHO/EIT.

Le premier article a été publie dans le NRO Report.

Le second article vient d’étre soumis a A&A Supp.
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e Radio Bright Structures near the Solar Poles at Millimeter Wavelengths
e by Pohjolainen S., Portier-Fozzani F., Ragaigne D.

e Accepted by NRO (Dec 1998)

Les structures coronales observees en radio a hautes fréquences sont comparées a
celles observées par SOHO/EIT.
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Abstract

Polar radio brightenings have previously been observed in the wavelength range 15-48 GHz, but at
higher frequencies the observations have not been so clear: besides local brightenings, also depressions and
uniform brightness areas have been reported. In this study high frequency solar radio maps, observed at
87 GHz (3.5 mm) at the Metsdhovi Radio Observatory, were analysed and compared with the SOHO/EIT
EUV-images. The data consisted of nearly simultaneous radio and EIT maps observed during 1996 and
1997. Some radio enhancements were found to have polar plume bases, but most often the polar radio
brightenings corresponded to coronal hole-like structures and bright diffuse sources seen in the EIT images.
The radio depressions near the solar poles corresponded well with mini-coronal holes and coronal holes
seen in EUV. However, only a few of the many — and sometimes large — low density regions seen in EUV
were seen as depressions at millimeter waves. Therefore the conception of coronal hole brightenings can be
extended to higher frequencies.

Key words: Sun: quiet — Sun: corona — Radio: Sun — EUV: Sun

1. Introduction

Radio brightenings near the solar poles were first analysed in the 1970’s, after polar-cap brightenings had been
observed at 13.5 and 8 mm with the Crimean 22-m telescope, see review in Kosugi et al. (1986). It has since become
a well established fact that between 15 and 48 GHz the poles of the Sun seem brighter than the rest of the quiet
Sun. At frequencies less than 15 GHz dark features are observed, probably due to the deficit of coronal material. At
higher frequencies (from 85 to 105 GHz; the small frequency range is due to lack of observations and instruments
available), uniform brightness as well as local brightenings and/or depressions have been reported.

Uniform brightness at microwaves and millimeter waves could be explained by similar chromospheric structure,
as the emission has its origin deeper down in the solar atmosphere, in the upper chromosphere. However, when
discussing polar brightenings one should bear in mind that they are based on a large variety of observations, ranging
from very high latitude polar cap brightenings to individual ’polar sources’ seen anywhere from about 40 degrees up
to the poles. The polar cap brightenings have been connected with atmospheric structure (Hiei 1987) and observed
or predicted limb brightening (Hiei 1987; Shibasaki 1997). The polar sources with enhanced radio emission have
been connected with coronal hole brightenings (Brajsa et al. 1996; Gary et al. 1997; Gopalswamy et al. 1997,1998)
that could be caused by network features and unipolar magnetic fields (Kosugi et al. 1986; Gopalswamy et al. 1998),
faculae (Riehokainen et al. 1998), plumes (Gopalswamy et al. 1992), and possibly even with the formation of fast
solar wind (Gary et al. 1997; Gopalswamy et al. 1998).

Solar maps at millimeter wavelengths are rather rare: the Nobeyama 45-m telescope has sometimes been used for
solar mapping at high frequencies (98 GHz - see Kosugi et al. 1986), the Nobeyama Radioheliograph works daily
at 17 and 34 GHz, and the Metsdhovi 14-m telescope is used for solar observations at intervals (within the antenna
allocation schedules, see e.g. http://kurp-www.hut.fi/current/ant-schedule.shtml) at 37 and 87 GHz. After the
Metsahovi antenna upgrade in 1992-1994, with the improvement of surface accuracy and adjustments made to the



2 S. Pohjolainen, F. Portier-Fozzani, and D. Ragaigne

Wavelength  Frequency Temperature Observation
3.5 mm 87 GHz 7200 K upper chromosphere/corona
Wavelength Ton Temperature Observation
304 A Hell 8.0x 10* K chromospheric network
171 A FeIX,X  1.3x10°K transition region
195 A Fe XII 1.6 x 10° K quiet corona
284 A FeXV 2.0 x 105 K active regions

Table 1.. Radio observations and EIT bandpasses

85-115 GHz tunable receiver, the millimeter wave solar radio maps have created growing interest. The possibility of
comparing the data with the SOHO EIT-instrument made our data set start from April 1996.

2. Observations

2.1. Radio observations

The 14-m single dish antenna at Metsidhovi gives 1.0 arc min spatial resolution (HPBW) at 87 GHz. The antenna
was upgraded in 1992-1994, which made it better for high frequency observations. The maps are made by scanning
the Sun in right ascension, by changing declination between scans. Fairly good temporal resolution is obtained by
making “fast maps”, i.e., the full solar disk is scanned in 9 minutes, see e.g. Urpo et al. (1997). The flux resolution
in this study was estimated by using nearby tracking data. Track files are made by pointing the beam to a selected
region on the solar disk and by measuring the flux density. The sampling rate in this mode is 20 samples per
second. The noise level was determined from active region track files, which should give the maximum noise level
as fluctuations in the active region itself are included. An alternative would be to track the sky and determine the
noise level from there, but this is not a routine procedure during the observations. With this error analysis the
flux resolution in the radio maps was determined to be between 0.3% and 0.5% of the quiet Sun flux, depending
on the observing run in question. The variation is most probably instrumental and depends on the set-up at the
given time. No absolute flux calibration is done during the Metsahovi observations, but the quiet Sun brightness
temperature has previously been estimated (see e.g. Pohjolainen and Urpo, 1997) to be around 7200 K at 87 GHz,
giving a brightness temperature resolution of 22—36 K for this study.

The solar maps that were analysed are “raw” maps, i.e., without any deconvolution methods applied. Because
the beam is not sharp but more like a broad Gaussian with wings (sidelobes), an artificial limb darkening and an
artificial sky brightening are observed near the true edge of the solar disk, see Lindsey and Roellig (1991). Because
of the tilt in the solar By angle we are still able to see up to 70 degrees towards the solar poles (at central meridian),
but the view depends on the time of the year. For the near-limb sources to show up, deconvolution methods would be
needed. We analysed here only those brightenings and depressions that were well outside this effect (i.e. well inside
the solar disk). The exact shapes of these sources are still ambiguous without further knowledge of the beam profile,
but on the other hand deconvolution can sometimes overestimate/underestimate the excess brightness temperatures.

Quiet Sun radio emission at 87 GHz (3.5 mm) originates from chromospheric heights — from a brightness temper-
ature of about 7200 K — and it is mostly due to thermal bremsstrahlung. However, radio emission can be produced
at greater heights if the plasma density and temperature are high enough in e.g., coronal loops. Also non-thermal
emission mechanisms may be present.

2.2. EUV observations

The Extreme Ultraviolet Imaging Telescope (EIT) onboard the SOHO spacecraft images the corona in four EUV
wavelengths with a pixel resolution of 2.6 arcsec (Delaboudiniére et al. 1996). From EUV lines — which represent
different ion transitions — the chromosphere (He II), transition region (Fe IX/X) and corona (Fe XII, Fe XV) are
imaged, see Table 1. Temperature diagnostics are made by wavelength ratios (Neumark et al. 1997), and 3-D coronal
structure evolution is studied by comparing filter images (Portier-Fozzani et al. 1996).
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2.3.  Selection of data

We went through the radio maps measured at Metsahovi at 87 GHz (3.5 mm) in 1996 and 1997, and selected the
ones that had close in time observations at one of the EUV wavelengths. In this way radio and EIT maps from 9
days were selected: April 12, 1996 (radio map at 13:57-14:05 UT), April 15, 1996 (radio at 12:05-12:13 UT), August
9, 1996 (radio at 07:23-07:32 UT), August 13, 1996 (radio at 12:31-12:39 UT), August 14, 1996 (radio at 12:55-13:03
UT), May 20, 1997 (radio at 13:03-13:12 UT), August 8, 1997 (radio at 11:30-11:39 UT), August 27, 1997 (radio at
12:13-12:22 UT), and August 28, 1997 (radio at 07:16-07:24 UT). The EIT Fe IX/X filter (171 A) was mainly used
to compare structures, as it is an intermediate temperature that shows well narrow shapes like loops. A lot more
radio maps are available when nearness in time is not a requirement. In our position measurements the maximum
time difference between a radio and an EUV map was 1.5 hours, but in that case more close-in-time observations
were available at one of the other three EUV wavelengths.

In comparing features in radio and EUV one should be aware of the fact that the spatial resolution with a 14-m
telescope at 87 GHz is rather poor, about 1 arcmin. This means that the true brightness is convolved with the
beam, and therefore the given radio coordinates can be off the real source if the true brightness has complicated
distribution within the beam. Also, a small bright point is not necessarily detected due to the dilution effect of the
large radio beam. If sources looking similar in EUV are not both detected in radio, one must look for differences in
temperature and/or density.

3. Observed features in millimetric radio and EUV

In the millimetric radio maps both radio brightenings and depressions could be seen. The radio brightenings were
typically 0.5-1.5% (£0.3...0.5%) above the quiet Sun level (35-110 K if the quiet Sun is at 7200 K). The radio
depressions were 0.5-2.0% below the quiet Sun level (corresponding to 35-145 K if quiet Sun at 7200 K). Sometimes
diffuse brightness temperature enhancements (no peaks) were lying near the poles. With the articifial limb darkening
effect we were not able to see further than 70 degrees towards the poles, at 0 longitude.

From the EIT images we were able to classify areas of different nature, mainly coronal holes, mini-coronal holes
(small less dense regions), active regions, bright points, polar plumes, and diffuse structures that are generally
thought to be non-resolved in the images.

As an example, a radio map from August 13th, 1996 and the corresponding SOHO EIT FelX/X image are presented
in Figure 1. The radio enhancements 2N and 3N near the solar north pole are clearly correlated to polar plumes
in the EIT image, but for 1N the corresponding area could also be a bright point or an active region. The source
4N is a radio brightening, and 5N is a radio depression, that are located at coronal hole borders. In the southern
hemisphere 1S and 2S are most probably active regions. The brightenings 3S and 45, as well as the depression
6S, are connected to mini-coronal holes. The brightening 5S and the depression 7S are connected to bright diffuse
sources.

To measure the uncertainties of position due to the different resolutions, we plotted the EIT image with resolution
degraded to radio resolution (Figure 1). This confirmed that in some cases there is structural mixing and that the
true locations of bright sources can be located nearby the peak intensities seen in the degraded image.

The temperature map derived from the EIT map on August 14, 1996 shows hot points and structures, presented
in Figure 2. The radio map from the same day shows that some of the radio features are not only temperature
dependent, but may be caused by density enhancements at lower /higher atmospheric heights (Figure 3).

4. Summary of statistical results

In the 9 radio maps observed at 87 GHz (3 mm) altogether 99 locations of radio features were determined. Of
these 81 were brightness temperature enhancements and 18 were radio depressions (brightness below quiet Sun
level). For 36 locations of brightness enhancement more than one EUV feature could be the counterpart. For the
45 radio bright locations where only one EUV feature could be identified within the radio beam area, the number
of counterparts for the radio brightenings were the following:

o Active regions (9/45)
e Plume or plumes (3/45)

o Diffuse bright structures (11/45)



S. Pohjolainen, F. Portier-Fozzani, and D. Ragaigne

Fig. 1.. Metsahovi solar radio map at 87 GHz (3.5 mm) from August 13th, 1996, at 12:31-12:39 UT (top), and SOHO/EIT Fe IX/X from
August 13th, 1996, at 12:30:13 UT (bottom left). The correlated features are marked by numbers 1n...5n (northern hemisphere)
and 1s...7s (southern hemisphere). See text for more detailed explanations on the sources. In bottom right is the EIT image with
resolution degraded to radio resolution. The method was to do a mean average of the 2.6x2.6 arcsec? EIT pixels over 1x1 arcmin?®
radio resolution. A consequence of the method is a small dilatation, as is usual in that kind of imaging. The circle plotted over the

image represents the new averaged limb position.
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Fig. 2.. SOHO/EIT Fe IX/X image at 12:30 UT on August 14, 1996 (left). Temperatures derived from SOHO/EIT for August 14th,
1996 (between 0.8 — in black — and 1.6 MK — in white — except for the missing block due to low telemetry at that time) (right).
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Fig. 3.. Metsdhovi 87 GHz radio map at 12:55-13:03 UT on August 14th, 1996. The radio enhancements near the north pole were
determined to have polar plume bases.
e Mini-coronal holes (13/45)
e Coronal holes (9/45)

The observed radio depressions (18 altogether) corresponded to:
e Mini-coronal holes (9/18)
e Coronal holes (2/18)
e Bright diffuse sources (2/18)
e A mixture of coronal hole/mini-coronal hole/border of coronal hole (5/18)

So the coronal holes seen in the EIT images corresponded to:
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e Radio depressions (2)
e Radio enhancements (9),

and the EIT mini-coronal holes corresponded to:
e Radio depressions (9)

e Radio enhancements (13).

5. Discussion

We found that the millimeter wave radio depressions are very well correlated to coronal holes and other smaller
less dense regions seen in EUV. We checked the locations of the radio depressions to see if there were any filaments
present, but none were found — H,, dark filaments are known to cause radio depressions at mm-waves, see e.g. Vrsnak
et al., 1992. Low temperature filament plasma in the corona could also give signatures in the EUV emission, but we
did not study this further.

Not all coronal holes or less dense regions looked as depressions in radio. In fact, the ’coronal hole brightening’
can be stretched into millimeter waves by saying that some coronal holes look bright in radio and some not. This
is in agreement with Gopalswamy et al. (1998), who suggest that only when enhanced magnetic flux is present in a
predominantly unipolar region can radio enhancement (at microwaves) be seen. The SOHO EIT images analysed in
this study did not show any features that could cause the brightenings at millimeter waves, but the magnetograms
for these days are still to be analysed. Also the structures of polar plumes have to be studied in more detail, taking
into account the possible differences (observed density, temperature) from line of sight variations.

The analysis presented here is in progress, and will be presented in a later paper. The analysis also has to take into
account a possible selection effect because the radio features were selected first from the maps. Next step will be to
reanalyse the data set by selecting the EIT features first. The difference of resolution between the two instruments
is rather large, and by making an EIT image with the radio resolution we concluded that some artefact could be the
result of structural mixing.
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Abstract. Polar radio brightenings at 87 GHz (3.5 mm)
are compared for the first time with features seen in EUV
and soft X-rays. The data consist of nearly simultane-
ous full disk images and maps from Metsdhovi Radio
Observatory, SOHO/EIT, and Yohkoh/SXT on 9 selected
days near the solar minimum (1996-1997).

The observed radio brightenings corresponded to var-
ious features seen in EUV, such as diffuse or localized
intensity enhancements (e.g., bright points and bases of
polar plumes), and intensity depressions of varying sizes
(e.g., coronal holes). Some of these features were also vis-
ible in soft X-rays. The visibility of radio bright coronal
holes seemed to depend on how much of the polar area
was exposed, due to the variation of the By-angle.

The observed radio depressions near the solar poles
were very well correlated with coronal holes and other
EUV and/or soft X-ray intensity drops. More than half of
the coronal holes, or coronal hole-like intensity drops in
EUV and soft X-rays, had radio brightenings inside them.
Therefore coronal holes do not have uniform radio bright-
ness at 87 GHz.

Many of the bright points seen at lower latitudes in the
EIT and SXT images had no, or just faint, counterparts
in the millimeter radio maps. It appears that for an EUV
bright point to show up at 87 GHz it has to be bright
and/or spatially large also in soft X-rays.

Key words: Sun: chromosphere — Sun: transition
region — Sun: corona — Sun: radio radiation — Sun: UV
radiation — Sun: X-rays
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1. Introduction

Polar-cap brightenings in solar radio maps were first
discovered in the 1970’s (Babin et al. 1976; Efanov
et al. 1980a, 1980b). Subsequently several studies
were done using cm- and mm-wavelength data from,
e.g., the Nobeyama 45-m telescope, the Nobeyama
Radioheliograph, and the Metsdhovi 14-m telescope. It
has been claimed that the brightenings are restricted to a
certain wavelength range, from 15 to 48 GHz (Gary et al.
1997), but the upper limit may simply be due to the
lack of good quality observations at higher frequencies.
Below 15 GHz the solar poles have been observed to
appear darker, but at frequencies higher than 48 GHz
both uniform brightness and local depressions have been
observed (Gary et al. 1997; Kosugi et al. 1986), as well
as the above mentioned brightenings (later paper by
Moiseev & Nesterov 1987).

The studies of polar brightenings and depressions have
included a variety of observed features, ranging from high-
latitude polar-cap brightenings to any features observed
above about 40 deg latitude. Also the appearance of coro-
nal holes is very important in polar regions. Along with
the question whether polar brightenings do appear at high
frequencies (shorter than 6 mm), a puzzle exists on the
origin of the brightenings: are they associated with limb
brightening (Shibasaki 1997), coronal holes (Brajsa et al.
1996), faculae (Riehokainen et al. 1998), magnetic features
(Kosugi et al. 1986; Gopalswamy et al. 1999), atmospheric
structures (Hiei 1987), polar plumes (Gopalswamy et al.
1992), or something else?

The starting point of this study was the fact that for
the first time at 87 GHz (3.5 mm), the solar radio maps
observed with the upgraded Metsédhovi Radio Observatory
14-m telescope showed polar brightenings and depressions.
We present here an analysis of data from 9 separate days
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observed near the solar minimum (1996-1997), with good
imaging capabilities at 87 GHz.

2. Observations
2.1. Metsdhovi observations

The Metsahovi radio telescope was upgraded in 1992-1994,
and at present the surface accuracy is 0.1 mm (rms). The
14-meter antenna gives 1.0 arcmin spatial resolution (i.e.
HPBW beam size) at 87 GHz (3.5 mm). The maps are
made by scanning the Sun in right ascension, by chang-
ing declination between the scans. The full solar disk is
scanned in 9 minutes in the “fast map” mode, which makes
29 scans, 91 samples each. The flux resolution for this
study was estimated from nearby active region track files.
Track files are made by pointing the beam to a selected
region on the solar disk and by measuring the flux den-
sity (sampling rate 20 samples/s). By using active region
track files we get a maximum amount of noise fluctuations,
as fluctuations from the active region itself are included.
Large noise levels can therefore be the result of very active
regions on the disk. A large noise level can affect the qual-
ity of the map (i.e., the dynamic range). An example of a
low-quality radio map is in Fig. 8, from May 20, 1997. The
variation in this case is most probably instrumental, and
depends on the set-up. Set-ups may be changed between
the days or between the observing runs. In the analysed
radio maps the flux resolution varied from 0.3% to 0.5%
of the quiet Sun flux, depending on the observing run in
question.

No absolute flux calibration is done during the
Metséahovi solar observations, but the quiet Sun bright-
ness temperature has previously been estimated to be
around 7200 K at 87 GHz (see Pohjolainen & Urpo, 1997),
giving a brightness temperature resolution of 22 — 36 K
for this study. The observed flux density, which is directly
related to brightness temperature, is expressed in the
tables as a percentage of the quiet Sun level, which is
determined from the A/D converter counts. For example,
on April 12, 1996 the quiet Sun level was estimated to
be at 7240.0 A/D count units, which is equivalent to
the estimated 7200 K brightness temperature. A bright
area showing a 1.009 relative intensity is therefore 0.9%
above the quiet Sun level, i.e., is showing a brightness
enhancement of 64.8 K.

The solar maps that are presented here are the
“raw” maps, without any deconvolution methods applied.
Because the beam is not sharp but more like a broad
Gaussian with wings (sidelobes), an artificial limb dark-
ening and an artificial sky brightening are observed near
the true edge of the solar disk (see Lindsey & Roellig
1991). The effect can be seen as the dark ring in the
87 GHz radio maps inside the circle which marks the
optical solar limb, and as additional emission outside the
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Table 1. EIT bandpasses for the observations

Wavelength Ion Temperature
304 A Hell 8.0 10* K
171 A FeIX, X 1.310° K
195 A Fe XII 1.6 106 K
284 A Fe XV 2.0 10° K

solar limb. We analyse here only those brightenings and
depressions that were well outside this effect (i.e. well
inside the solar disk). The artificial limb darkening makes
it impossible to see the features as high as the polar caps,
but because of the changing By angle, features up to
70 deg in latitude (at 0 longitude) can be discerned.

2.2. SOHO-EIT observations

The Extreme Ultraviolet Imaging Telescope (EIT) on-
board the SOHO spacecraft, images the corona in four
EUV wavelengths (Delaboudiniere et al. 1996). From EUV
lines — which represent different ion transitions — the chro-
mosphere (He II), the transition region (Fe I1X/X) and
the corona (Fe XII, Fe XV) are imaged, see Table 1.
Temperature diagnostics are made by wavelength ratios
(Neumark et al. 1997), and 3-D coronal structure evolu-
tion is studied by comparing filter images (Portier-Fozzani
et al. 1996).

The selected four EIT images per day — observed as
close as possible to the radio observations — were taken
with filter Clear or Al41. The EIT pixel resolution is
2.6 arcsec. The full Sun images were either 1024x1024
(full resolution, denoted “F” in Table 2) or 512x512 (half
resolution, denoted “H” in Table 2).

The EIT images were calibrated using the usual soft-
ware methods described in Moses et al. (1997). To remove
the shadow of the tiny grid that supports an aluminium
filter standing in front of the CCD camera, included in
all EIT images, smooth filtering using a local median fil-
ter was preferred (Portier-Fozzani et al. 1996). More de-
tails concerning the EIT calibration and in flight use can
be found in Moses et al. (1997), Newmark et al. (1997),
Defise (1999), and Portier-Fozzani (1999).

2.8. Yohkoh SXT observations

The Soft X-ray Telescope (SXT) onboard the Yohkoh
satellite observes the solar corona through several differ-
ent filters (Tsuneta et al. 1991). The broad-band instru-
ment is sensitive over a range of energies between 0.25 and
4 keV. The corresponding coronal temperatures are in the
range of 2 — 20 MK. In the case of the quiet solar corona,
the temperatures are at the lower end of this scale.

We used SXT full frame images, taken with the AIMg
and Al.1 filters near the times of the radio observations,
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with the longest available exposure times, in order to get
the faint features visible. The full frame SXT images were
observed either in Half resolution (denoted “H” in Table 2)
with 4.9 arcsec pixel size, or in Quarter resolution (de-
noted “Q” in Table 2) with 9.8 arcsec pixel size. The ex-
posure times varied between 0.6 s (August 13, 1996) and
30.2 s (April 12, 1996). The SXT images were corrected
for dark noise and particle hits.

2.4. Other wavelength data

As it is well known than H,, dark filaments can cause radio
depressions (Vrsnak et al. 1992), we checked from the H,
images in the Web (http://sohodb.nascom.nasa.gov/cgi-
bin/synop_query_form) that no filaments were present
where we had radio depressions. Therefore the radio
depressions analysed in this study must be caused by
some other mechanism than an overlaying absorbing dark
filament.

Coronal holes and their borders are sometimes difficult
to define. We used also other wavelength data from the
Web, when available, to check the locations under study.
Especially He T (10830 A) images were useful for this
purpose.

2.5. Selection of data and error analysis

We went through the radio maps measured at Metsdhovi
at 87 GHz (3.5 mm) in 1996 and 1997, and selected the
ones that had close-in-time observations at least with one
of the EUV wavelengths, observed by the EIT. In this way
9 radio maps from 9 days were selected, see Table 2. A lot
more radio maps are available if nearness in time is not a
requirement.

All four EIT wavelengths were then analysed, to con-
firm the structural classification in EUV. In the analysis
the maximum time difference between a radio and an EUV
map was 1.5 hours, but in that case more close-in-time
observations were available at the other three EUV wave-
lengths, and we checked that the observed features were
consistent. SXT maps were selected on the basis of being
taken as near as possible to the selected radio and EUV
maps, and with the longest available exposure times.

The tops and the bottoms of the selected radio bright-
enings and depressions, respectively, were given helio-
graphic coordinates. The positions (latitude, longitude)
and intensities (relative to the quiet Sun level) for al-
together 104 radio sources are given in Tables 3-11, for
each of the days separately. In the tables, EIT and SXT
structures are defined for the radio locations and their
surrounding area.

In comparing the features in radio and in EUV one
should be aware of the fact that the spatial resolution at
87 GHz is rather poor, about 1 arcmin (HPBW). Radio
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emission sources that are located within the 1 arcmin
beam area will be convolved, and this means that the true
peak brightness can be “off” the given coordinates. The
scanning technique poses problems as well: pointing errors
are common when using heavy antennas at high speed.
To overcome the “off” pointing, all features within the
1 arcmin beam were classified and listed.

The Metsdhovi scan map method was originally de-
veloped for 37 GHz, with a much larger beam size. At
87 GHz the beam size is smaller than the separation be-
tween scans, 1.2 arcmin. This can mean missing some flux,
if a very small point source is located just in between the
scan paths. However, the non-symmetrical main beam and
strong sidelobes usually reduce this problem. Atmospheric
changes between separate scans can also cause defects,
which are usually seen as the sawed edge of the solar limb.

Another, a much larger error, comes from the deter-
mination of the center of the radio Sun. Due to the non-
symmetrical beam and errors in scanning, the radio Sun
is not a perfect circle, and the person making the data
reduction is very much responsible for putting the cen-
ter point to the “right” position. Our data set was anal-
ysed separately by two different people, and the maximum
difference in coordinate determination was 10 degrees in
heliographic longitude, which was caused by moving the
center point in an East-West direction. However, this kind
of difference in coordinates was extremely rare.

Also, a small bright point in a cool dense region will
be diluted in a large radio beam, and will not necessar-
ily show up. If sources looking similar in EUV are not
both detected in radio, one must look for differences in
temperature and/or density. The basics of radio emission
and antenna beams can be found in, e.g., Dulk (1985) and
Pohjolainen (1996). To explore the effects of the differ-
ent resolutions of the two instruments, a test was made
by plotting EIT images degraded into radio resolution.
It was found that structural mixing was present in some
cases, but also good fit to the radio images was found
(Pohjolainen et al. 1999a).

3. Analysis and results

Nine solar radio maps, from 9 different days, observed in
1996-1997 were analysed for this study. The coordinates
and fluxes of radio bright and depressed (relative to the
quiet Sun level) areas near the polar zones were listed,
as described in Sect. 2.5. Also some strong active regions
at lower latitudes were given coordinates, mainly to check
the accuracy of the radio coordinate determination.

The listed radio source locations were analysed in all
EUV wavelengths, and all EUV features seen within the
1 arcmin radio beam were listed. The identification
of EUV features was mainly based on coronal images
(171/195/284 A). The Fe IX/X line (171 A) was usually
checked first, and then compared with images at other
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Table 2. Selected radio, EIT, and SXT maps for comparing polar structures

Date 87 GHz EIT map SXT map
radio map uT uT
uT He II Fe IX/X  Fe XII Fe XV AlMg Al1l
Apr. 12, 1996 13:57 —14:05 14:50(F)  14:28(F) 15:12(F) 14:06(F) 13:52(H), 14:23(Q)  13:55(H)
Apr. 15,1996 12:05—12:13 13:12(F) 12:14(F) 12:20(F) 13:01(F) 11:18(H), 13:13(H)
Aug. 09, 1996 07:23—-07:32 07:40(H) 07:24(H) 07:34(H) 07:30(H) 07:00(H) 06:48(H)
Aug. 13,1996 12:31—12:39 12:35(H) 12:30(H) 12:34(H) 12:32(H) 12:39(Q), 12:48(Q)
Aug. 14,1996 12:55—13:03 12:35(H) 12:30(H) 12:34(H) 12:32(H)  12:53(H) 12:39(H)
May 20, 1997 13:03—13:12 13:18(F) 13:00(F) 13:12(F) 13:06(F) 12:53(Q), 13:15(Q)
Aug. 08,1997 11:30—11:39 13:28(F) 13:10(F) 1147(F) 13:16(F) 11:04(Q), 12:17(Q)
Aug. 27,1997 12:13—12:22 13:19(F) 13:01(F) 12:15(H) 13:07(F) 12:10(H), 12:55(H) 12:53(H), 13:08(H)
Aug. 28,1997 07:16—07:24 07:18(F) 07:00(F) 07:12(F) 07:06(F) 07:06(H), 07:23(H) 07:04(H), 07:21(H)

wavelengths. The same procedure and listing was done
with the soft X-ray images.

The classification of EUV and soft X-ray features was
based on intensity, spatial scale, and general “lookout”.
We determined the quiet Sun level in each of the images,
and the enhanced /reduced brightness was determined rel-
ative to this. One effect of this method was that very few of
the analysed locations were determined to be “quiet Sun”,
as it was defined to be practically one intensity value. Also,
as the radio beam area consists of 30 — 400 SXT or EIT
pixels (depending on the observing mode), we did not try
to give any “average” intensity value for the EUV /soft
X-ray features.

With this method each radio location could have more
than one possible counterpart in EUV and soft X-rays (in-
dicated by “/” in Tables 3-11). The problem of multiple
sources within the radio beam is clearly seen in the polar
region EUV blow-up image, in Fig. 1. Tracking problems
with radio antennas can sometimes cause displacements in
the beam position, and therefore we also looked for strong
emission sources nearby the assumed antenna beam posi-
tion. The “nearby” features are also listed in Tables 3—11.
The radio maps are presented in Figs. 2, 5, ... 26, the soft
X-ray images in Figs. 3, 6, ... 27, and the EIT images in
Figs. 4, 7, ... 28.

The quiet Sun radio emission at 87 GHz (3.5 mm)
originates from chromospheric heights, and has an esti-
mated brightness temperature of 7200 K. The emission
is mostly due to thermal bremsstrahlung. However, radio
emission can also be produced at greater heights if the
plasma density and temperature are high enough in, e.g.,
coronal loops. Besides thermal emission, other emission
mechanisms may also be present. There has been some dis-
cussion on possible synchrotron sources and plasma emis-
sion connected with coronal holes (e.g. Shevgaonkar et al.
1988).

In EUV coronal lines, the intensity is proportional to
the emission measure, which is related to the temperature
and the density. The iron lines are optically thin. With
the iron lines different temperatures of the corona can be
observed. The image appears darker where the temper-

Fig.1. Polar region on August 27, 1997, at 13:01:03 UT in
Fe IX/X line (reversed colours). The cicle has 1 arcmin ra-
dius and shows the size of the radio beam. Depending on the
location, there is a possibility of having several EUV structures
within the beam. This location was classified as a local inten-
sity enhancement (LIE, in dark colour), although it is nearby
a local intensity decrease area (LID, in white colour). The con-
trast in the image has been enhanced, to show more clearly all
the tiny EUV structures

ature is lower (e.g., filament channels) or the density is
smaller (e.g., coronal holes, where the plasma can escape
along the open magnetic field lines). Fe XII is adapted
to observe the “usual” corona, while Fe XV observes the
more hot temperatures. Structures in Fe IX/X always ap-
pear with narrow shapes (such as loops). This transition
region line is very important for the analysis, as it shows
the evolution of the topology and the morphology at in-
termediate temperatures between the photosphere and the
corona. The He II line at 304 A is an optically thick line.
This chromospheric line is mixed with a coronal Si IX line.

The Yohkoh/SXT was mainly designed for observ-
ing flares and other transient phenomena. The quiet Sun
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emission, with changing features but low count rates, is
therefore more difficult to analyse. Some studies of po-
lar coronal holes have been made with the SXT (see,
e.g., Foley et al. 1997), but these have required longer
than normal-mode exposure times and summing up of im-
ages over long periods. Coronal hole temperatures in soft
X-rays have been found to be similar to the values for
the nearby quiet corona, but with electron density values
about 3 times lower (Hara et al. 1994). We did not do any
temperature or emission measure analysis because of the
long image intervals and low count rates in some of the
individual images.

One should also note that no comparison of features
was done between the EIT and the SXT images. We com-
pared only radio and EUV, and radio and soft X-ray emis-
sion sources in the given solar coordinates, but within the
radio beam. Since the radio resolution is so different from
the two others, comparison of a single location in high
resolution images might give different results.

Quiet Sun structures are usually considered to be very
stable, and not change much in time. Polar plumes may
stay the same for hours, and radio depressions and bright-
enings have been used for, e.g., determining the solar rota-
tion rate at high latitudes. However, when comparing the
radio and soft X-ray images we found that the borders of
coronal holes can change their position within some tens of
minutes. On April 12, 1996, at 13:52 UT the radio bright-
ening 3S was situated in the coronal hole border area, near
a soft X-ray brightening, but in the later SXT image at
14:23 UT the radio position had moved inside the coronal
hole area. On August 9, 1996, the radio bright position 4N
moved from coronal hole border area to a diffuse bright
area within 12 minutes, and on August 8, 1997, positions
1IN and 6N moved from the coronal hole border area to
inside the coronal hole, within about an hour. Therefore
one should be very careful in comparing coronal hole bor-
der areas when the time differences between images are
larger than the order of tens of minutes.

3.1. Radio — EUV

The radio locations included 81 brightness peaks and 23
depression centers. For half of the radio locations (51,/104)
it was possible to determine a sole counterpart from the
EIT images. For the rest of the cases two or possibly more
different features were present within the estimated radio
beam. We would have to know the temperatures and den-
sities of each of these features to be able to determine how
much they contributed to the radio emission.

The EUV regions listed in Tables 3—-11 were classified
as:

— AR = Active Region,

— BP = Bright Point,

PP = Polar Plume (or a group of plumes),
— LIE = Localized Intensity Enhancement,
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— LID = Localized Intensity Decrease,
— CH = Coronal Hole.

Active regions (AR) were classified with the help of NOAA
active region listings from the Solar Geophysical Data.
Also large EUV and radio bright regions with complex
loop structure were classified as ARs, even if they were
not listed by NOAA. These regions were much larger than
bright points and much more intense than localized inten-
sity enhancements (see below). The tops of the hot loops
in ARs usually show thermal radio emission. During long
duration events and flares, also footpoint brightening is
observed at cm wavelengths (Hanaoka 1994).

Bright points (BP) are bright individual features some-
times seen in coronal holes. Bright points can also be seen
over diffuse bright structures, all over the solar disk. The
sizes of BPs are usually 10 — 50”. Simultaneous EUV and
soft X-ray observations have shown that the regions of
peak emission are not always cospatial, suggesting a com-
plex structure of small-scale loops, at different tempera-
tures (Habbal et al. 1990). EUV and soft X-ray bright
points have been found to be associated with magnetic
bipolar regions, but cm-radio observations have shown
some association between radio bright points and unipo-
lar magnetic structures (Kundu et al. 1988). EUV bright
points have not been studied much at radio wavelengths.

Polar plumes (PP) are bright individual features seen
in polar coronal holes (DeForest et al. 1997), and some-
times in coronal holes that extend to equatorial heights
(Allen et al. 1997). They can also appear in groups. The
3-D structures of polar plumes are very well seen with EIT.
Polar plumes have not been detected previously at milli-
metric radio wavelengths. A study by Nindos et al. (1999)
discovered centimeter radio emission arising between the
plumes in polar regions.

Localized intensity enhancements (LIE) are brighter
than the quiet Sun and less bright than ARs. They are also
larger than BPs. They exist outside coronal holes and ac-
tive regions, and include sometimes diffuse areas like the
borders of coronal holes. Magnetograms for these areas
give no definite polarities. The brighter features could be
loop structures that are not seen due to the EIT spatial
resolution. Temperatures given by EIT for these structures
are between 1 — 1.6 MK.

Localized intensity decreases (LID) are small — a few
arcmin diameter — regions that are less bright than the
quiet Sun. These small “holes” can be found all over the
solar surface. The existence of small coronal holes has been
suggested previously by Bohlin (1976).

Coronal holes (CH) are seen as dark regions in EUV
and soft X-rays, and as bright regions in the He I ab-
sorption line. The density and/or temperature is usually
lower than in the surrounding corona. There has been
some debate on whether CHs can be identified as open
field line areas (Obridko & Shelting 1999), but at least for
statistical purposes this definition can be used. Coronal
holes are usually seen as depressions at centimeter
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wavelengths, but several studies have shown radio bright
coronal holes (Gopalswamy et al. 1999; Brajsa et al.
1996).

The radio brightness enhancements (81) correlated
with the following EUV features: active regions (3), polar
plumes (3), localized intensity enhancements (17), local-
ized intensity decreases (12), coronal holes (9), and mix-
tures of features (37).

The radio depressions (23) correlated with the follow-
ing EUV features: localized intensity enhancements(2),
localized intensity decreases (13), coronal holes (2), and
mixtures of features (6).

8.2. Radio — soft X-rays

The structures seen in the Yohkoh SXT images were listed
similarly, but to avoid confusion between the EUV and soft
X-ray features we named some of the soft X-ray features
differently. Brightness enhancements and less bright re-
gions in soft X-rays are usually spatially larger (reflecting
also the instrument resolution) than in EUV, and there-
fore we dropped the term “localized”. The soft X-ray fea-
tures were listed as follows:

- AR (as in EUV),

BP (as in EUV),

— enhanced brightness (above the quiet Sun brightness),

reduced brightness (below the quiet Sun brightness),
- CH (as in EUV).

The radio brightness enhancements (81) correlated with

the following soft X-ray structures: active regions (4),

bright points (8), enhanced brightness (39), reduced

brightness (5), coronal holes (16), and a mixture of

features (9).

And the radio depressions (23) correlated with the fol-
lowing soft X-ray structures: enhanced brightness (2), re-
duced brightness (9), coronal holes (8), quiet Sun (3), and
a mixture of structures (1).

4. Summary of comparisons

We have observed polar brightenings at 87 GHz (3.5 mm
wavelength), with a typical 0.5 —1.5% brightness enhance-
ment over the quiet Sun. Taking an average quiet Sun
brightness temperature of 7200 K at 87 GHz, we get
brightness enhancements in the scale of 35 — 110 K. In
comparison, the active regions observed at 20 — 30 degrees
in latitude in the same solar maps showed 1 — 4% bright-
ness enhancements.

Radio brightenings were found to correlate with sev-
eral different types of structures seen in EUV (see Sect. 3
for the exact numbers).

— Localized intensity enhancements (LIE — 17 locations):
At 87 GHz, they often showed a brightness enhance-
ment of about 1%. The borders of coronal holes of-
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ten show diffuse emission, as the open field line areas
change into a border of closed lines.

— Localized intensity decreases (LID — 12 locations):
Surprisingly many of the radio enhancement peaks
were located inside the small less bright regions. The
corresponding radio brightenings varied in intensity,
between 0.2% and 2.4%. However, these EUV reduced
brightness areas usually had very small spatial size,
and were often surrounded by diffuse matter or small
bright areas that could contribute to the radio flux, so
the connection can be ambiguous.

— Coronal holes (CH — 9 locations): In our study the ra-
dio brightenings for coronal holes were between 0.4%
and 2.3%. Radio brightenings inside coronal holes were
linked with the changes in By angle: when more of the
polar regions and coronal holes were visible, the clearer
were the radio brightenings inside them. On April 12,
1996, on April 15, 1996 (see Figs. 29 and 30 for close-
ups), and on May 20, 1997, radio bright regions were
located inside the southern CHs, and on August 9,
1996, and on August 8, 27, and 28 the radio bright
regions were detected in the northern CHs.

— Polar plumes (PP — 3 locations): The radio enhance-
ments for the three locations that corresponded to
plumes were 1.0% (location 3N on August 13, 1996),
1.4% (location 2N on August 13, 1996), and 1.5% (lo-
cation 2N on August 14, 1996). The fact that plumes
are inside coronal holes, which are cool and less dense,
and that the plumes may not fill the whole radio beam
area and may be diluted within the beam, make this
radio signature even more significant.

— Active regions (AR — 3 locations): The tops of the loops
in EUV were seen as radio brightenings, as expected.
Active region loops showed higher brightness temper-
ature in radio (3.6 — 4.0%) than, e.g., the plumes.

— Bright points (BP — no definite detections): Three
radio bright polar locations could be correlated to
EUV bright points, with the help of soft X-ray im-
ages (EUV-only analysis classified them as mixed fea-
tures). These were location 2S on August 9, 1996 (2.1%
enhancement), location 1N on August 13, 1996 (1.3%
enhancement), and 1S on August 14, 1996 (2.1% en-
hancement). Yohkoh SXT also showed 4 bright points
that were not classified as those in EUV, on April 12,
1996 (locations 3N with 0.6% and 4N with 0.4% radio
enhancements), on August 9, 1996 (location 2S with
2.1% radio enhancement), and on May 20, 1997 (loca-
tion 3S with 0.6% radio enhancement).

Radio depressions (23 altogether) at 87 GHz showed
0.5—2.0% (35— 145 K) brightness drops, and were clearly
correlated with coronal holes, localized intensity decreases,
coronal hole borders seen as intensity enhancements, or
a combination of these three features in EUV. The soft
X-ray images confirmed the correlation: of the 23 radio
depressions 17 were located within coronal holes or re-
duced brightness regions. And further, if we look at the
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classifications in both EUV and soft X-rays, only one loca-
tion (7S, on August 13, 1996) was not connected to coro-
nal holes. Therefore we can say that radio depressions in
3.5 mm are connected to the coronal hole phenomenon.

However, this is not so in the reverse situation: coronal
holes and local less bright regions seen in EUV, and in soft
X-rays, were often seen as brightenings at 87 GHz. This
study showed 15 radio depressions vs. 22 radio bright-
enings for coronal hole-like EUV sources, and 17 radio
depressions vs. 21 radio brightenings for coronal hole-like
soft X-ray sources.

X-ray bright points have previously been detected
at cm-wavelengths, using observations made with the
Nobeyama Radioheliograph and the VLA (Nitta et al.
1992; Kundu et al. 1994). We now report detection of
bright points also at 3.5 mm wavelength. A few ra-
dio brightenings correlated with bright points that were
strong both in EUV and soft X-rays. Besides the 3 that
were reported earlier, there were some found at lower lat-
itudes: location S22W06 on August 9, 1996, and location
N35E33 on August 13, 1996.

However, many of the bright points seen on the solar
disk in the EIT and SXT images had no, or just very faint,
counterparts in millimeter waves. By looking at some low
latitude bright points we were able to conclude that even
if the bright points were strong in EUV, they would not
show up in millimeter radio if they were not strong enough
(N56E30 on August 9, 1996), or spatially large enough
(S42W26 and S57E24 on April 15, 1996 — see Figs. 29 and
30), in soft X-rays.

Also, if the bright points lie inside coronal holes in-
stead of bright diffuse sources, their radio flux will be di-
minished (N16W17 and S30E33 on April 12, 1996). There
were also cases where no obvious reason could be found for
why some bright points showed up in radio (S27W13 and
S30W30 on August 28, 1997) and some did not (S15W13
on the same day), see Fig. 31.

5. Discussion

Quiet Sun radio emission at 87 GHz originates from the
upper chromosphere, as free-free emission from a plasma
at a temperature of about 7200 K. Thermal radio emission
corresponds to the density and temperature of plasma,
and the source height for radio emission can only be de-
termined if the source is located over the limb. Also, radio
brightening can be suppressed by cool dense material high
in the corona, as is the case for the locations of H,, dark
filaments.

In our study a large number of coronal holes appeared
as brightness enhancements in radio. However, many coro-
nal holes appeared also radio depressed. Therefore coro-
nal holes in general cannot be defined as radio bright at
87 GHz. Many of the localized intensity decreases (LIDs)
seen in EUV also appeared radio bright — but not all
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of them. In many cases structural mixing was present,
i.e., more than one EUV feature appeared within the ra-
dio beam. In some of the EIT maps it was possible to
see a patchwork of small “holes”, and the radio enhance-
ment peaks were located inside them. The observed diffuse
bright soft X-ray emission over the EUV LIDs could be ex-
plained by hot coronal material, or by time differences in
the observations, or by projection effects that could change
the soft X-ray source positions.

Thermal radio emission is enhanced with growing den-
sity and/or temperature, and can be formed at any height
in the solar atmosphere above the critical plasma density
level. Therefore local dense and relatively hot (but cooler
than needed for EUV lines), or less dense and very hot
(possible to see in soft X-rays) regions would show out as
radio brightenings. In our data a few locations were seen
as dark coronal holes in the hot Fe lines, but when viewed
in the chromospheric He II line, small local brighten-
ings were found. Some of the coronal hole radio brighten-
ings could therefore be formed at temperatures below the
He II line.

In a recent paper Gopalswamy et al. (1999) suggest
that coronal holes are seen as radio brightenings only if
there are flux concentrations present in unipolar magnetic
regions. The authors connect microwave enhancements
with a combination of a smooth component, which prob-
ably comes from network cell interiors, and other more
compact sources. Unfortunately the spatial resolution is
too poor in our case to be able to separate the possible
different components. The magnetograms for our data set
are to be analysed, to see if there is a difference between
the radio enhancements and depressions for coronal hole-
like areas.

A study by Nindos et al. (1999), comparing 17 GHz ra-
dio brightenings with EIT features, did not find a one-to-
one correlation between compact radio sources and bright
EUV features either. They also suggested an association
between the He II and diffuse polar cm-wave emission,
which would mean that the radio emission comes from
heights below the 80000 K layer, and not from the corona.
The suggestion that in some cases the cm- and mm-wave
radio emission has its origin at relatively low heights in
the solar atmosphere has also been supported by the re-
cent finding that 87 GHz radio bright regions are often as-
sociated with EUV, and even UV bright points, observed
with the 0.5 arcsec pixel resolution of the TRACE satellite
(Pohjolainen et al. 1999b).

Our data set showed that bright points, and some-
times even plumes, can be detected at 3.5 mm wavelength.
However, many of the plumes were too high in latitude to
be visible in the radio maps (limit of about 70 degrees).
The bright points that did show up well in the mm-radio
maps were intense both in EUV and soft X-rays. Also
some indication of emission below 80 000 K was detected
inside the coronal holes.
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It has been suggested that cm-wave radio brightenings
near the solar poles and inside coronal holes — as they are
most probably connected to temperature enhancements in
the chromosphere — may be related to the origin of solar
wind. Millimeter wave emission has its origin even deeper
down in the chromosphere, and our finding of mm-wave
coronal hole brightenings may be a further proof of heat-
ing processes taking place in the chromosphere, that are
necessary for solar wind plasma flows.

Due to the low spatial resolution of the available mm-
wave radio observations it is difficult to determine any
single feature to be the cause for radio brightenings. Our
study suggests that bright points and polar plumes, as
well as unresolved EUV and soft X-ray brightenings could
be associated with radio brightenings. We also discovered
radio bright regions inside coronal holes, with no obvious
features causing them. This suggests that a closer look
with good spatial resolution will be needed in the whole
spectral range — from UV to soft X-rays — combined with
magnetograms, to discover the physical counterparts for
the brightenings.
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Table 3. April 12, 1996: The radio Quiet Sun Level (QSL) was 7240.0 A/D converter count units (1.000 £ 0.003) in the Mets&hovi
87 GHz map at 13:57 — 14:05 UT (Fig. 2). The radio source location is within the one arcmin beam. The Yohkoh SXT map
was taken at 13:54:59 UT (Fig. 3), and the SOHO EIT Fe IX/X image at 14:27:41 UT (Fig. 4)

Point Lat Long 87 GHz Radio EIT SXT
Deg Deg Relative structure structure structure
Intensity within 1 arcmin within 1 arcmin

1N 51.1 20.4 1.009 &+ 0.003  brightening LIE enhanced brightness
2N 43.4 5.1 1.010 £ 0.003 brightening LID enhanced brightness
3N 56.8 9.4 1.006 £ 0.003 brightening LID (He II: near LIE) near BP
4N 31.3 —5.5 1.004 £ 0.003 brightening LID BP
1S —67.0 5.0 1.017 £ 0.003 brightening CH (He II: BP) CH
2S —55.8 35.0 1.012 £ 0.003 brightening LID/BP nearby BP
3S —582 —41.2 1.010 + 0.003 brightening LID/BP nearby enhanced brightness/CH
4S —61.9 26.9 1.011 + 0.003  brightening LID/LIE nearby enhanced brightness
5S —47.3 —56.0 1.010 £ 0.003 brightening LIE CH/enhanced brightness
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Fig. 2. Solar radio map at 87 GHz (3.5 mm) for April 12, 1996 at 13:57 — 14:05 UT. The greyscale contours (0.5, 0.7, 0.9, 0.98,
0.985, 0.99, and 0.995) represent levels below the quiet Sun. The quiet Sun (level 1.000) is plotted in white color, over which
are the enhanced levels plotted in contour lines. The contour line level difference (0.3% of the quiet Sun in this case) is also the
flux resolution
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Fig. 3. Yohkoh SXT ALl image from April 12, 1996 at 13:54:59 UT (reversed colors). Overplotted are some selected radio
contours (above the quiet Sun level only) of the 13:57 — 14:05 UT map
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Fig.4. SOHO/EIT Fe IX/X (171 A, filter Al4+1) image for April 12, 1996 at 14:27:41 UT (reversed colors)
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Table 4. April 15, 1996: The radio Quiet Sun Level (QSL) was 7360.0 A/D converter count units (1.000 £ 0.003) in the Mets&hovi
87 GHz map at 12:05 — 12:13 UT (Fig. 5). The radio source location is within the one arcmin beam. The Yohkoh SXT map
was taken at 11:18:47 UT (Fig. 6), and the SOHO EIT Fe IX/X image at 12:14:16 UT (Fig. 7)

Point Lat Long 87 GHz Radio EIT SXT
Deg Deg Relative structure structure structure
Intensity within 1 arcmin  within 1 arcmin
1N 55.5 22.8 1.010 = 0.003  brightening LID enhanced brightness
2N 40.2 4.5 1.007 £+ 0.003 brightening LID/LIE nearby enhanced brightness
3N 532 —13.9 1.004 £ 0.003 brightening LID/LIE nearby enhanced/reduced brightness
4N 35.1 —10.1 1.009 + 0.003 brightening LIE enhanced brightness
5N 52.8 33.8 1.011 £+ 0.003 brightening LID enhanced brightness
6N 31.5 —204 1.010 £ 0.003 brightening LIE enhanced brightness
7N 53.7 0.4 0.995 £ 0.003 depression LID enhanced brightness
8N 45.1 —18.5 0.997 4+ 0.003 depression LIE reduced brightness
1S —63.5 —0.3 1.011 + 0.003 brightening CH CH
2S —64.5 20.6 1.009 + 0.003  brightening CH/LIE CH
3S —60.7 —36.5 1.014 £ 0.003 brightening CH/LIE CH/enhanced brightness
4S —52.5 43.1 1.010 £ 0.003  brightening LIE enhanced brightness
5S —46.3 48.9 1.010 + 0.003  brightening LID/LIE nearby enhanced brightness
6S —47.5 6.6 1.007 £ 0.003 brightening LID/LIE nearby enhanced brightness
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Fig. 5. Solar radio map at 87 GHz (3.5 mm) for April 15, 1996 at 12:05 — 12:13 UT. The greyscale contours (0.5, 0.7, 0.9, 0.98,
0.985, 0.99, and 0.995) represent levels below the quiet Sun. The quiet Sun (level 1.000) is plotted in white color, over which
are the enhanced levels plotted in contour lines. The contour line level difference (0.3% of the quiet Sun in this case) is also the

flux resolution
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Fig. 6. Yohkoh AlMg image from April 15, 1996 at 11:18:47 UT (reversed colors). Overplotted are some selected radio contours
(above the quiet Sun level only) of the 12:05 — 12:13 UT map



240 S. Pohjolainen et al.: Comparison of 87 GHz solar polar structures

Fig.7. SOHO/EIT Fe IX/X (171 A, filter Al4+1) image for April 15, 1996 at 12:14:16 UT (reversed colors)
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Table 5. August 9, 1996: The radio Quiet Sun Level (QSL) was 5380.0 A/D converter count units (1.000 £+ 0.003) in the
Metséhovi 87 GHz map at 07:23 — 07:32 UT (Fig. 8). The radio source location is within the one arcmin beam. The Yohkoh
SXT map was taken at 07:00:00 UT (Fig. 9), and the SOHO EIT Fe XII image at 07:34:25 UT (Fig. 10)

Point Lat Long 87 GHz Radio EIT SXT
Deg Deg Relative structure structure structure
Intensity within 1 arcmin  within 1 arcmin
1IN 70.1 16.7 1.015 £ 0.003 brightening CH CH
2N 62.1 —27.0 1.019 £ 0.003 brightening LID/LIE CH
3N 52.2 3.9 1.013 £+ 0.003 brightening LID/LIE nearby enhanced brightness
4N 474 —422 1.013 £ 0.003  brightening LID CH/enhanced brightness
5N 58.4 49.1 1.010 &£ 0.003  brightening LIE enhanced brightness
6N 424 —16.7 0.986 £ 0.003 depression  LID CH
™ 42.5 12.5  0.989 4+ 0.003 depression LID quiet Sun
8N 37.6 1.7 0.988 £ 0.003 depression LID quiet Sun
1S —-52.0 —9.4 1.013 + 0.003 Dbrightening LIE enhanced brightness
2S —42.4 42.8  1.021 4+ 0.003 brightening BP/LID nearby = BP nearby
3S —-34.9 —9.2 0.986 £ 0.003 depression LID reduced brightness
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Fig. 8. Solar radio map at 87 GHz (3.5 mm) for August 09, 1996 at 07:23 — 07:32 UT. The greyscale contours (0.5, 0.7, 0.9,
0.98, 0.985, 0.99, and 0.995) represent levels below the quiet Sun. The quiet Sun (level 1.000) is plotted in white color, over
which are the enhanced levels plotted in contour lines. The contour line level difference (0.3% of the quiet Sun in this case) is

also the flux resolution
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Fig.9. Yohkoh SXT AlMg image from August 09, 1996 at 07:00:00 UT (reversed colors). Overplotted are some selected radio
contours (above the quiet Sun level only) of the 07:23 — 07:32 UT map
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Fig. 10. SOHO/EIT Fe XIT (195 A, filter Clear) image for August 09, 1996 at 07:34:25 UT (reversed colors)
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Table 6. August 13, 1996: The radio Quiet Sun Level (QSL) was 5950.0 A/D converter count units (1.000 £ 0.003) in the
Metséhovi 87 GHz map at 12:31 — 12:39 UT (Fig. 11). The radio source location is within the one arcmin beam. The Yohkoh

S. Pohjolainen et al.: Comparison of 87 GHz solar polar structures

SXT map was taken at 12:39:53 UT (Fig. 12), and the SOHO EIT Fe IX/X image at 12:30:13 UT (Fig. 13)

Point Lat Long 87 GHz Radio EIT SXT
Deg Deg Relative structure structure structure
Intensity within 1 arcmin ~ within 1 arcmin
1IN 64.7 —6.9 1.013 £ 0.003 brightening BP or PP BP
2N 68.5 21.6 1.014 4+ 0.003  brightening PP CH
3N 64.3 47.8 1.010 + 0.003  brightening PP CH
4N 55.5 50.8 1.005 4+ 0.003  brightening LID/LIE CH
5N 52.4 51 0.989 £ 0.003 depression  LID/LIE CH
1S —45.2 —26.3 1.016 4+ 0.003  brightening LIE enhanced brightness
2S —40.1 —41.3 1.014 £ 0.003 brightening LIE reduced brightness
3S —29.8 —229 1.011 4+ 0.003  brightening LID enhanced brightnes
45 —42.9 —1.6 1.011 4+ 0.003 brightening LID/BP nearby enhanced brightness
5S —50.5 35.7  1.006 £ 0.003 brightening LIE reduced brightness
6S —53.1 13.6 0.992 £ 0.003 depression CH CH
7S —38.0 —12.4 0.998 4+ 0.003 depression LIE enhanced brightness
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Fig.11. Solar radio map at 87 GHz (3.5 mm) for August 13, 1996 at 12:31 — 12:39 UT. The greyscale contours (0.5, 0.7, 0.9,
0.98, 0.985, 0.99, and 0.995) represent levels below the quiet Sun. The quiet Sun (level 1.000) is plotted in white color, over
which are the enhanced levels plotted in contour lines. The contour line level difference (0.3% of the quiet Sun in this case) is
also the flux resolution
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Fig.12. Yohkoh SXT AlMg image from August 13, 1996 at 12:39:53 UT (reversed colors). Overplotted are some selected radio
contours (above the quiet Sun level only) of the 12:31 — 12:39 UT map
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Fig. 13. SOHO/EIT Fe IX/X (171 A, filter Clear) image for August 13, 1996 at 12:30:13 UT (reversed colors)
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Table 7. August 14, 1996: The radio Quiet Sun Level (QSL) was 1985.0 A/D converter count units (1.000 £ 0.003) in the
Metséhovi 87 GHz map at 12:55 — 13:03 UT (Fig. 14). The radio source location is within the one arcmin beam. The Yohkoh
SXT map was taken at 12:39:41 UT (Fig. 15), and the SOHO EIT Fe IX/X image at 12:30:13 UT (Fig. 16)

Point Lat Long 87 GHz Radio EIT SXT
Deg Deg Relative structure structure structure
Intensity within 1 arcmin  within 1 arcmin
1IN 67.5 30.0 1.018 £ 0.003 brightening LIE CH
2N 674 —11.5 1.015 £ 0.003 brightening PP? CH
3N 49.6 —47.0 1.006 4+ 0.003 brightening LID enhanced brightness
4N 51.3 14.8  0.987 4+ 0.003  depression LID CH
1S —39.8 —9.4 1.021 £ 0.003 Dbrightening LID/BP nearby BP
2S —40.9 12.7 1.015 £ 0.003  brightening LID enhanced brightness
3S —25.3 31.3 1.018 £ 0.003  brightening LIE enhanced brightness
4S —35.1 —32.8 1.013 4+ 0.003 brightening LID/BP nearby enhanced brightness
55 —50.9 24.9 0.997 £+ 0.003  depression CH CH
6S —26.3 3.1 0.997 4+ 0.003 depression LID quiet Sun
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Fig. 14. Solar radio map at 87 GHz (3.5 mm) for August 14, 1996 at 12:55 — 13:03 UT. The greyscale contours (0.5, 0.7, 0.9,
0.98, 0.985, 0.99, and 0.995) represent levels below the quiet Sun. The quiet Sun (level 1.000) is plotted in white color, over
which are the enhanced levels plotted in contour lines. The contour line level difference (0.3% of the quiet Sun in this case) is

also the flux resolution
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Fig.15. Yohkoh SXT Al.l image from August 14, 1996 at 12:39:41 UT (reversed colors). Overplotted are some selected radio
contours (above the quiet Sun level only) of the 12:55 — 13:03 UT map
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Fig. 16. SOHO/EIT Fe IX/X (171 A, filter Clear) image for August 14, 1996 at 12:30:13 UT (reversed colors)
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Table 8. May 20, 1997: The radio Quiet Sun Level (QSL) was 6910.0 A/D converter count units (1.000 £ 0.005) in the Mets&hovi
87 GHz map at 13:03 — 13:12 UT (Fig. 17). The radio source location is within the one arcmin beam. The Yohkoh SXT map
was taken at 13:15:13 UT (Fig. 18), and the SOHO EIT Fe IX/X image at 13:00:13 UT (Fig. 19)

Point Lat Long 87 GHz Radio EIT SXT
Deg Deg Relative structure structure structure
Intensity within 1 arcmin  within 1 arcmin

1IN 58.7 —2.8 1.006 &+ 0.005 brightening CH/LIE enhanced brightness
2N 478 —10.2 1.001 + 0.005 brightening LID/LIE enhanced brightness
3N 44.4 26.7 1.011 +£ 0.005 brightening LID/LIE enhanced brightness
4N 53.6 —22.9 0.997 + 0.005 depression  LID/LIE quiet Sun/CH
5N 54.8 18.1  0.993 + 0.005 depression  LID/LIE CH
6N 33.7 10.7 0.988 £ 0.005 depression LID reduced brightness
1S —47.1 —29.6 1.013 4+ 0.005 brightening LIE BP?
2S —59.5 1.2 1.004 + 0.005 brightening LIE/LID CH
3S -53.3 28.4 1.006 £ 0.005 brightening LIE BP?
4S —41.8 —4.4 1.006 + 0.005 brightening LID/LIE reduced brightness
55 —50.4 —9.0 0.993 4+ 0.005 depression LID/LIE reduced brightness
6S —43.8 28.1 0.997 4+ 0.005 depression  LID/LIE nearby reduced brightness
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Fig.17. Solar radio map at 87 GHz (3.5 mm) for May 20, 1997 at 13:03 — 13:12 UT. The greyscale contours (0.5, 0.7, 0.9, 0.98,
0.985, 0.99, and 0.995) represent levels below the quiet Sun. The quiet Sun (level 1.000) is plotted in white color, over which
are the enhanced levels plotted in contour lines. The contour line level difference (0.5% of the quiet Sun in this case) is also the
flux resolution
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Fig. 18. Yohkoh SXT AlMg image from May 20, 1997 at 13:15:13 UT (reversed colors). Overplotted are some selected radio
contours (above the quiet Sun level only) of the 13:03 — 13:12 UT map
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Fig.19. SOHO/EIT Fe IX/X (171 A, filter Clear) image for May 20, 1997 at 13:00:13 UT (reversed colors)
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Table 9. August 8, 1997: The radio Quiet Sun Level (QSL) was 5350.0 A /D converter count units (1.000 & 0.004) in the Metséhovi
87 GHz map at 11:30 — 11:39 UT (Fig. 20). The radio source location is within the one arcmin beam. The Yohkoh SXT map
was taken at 11:03:59 UT (Fig. 21), and the SOHO EIT Fe IX/X image at 13:09:46 UT (Fig. 22)

Point Lat Long 87 GHz Radio EIT SXT
Deg Deg Relative structure structure structure
Intensity within 1 arcmin  within 1 arcmin
1N 65.6 38.9 1.009 4+ 0.004 brightening CH CH/quiet Sun
2N 66.7 —8.3 1.004 £ 0.004 brightening CH CH
3N 51.8 43.7  1.005 £+ 0.004 brightening LID/LIE enhanced brightness
4N 55.7 —39.9 1.007 £ 0.004 Dbrightening LIE/BP enhanced brightness
5N 471 =227 1.003 £ 0.004 Dbrightening LIE/BP enhanced brightness
6N 40.1 —10.9 1.002 £+ 0.004 brightening LID CH/quiet Sun
7N 52.2 —9.5 0.982 + 0.004 depression LID/LIE CH
1S —-37.5 —43.7 1.032 £ 0.004 brightening LIE enhanced brightness
2S —30.9 —23.6 1.038 £ 0.004 brightening LID/LIE nearby AR
3S —524 2.8 1.009 4+ 0.004 brightening LID/LIE enhanced brightness
4S —22.8 26.3 1.040 £ 0.004 Dbrightening AR AR
5S —21.0 —19.5 1.036 £+ 0.004 brightening AR AR
6S —35.2 —6.2  0.998 £ 0.004 depression LID reduced brightness
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Fig. 20. Solar radio map at 87 GHz (3.5 mm) for August 8, 1997 at 11:30 — 11:39 UT. The greyscale contours (0.5, 0.7, 0.9,
0.98, 0.985, 0.99, and 0.995) represent levels below the quiet Sun. The quiet Sun (level 1.000) is plotted in white color, over
which are the enhanced levels plotted in contour lines. The contour line level difference (0.4% of the quiet Sun in this case) is

also the flux resolution
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Fig. 21. Yohkoh SXT AlMg image from August 8, 1997 at 11:03:59 UT (reversed colors). Overplotted are some selected radio
contours (above the quiet Sun level only) of the 11:30 — 11:39 UT map
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Fig. 22. SOHO/EIT Fe IX/X (171 A, filter Clear) image for August 8, 1997 at 13:09:46 UT (reversed colors)
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Table 10. August 27, 1997: The radio Quiet Sun Level (QSL) was 4560.0 A/D converter count units (1.000 £+ 0.005) in the
Metséhovi 87 GHz at 12:13 — 12:22 UT (Fig. 23). The radio source location is within the one arcmin beam. The Yohkoh SXT
map was taken at 12:53:45 UT (Fig. 24), and the SOHO EIT Fe IX/X image at 13:01:03 UT (Fig. 25)

Point Lat Long 87 GHz Radio EIT SXT
Deg Deg Relative structure structure structure
Intensity within 1 arcmin  within 1 arcmin
1IN 68.4 —7.1 1.018 £ 0.005 brightening CH CH
2N 65.8 —27.2 1.026 £ 0.005 brightening LIE enhanced brightness (large loop)
3N 66.9 13.4 1.015 4+ 0.005 brightening CH CH
4N 62.3 41.5 1.012 £ 0.005 brightening LID/LIE CH
5N 56.5 —40.9 1.018 4+ 0.005 brightening LIE enhanced brightness
6N 55.2 11.1  0.991 4+ 0.005 depression  LID CH
1S —-42.0 27.6 1.025 + 0.005 brightening LID/LIE enhanced brightness
25 —35.6 40.2 1.024 £+ 0.005 brightening LID reduced brightness
3S —48.5 —14.8 1.014 £ 0.005 brightening LID/LIE nearby enhanced brightness/CH
4S —36.6 —2.8 1.014 £ 0.005 brightening LID/LIE enhanced brightness
5S —42.1 —29.1 1.021 £ 0.005 brightening LID/LIE enhanced brightness
6S -31.7 9.1 0.987 + 0.005 depression LID reduced brightness
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Fig. 23. Solar radio map at 87 GHz (3.5 mm) for August 27, 1997 at 12:13 — 12:22 UT. The greyscale contours (0.5, 0.7, 0.9,
0.98, 0.985, 0.99, and 0.995) represent levels below the quiet Sun. The quiet Sun (level 1.000) is plotted in white color, over
which are the enhanced levels plotted in contour lines. The contour line level difference (0.5% of the quiet Sun in this case) is

also the flux resolution
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Fig. 24. Yohkoh SXT Al.l image from August 27, 1997 at 12:53:45 UT (reversed colors). Overplotted are some selected radio
contours (above the quiet Sun level only) of the 12:13 — 12:22 UT map
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Fig. 25. SOHO/EIT Fe IX/X (171 A, filter Clear) image for August 27, 1997 at 13:01:03 UT (reversed colors)
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Table 11. August 28, 1997: The radio Quiet Sun Level (QSL) was 4480.0 A/D converter count units (1.000 £+ 0.005) in the
Metséhovi 87 GHz map at 07:16 — 07:24 UT (Fig. 26). The radio source location is within the one arcmin beam. The Yohkoh
SXT map was taken at 07:23:28 UT (Fig. 27), and the SOHO EIT He II/Si XI image at 07:18:19 UT (Fig. 28)

Point Lat Long 87 GHz Radio EIT SXT
Deg Deg Relative structure structure structure
Intensity within 1 arcmin  within 1 arcmin
1IN 64.5 24.3 1.012 + 0.005 brightening CH (He II: LIE) CH
2N 64.3 —10.2 1.023 £ 0.005 brightening CH enhanced brightness (large loop)
3N 63.7 —26.9 1.033 £ 0.005 brightening LID/LIE enhanced brightness (large loop)
4N 57.6 —40.6 1.026 + 0.005 brightening LID/LIE enhanced brightness (large loop)
5N 54.8 —5.1 1.013 £ 0.005 brightening LID/BP nearby enhanced brightness
6N 52.4 20.0 0.992 + 0.005 depression LID reduced brightness
N 41.1 —3.5 0.996 4+ 0.005 depression LID reduced brightness
1S —56.3 22.7 1.006 4+ 0.005 brightening LID/LIE reduced brightness
2S —-30.4 8.9 1.008 £ 0.005 brightening LID enhanced brightness/BP nearby
3S —25.0 —28.7 1.040 £ 0.005 brightening AR AR
4S —-36.5 48.7 1.021 4+ 0.005 brightening LID/LIE nearby enhanced brightness
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Fig. 26. Solar radio map at 87 GHz (3.5 mm) for August 28, 1997 at 07:16 — 07:24 UT. The greyscale contours (0.5, 0.7, 0.9,
0.98, 0.985, 0.99, and 0.995) represent levels below the quiet Sun. The quiet Sun (level 1.000) is plotted in white color, over
which are the enhanced levels plotted in contour lines. The contour line level difference (0.5% of the quiet Sun in this case) is
also the flux resolution



260 S. Pohjolainen et al.: Comparison of 87 GHz solar polar structures

SKT  AlMg ZB—Aug—18%7 O7:25:28.505 LT
I |

S00

Y {arcasce)

—&00

.........

¥ [orceeca)

Fig. 27. Yohkoh SXT Al.l image from August 28, 1997 at 07:23:28 UT (reversed colors). Overplotted are some selected radio
contours (above the quiet Sun level only) of the 07:16 — 07:24 UT map
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Fig. 28. SOHO/EIT He IT (304 A, filter Clear) image for August 28, 1997 at 07:18:19 UT (reversed colors)
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Fig.29. SOHO/EIT images from the south pole region of the Sun on April 15, 1996: He II (304 A, T = 80000 K, reversed
colours) at 13:12 UT (top left), Fe IX/X (171 A, T = 1.3 MK) at 12:14 UT (top right), Fe XII (195 A, T = 1.6 MK) at 12:20
UT (bottom left), and Fe XV (284 A, T' = 2.0 MK) at 13:00 UT (bottom right). Superimposed are some selected radio contour
lines (white), that show emission above the quiet Sun level (7200 K) at 3.5 mm wavelength at 12:05 — 12:13 UT. The black
circles in the Fe XV image (bottom right) show the positions of the EUV and X-ray bright points mentioned in the text. The
circles also represent the radio resolution, i.e., a beam size of 60 arcsec. Radio enhancements are seen over the coronal hole and
diffuse emission regions, while the EUV bright points only have very faint radio signatures. The same regions are presented in
soft X-rays in Fig. 30
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Fig. 30. Left: Yohkoh SXT AlMg image from April 15, 1996, at 13:12:58 UT. The southern coronal hole area is seen in black, and
soft X-ray bright points bright. Superimposed are the 3.5 mm radio contours that are above the quiet Sun level, at 12:05 — 12:13
UT. Radio enhancements are seen over the coronal hole area, while the two X-ray bright points (seen in EUV in Fig. 29)
only have very faint radio signatures. The emission areas of the two bright points are much smaller in X-rays than in EUV.
Right: SOHO/EIT He II image on August 28, 1997 at 07:18:19 UT, with the radio map from 07:16 — 07:24 UT superimposed
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Fig. 31. Left: Radio map observed on August 28, 1997 at 06:56 — 07:05 UT superimposed on the Yohkoh SXT Al.l image at
07:04:14 UT. Right: Radio map observed at 07:16 — 07:24 UT, superimposed on the same Yohkoh SXT map with reversed
colors. Radio enhancements are seen in both of the radio maps, at approximately the same locations, that were scanned 19
minutes apart. The enhancements lie over or nearby some X-ray bright points, but the bright point in SI6W13 shows no radio
emission above the quiet Sun level. Grid spacing in the figure is 15 degrees
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V.3 Stabilités des structures

V.3.1 Evolutions

L'article suivant résume l'importance des structures coronales que nous avons étudiées.
Comprendre leurs évolutions nécessite de comprendre les critéres de leurs stabilités. La
formation de CMEs et des éruptions est ainsi discutée.
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Cet article résume les résultats obtenus lors la premiere année de la mission SO-
HO/EIT. Il reprend ainsi de maniéere différente certains aspect concernant |’ évolution de
la couronne 3D (boucles, structures ouvertes et fermees, CMES) ainsi que des aspects
instrumentaux (dégrillage, ...).
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Abstract, The Fxireme Clhiraviolat Imaging Telesvope (ETT) on bourd the SOHO spacecrdll hay
heen operational since 2 Junvary 1996, ET1 observes the Sun over a 45 % 435 are 1nin Geld af view
in Four eradsston line gromps; Felx, X, Fexn, Fexv, and Hell. A peast launch determination of the
mslrument Hatfield, the instroment scatraring Minciion, snd the jnstrument aginyr were nocessary [or
the reduction and analysis of the data. The observed strectupes ang their evolntion in each of Lhe
foor TITY bundpasses dre churacteristic of the peal emission temnperatore of the lineds chosen for
that bandpass, Reparts on Me ivitdal reswts of a variely of analysis projocts demonstrate the ranpe of
investinuiens now underway: BT prowides new ohservaiions of the corona in the leTaperatiar: rang:
of 1 o 2 MK, Temperarure studies of the large-scale coropal faatores cxtend previous coronagraply
wierk with Jow-noise teniperalure maps, Temperatares of nudial, extended. plume-tke structures in
bath the polar coronal hole and i 4 low ltitde deeaving aclive repmon wete fowmd 10 be cooler than
the surivunding maraeial. Active repion loops were jovestigated 1o detail and found 1o be isothermal
fior the v lwops but hottest at the Toop Lops For the large loops.

Variahiliy of solae EUV suuciures, ay observed in the B lime sequonces. is pervasive and
icads 10 a re-evaluation of the meaning of the term quict Sur’, Intensity Huctuations in a high
cudence scquence of coronal and chromuspheric images correspond 1o 4 Kolmogorey Lurbulence
spectrem. This can be interpreted In terms of o mixed etochastic or peridic driving of the Inmsition
reprion and the hase of the corona. Ko signature of the photospheric and chromospheric waves iy
found 1o spatially averuged power spectra, indicating Lhat these waves do not propagare to the upper
aimosphere of are channaled through aarow local magnetic stmetures covering a small fraction of
e solar surface, Podar coronal bole obscrving campaigns have identified an ouiflow process with
the discovery of wansient Fe X1 jels, Coronal mass sjection observing camirrigns have Wdenrilicd
the begivming of 3 CME in an Fe XIT sequance with a near simoltancous filament eruption (scch in
gbsorption}, [urmation of a coronul void and the initiation ol 8. bright outward moving shell a: well
28 the coronal munifestation of 4 ‘Moreton wave’,

- * Presenr addtess is ST /NOAA 325 Broadway, Boulder, CO 80303, TL8A,
P Space Applications Curp,
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1. Introdacticn

EFT 1s a new approach for imaging the BUV Sua on an extended spaceflight
platfortn {Delaboudiniére ef «f, 19951 Normal incidence maltifaver optics are
usedt 10 age the Sen on an EUV gensitive 1024 = 1024 format charge coupled
device (CCD) camera. With » telescope focal ength of 1652 moand a pixel shps
of 21 pm x 21 pm, the plafe scale of the EIT images is 2.6 are sec per pixel.
Fhe oplics are divided into guadrants of matched muldlayer pairs that are imed o
bandpasses sefected for observation of the chromosphere and corona at all phases
of the sofar cycle, The guadrants are isolated by a rotatdng mask that permits only
one bandpass (0 view the Sun al g thne.

Imapes from e synoptic prograrm are presented in Figare 1. The fall details
in these images we inpdequately represented in the reduced jourmal prints, so full
resobution digital images mre Included by the CIWROM acoompanying this volime,
The m-flight observations of solar stroctures match the prediciions of Tabie 1
{Breinbondinisre er gl 1995);

- The Fe X, Ximage 1s generally less stractured than the other coronal channels.
Diffuse, woresolved emission is present over most of the quiet Sun, including
coronal bole regions. Open fickd structures are seen in this bandpass as well as closed
structules. Active region siructures, as seen In this channel. are more confined
the core of the active region, Active region loops are namow structures that i many
cases gre oniy filked atthe base, These partially &lled loops are similar (o the “spiky’
Newit and Mg1x active region structures observed by Skyfab (Shesley, 1980,
webh., 19813 The primary difference 15 that the Fe i, X strctures do not appear
o beeome garrower with height. A repion of supressed emission s frequensly
observed surrounding an active region, Xoray bright points (XBP) are (he most
mumeros in this chanmed (hy 10%), Detection of Faint struciures in the Feix, X
channel 18 more difficult than in the other coronal channels due to ihe relative
!HE‘E'E'E'SEI} of the quiet cotona Gaeluding coronal holes).

The Fe X1 image is more dorminated by the closed fisld remions of the guict-
f'.iun. Adl bt the hotlest acdve region foops are visible i this wavelength, As in
the Feix. X channel, some active reglon Joops appesr 1o oaly be partially flled,
The sppeasance of some active repions in Foxii i that 1be loeps diverge more |
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Fe XV 284 A

He Il 304 A

Figure Ih

Figure 1. EIT synoptic images for 12 May 1996, Solar north is oriented wp in this figure.
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than higher-temperature active region loops (Pe Xv and Fofheh SXT1 However,
application of the technigue of Kiimchek e 2 (19921 on an isolated o reselied
i the same constant cross section for that toop as found at Hoher temperatres
(R limechiok, Moses, and Portier. 1997 Coronal holes are most casHy visibie m this
channel becavse of the conirast between the emission mensity of the open: field
region at the closed field quiet Swn, Similady, XBPs are most easily identified
in this channel Decanse of the conlrast betwesn the emission associtted with the
ABP mragnenc bipole and the amission sssociated with the relatively wenker quiet-
Sun wagnelic reglons or the coronal hole open ficld regions, Because of the hirh
Comirast and the high sensiivity o quiet Sun structures of the Fe X1 channel, i iy
frequently wsed for movies of coronal evolution.

The Fexy image i dominaed by the hot 1oops {e.g., aclive region loops).
OFf ait the BEFT observarions, these most Clesely compare with the ¥ohkah SXT
inuges. Outside the active regions, this emission is obvious in the Heray bright
poinis, regions of erupting filaments and large-scate height foop strzctures. The
frge-scale height storctires are best visible above the kmb., In qe3et Sun regions,
there is also fow Jevel structure In Fexv (hat mags oot seme of the internetwork
feld seucture, The guiet-Sun FoxXv structwe is not leakage of the He into this
chamael as i does not forn & complele petwork structire and canpot be removed
by a mormalized subiraction of & He ¥ image. Instead, it is the high temperabre
component of the more general, diffuse srission seen in the other coronal channeis,
Alser appavent 1 this chunnel is a visible light leak st (be norh edee of the field of
view which 15 discussed in Section 3.

~ Fhe Hed image is deminated by the fransition reeion nelwork siractore.
Bripht network elentents are visibie throughont the repion of closed leop strucinnes.
The covomal holes are marked by @ reduotion in the He network elements. Active
regions are getterally bright in the Men image with a blending of §i Xt emdssion.
A region of sepressed emission is frequently observed immedistely around the
active Teglon enbancements. Macrosploukes are apparent in the ope field regions
and along sore large-scate elosed regions, They ate apparendy afigned with (e
direction of the magsetic field. Prominences wre alvays present. Filaments are
stiphtly miore difficult Lo idemntify because the contrast of the absorption features is
Treguentty comparatde o the conlrasy of the network sirueture,

Iereompatison of the images from Qe dfferent coronat channels shows that,
wilh intreasing temperature, the plasma is more stracirsd, As will be disonesed
in seetion 2.2, with increasing tempesatars for 81l chanaels, the emission exhibits
greater variability with sobar activity (Gme),

Detatled compatison of gquizl Sun regions of coronal irmages and the Hew
images {e.g. Figare 11 in Section 3.2) shows that there is a fransition Fegion
erancement for avery enhancement of coronal emission, bal not the converse,
This Iy In agreement wigh provious comparisons of Xeray bright points and Het
1830 A emission e ., Moses eral, FULAE. Wih the svallability of near-continums
photospheric magnetic feld duta from SOAQ, the assumption that the relat emshrip
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between the coronal counterpants of trunsiion reglon featsres and the connectivity
of the magnetlc fiekd can sow be wldressed.

A companson of he appearance of promimences and fHlaments i te four FIT
channels can ba made From Figare 70 O the equator, te prominence is aligned
privparily perpendicular fo the dse of sight. This sbeciure cam be seen 1n shsorption
in the coronal channel doe (o 8 combination of 1L Het and Hed continvem
spsorplion {Cheng, Smith, and Tandberg-Hanssen, 1980, Foukal, 1978; Schnahl
and Orall, 1979} The promiisence in the soutl east cup be seen to extend opio
e ¢isk as o polay crows lament 1o the Te l as well as in the coronal channeds,
There is a coronal vord aromnd thy prominence which reffects the temperatore
sracture of the corons and 15w doe o absorption. The smount of absorplios n
the coronal Bnes depends upon the observed wavelength, the overall geometry of
e observaiion, Be eiative elemental abondance, the density and the 1onizaiion
balsnee of the cool matersal and thus can be ased as a diagrostic of the plasma
DATHIAIES OF PEOMIneNCes,

2. Instrowwenialion

To move beyond & descriptive analvsis of the data, several mstrurnent sstes must
be addressed. These ssues were either impossible (o reselve pre-launch or their
saportance was nol appreciated before the mitial analysis began, This work has
takes: o barge ozt of the ET consortium effort during the first vear of operations.

20 IMAGING

The images obtained sn-fighcby EE aze consmstent with the assereien by Delabond -
mtere ef af, {1995 that the instrument resolutlon is Hmied by the plate scale of te
CCTE Analvsis of the off-disk irpeges ratses inkeresting questions abeut the eiten-
ded distribution of He o ot the solar atmosphere (Delsboudiniére, 1998 Inonder o
gaanhfy these observations, the wings of the poi response function (PRE} must
he known iz the BLIY to better than the dynemic range of the COD (130001 The
PRE has been evaloated with wavedroats oblamed with Zy go iserferomeler Feas-
urerents of the telescope in each quadrant. The wavefronts obtained at 6330 A
wizre converted o optical path differences 10 obtain the complex pupil {unction,
The FPourier iransform of the complex puptl function gave the point spresd func.
tions of the opizes 1n the four BUY wavelengths, The system PRF was obiained
after comvolution with the pixes sz, Figure 3 is a plot of 2 perpendicular cuts i
the PRF determined by the wavefrom analysis for the 284 A quadrast, {(NB. The
gasdrant siructine of the elescope eutrance papil produces an asvmmetric PRE)
To verly the Zypo meassrements with measimements in e FUY, modifications
wore made i the AL calibration facihity in an atfompt fo prodoce & point souee
in the BUV with large angle seattering foss than the level o be measured. The
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FexV

Figure 2. H1, Hel, and He 11 absorption features in the EUV coronal images of the east limb on 28
February 1997,
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Figare 10 BIT extended poby pesponse function G dhe 284 A fquadrant fzm g wovefront anabvsis,
Tlee e Jrmeg vepresens perpencdioaier outs Lhrnnedy the pead o e resgse,

spare EIF opbics were sested 1a this conflgurmnon as pam of the BI'T Calroc sound-
g rocket program. These messurements confirmed the Zvgo wavelront analyss
restele that the far wings {1 arc rain} of the FRY are suppressed by neasrdy 5 orders
of magnitede relaltve w0 the core. However, vibration In the extended $AS faciiy
prevented rediable measarement by the EUY near the core of e PRE Observations
of setave regions 1 Fe XV just belamd the solor Db verify that the BEY soatber
measwremenss ab IAS overestimate the spread of the PRF vear the core.

ad FIIV RESPONER

Optitnizid exposure Hmes have deen derived from the inflight images (Table 1.
The variation of the insgrument throughput i moniored by the 1oal Sex g il
Beid Image for each bandpass (Figure £). The wiiity of tis monitor is determined
by the variability of the solar Bux in each waveband. The itrinsic selar variabiiiy
neredses with the empermure of the dombnant emission Hae i the bandpass. Thus
ke momitor iy very pood for the He i and the Fe N, ¥ channels whers the solar
varkalility is low, white U degrades for the Fe X1 channed and is poos for the Fe Xy
channel where changes in the mstremental response are masked by solar changes.
Since the extrernes of the wavelength regime are 170 A Ferm, 10 and 304 A
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{He 13}, this techrigue allows the {uB wavelength dependence of the degradation 1o
be monitored.

Since the 304 A radiation has the lowest peneiration depth {range) of the
wavelengrhs observed, the He i channel Is the most sensitive o degradation agso.
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BT 0By tepmpermues ovole bisloy

Actisn {hete s Flone ENCE ST
Fieatpr on 198G 23 Rdaw 4023 453 b
Eaabar o 1996 23 fune 15214 24 b
Bfoatar o T95R 23 o0y 13548 A3
Floaber onn P99G 5 Aug 1550 13 by
Flester on P96 O Apr 1535 T1E fr
Hoater om PO8G G Sop 1948 A0 by
Heaber o 1906 10 Dee (414 AL
Heseer oz 1997 3 Jaswary 210540 Pab by
Heater ony 1997 20 Febaoary 20587 13 e

einted with evolotion of surfaces and Best Blustrates e operalbve processes. The
inttial increase In response over the Srsl wonth of observations s attnbated o an
overalf cleanup of the opica] surfaces and dewector from the contanipation asso-
eladed with the baunch and earky spacecrall operations, Subseouently the response
deciined exponenally with un e-folding time of 214 days, I order o reverse the
dectine, the COTY was heated 40 IRC on 23 May 1990, Inttal recovery was (o ke
~highest throaghpot observed in gight. Subsequent response deciines have a shorier
e-fokding Sme {83 days) than the indial Febroary to May nlerval, Successive heat
cyeles were conducled socordmg 10 the requirerments of the observing schadizles
amd in exploreiion of ke causes of the deciime (Fable 13 An msiwmnent fadure
oteurred on 29 July thai left the shutter open in the 304 A channet for 7 hours. The
bl mnstrienes responss emediatedy deslined 10t 205 following this exposurg.
The response degradation was oot shifornt. Instead the degradation was pattemed
ik proporson (o e BLY exposure,

The degradation process consises of several componrants which are difficult 1o
soparats in desml. The fwo hasie processes contnbating 1o the dopradation se {1 the
ahsorption of ELUY before i inleracts willy ibe OO by & surface contannoant and
fat the redaction of charge collection efficteney (CCE) 1n the COB due w0 ELIY
Tndnced device damages.

The coadensation of contarmnant on e CORY i3 expected singe fhe deteotor
15 ama of the coklest surfaces dn the mstrument, I anticipagon of wediphi con-
jarrdnation, (33 o cleanbness program was maintained in the constawtion of the
imstruemenl and {23 heaters for the COD weore inclirded 3 the desipa, Accumuiation
of comamination &t & conskant rate will result in an exponential declne in response.
if no pobvmertzation of an orgenis component s avedved, then 1he condensate wiil
evaporate rapidly during temperatore cvchng. The siraylight baffling arcund the
OB smfortunately reduces the vacasm conductance out of the vicinity of the COR
s ihal further outgassing during a fomperature ovele s nob foasibie.
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Redvelon of the CUF is probably caused by the charging of the native hackside
oxide and e generation of mterface wap sites, Slace each nterzetin 2 EUV photon
generabes more than one electror, the COE can be determined by the COTPAIEON
of e obterved signal o the photon shol noise (Janesick, Kiassen, and Elfon,
1987). The lhuitations of this approach are significant, bul the degradation of the
devive for the Z8 July event has been demonsteated 1o be totaliy CCUE depradation.
The proportion of the cemulative degradation from ordinary operations which aan
be anributed @0 CCE degradation is discussed in Defise of af {1987T) Alifonph
self annealing s observed, the mie of self ansealing is dependent on the device
emperature and possibly the Tevel of prior damage. The seff-annealing procoss
duting remperatuze cyeling i al best T00 times slower than the condensate raversal.

230 FLARMELD CORRECTIONS

Spatial varisions of the instrument response ascross (e Seid of view mast be
correcled before performing almost any quantiutive anabysis of EIT images, These
fom-unifornities are produced by several independant contribations. Sore of these
Fat-field components were known before SOHO fauach, like the aptical vignelting,
the CCD flas-field and the prid pastern produced by Be focal alerminem flker
However, the geid patern could only be aecnrately measwred after launch, using in-
Right soliar images, Moreover, during the course of the mission. two unpeediciable
artifacts appeared: a light leak affecting mainly 1he Fe xv Hoages and a radiation
imduced non-unifonn degracation of the CCD response. The charae leristies of these
tast components can only be mdireetly deduced from the aflecied solr TR ey
theraselves, which limis the acouracy of any reconstruction due 1o the incomplete
oF distorted jaformalion available from Sight data. Conssguently, the ambidous
P target for the acouraey of each Bas-field componant will not be mel for some
of thera,

23 The CCD Flai-Fisid

A CCD fatdield caltbwation ar BITs working wavelenptis was obtatned on the
groumd with a4 menochrdnatic beam of synchzofron radiation asing e method
developed by Kulin, Lin, and Lotanz (100 1 Fhis analvsis has been extended frons
Ere imitial work reposted in Delaboudinitre e af, (1 995), Figere 3 shows large-saale
ends of the COD fat field, (OF pagicelar interest is the steady gaby enlumcement
torwards the sensor edges, thad reaches an amplitude of 1o 13%. This last feamee
went unnoticed i a firsg pastial analysis {Delaboudinitre of of., 1995). Fhe acoursie
determinalion of these larpe-seale varinions required spectal care, as the Kuhn, Lin
and Loranz algorithin can produce false linear trends when intensities in the it
Lnages zre wnproperly scaled. The accurmcy of calenfaed Targe- scale variigions
was verifled, but any residunl edge-to-edge slope cannat be determined to bester
than ahout 104, At snaller spatial scales, the accuracy of the rexuits iy close to
5%
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Figur 5 Three-dimenstonal plot of tha OO Sat-Aeld, showing tho amgtisndo of the lasge-scals pain
variadinns The ovipinal map way smoeted gver a 24 00 Dd-pize] doyaain o suppress [ecad Jucinmings,

Afthough the Bar-feld shows Hude change with wavelengih, a systerastic 10%
irctease 1n the amplitude of the defects can be measuredd from 171 Awind A A
comparison of the ground-based flas-fields with those deduced from the in-light
solar wrages shows & very good sgreemenl over most of 1he sensor, Hlovwever,
stmificand diserepancies are observet inside some of the larger biemishes, Ton-
Farminands apparenily interact preferentially wil the surtace defects. This conld
e interpretad n one of two ways: (1ithe defects act as condensation noucler w
seeds for mecroceystal Foemation or {23 the slectronic properties of g defeots e
activared by chemical inderactzon with the condensple. Further analvsis is neaded
Ly teconeile Doth measuranenls over the whols CCEY wilhin the 195 acouracy of Lhe
cideulation, THowever, if we exclude the radiation incheeed aging described below,
ng change of ke mivinge CCR Sa-field was detected in n-fightl images duning
e Hrsd vy 1o space.

232, The Al-Filter Grid Panern

(e of the redundant ghenbsum filkers wsed o block long-wavelength radiation
{robsnaby wisible Hekn s located 1450 in front of e OOD detecton Sach Al
Bhers are mechanieally supposted by & nickel gid {Delaboudinidre of o, 1993)
wilkch Casty a shadow on lhe COB, The firate extent of He asyrmetzical ennance
prgi of the elescope produces o smoothed oai-of-forus pattern. The resuining
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peodic mensaty modufagion, with an amplisde of about 13%, proved 1o be the
main fHar-Held srtifact, Another sel of filters s Yocated on a filter wheel, 35 mum in
frows of the COD. When an addisional Al filler is selected on the Blier wheel, it
produces an addittons) grid patiern, with different characteristics, as it is kocated at
& larper distaped from the focal plane,

b order to extract the grid pattern froms the solar nages theniselves, we refied
ol the fact that the pattern is purely periodic. while the spatial distihution of e
iensily on the UV Sun is essentigHy random {Note that the Son 204 8¢ 14 noise
sevrce ki ks problem), The extraction process eonsists of the following SEOTS

- Full-fekd fuif-resolution daily synoptic images are averaged over a period of
several weeks (rotational averaging of activity featores). The sensos noise is alo
reduced by this avermging. : :

— The average image 35 then submified o o son-lingar filtesing: o FHHH Y
Z-mensional median Blier Iy applicd 10 3x38 pisel sets, with 2 21-pixe] SpReing
between sampled pixels i both dimenstons. As this 7 F-pixel intenval is 2 close
approximetion of e grid period. the fiter selectively amphifies the grid signa)
redative 1o all other spatial fuctuations in e Hnage, be., B 8008 45 8 morphologics)
flter, ' ‘ '

- Ahe Pourier mansfomn of the resulling image reveais aboul 30 peaks, cores.
ponding o the armondes of the grid pailem, Two numericsl filters are then applicd
it the froguendy domain © suppression of the low-frequency £ noise hack grouad
{subiraction of a smoothed average radial profile} and rejection of high-fregueency

- dse 0 regions whest o hannonics are present (sqnare donins wilh cosine g

IMRETSi

----- An inverse ransfor s finally apphied 1o the Bltered spectram 1o reconstrct
a clenned nnage of the prid modsiation.

The resulting pattern has the regudarity and vaformity expected from the prid
specifications (mesh period: 448 pm, mesh width: 30 ey The aeid is detected up
to the very corners of the field of view, despite the very low signal levels in that
pars of e solar images. The grid corrections, which are now integrated in the EFT
image display software, are accurate to aboul 1% over most of the field of view,

Diffrgeliens celeulstioms indicate a stight wavelength dependency, with a 5%
Hcrease of the modulation amplitede botween 171 and 304 A, However, the 909
rotation of e patters: for each EIT bandpass, following the changing orientagion
af the enrance pupil, procduces most of the observed differences. {ompuative
Tneasirenenls do aok reveal sigrificant temporal ehanges in the prid pattern since
the beginning of the mission.

2.3.3. Filter Pinholes and Visihle-Light Feal

1w Hight leaks were discoversd early in the mission. They affect mainly e Fexv
and also 10 2 lesser extent {301 1) the PeIx, X fmages in the “Clear™ {iller wheel
position. Both feaks are Tocated mear the nosthern edye of the mages and COTEISE
8 bright featureless core sumpunded by Fainter halos contaiming sharp ravs and
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Frgnre 60 Bwo-dimensionad disteibution o Uwe slray-Dpbd indzrsily produced By the Behl beaks e
the 30 100 spper left area of the Beld of view, of 284 AL Fo compensale e farge intemsity reage
belvesns (he core azd [zl exiensiong, soversl stepped exposres weare copbiml and & legaritmic
rrensily seeke iv sed The indensities are scaded bero acoordieg (o the ravwe sensor sldpu! signet fora
[f35 eaposere.

sxlendme up o 130 pixels o the cove (Figure 6 No lesk s detecied m the
Fexl and He 13 images.

Fhese leaks can be alisthuled 0 minute pinholes av the edge of the focal Al
ttlter, and the light passing through these holes has been unambiguously identified
as visible light reaching the CCD by study of Lhe stadistical Hustoations (photom
shrst notse dommated) of the sippal. The visible light pattern is superimposed on
e LY solar miage. The presence of visible Haght reaching the focal filier forther
inphies the existence of visible light leaks i the entrance Al Blters, Considering the
lapga visible/ELY Hux ratio and the Emited intensity reaching the focal plane, both
felter dofects mast sffect only & small fraction of the filter srea. These degradations
prohably ocowred during SOHOYs Taoneh, The selative intenshty of those leaks
(5001 at each of the two wavelengths. le., ab cach sector posiion, allow us o
dediee that the lear 3 (he front Hiter s ocated mn the Fe Xy sector sear the edge
adacend (0 he neighboring Fe X, X seclor,

Beirg very brighs and located b the dive and farly umform polas corona, s
adddive coneponest can be extracted withy a ligh accuracy from e Fe Xv images.,
No significent changes 1 the pattern were observed in the course of the mission,

234, Anatiad Pisiribution of Badiation Induced Aging

A degradation of the CCLY response 13 wnduced by the radiation dose Jeceived
by the datector, os explained in Section 2.2, Ag the average BUIY intensity in the
coronal and cransiion reglon images is highly non-uaifonm. He caloniatesd Aa-field
15 distorred by strong restduals of Tocal selar aelivity feabures, especaily ouiside the
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disk area. Figure 7 iHusirales the dislibution of the radiation darnage 48 1t eppenred
1 id-December 1996, While the response remains kugely uraffecied far fiom
e solar jimby, the dogradation is steong (309 in s case) over the sabar disk, 1
the form of a negative mprnt of an average solar disk. A slighs lienb darkening
can b recoenized as well as a single god patten, which eoincides with the 304 A
(#le 1y grid pattern. All these propesties indicate thag most of the degradation was
primarily prodeced by the long-wavelenglh endintion ar 304 A, with significantly
sess contribution {ron the exposares made in all three coronal lnes, {The FeXli
and Fe ¥, X exposures are &t shoner wavelengths, ang he totaf dose in the Fe XV
is Tow in comparison 1o the olhor chansels), Moreover, the Toeslized damape due
oy the active mepion Iocsied near the 5B liznh g1 the e of the 29 July 1996
shutter faifare can also be recognized. The Jargest Gamages ave found withie this
region, where the response falis o aboul 0% of my average valpe on the 1est
of ke dick, Finally. as the mliation damage i3 averaged over Tong periods, the
claviging apparent solay radees produces 4 smnoothad Emb profile. As the integrated
dmmage always lags beh i the actual solay vadius, thix can produce & sparions lmb
heighiening or darkening in uncorrected TRsges.

The successive COTY bakeouss carded out since lake May 1996 have shown
that the dantase can be partly cored by this method (¢f, Section 22y Fowevet, the
degres of recovery Is variable over e field of view atd also from one hakeont fo the
aext. Indeed., from he liynited nformation derived from fhe few bakeouts execuied
so Tar, we con already deduce that the COD response i affected by different
radationnduced mee hartsms having Gifferent properties. The magnitude of each
affect also depends on the (e SPan sepatiliby SUCCESSIVG hakeoots and their
rosponse 1o bakeout is sirongly variable. SOTRe COrppoRems disappest copletely 1
& few novrs {e.., small offlimb effects), while others remats rejatively unaftected
(2., achive region blemash),

Toeo techniues are now avallable 1o moniior chasges i the spatial evolution of
the raciation demage:

- Reconstroction of the BUV reaponse from sets of solay images. A adaptive
edian fikering is apphied, which agaln mekes use of the rtational averaging
effect. This the only way o exlract the true EUY response. However, Bie accuracy
of the reconsiraolion is low, due o ihe permanent changes 0 the siobar iInages.

Calibration lamp imges. In (his case, a difuse fpgmination 15 provided
by @ kamp located pext o the CCD. This Husmknation proved fo be very siable
weith tirae. but it fulls in the visible and pear-infrared wavelengihzanges. The CCh
respouse can be very different &t hese fong wivelenaths, and comparisons with
LV sesults have even shown that somme componenss affecting the BUY response
escape detection in the calibration lamp woages.

Considering thelr fespective drawbacks, both approaches must be combived w
ypprove the accurgey of e reconstruetion, However, i view of the coptinions
evolution of this aging effect, it might be Hficuit g reach an acouracy hadler than
545 For mstance, preHminary BUV -~ visible comparisons also hing at the super-
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Figwre 70 Iistribution of the radiation induced aging of EIT s CCD sensor on 19 December 1996,
This image was abtuined by taking the ratio between calibration lamp images made in December
196 and June 1996, when the response was still almost uniform,

position of different factors affecting differently the detector sensitivity in either
wavelength range. Further analysis is in progress and should help in the identifica-
tion of the underlying physical mechanisms (opacification of surface contaminants
or degradation ol the CCD charge collection efficiency: see Section 2.2). The ulti-
mate goal of this effort would be to build a consistent model of the radiation damage.
This fundamental undertaking will rely heavily on a permanent monitoring of the
accumulated radiation dose and of the corresponding changes in the uniformity of
the CCD response. which will be pursued until the end of the mission.

3. Observations

The versaulity of the EIT instrument and the organization of the SOHO Experiment
Operations Facility (EOF) allow a diverse range of scientific investigations. The
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EIT synoptic program comsists of one full Irame full resolution image in each
waveband esch day. In addition, EIT supports SOHO Joinr Operations Programs
(FOFs) mvolving the coordinaed observation of targets with the other SOMO
instrusments and outside observational facHities. FIT is deeply involved in the
SOHG MOP program because of the cortex! provided by o full dsk BUV image.
The resels of the JOPF poticipation are extremely diverse and are outside the
seope of this paper, Beyord the synoptic program and JOPs, spectal FIT observing
prograns e condacled.

s section we presenireposts of some of the aew resalis from the BT sclence
ievestigations. The wemperature stractare of the corona is the subieot of the first two
seCEions, Froan the synopic prograns, the lroe-seale thermad struciore of the corona
i: the temperamre regime of 1o 2 M s desoribed in Section 3,1, I order 1o
investigaic m detal the thermal structure with height of an active region, & special
observing sequence was execwied for an active region on the imb {Section 3,25

The vaability of e upper chromosphers and corona 1 well observed with BT
image seqoences ead is the subjeci of the last tiree sections, In Section 2.3, movies
in e He 1 and Be X1 chanrelds show the dynumics of the BUY Son. An analvsis of
the vaziabilily i {hese channels during a special high-cadence observing progearm is
praserted i this seetion. Sequences dedicated o identitving outflows and cruptions
ane the stbject of Sections 34 amd 5.5, Programs searching for evolution of coronal
pumes have recerded dynarmic evems in the polar coronal holes which are labeled
EUV Jels’. Programs searcling for the indtiation of coronal mass efections have
edentitied these evenss in the 81T imaczes.

3. CORGNAL TEMPERATURE MAGNOSTICS

Although many chservations and much analysis exists on coronal strucmres af
fempesatures up to gbout | MK and sbove 2 MK, principaily from BUY and soft
Aorwy observations by Stvdeh, SMM and Yolkoh, less attention has been directed
towird the UV siractare of the corona between | and 1.5 MK where soft Xorav
agers lave relatvely Hitle sensitivity, Toletal observations frome BIT confiem tha
1515 15 an unmquely imeresting femnperalare tegime, partionlarly during the interval
aF solar minkmom activity.

The three EIT coronal maging channels were designed for oplimum coverage
of the emperaiure range of 106025 MK Bach coronal bandpass was chosen 1o be
derunated by a differeoUonizstion stete of Fe under specific conditions (e.g., non-
fawing stroctures in the Pe X1t channed. go that abuadance vatiations would ot be
4 Faetor In the relative Buses observed in cach channel, FThe assigamen: of a plasma
terperabire valoe 1 a grven set of Tuxes observed i the (hree chismels in o given
pixed is, mathemaically, a poosly comslizined inversion prabiem requitng a ses
of assumplions, including the cospatiaiity of material being observed in optically
thin Jies. However, with sufficient attention ro the fimbations of this approach, the
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thermal distribution and evolution of the corona in this lemperaiure regime Con be
explored.

3.5 Marphology of Line Ratto Maps

Beforg quantainve analyvsis i presented, 18 5 stuctive o investioae (e oz
phodogy of maps of the ratio of the Fe Xy and Fo X, ¥ chansels ag a goide to the
overat] femperature distributon of 1 10 2 ME plasma in the corong, These pwe
spectral bands Tuee peak sensitiviey ar 1.2 MK and 1.5 MK, respectively, suffi-
ciently close thal cospatiahigy of at feast some features can be expected. Bven in
the cireumstance thal the emission regions are nod cospatind in the bwo channels,
thir redabve inlensity of the chamnels indicnfes the relatve thermal distribution in
the coroma, The thermal dismibution of coronal plasma in the T o 2 MK regime s
presenied for 12 May 1996 i Fgooe 8, Note the residoal grid pauern in Figure &
The alupwmem BRer support grd shadow discussed 1n Section 2.3 wonld domin-
ale the railo image without correction. This demonstrates the Unporisnce of the
ipsiment work described in Section 2 even for gqualiisive analvsis.

Fhis rato map geperally oullines magnetcatly closed field regions. The diffuse,
aimesodved eoronal reglons i the Fexil and Feix, X channels sre cooler than the
siruchires associated with stronger Reld regions and are thas also durk ia the vatin
image. For this reason, the ratio maps are someatimas used for enhinesd conmast
coranal displays for easy compaizon with other data, X-ray bright poiats are
associaled wil compact bipolar reglons and sre identified b the ralio tmage ay
bright compact structurgs. Agtive regions sre mdicated as the hoiest struciares
observed on the GisK by (her imtensity i the alio ioage,

The coronal hole regions are clearly defived as cool, open field regions by the
dark regioms in the ratio image both on and ©ff the disk, Polar plemes are identified
wm Ehe ralio mmages as the darkest and thus the coolest siruciures in coronel holes.
Plume-like draciures have been observed outride the polar holes (see below for
23 exampie 1 o dicaying aclive region} and they are some of the coblesl extended
sorenal sfrzchures observed by BIE

Closed oft-Emb segions i e rafio map are predominandy indicive of farge-
seade straciunes hecinse the increased Hae of sight reduces the contsibution of any
prven cofmpact struciurs, I general, e extended, cloased-field strecioras seen off.
Hrabin the ratio images are hotter than the corrosponding on-disk struciures becanse
e lne of sight is primanly meegeating through he region of hiphet temperaiure
piasmaz which Bas a greater scale hedght, HEaiended struetvres ontlined by the mio
maps incinde both high-htiede and lovw-lstinde sumotares.

X2 Coonapraph Comparisons

The hol high-latnude structures observed in the TIT fomperatare maps correspoid
0 the persistent closed loop structures seen in the LASCO CF ereen line (Fo wivh
cormagraph images as reported by Schwenn er @l (19971 These stuctures are
of particuiar interest becanss of thetr role e determining e charncterstics of the
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Figure 8. Temperature map derived from ratio of Fe x11 and Fe 1x, X from 12 May 1996

heliospheric current sheet. This correspondence directly links these high latitude
structures with the large-scale high-temperature zones observed by Guhathakurta
and Fisher (1994) using ground based green line (FeX1v) and red line (FeX)
ratios. With the improved signal to noise ratio of the EIT tem perature maps and
the capability to follow a structure as it rotates on or off the solar disk. the EIT
observations provide a valuable enhancement to the work with coronagraphs on
this topic.

The high-latitude otf-limb large-scale structures observed by EIT show a coup-
ling of emission intensity and temperature. Comparable structures observed in the
study by Guhathakurta and Fisher show the same coupling throughout most of the
last solar cycle. With the low-noise EIT temperature maps, a temperature enhance-
ment of these high-latitude structures at the boundary with the polar hole can
frequently be observed. This can be seen in the both southern polar hole boundar-
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ies and the westward northern polar hole bowndary of Figure 8. These {omperaie
erdaneemeny are aso wdencied as regions of enhanced emission. As soch, ihig
temperninee erfiancernent 35 belter interpreded as 2 high-latilde concentration of
closed-beld Aux ederments than as some example of mereased heating 1n the region
of ransiton from ¢losed 1o open fickd magnetic Feometly,

Also, w5 fourd in the Gohathalontz and Fisher study, the fow datiinde Targe-
scale closed Aeld sirectures observed by BT do not show as direct coupling of
ernission intensiy and temperatare. This i parocutarly troee for the case of struciures
associated with an active region surroanded by @ weak megnetic field region. Due
b the Iglher density of the active resion 10ops, this is observed on the disk as well
as ont e lanb, With the on-disk view of these stoucmres, thelr magnetic oniging
car e determined. The region of enhanced tenspershire associsted witl: he active
riglent on the disk i Figore 8 35 oleardy moch larper than the zepion of enbunoed
cmission associated with the active repion in the Fe il % and Fe X images. A
Closie exarninatn of the Pe X images shows, In comparson o the infensily
of the overal] guiet-3an emission i fhis Bne, an extonded rogion of suppressed
ernissiom sureounding the active region. Interestingly, there is also a kind of “moat’
around the aceive reglon in He [ sugoestive of e Ho ciroumdaculabre described by
Boemba and Howard (19653 Apparently, Sux elements i an setive iegion which
Fave cli ffusesd far enowgh from the newial ine of the active reglon bipole form large-
siaie conrectons with opposiie polanty Aoy elements In the surrounding mixed
pokarey region. The conseguence s a region of large-scale straciures bevond the
temperiture range of the Fe i, X uhages.

313, Cruntiiare Anadvsis

For an iritial estimation of the emdssion measure and lewperarone of the stroctures

observed by EXT, the preflzoh catibration desceribed in Delaboudirgére o of, (1995)

b Been combinad with the CHEANTT solar specmam (Newmark ef o, 19963 The

CHIANTT {Dere e ol 1997 database s maintained on the werld wide welb {or

easy access by Lhe astrophysical speeroscopy communily:
aalphwwwsolararknsvy.mibehizne hmi,

With (he Thratstiosrs moapplicability of the pre-fipht EIT calibration descritwed
ur Section 2 above, the resules of this calealasion mest be considered pralimn-
ary witil the copcluszon of infight mlercalibralions involving the EI'T Calroc andl
SEM CALS(H 3 soundmg rocket programs and the SOHO TS, SUMER, CELL
AMSEM and UVOS. At ks stage of analysis, # 1s preferable 10 jost comsider ratios
of handpasses, The temperaiire sensitivily Tor a uail cmission measoes of ratios
of the three coronal channels s presented in Figure 9. Although all of the corves
hecome double valved oo higher emperatures, the response of the inslranent o
these bigher lemperatures i 5o low Erelaboudiniére g7 gl 19950 that these tegimes
hecone maporiant only for hat veglons of very high emdssion {e.g., Hares),

In the mmages of 12 May 1996 from Fpure 8 above. one can ideatify several
HHoresling repions 11 the Feix, ¥ and Fe 30 images thal are sieaipghtforward o
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mieepres. Since the emission ds a slowly varving fonction of electron density, a
vatue of 1 x FO¥ om is chosen for B the calculations. Vidues of temperature mnd
emission measure for the polar corenal hole, e base of 2 plume in the coronal hole
and sn X-ray bright point are presented i Table 1V, Anatysis of other strucnmes
and ether Hine ratios is not as straiphtforvand,

3.1A. Temperamse Structure of Active Region Loops -

An active region at latiiude § 07° and hellographic lengitndes 2607 was ohserved by
EIT from May 1996 to September 1096 (Neapert ef al., 1997, By the end of dis
period it had decayed so that only a pestead line with & quiescent tilament basecting
somewhateahanced mugnete folds of opposite polary remained. Bi geare Hshows

the appearance of this region 0 Fo X, X and Fe X1l a5 it approached the =~ s '
. o et el
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Ratio FeXll

C

Frgure 1. Feix, X, Fe Xl and ratio images for 30 September 1996, Large-scale loops are identified
as “A7, small scale loops are identilied as ‘B” and an extended feature is identified as *C".

on 30 September. A complex system of high (200000 km) loops were present both
over the major neutral line, and over leading and trailing portions of the region,
where they may have connected to distant weak field regions of mixed polarities.
A group of such features, observed most strongly in Fe1x, X and Fe x11, but to a
lesser extent in Fe XV (not shown) is indicated as ‘A’ in the Figure. Smaller loop-
like features (several indicated as ‘B’) were present at lower heights in the central
portion of the region. A more nearly radial feature (designated as ‘C"), for which
only one footpoint was observed, may have been either a very high loop or the base
of an open field region extending into the outer corona,

3.1.5. Low Coronal Loops (Height Appreciably Less Than the Separation of
Loop Footpoints and the Pressure Scale Height)

Low loops (less than 1000020000 km) have been observed in their entirety in

a one or both spectral bands (*B” in the figure), suggesting that such features are

nearly isothermal and in the range of 1.2-1.7 MK. Similar features, although at

higher temperatures (T, = 2 MK), have been well-observed by Skylab, SMM, and

Yohkol.

3.1.6. Large-Scale Loops (Heights to 200 000 km and Comparable to or Greater
than Footpoint Separation)

EIT was able to track several features to heights well in excess of 100000 km on
the limb. The diminution in brightness with height for feature ‘A’ implies a density
scale height of approximately 60000 km. This result is comparable to the scale
height expected at these temperatures. In ‘A’ the ratio of Fe X11 to Fe IX, X increases
to a maximum at a height of 190000 km, suggesting the presence of coronal loops
hottest (1. = 1.7 MK) at their tops. Fe XV was also present, although more diffuse,
~ hotter plasmas may have been intermingled with the loops at 1.2—-1.7 MK,

[ L.
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31T, Extended Features :

By comparison with laree closed op Teature discussed above, the nearly vadial
feature denoted by ‘¢ may have been the hase of & mgnetically open field region.

Faoy this Feaume the Fe XIWFe I, X ratio was less Uian in (e surroniding corona.

Daminished emission of Fe xv (not shown) in this festure confirms the relalively

low coremal temporature. The pressure scale height in this strocture s in dhe ranee

of TR0 000 0 200000 ko, This resuli is significantdy higher than the scale heght

axpected a1 these temperatures. (N.B. This WIRPOrETIE sirgelene is i conirast to

the appasent positive gradient of the phumes in the polar cotonal hols)

320 INTENSITY OSCILLATIONS IN FEHIE FRANSITION REGION AND CORGMA

The E1T%s ability to produce high-cadence images covering a wide field of view
has brought the pretre of o highly dynamical (uiet corona, with smal-gplitide
variaions of the local emission al all spatial and time seales. This small-scale
activity is observed sverywhere and can thas contribute sigaificaptly 1o (he enerpy
transier from the photospheric and chromospheric fevels info the corona thrensgh
the ansition region, Movies of the varabiity of the He 1 and Fe X1} emission ae
presented in the CILROM,

320, fmage Daia

subimages (320 > 320 pixel) of the central pat of the solar disc were sampled
SVRNY TrTHIE O averaps {unegual saraphagt for 4 toal durabion of about 3 howrs
e the He 1t line and 1 howr i the Fe i1 line (Fable Vi, The mjensity averaged over
e whole date sel. with compensation for solar dfferentia] rotEtEon, is shown for
both sequences in Figare 11, For this first asnalysis, these corrected images were
submaitted o 2 one-dimensiona! discrete Fourler tansform for unequally spaced
data (Deeruing, 1975) along the ime dimension. after st initgal DYEDFOUESSITHL

3.2.2 Initiel Results

The dynamics of the solar plasna is expected 1o vary acoording o the local state of
(e plasma, e.g., with magnetic feid strongth, density and temperature, Changes in
these parameters are racetd by spatial variations of Se UV b ghiness, alfowing
e o distimguish the dark cell mueriors and bright cell boandaries i the transision
Fegion network. or di Joop patterns and bripht Pestis iv the corong. Tn the time-
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Figure 11, Spatial distribution of the average intensity in corrected and projected images of the He it
image sequence (lefn and the Fe X image sequence (righr).

averaged intensity maps (Figure 11), the observed contrast and sharpness of small-
scale features (network. faint coronal loops) implies a relative stability of the
medium-scale magnetic patterns over timescales of the order of the integration
time, i.e., several hours,

Taking advantage of this property to improve the signal/noise ratio in the power
spectra. individual spectra computed for single pixel locations were grouped by
intensity ranges according to the local time-averaged intensity, which reflects the
local plasma state. The resulting spectra are dominated by a smooth f ~1 “red
noise” spectrum. They show only minor changes over the full intensity range, as
well in the He 11 line as in the Fe X11 line, The dynamical behavior thus seems largely
independent of the local plasma state, and the amplitude of the fluctuations 1s simply
proportional to the local average intensity. This invariance allows us to average out
the spectra over the whole field-of-view, further reducing the uncertainty in the
power estimates (Figure 12). In these global spectra, the noise background in the
0—2.5mHz range is accurately reproduced by a f~!-9750! dtpendency in Hell
and f~17015 in Fe XIL. These exponent values are close to the — 3 value of the
Kolmogorov turbulence spectrum {Landau and Lifchitz. 1971). Such an energy
distribution corresponds to a fully developed turbulence (inertial regime) or to an
intermittency mechanism in a non-linear system (Schuster, 1984). Spatial variation
in the velocities exhibited by the C1v line formed at a temperature similar to the
He Il were studied by Dere (1989). He found that the power in the velocities varied
with the wave number k as k' or £ as expected for the inertial regime of a
turbulent plasma.

For the Fe X1 coronal images, the power is falling off more rapidly with fre-
quency, and beyond about 3mHz the f ! component merges with a uniform
white-noise background, indicating the presence of a second noise contribution.
Assuming that the fluctuations of the exposure times due to the shutter mechanism
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Frgure 12 Average power spectra corpatlend for e He it (304 A5 ard Fe i 0105 A) BRI SR RGES
{lls- Tl wverage), The thim tines vepresont the Sed 7 profile, white the dashed Sines how the
909 confidome ovels.

are purely random. the associated 0.4 8 standard deviation would correspond 10 a
uiiforin moise backgromnd ara power of § % 105, This is in Eood agreement with
the Righ freguency part of the Fe xp power spectram, indicaling that this compon-
ont s an instrumental origin. The same calealation shows Mhar this hackground
18 L& fimmes lower i the Hep power speciramg, which iz one order of Elagnifde
below the observed background. In dhis case, the pojse background is produced by
the: Sterover the whele frequency range.

Eising chi-squared statiséics based on the dispersiom of power estimales, the
confidence kevels (Groth, 1975) were also computed or the power estimates (see
Figure 12} No significant local power sxcess s found, in pasticuiar within the
S--rain and 3emin pertod ranges of photospherc sad chromospheric asciBations.
Phese oscilations are thas either ful] ¥ reffected 1t the base of the corona or stron ol
stemmated, with residval amplindes below owr detection Tevel, For the pieserst
data sets, this level equals 0.4% in relative suiplitde, We must also stresy that
i preliminary swdy i based 0n a statistical spprivach and does ot inform ug
aboul the spatial coherence of the detecled waves, I waves oreginading in the low
wynosphore can only propagate up 10 the corona slong focalized vertical magnetic
feld structutes, thelr signature augh elude detection in our spatially aversged
spectra. A full 3-dimensional teanstorm as well as the separate anadysis of individaal
Features, Tike single loops or bright poinrs, is hus reguieed and will be appied 1o the
data in o subsecuent analysis, Obviousiy, image sequences produced by LT will
deliver their Tl content of unkgue dynamical information aely by applying such

- datatled analysis schestes involving joingly the spatial and temporal dimensions.
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J30 EXYNAMES OF THE POLAR CORONAL HOLE

From previeus space shservations (e.g.. Bolilin, Sheefey, and Tousey, 1975; Abhrmsd
and Webbh, 1978; Walker e af . 19937 it wag sticipated that BIT observations of
structuces within the polay coronal hole would coniribute 16 the study of the dynam-
ics of the polar coronal hole. A report by DeForest ef af, (E997) on coordinaled
SOHG studees of polar plures justifies this anticipation and can be found in this
voluine. The discovery (Curman ez of. . 19967 of TUV jethike events iy EIT Fexn
IMNAFE SCQUEDNLES OPETS & Bew parspeetibe on the study of polar coronal bofe dynam-
o, These EUV jet evests coudd be the ‘Building blocks’ of dypamic phenomena
i coral holes.

Figure 13 shows a thee seres of images laken during the brightest FUY il
event observed o far, This jet beging in a bright, low-Iving looplike featre some
£.3 % HY ke long and extends to the edge of the field of view, over 16,5 % 109 ki
above the surfuce, some 7 min kater. During this Gme. he leading edpe of the
jet rises at an apparently. constant speed of 400 &m <7 Messurement of some
15 similar events yields a disinibution of sverage spoeds of 100400 ki 577 and
raximien observed lengths of 2 (o 16.5 » 109 ks, A movie showing an BUY jet
erupiion 35 ineladed m the companion CD-ROM.

The EUY jetlike events are similar in appearance 1o the soft Xoray jers observed
with the ¥oakoh Soft Xoray Telescope (Shibata er al, 1992). While the soft X-ray
fets occurred predominantly in active reglons and Saring. soft Xeray Bright points
{ Shimedo ef ai, TU96), the BUY jets appear o be confmead to the polar corons] ha}Eca
The average speed of the EUVY jeis in the cusrent (Bmited) sample, 325 km st
18 higher (han that found for 100 soft Xeray jets by Shimaic ef af. (39963, The
axbn observed helght of the BUV jois i about haif that of the Neray jers of
Shinojo of o 's study. Thus, the EUV jets appear 1o be 2 new regime of jet-like
aHEROMENA.

The BUV s are not well observed iy the Feix, 8 or the FaXv chanmels.
The contrast i T FeiX, X Images belween stenches in the coronal bole and
the coromd hole itself Lmits the detoction of faint stroctures, Fxposure tmes
in the Tee XV channel for quist-cotong stractures are much longer than the other
twa cotomni channels. FeXv exposures tong enough 10 show the EUV jets would
blur these relatively falnt features over several pixels, thus raising the brigliness
threshold for detection,

The footpoins of (e wicrojets comstitute a diverse collection of features: Jow-
Iving, bright loops as in Figure 13 unresolved stractures that vanish as the microjet
fades; supergransle-sized areas of erpission thal eject the microdet helically: and
one case (30 far) of what appears Lo be a thin fox tebe breaking Ioose from the solar
surface o one end while remaining fixed al the other, All these foolpoints appear to
have i common is dhat they occur within 2 cotonal hole, whers the magnetic feld
ts diverging, and even small instabilities or eruptions are ualikaly o be consteained
magnaticalky,
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15:50:47 15:53:08 15:55:26 15:57:49
Figure 130 EUY jet in polar coronal hole,

15:48:26
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340 CME warcs

With the availability of fexibility in the SOHO telemetry resources beginming in
Decernber 1990, it has bean possible 1o imtiate sustained high cadence fuli digk
unaging 0 seaivh for larpe-scale corotml transients. The sstrament is lefi in g
singhe wiveband inorder to maximize temporzl coverage of phenormena in a single
enperature repime, To dmprove cadence in some ciroumstance, the resolution
1s reduced by on-chip hinning 10 Improve the cadence while supporting other
PrOgrans.

Puanpg the Brst CME waich, 8 CME was observed in Fo X0 on 23 Decomber
1996 with Tuli resodution from inlidation {Dere ef ¢f., 1997 The site of iniliation
was compact and sunelaneousty contained & flament eruption, & coronal void,
and an optwand propagating shock front. This front became the leading edge of
the CME observed in LASCO. The evolution of (hese fentures is seen in the OME
movie on the aceompanying CB-ROM. '

Associgted with this OME was & dshurbance tentatively identified as & coronal
manifestation of a “Morelon wave™, At the time of the initiation of the UME,
the event began as a lecalized merease in ermission propagating across (he solar
disk. The average increase over the entire waveftont began at greater (han 10%,
decreasing with cach successive inmage. However, individust regions exhibited more
than % ncrease n emission.

Based on the five “coronal Moreton wave” evenis observed thus far, typic-
al speeds range from 230300 km 77, and the wavefronts which are initially
propagating radially begin to break up and travel in separgte fronts. The magnitude
of the wave shows litfe comelation with the peak therrmal Xoray flax of the asso-
ciated event; 1n Tach the majordy of EIT observations close to flare events do not
show any evidence of these waves. The mode! of & weak fast-mode MHWTY shack
developed by Uchida (e.g.. Uchida, 1974) explains several features of the BIT
observations, mcioding the eventual localization of the wavefronts, the preferential
chrection of propagalion faway from setive reglonsy and the lack of correspondance
willl the peak hermal Xeray flux of the flare, A mavie of a coronal Moreton wave
1% incloded in the COLROM,
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V.3.2 Filaments éruptifs

Figure V.1: Eruption du Filament du 13-10-99 : SOHO/EIT Fe Xll &4 08:48 TU

Nous avons étudié au chapitre IV comment des boucles d’une région active évoluent
et en particulier le role du torsadage. Nous venons d’analyser au paragraphe précédent
I'évolution de plusieurs structures vers des CMEs ou des éruptions. Nous allons revenir
un instant sur les filaments. Souvent un filament est soutenu par des boucles transverses
a son axe principakf. les “arch-filaments”). Il existe des cas ou le torsadage est présent
dans le filament sans que les boucles qui le soutiennent soient visibles. Le 13 Octobre
1999, durant la campagne MEDOC, un filament trés torsadé éruptait (Fig. V.1). Le film
EIT (cf. CD-ROM) montre qu'il est initialement trés torsadé (07:00 TU) et se détorsade
au fur et a mesure de son éruptien{ 10:00 TU ). Les images du coronograptg du
Pic du Midi viennent confirmer cette forte torsion encore présente a 10:35 TU (Fig. V.2).

La encore, le torsadage joue encore un réle dans la stabilité des structures.
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Figure V.2: Eruption du Filament du 13-10-99: Extrait de I'image du coronogréihe
du Pic du Midi prise a 10:35 TU
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V.4 Une vision globale de ces études sur la couronne so-
laire

L'article suivant (publié pour le colloque de SOHO 8) résume en grande partie la these.

¢ 3D loops evolutions (twist and expansions) and magnetic fields interactions s-
tudied with SOHO/EIT

e by F. Portier-Fozzani
e SOHO 8 meeting (Paris, June 1999)
e Paru dans ESA SP-446 (Oct. 1999)



3D LOOPS EVOLUTIONS (TWISTS AND EXPANSIONS) AND MAGNETIC FIELDS
INTERACTIONS STUDIED WITH SOHO/EIT

F. Portier-Fozzani

Laboratoire d’Astronomie Spatiale, BP 8, 13376 Marseille Cedex 12, France

ABSTRACT

3D Technics were developed to study coronal struc-
tures evolution. Anaglyphs were used to analyse the
global corona, and constraints for complete stereovi-
sion reconstruction were derived in the case of EUV
wavelengths. Loops morphologies were succesfully
described with a torus fit which includes twist evolu-
tion.

On a quick magnetic flux emergence (August 5th
1997), the loop twist is decreasing during its expan-
sion. During a long time evolution (July - August
1996), flaring activities are well correlated with sud-
den twist decreases. These 2 results correspond to
the evolution described by Parker’s formula (1977).
Magnetic field lines interactions were also analyzed.
From multi-wavelengths observations, some morpho-
logical and topological changes were interpreted as
interactions between open and closed magnetic field
lines Sie. between Coronal Holes and Active Region
Loops).

Then, relationship between CME or Flares formation
and our different instabilities studied were analyzed
in the aim to find, in the future, good criteria con-
cerning space weather.

Key words: SOHO; EIT ; Coronal loops.

1. INTRODUCTION

Due to the low value of the beta plasma parame-
ter, the solar corona traces in 3D the very complex
and hightly dynamical movement of the magnetic
field. Solar Studies have taken profit of the launch of
the SOHO spacecraft in December 1995 (Fleck et al.,
1995). Coronal events were then able to be followed
24h per day by space instruments and complemen-
tary ground based observations in the aim of better
understanding the puzzle of the very hot tempera-
ture, flaring loops processes, and other not under-
stood phenomena....

Aboard SOHO, the Extreme ultraviolet Imaging
Telescope (EIT) images the Chromosphere (He IT line

: temperature 7' ~ 8 x 10* K), the Transition Region
(Fe IX/X line : T ~ 1.3 MK ) and the Corona (Fe

XII — 1.6 MK — and Fe XV lines — 2 MK —) on a
1024x1024 CCD with a spatial resolution of 2.6 arc-
sec (Delaboudiniére et al., 1995 and Table 1). It is
then possible to follow structure evolutions (Portier-
Fozzani et al., 1997) or calculates the temperature
(Neupert et al., 1998) for each structure.

This paper summarizes some results from my
PHD/Thesis :

e 3D imaging technics were developed to under-
stand the solar corona such as shape vision
(Portier-Fozzani et al., 1997) and anaglyph. A
feasibility steady (Portier-Fozzani, 1999b) for
complete computer stereovision inversion in thin
optical lines was realised based upon INRIA re-
sults for solid reconstruction object from couple
of images (Vezien, 1995).

e To study coronal loops, a fitting model using
the dynamic stereovision (Aschwanden et al. 1999)
were developed with M. Aschwanden to take into
account the twist and shear for loops.

e Loops evolution were followed for emerging AR,
and during long time evolution.

¢ Exemples of relations between loop anisotropies
and flares or CMEs formation (as filaments are
supported by loops) were made.

The aim of this paper is to present different tech-
nics to rebuilt the 3D aspect of the corona (stereovi-
sion, model for loop fitting,...), to analyse magnetic
field evolutions (emerging flux, closed loops evolu-
tion, magnetic interactions) and to discuss the future
possibilities of forecasting the space weather precisely
from loops shear/twist measurement.

2. DEGRIDDING, SPATIAL WAVELETS AND
OTHER IMAGERY ENHANCEMENT

Concerning the EIT instrument, a redundant alu-
minium filter used to block visible light, mechani-
cally supported by a nickel grid casts a shadow on
the CCD (Moses et al., 1997). The usual method for
degridding the EIT images is to take off a modelized
grid pattern obtained by mean time average (Defise



et al., 1997). But the real grid is not uniform —due
to the asymmetry of the entrance—, so a local me-
dian filter made on each image —which takes more
time processing— is more efficient ( Portier-Fozzani
et al., 1997, Moses et al., 1997).

As multiscale visualization —based upon spatial
wavelets (¢f Bijaoui et al. 1996)— are made for
finding structure signal near the noise level (which is
supposed to have no regular shape), the image dy-
namic has to be low, so it is better to zoom on the
part of the image that we want to analyse. Image is
cleaned before the wavelet treatment to avoid pres-
ence of a regular object which can hide some real
structures. Technics and results are fully described
in Portier-Fozzani et al. (1999c).

3. 3D CORONA

3.1. GENERAL 3D TECHNICS

To analyze solar corona, 3 dimensional technics were
developed. The simplest was to study steady struc-
ture by using different angle of sight due to the solar
rotation with time. For anaglyph, the image for one
eye is colored in red (or in one polarization) while the
other image (taken few hours later) is colored in blue
(Portier-Fozzani, 1999b).

Another technics is to do real stereovision inversion.
From calculations based on the INRIA reconstruction
made on solid object (Vezien, 1995), we had extrap-
olated the theoretical amount of uncertainties on the
reconstruction for the optical thin coronal lines stud-
ied. With the help of the anaglyph results, we con-
clude that for doing real 3D reconstruction we need to
have simultaneously observation which should hap-
pen with STEREO (Portier-Fozzani, 1999b).

Other technics are to consider specific methods for
each structures and to use “stereo-vision” as a mod-
elised fit.

3.2. LOOPS ADJUSTEMENT : THE METHOD

Different studies of the 3D structures used the so-
lar rotation to vary the aspect angle of otherwise
static structures (e.g. Loughhead, Chen & Wang
1984; Berton & Sakurai 1985; Aschwanden & Bas-
tian 1994a.b; Davila 1994; Aschwanden et al. 1995;
Aschwanden 1995). A new method by Aschwanden
et al. (1999) take into account the small variation of
the magpnetic field with time versus heating or cooling
processes in coronal loop to consider some Dynamic
Stereoscopy. Then, some EIT loops are fitted with a
circular model. Different time projections give the
unicity of the loop parameters derived.

For taking into account that the loop are sometimes
twisted and sheared, the improved model considered
the loop as a line over a torus (As in “plan paral-
lel” model of atmosphere, a loop is represented by
a straight line, a small perturbation for footpoints
move the line inside a cylinder, so the line is inside a
torus in the real 3D corona).

As magnetic field lines could be parabolic or with

other shape for a magnetic bipole, twisted loops are
an approximation —which is able to describe more
cases than circular loops—.

4. STUDIES OF ACTIVE REGION LOOPS

Loops trace the magnetic field lines because the value
of the beta plasma parameter is low in the corona.
Many results concerning hot loops were obtained
with Yohkoh SKlimchuk & Porter 1995, Porter &
Klimchuk 1995), so different scaling laws were looked
in EUV at lower temperature for cooler loops.

4.1. STATISTICS OVER CIRCULAR LOOPS

We studied (¢f. Aschwanden et al. 1999) the 3D
structure of the ARL NOAA 7986 on August 30th
1996. 30 circular loops were analysed. Radius
(Ro = 93 £ 23 Mm), azimuth angle of loop baselines
(a = =3% £+ 10%), inclination angle of loop planes
(¥ = 7° £ 379%) were measured and temperature and
density diagnostic were made. The conductive cool-
ing time were found to be 7,4 ~ 10 days, while the
radiative cooling time were ;.44 ~ 40 min.

To summarize some results, it was found that

1. these cool EUV and rather scale loops (h ~ 30 —
225 Mm) are in hydrostatic equilibrium

2. the loop width is found almost constant

3. the scaling laws obtained are different than the
SXR loops

These statistics were compared with hotter loop an-
alyzed by Kano & Tsuneta (1995, 1996) : Yohkoh
measured loops with 4 times the EIT loops temper-
ature, 1.5 times the density and 0.5 the loop half
length.

4.2. EMERGENCE AND SHORT TIME
EVOLUTION OF AN ARLs

Complete study of the area NOAA 8069 is done in
Portier-Fozzani et al. (1999a). The area emerged in
1 day (August 5th-6th, 1997) and was enough far
away from other Active Region to be considered as
an emerging flux tube without interaction.

It has emerged in a previous activity location where,
even if there were no NOAA number for few days (on
July 30th it was NOAA 8066), there were some weak
photospheric magnetic field.

It emerges twisted (Fig. 1) which confirms the ex-
trapolations of Leka et al. (1996). It detwists as it
expands which is coherent with the Parker formula
(1977) for twisted flux tubes (radius R and 27d the



Aerr D) Asotar (A) A (A)  Ton Transition Intensity Atmosphere
171 170.600 170.577 Fe X 3s23p® ?Pg3/y - 3s?3p?(°P)3d D3/,  1.6e+02  Transition Region
. 171.073  171.073 FeIX 3p% 13y - 3p®3d 1P, 2.8e404  Transition Region
195 195125 195.118 Fe XIT  3s23p> 1S3, - 3s23p2(°P)3d *P5;;  1.0e+04 Quiet Corona
. 195131 Fe XII  3s%3p3 2Dy, - 3s?3p?('D)3d?D;,,  4.2e402 Quiet Corona
. 196.640  196.648 Fe XII  3s23p® 2Dy, - 3s23p?(!D)3d 2Dy/5  8.0e+02 Quiet Corona,
284 284.159 284.160 Fe XV 3s” 1Sg - 3s3p 1P, 4.4e+04 Corona
304 303.324 303.325 Si XI 252 IS, - 2s2p 1P; 1.5e+04 Corona
303.782 303.780 HelI 1s 281/ - 2p *Py)s 6.1e+05 Chromosphere
303.786 He II 1s 281/2 - 2p 2P1/2 3.0e+05 Chromosphere

Table 1. SOHO/EIT line list : —transitions from the atomic database CHIANTI (adapted from Deré et al.

1997)—
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Figure 1. Loops Fitting : radius, altitude and twist
measured for a loop on August 6th 1997 at 01:40 from
a SOHO/EIT Fe IX/X image

helix wavelength) with w = (22 + y2)? and the dis-
tance up to axe z,

and B<1> = BZ%.

As helix step 0 decreases while twist increases, and
because energy is proportional to |B|? (Aly, 1991), a
decrease in twist corresponds to a lost of energy. So
energy is transformed into expansion. Loop expan-
sion velocity (~ 10km/s) is less than the usual initial
speed of CMEs. Flares happen in this AR only af-
ter August 6th 1997, long time after the emergence,
when loops have almost constant size. This shows
that other energy input than the twist exists at that
time.

4.3. LONG TIME EVOLUTION OF AN ARLs

Summer 1996 was perfect to study long time evolu-
tion. The AR successively named NOAA 7978, 7981,
7986 was alone. Of course each loop could not be
followed upon a so long time, but average tube flux

parameters were obtained. Study is still in progress
as some correlation were found between degree of non
circularity of loops and flares. Shear and twist cre-
ated this inhomogeneity.

With the time, the bipolar AR becomes wider (van
Driel, 1998).

Even at the solar minimum cycle, the area topol-
ogy was pretty complex. Multi-wavelengths observa-
tions (Hgiphe for filament channel, He I for coronal
holes and comparison with the Nobeyama Radio He-
liograph) show that a positive polarity coronal hole
preceded the ARL, a filament channel lies along the
neutral line between the 2 polarities, and a negative
polarity coronal hole follows the ARL (Fig. 2).

Figure 2. Topology of the area (neighbourhood of
NOAA 7986) observed August 31st 1996 :

CH 1 is the famous elephant trunk Coronal Hole
FC is the filament channel following the neutral line
between the 2 polarities of the ARL.

CH 2 is a coronal hole with opposite polarity versus
CH 1 (also obtained by Sheeley et al. modelisation
—in Wang et al. 1997 —).

As the Summer 1996 corresponds to the solar mini-
mum cycle, the Sun gives a kind of symmetry aspect
between the North West and the South East (eg. Au-



gust 29th, September 26th). The northern polar CH
which comes upon equator (CH1) in front of the AR
while it has a symmetric hole with opposite polar-
ity related to the southern polar hole (CH2). These
holes became structured when the AR had emerge.
The filament channel separates the 2 CHs and the 2
polarities of the ARLs as a mirror (Fig. 2).

As Active Regions follow the differential rotation law
and Coronal Holes follow more rigid rotation (Wang
et al., 1988), some of the morphological changes ob-
served in loops where probably partly due to mag-
netic interactions.

4.4. COMPARING OPEN AND CLOSED
STRUCTURES

In Neupert et al. (1998), we analysed 2 different coro-
nal structures above an AR September 25th 1996.
With SOHO/EIT Fe XI/X and Fe XII images and
the CHIANTT atomic code we had estimated tem-
peratures and densities of the structures. A closed
loop and an extended coronal feature —which corre-
spond to an open line— were fully studied.

We found that downward conductive losses were in-
adequate to support radiative losses which imply that
energy deposition is approximately proportional to
the square of the local density.

4.5. MAGNETIC INTERACTIONS

Effects of newly erupting flux on the polar coro-
nal holes were previously analyzed by Sheeley et al.
(1989). Magnetic interaction were derived from Sky-
lab mission observations. Further interactions ob-
served in EUV where then derived with SOHO/EIT.
Interactions between magnetic field lines were stud-
ied in different cases :

1. between CH and ARLs : Observations such
as May 16th 1997 conclude for possibilities of
structurations of CHs by ARL (Portier-Fozzani,
1999b, Portier-Fozzani & Pohjolainen 1998b).
Mini-CHs are then named when the field is
weakly open and not very structured (Pohjo-
lainen & Portier-Fozzani 1999)

2. between ARLs (reconnections known from 1996
by Yohkoh : Tsuneta 1996 and other authors) :
several examples were found (c¢f. Portier-Fozzani
1999b)

3. between ARL and CH predicted in theory by
Ruzmaikin (1998) : an opening of an ARL was

probably due to magnetic reconnection (Portier-
Fozzani 1998a)

5. CMES AND FLARES

Two classical CMEs and flaring events were studied.

L

|EFC19870407.111841 1

Figure 8. NOAA 8027 S shape on EIT Fe XII Image
taken April 7th 1997 at 11h19mn

< o Mﬁ em
1

Figure 4. The 3D aspect of the NOAA 8027 deduced
from the projection : (a) shape when the AR was at
the limb : April 1st 1997, (b) AR on the disk

e April 7th 1997, the Active Region NOAA 8027
changed itself from an S shape to an arcade. The
S shape was an highly twisted/sheared group of
loops (Fig. 3, 4). Observations of post-eruption
arcades are described in Klimchuk (1996).
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[EFD 9070407 .132823,1
Figure 5. EIT Fe XII April 7th 1997 at 13h 28mn

A V shape is observed at 13h28mn (Fig. 5).
A precise analysis with the help of stereovision
shows that the V is expanding upward. A Fila-
ment Disparition Brusque is reported by the SEC
at 13h54mn in the North West part of the Area
with a flare. SOHO/EIT after 14h12mn —due to
low temporal resolution— shows that the flare is
progressing southward as it ”creates” an arcade.
This progression coincide with the ”connection”
of the V lines with S lines. It is coherent with
the Amari (1999) model of CME formation which
gives small loops at lower altitude. Magnetic re-



connection of the V lines (small loops which go
upward) with the S loops change then the topol-
ogy (Portier-Fozzani, Amari & Pick, 1999d).
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Figure 6. EIT Fe XII April 7th 1997 at 15h 15mn

The arcade —made with parallel loop (AD) up
to (CB)— is formed (Fig. 6) in a transverse di-
rection than the previous loop (AB). A CME is
observed with SOHO/LASCO coronagraphs in
relation with these events (Maia et al., 1998).

Final reconstructed
image

Figure 7. Wavelet reconstruction of the NOAA 8100,
November 6th, 1997 :
The 5 wavelet transforms planes and the rebuilt ob-
ject (double Y shape)

e Between November 5th 1997 at 22h00 and
November 6th at 6h00 some plasma escape
outward from an area located southward than
NOAA 8100 —South West limb—. A flare oc-
curred at 12h15mn, as the 2 opposite polarities of
the AR were connected by a S shape loop. About
1 hour later, first particles were detected on the
SOHO spacecraft (bright points everywhere on
the EIT CCD). After 16h11, the southern loop

(13)

(1)

Figure 8. Possible scenario for the formation of a coat-
hanger from highly twisted loop : From EIT images,
aspect of the NOAA 8100 November 6th nearby 0h30

structures expand with a double V shape, as the
other loops -even they had the same footpoints-
kept their regular morphology (ie circular).

In the both case, the S shape is present. The loop
becomes instable due to high twist or high shear. Re-
connection needs to happen to create such amount of
energy for the flare.

6. CONCLUSION

Different 3D Technics were developed to study coro-
nal structures evolution. Anaglyphs and other stere-
ovision methods were used to point out interresting
global coronal changes (such as global interactions).
Loops fitting were preferred to understand their 3 D
geometry including twist and shear parameters.
Emerging magnetic flux was observed to appear
highly twisted and expands as it detwist. It corre-
sponds to the evolution described by the Parker for-
mula. Statistics concerning circular loop were ob-
tained and compared with hotter loops seen with
Yohkoh. Long time evolution for cool loops were
analysed too. Magnetic field interactions were also
studied.

From the torus model, it is possible to propose a more
precise analysis concerning the contribution for each
group of loops to the space weather. While measur-
ing the degree of non-circularity for loops (by twist
or shear measurements), we obtain helicity measure-
ment. As the helicity is supposed to be conserved,
the twist and shear can be transformed in other type
of energy. As high twist and shear in ARL creates
instabilities and as filaments are supported by loops,
we should be able soon to forecast CMEs formations
from EUV loops fitting.
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Figure 9. Flare in NOAA 8100 November 6th : SOHO/EIT Fe XII images at 11h41mn and 12h15mn
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Chapter VI

Synthese

Je persiste a dire que la Terre tourne autour du Soleil,
et qu'il existe d’ autres soleils semblables au n6tre dans I’ Univers
Giordanno Bruno, lors de son procés devant I'Inquisition,
avant d’étre brulé en 1600 a Rome en place publique.
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VI.1 Atrticle de synthese de la thése

Etude de la couronne solaire en 3 D et de son évolution avec SOHO/EIT

VI.1.1 Résumé

L'étude de la couronne solaire permet de mieux comprendre sa température élevée et
d’analyser sa forte dynamique afin de faire de la météorologie spatiale. Le plasma coro-
nal étant figé par le champ magnétique, les images EUV de SOHO/EIT sont donc partic-
ulierement bien adaptées pour suivre les évolutions.

Apres avoir mis en place des outils spécifiques a I'intrument SOHO/EIT pour dévelop-
per les données (catalogue d’'images, dégrillage, ...), nous avons utilisé les séquences
temporelles dans les 4 longueurs d’'ondes de SOHO/EIT pour étudier les évolutions mor-
phologiques et topologiques de la couronne solaire.

Des techniques de stéréovision permettent la reconstruction en 3 Dimensions d’objets
ordinaires a partir de 2 prises de vues du méme objet depuis un angle différent. Apres
avoir pris en compte les contraintes inhérantes aux longueurs d’ondes utilisées —raies
optiquement minces—, ainsi que les contraintes temporelles, nous nous sommes servis de
la rotation solaire pour reconstruire en 3D la couronne. Pour une reconstruction précise il
a parfois fallut considérer un modéle a priori (boucles circulaires par exemple).

La stéreovision avec contraintes a ainsi permis de déterminer la physique de 30 boucle-
s d’'une région active. Ces boucles EUV sont apparues comme étant en équilibre hydro-
statique contrairement aux boucles plus chaudes en X.

La technique utilisée a ensuite intégré des asymeétries telles que la torsion des boucles.
Lors de I'émergence d’une région active, les boucles apparaissent torsadées. Ces obser-
vations confirment des observations précédentes. Les boucles se détorsadent ensuite au
fur et a mesure de leur expansion. Cela s’explique par une conservation de I'hélicité.

D’autres techniques sont venues completer ces études.

VI.1.2 Introduction
Le Soleil, sa couronne, et intérét de son observation en 3 dimensions

La température du soleil décroit depuis l'intérieur du Soleil (plusieurs millions de de-
grés) jusqu’ala photosphére (Température de 5800K). Cela est facilement compréhensible
puisque la chaleur produite au centre par I'énergie des réactions nucleaires est transportée
selon le moyen adéquat le plus efficace (radiation ou convection) vers I'exterieur. Par con-
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tre, la spectroscopie a montré que la haute atmosphere solaire —aussi appelée couronne
solaire a cause de son aspect lorsque la photosphere est cachée par la Lune lors d’'une
eclipse — a une température trés élevée. Sa température atteint plusieurs millions de de-
grés, ce qui rend la couronne observable en EUV et rayons X. Ainsi, on recherche quels
processus de chauffage peuvent étre mis en jeu.

Depuis Galilée, avec des instruments optique adaptés, on observe sur la photosphere
des parties sombres appelées taches solaires. Ces taches correspondent a un fort champ
magnétique. Le nombre de taches varie avec une période de 11 ans. Durant la méme
période, elles migrent progressivement en latitude et inversent ensuite la polarité dans les
2 hémispheres. Ainsi le soleil est une étoile magnétique avec une période de 22 ans.

Dans la couronne solaire, le plasma est figé par le champ magnétique. Cela permet
ainsi de visualiser en 3D les lignes de champs magnétiques. La seule méthode permettant
d’'imager les champs magnétiques coronaux en 3D, consiste a observer le plasma, les
polarimétres étant inefficaces en EUV. Ainsi comprendre I'évolution des tubes de flux
coronaux permet de mieux comprendre les mécanismes de chauffage supposés d’origine
principalement magnétiques.

VI.1.3 La couronne : aspect général

De nombreuses structures en forme de boucles sont observées dans la couronne solaire
(ex. Fig. 11.5). Le plasma y suit alors des lignes de flux magnétiques fermées [125].

La couronne solaire apparait comme extrémement dynamique en 3 dimensions [157].
On observe ainsi des éruptions et des €jections de masses coronales (CMESs) qui traduisent
des phénomenes tres énergétiques [94],[177]. Des changements dans I'aspect des boucles
correspondent a de nombreuses éruptions.

D’autres structures de lignes de champs magnétiques ouvertes appelées trous coro-
naux eévoluent rotation apres rotation.

Etudier la couronne nécessite donc de comprendre I'évolution de la morphologie (as-
pect) des structures qui la composent mais aussi les variations de la topologie (géométrie)
magneétique. Ces différents aspects peuvent étre lies. Comprendre I'évolution en 3D né-
cessite donc une compréhension globale et précise de ces différents éléements.

VI.1.4 Observation du soleil et de sa couronne

Lanceé fin 1995, le satellite SOHO avec ses 12 instruments observe le soleil 24h sur 24
[79]. Lintéractivité entre ses différents instruments et les instruments terrestres permet de
mieux comprendre le comportement du soleil dans sa globalité [181].

A son bord, I'imageur EIT observe en EUV 4 longueurs d’ondes bien adaptées de la
chromosphére a la couronne [58].

e A 304A, la raie d’'He Il permet de voir la chromosphére (Température environ de
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10* K). On y voit un bouillonnement. Des parties sont quelquefois visibles en
emission, en dehors du limbe : les protubérances.

e A 171A, le Fe IX/X montre les structures de la région de transition (région inter-
meédiaire ou le gradient de température est tres important). Sa température est de
1.3MK. Les structures des boucles ont un aspect généralement plus fin. Différentes
structures sombres existent a grandes échelles : les trous coronaux et les filaments.

e A 195A, le Fe Xll image les structures de la couronne (environ 1.6MK).

e A 284A, le Fe XV image une couronne plus chaude a environ 2MK.

Pour produire ces images, 'instrument SOHO/EIT est un télescope de Ritchey-Chrétien.
La résolution de sa CCD est de 1.62 x 1a2sec® (1 arcsec représentant environ 730k-

m sur le soleil) avec un champ de 1024 x 1024 pixels. Le choix de la longueur d’onde
d’observation s’effectue par un quadrant cache ouverture.

D’autres instruments peuvent venir aider a I'analyse en complétant ces mesures soit
avec d’autres longueurs d’ondes ce qui permet de mieux déterminer la nature physique
des objets observés (Visibldg, Radio, X, coronographie), soit pour zoomer sur certaines
structures (TRACE).

VI.1.5 Dégrillage des images de SOHO/EIT

Sur les images d’EIT apparaissent une surbrillance en forme de grille (Fig. 111.2). La
transformeée de Fourier d’'une image montre que les fréquences ne sont pas régulierement
espacees (Fig. 111.4). Pour 6ter numériquement ce défaut nous allons donc devoir faire
un filtrage local. Le filtrage médian semble bien approprié puisqu’il remplace la valeur
"anormale" par la médiane des points voisins. Ainsi pour enlever la grille qui est une
anomalie du plan objet, nous allons faire un filtrage médian local.

Cette méthode a été intégrée au soft EIT sous le nom de eit_degrid_smooth.

Toutefois un filtre médian est un filtre non linéaire. Nous allons donc utiliser cette
méthode pour extraire les grilles. Une fois extraites de chaque images, on somme ainsi
ces grilles. Limage soustraite a cette grille moyenne obtenue permet d’obtenir une image
calibrée dégrillée que I'on peut alors utiliser pour 'analyse physique.

VI.1.6 Catalogue par imagettes de SOHO/EIT

Afin de choisir les données adéquates, nous avons développé un code permettant de vi-
sualiser sur une seule image un catalogue d’imagettes obtenu selon des criteres précis
(Fig. 1l1.1). Cela permet de faire des pré-études rapide de I'évolution des structures et des
intéractions magnétiques.
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VI.1.7 Les structures de la couronne

Les observations multi-longueurs d’'ondes permettent de préciser la nature physique des
régions observées. Sur la Figure 11.13 nous pouvons distinguer les régions suivantes :

1. Les filaments (notés FC) apparaissent en sombre sur les images EIT (Fe X/X, XIlI,
XV), en sombre sur les images radio de Nobeyama, ainsi que sur les ifdages
[191]. lIs suivent les lignes de neutralité magnétique avec du plasma froid. A
noter que les filaments peuvent étre vus en émission lors de leurs éruptions mais
aussi lorsqu’observés au bord du limbe. Dans ce dernier cas on parle aussi de
protubérances.

2. Les régions actives les plus simples (notées ARL) correspondent a des bipolarités
du champ magneétiques (cf. Fig. IV.1). Elles sont vues sous formes de boucles mul-
tiples en EUV, les magnétogrammes montrent les 2 polarités différentes de leurs
pieds. Les régions actives peuvent aussi étre davantage complexes en regroupant
plusieurs couples de polarités. Nous reviendrons sur I'étude des boucles qui com-
posent ces régions actives ultérieurement.

3. Les trous coronaux (notés CH) sont des régions ou le champ magnétique est ou-
vert. lls sont simultanéments sombre en EUV pour EIT, brillant dans les longueurs
d’'ondes radios de Nobeyama, et de polarité majoritaire quasi-uniforme dans les
magnétogrammes.

VI.1.8 Stéréovision et vision 3D

La vision en 3 dimensions se fait en observant un méme objet grace a la différence d’angle
entre 2 récepteurs. Pour reconstituer simplement le relief de la couronne, on prend des
images de SOHO/EIT a des temps différents ce qui donne une différence de perspective
sur une méme structure stable [191].

En maintenant sépare le trajet optique (par exemple avec des couleurs différentes com-
plémentaires), le cerveau interprete les différences dans cette superposition d’images (ie
les anaglyphes) comme du relief. Des méthodes plus systématiques de reconstruction par
stéreovision existent. Aprés avoir extrait de chaque image des primitives (cf. techniques
d’analyse d'images dans [27]), on définit grace a la géométrie projective les formules
d’inversions qui vont permettre de paramétrer les objets en 3D (cf. [77] et références dans
ce livre).

L'INRIA a réalisé une méthode d’inversion en 3D a partir d’objets optiguement épais
(table, chaises,... [246]). Nous pouvons a partir de la différence entre les structures des
objets initiaux et celles des objets reconstruits mesurer les incertitudes de la méthode dans
la reconstruction dans le cas d’objet optiquement épais.
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VI.1.9 Contraintes de vision 3D pour la couronne

Les images de la couronne prises par les raies du Fe avec SOHO/EIT sont optiquement
minces. C’est a dire que I'émission correspond a l'intégration sur une ligne de visée (cf.
Fig. 111.25). En réalisant des films a partir des séquences temporelles d'images EIT, on
se rend compte de la forte dynamique des structures de la couronne solaire. Ainsi I'étude
d’'images non simultanées introduit des incertitudes supplémentaires.

La dynamique de la couronne et le fait que les raies soient optiguement minces im-
pliquent des incertitudes trop grandes pour réaliser une reconstruction totale par stéréovi-
sion. Pour diminuer ces incertitudes on peut :

¢ soit prendre des mesures simultanées (c’est le but de la mission STEREO qui sera
lancée bient6t)

e sSoit considérer un modele a priori qui définira des contraintes morphologiques.
Nous allons donc définir des modeles géométriques a priori qui nous permettrons
d’étudier la physique de ces objets.

Les boucles coronales peuvent étre facilement observées avec différents angles de
perpectives et donc sont bien adaptées pour chercher a étre reconstruites.

VI.1.10 Reconstruction par stéréovision pour des boucles circulaires

Considérons dans un premier temps que les boucles sont circulaires. Sur une image EIT
(ou sur une image filtrée en haute fréquence pour faire ressortir les gradients importants),
on ajuste a la souris une boucle pour obtenir un tableau x(n), y(n) dans les coordonnées
de I'image. Il nous faut donc définir les parametres suivants : (Fig. 2 dans [15])

1. linclinaison
2. 'azimuth
3. lerayon

4. I'altitude du centre de la boucle

(62

. la position sur le soleil du centre de la boucle (longitude et latitude héliographique)

On obtient ainsi pour I'image i une solution s(i).

Pour chaque image, on minimalise la distance entre I'ajustement de la boucle fait a
la souris et le modele de boucle circulaire. Comme décrit sur la Figure V.10, une seule
projection donne plusieurs solutions (j) possibles pour chaque image s(i,)).
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En considérant des angles de vues différents de méme structures (stéreovision sta-
tique), on obtient une unicité de la solution (cf Fig 1V.11). Cela se démontre aussi en
utilisant les lacets de la topologie algébrique. On a ainsi une solution par stéréovision
pour une structure statique avec contrainte a priori (boucle=cercle).

L'algorithme mis en oeuvre est ainsi le suivant

1. Suruneimage 1

e Ajustement a la souris de la boucle
e Transformation des coordonnées
e Recherche modele circulaire donnant I'erreur minimale sur la projection s(1,))

2. Surl'image 2 (environ 3h plus tard)

e mémes calculs que pour I'image 1 s(2,k)

On compare alors les différentes valeurs trouvées. Comme il y a unicité de la solution,
par continuité des parametres, on trouvera alors la solution valable sur 'ensemble des
images.

Des résultats obtenus sont présentés Fig IV.13.

VI.1.11 Stéréoscopie dynamique

La lenteur de la méthode donne alors 'idée d’'une premiere amélioration en tentant de

'automatiser :

principe de la stéreovision dynamique dans le cas circulaire. Cette méthode est compléete-
ment décrite dans Aschwanden et al. 1999 ([15]). On considére la variation des boucles
partiellement émissives dans un référentiel aplati en tenant compte de l'intégration sur la

ligne de visée.

Cela nous permet d’obtenir les parametres définis précédemment en permettant au
boucles d’évoluer dynamiquement en se reremplissant ou non. Nous avons ainsi pu faire
des statistiques sur les boucles de la région active NOAA 7986 du 30 Aout 1996.

Physiquement les résultats obtenus sur 30 boucles de SOHO/EIT sont les suivants :
Les tailles, les rapports entre les raies EIT de I'émission, et le code atomique CHIANTI
permettent de déterminer la température et la densité des boucles.

Les boucles apparaissent étre en équilibre hydrostatique.
En général, il n'y a pas de variation de la section transverse.

Les relations obtenues sont les suivantes :

e Pression proportionnelle
a lalongueur de la boucle a la puissance -0.41+/-0.12
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¢ Champ magnétique proportionnel
a la longueur de la boucle a la puissance -1.02+/-0.43

e Energie de Chauffage proportionnelle
a la longueur de la boucle a la puissance -0.73+/-0.23

Différents résultats magnétiques sont resumes Table 2 de Aschwanden & al.[15].

Cela permet de comparer les résultats entre les mesures EUV et SXR Table 3 de As-
chwanden & al.[15]. Le comportement des boucles tiedes (EUV) est donc relativement
différent de celui des boucles chaudes (SXR).

Les boucles quelquefois sont non circulaires méme dans les cas de modélisation MHD
simples (Fig 1V.8). Certaines boucles ne sont pas ajustables par des cercles (Fig. IV.14).

VI.1.12 Prise en compte des écarts a la circularité

Une maniére simple de prendre en compte I"acircularité” est de la considérer comme une
torsion.

En effet, de maniere naive considérons un bout de corde. Sil'on exerce une torsion en
un sens oppose de part et d’autre de cette corde, elle se raidit puis se déforme. Un calcul
MHD montre que les contraintes sur les pieds impliquent les mémes consequences sur le
plasma qui est figé par le champ magnétique.

Ainsi, la représentation plan paralléle d’'une boucle donne une ligne rectiligne, une dé-
formation des pieds de cette ligne I'inscrit dans un cylindre, ce qui donne en 3 dimension
une ligne se déplacant a la surface d’un tore (Fig. 1V.15).

Le paramétrage pertinent a donc 3 parametres supplémentaires (Fig IV.16):

¢ le rayon secondaire du tore
e I'angle initial (¢1)

¢ le nombre de tounff) ou I'angle final {p2)

Validons tout d’abord la méthode en mesurant la sensibilité de la déviation suite a une
variation des variables : les Figures V.18 et V.18 montrent que pour une différence de
torsadage inférieure a 7 degrés on obtient une variation de 2.78 pixels au lieu de 0.32
pixel. La minimisation de cette variation est donc un bon critére pour une mesure précise
des différents parametres.

Lalgorithme de la méthode dans le cas des boucles non circulaires est le suivant :
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1. On recherche des solutions par minimisation avec la fonction POWELL d’IDL
(méthode qui mélange les moindres carrés, les gradients et le minimum d’entropie).
On obtient j solutions pour I'images(i, j ).

2. La variation avec I'angle de vue nous permet de trouver la solution en réalisant la
stéréovision sur 'ensemble desi( j)) possibles. En effet on suppose la continuité
des paramétres physiques. Cela s'égsitl, k1) — s(2,k2)|| = 0 quand k1 et k2
correspondent a la bonne solution pour les images respectives 1 et 2.

On obtient ainsi une seule solution physique acceptable pour 'ensemble des images
§(i0, jO), §(i1, j1), etc... avec iO différent de i1,...

VI.1.13 Ajustement de boucles dynamiques

A partir de cela on peut considérer pour des boucles non circulaires les cas statiques et les
cas dynamiques. En effet, les soluticgisj) dépendent de la position et de la boucle elle
méme. Cette derniére partie dépend de [ Ar, theta , rO, h@urlp, | = G(i,)).

Quand k1 et k2 correspondent a la bonne solution pour les images 1 et 2 :

e ||G(1,k1) — G(2,k2)|| = 0 dans le cas statique puisque tous les paramétres de la
boucle sont strictement les mémes.

e ||G(1,k1) — G(2,k2)|| — 0 quand|[temps(1) —temps(2)|| — O dans le cas dy-
namique. On peut alors autoriser certains parametres a varier (exemple phil et
phi2,r0,h0 continu) afin de vérifier un modele a priori (ex :expansion...).

Cela constitue une généralisation dynamique de la stéréovision statique (qui con-
stitue une méthode différente de la méthode de la "stéréovision dynamique”)

Cette méthode permet I'étude de I'évolution dynamique de I'émergence d’ARL et de leurs
evolutions.

Nous avons donc appliqué cette méthode pour mesurer la variation du torsadage et de
la taille des boucles lors de 'émergence d’'une nouvelle région active. La région NOAA
8069 émerge en un jour (5-6 Aolt 1997) et elle est suffisamment éloignée des autres ré-
gions pour pouvoir considérer que les tubes magnétiques ne subissent aucune interaction
extérieure. Elle émerge a la place d’'une ancienne AR. Les ajustements sont mesureés sur
les Figures 5 et 8 de l'article [189].

La Table VI.1 reporte le résultat de ces mesures.

Il en ressort que I'émergence se fait avec des boucles déja torsadées. Cela confirme
les extrapolations de Leka & al. ([133]). Les boucles se détorsadent pendant I'expansion.
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Jour 97-08-05| 97-08-06| 97-08-06 | 97-08-06

Heure 19:07UT| 01:40 UT | 15:51 UT | 23:25 UT
Altitude maximale (o + ho en Mm) 34 37 40 46
Torsadage W = @, — @1 210 55 27 10

Table VI.1: Taille des boucles et de leur torsadagelLes incertitudes obtenues sont de
2 Mm pour l'altitude et 5 degrés pour le torsadage. Le petit rayon du tore reste constant
(5Mm)

La formule de Parker [173] dans le cadre d’'une géométrie linéaire, nous montre que le
detorsadage traduit que I'énergie est transformée en expansion. Lhélicité magnétique
traduit -entre autres- la torsion du champ magnétidie=(f B.rot(B) = T.®? avec T le
torsadage e® le flux magnétique). Ainsi la conservation de I'hélicité magnétique traduit

la transformation de la rotation en expansion. Un trop fort torsadage peut conceptuelle-
ment créer une forte expansion ce qui peut étre relié au départ de certaines CMEs en forme
de boucles dans certains cas. La mesure du torsadage nous permet donc de comprendre
I'altitude atteinte des boucles et les énergies mises en jeu.

VI.1.14 La vision multi-échelle de la couronne

Des structures de faibles intensités peuvent étre mises en évidence par des techniques
d’'imagerie appropriées. Afin d’étudier leurs évolutions, nous allons, apres avoir défini
les contraintes, appliquer la méthode de vision multi-échelle développée par Bijaoui et
al. [204]. La méthode MVM décompose I'image en difféerents plans ondelettes. Les
"objets" se signent par une signature multifréquence spatiale tandis que le bruit ne serait
présent aléatoirement donc dans un seul plan fréquence. Nous reconstruisons ainsi les
objets méme noyés dans le bruit. Pour les images SOHO/EIT, les criteres de contraintes
pour pouvoir appliquer la méthode ont été les suivants : tout d’abord dégriller finement
les images (sinon la grille noie I'image), ensuite utiliser préférablement de petites images
(car sinon le programme normalise les intensités et ne reconstruit pas tous les objets).
La méthode s’applique particulierement bien aux zones peu contrastées. Pour amélior-
er la reconstruction, il est possible de passer plusieurs fois MVM a différentes échelles
d’arborescence et lissage.

Nous avons appliqué cette méthode a la formation de CMEs ce qui a montré le lien
dans la continuité de la transformation du plasma qui suit des boucles trés torsadées qui
deviennent en forme de Y (NOAA 8100 le 6 nov 1997). L'étude de structures complexes
a montré I'ouverture d’une ligne de champ fermée entre NOAA 8194 et NOAA 8195 le
6-7 avril 1998.

On arotB = aB Le minimum d’énergie est obtenu pour un champ force free (c’est
a direa constant). Un champ ouvert dispose d’une énergie plus important qu'un champ
fermé. Donc I'ouverture du champ observée nécessite un apport d’énergie. Nous avon-
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s vu que le torsadage donnait de I'énergie. La torsion de lignes magnétiques fermees
est susceptible de permettre leur ouverture ce qui expliquerait le processus physique de
I'ouverture ci-dessus.

VI.1.15 Conclusion et perspectives

L'étude temporelle en 3D de la couronne permet de comprendre I'évolution de B. Afin
d’étudier en détail la structure principale de la couronne (les boucles) nous avons mis au
point de nouvelles méthodes d’ajustement. Nous avons trouvé que les boucles circulaires
EUV étaient en équilibre hydrostatique.

Nous avons analysé I'émergence d’'une nouvelle région active et constaté que les
boucles émergeaient torsadées. Le torsadage diminue alors pendant I'expansion des boucle-
s ce qui s’explique par la conservation de I'hélicité magnétique.

Cette méthode est trés prometteuse pour étudier la dynamique des boucles et en par-
ticulier la formations d’instabilités. Cela peut permettre d’améliorer la précision de la
météorologie spatiale.
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Science sans Conscience n’est que ruine de I’ ame
Rabelais Francgois (1490-1553), Pantagruel, Chapitre 8.

Sommaire

VII.1 Conclusion et Perspectives . . .. . . . . .. . ... .. ... .... 267

VII.1 Conclusion et Perspectives

L'objectif de ce travail était d’'améliorer la compréhension de la structure 3D de la couronne
solaire et de son évolution en utilisant 'imageur EUV de SOHO EIT.

Le plasma coronal étant figeé par le champ magnétique et les polarisateurs EUV étant in-
efficaces, observer en 3D le plasma coronal est le seul moyen de comprendre le champ
magnétique au niveau de la couronne. Ainsi, pour mieux comprendre la structure de la
couronne différentes methodes d’imagerie en 3D ont été développées. Les anaglyphes ont
montré les interactions a grandes échelles entre les structures coronales.

Des méthodes basées sur la stéréovision ont permis le calcul des parametres de cer-
taines structures. En particulier, une méthode appstéééovision dynamique a été mise
au point et appliquée avec succes sur 30 boucles d’'une région active pour déterminer les
parameétres geometriques des boucles. Ensuite, les parametres physiques de ces boucles
EUV de température proche du MK ont pu étre déterminés. Il est apparu que ces boucles,
contrairement aux boucles chaudes, étaient en équilibre hydrostatique.

Des modeles géométriques de boucles prenant en compte les asymétries comme le tor-
sadage ont été appliqués a I'ajustement des boucles par stéréoscopie. Ainsi, I'émergence
de nouvelles régions actives se traduit par un fort torsadage des boucles les composant.
La conservation de I'hélicité permet de transformer le torsadage de boucles en grandisse-
ment de taille. L'hélicité et la mesure du torsadage apparaissent donc comme des termes
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importants dans la prévision de I'évolution d’'une région émergente.

A plus long terme - sur plusieurs rotations solaires -, les variations de torsions pour
des tubes de flux magnétiques fermés d’une méme région active ont pu étre mesurees.
Le torsadage apparait comme pouvant varier a cause de la rotation différentielle et des
mouvements stochastiques des pieds des boucles. Lorsqu’il devient trop important des in-
stabilités peuvent se développer. Ainsi le détorsadage rapide a été observé comme corrélé
positivement avec des éruptions.

L'étude sur les interactions entre lignes magnétiques fait apparaitre que la reconnec-
tion ne se limite sans doute pas a des cas entre boucles mais peut aussi survenir entre des
boucles (lignes fermées) et des trous coronaux (champ ouvert). Dans ce cas, I'hélicité
intervient comme permettant I'ouverture du champ magnétique.

Il est apparu aussi que la structuration des trous coronaux dépend fortement de 'activité
magnétique du voisinage géographique. La notion de mini trous coronaux pouvant se
structurer en trou coronal a été confirmé par une comparaison EUV-Radio.

Des diagnostics de déposition d’énergie pour des régions ouvertes et fermées ont été
réalisés. Des observations multi-longueurs d’'ondes complétent I'analyse.

La formation de CMEs et d’éruption a été abordée sur un cas a partir de la vision stéreo
des données SOHO/EIT et d’observations multilongueur d’ondes. Le fort torsadage des
boucles (en forme de S), la haute altitude de celles ci et 'émergence de petites boucles qui
se reconnectent avec les précédentes et forment une arcade, permettent de se demander si
lorsque nous nous trouvons face a une morphologie en S, la place laissée libre favorise la
possibilité d’émergence d’une nouvelle ARL. De plus I'éruption est sans doute facilitée
par le fort torsadage qui rend déja les boucles quasiment instables.

Dans I'avenir, les critéres d’instabilités propres (cisaillement, torsadage) et d’instabilités
de voisinage (reconnection) devront sans doute étre pris plus systématiquement encompte
afin de mieux décrire I'évolution 3D de la couronne.

Les méthodes d’analyses développées ici devrait permettre

1. de mieux modéliser les criteres d’instabilités pour les boucles

2. de prendre en compte toutes les interactions dans la structuration de la couronne

Maintenant que les méthodes d’ajustement fonctionnent, d’avantages d’exemples sont
nécessaires pour obtenir des criteres observationnels en relation avec les modéles MHD.
De tels criteres peuvent permettre d’améliorer les prévisions de météorologie spatiale.
Actuellement, nombre de ces critéres sont empiriques et morphologiques. Les thémes
développés dans cette thése montrent que des facteurs importants pour la météorologie
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spatiale peuvent étre mesurés a partir de la physique des tubes de flux magnétiques et des
intéractions de maniére plus formelle. En effet, la mesure des paramétres critiques de
torsion et de cisaillement des boucles coronales peut permettre de définir le moment des
eruptions et des départs de CMEs. De plus, d’autres circonstances peuvent aussi participer
a ces evénements comme les interactions de lignes magnétiques voisines (par exemple la
reconnection,...). Tous ces phénoménes interviennent aussi pour le chauffage coronal et
des observations sytématiques devraient permetttre de comprendre quantitavement leur
apport.

Une mesure sytématique de criteres observationnels tels que le torsadage des boucles
permet donc une meilleure comprehension de I'évolution 3D de la couronne solaire.
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Appendix A

Rappels de Physique des plasmas
solaires

ag |

Figure A.1: Les taches solaires étudiees Gafilee du 24 Juillet 1613 : Non seulement
elles tournent mais en plus le champ magnétique y est tres complexe.
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A.1 Différents ions présents dans la couronne solaire ob-
servés par EIT

A.1.1 Lesraies EUV : Processus de formation des raies

Mason H. & Monsignori Fossi B.C. ([148]) rappellent les processus atomiques qui se pro-
duisent dans les plasmas chaufls( 2 x 10°K) et de faibles densitédNg < 103cm=3)

avec des raies optiguement minces ce qui est le cas pour la partie externe du soleil. La
somme totale de toutes les émissions provenant de transitions lieesdidasi(niveau
d’énergie a un autre pour un atome) plus les liées-libeedans un état libre, I'électron

se trouve au dessus du niveau d’ionisation de I'atome) et les libres-libres qui sont tres im-
portantes a hautes températures-, forme le spectre coronal. La partie continue du spectre
provient des transitions libre-libre et libre-liées (dans ce dernier cas, un électron se dé-
placant avec une vitesse-*0v va se recombiner sur les niveaux quantifiés d’'un atome).
Plus intéressant pour notre étude est I'émission liée-liée car comme on va le voir pour nos
raies interdites cela va nous permettre de remonter aux températures et aux densités. Dans
le cas de I'émission lieée-liée un élément X passe du niveau i au niveau j avec création d’'un
photon d’énergidE;j = hvjj:

XM — XM+ hvij (XM indique un atome X avec m électrons en moiesXm+1 en
notation spectrometrique).

Le bilan des ions se résume de la maniére suivante :

e L'ion peut étre formé par ionisation depuis un niveau d’énergie plus bas.
e Lion peut disparaitre par ionisation vers un niveau plus haut.
e L'ion peut descendre par recombinaison depuis un état plus haut.

e Lion peut descendre par recombinaison vers un état plus bas.

Les plasmas considérés ici a basse densité ont une densité d’espéece déterminée par les
ionisations électroniques plus les recombinaisons radiatives et électroniques.

A.1.2 Flux mesurés et calculs depuis les raies

Le flux recu a une distance R est en ergs cm-2 s-1:

AEji
Fii = —4TIR2Aji/AV njdv (A.1)
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avecAjj la probabilité de transition €tV le volume ou le plasma est forme. La densité
de I'ion s’écrit :
_ N Nion Nel NH

— A.2
: Nion Ng NH Ne ¢ (A-2)

ou %ﬂ est la population relative du niveau d’excitatidﬁgr—n est 'abondance relative

de I’élément,—”e‘ = Agq est 'abondance relative de I'element par rapport a I'hydrogene et
NH y g

M |5 densité d’hydrogéne par rapport a la densité électronique.

Ne

Dans I'approximation coronale ([94]), on suppose que le niveau j est peuplé exclu-
sivement depuis le niveau de repos g par des collisions avec des électrons thermiques. Le
niveau j est dépeuplé uniquement par désexcitation radiative vers des niveaux plus bas.
Ceci est vérifieé dans les conditions ordinaires de la couronne a I'exception des éruptions
(tres énergétiques). On a donc

Ng(XT™)NeCqj = Nj(X™™) Y Aji (A.3)
KT

avec C le coefficient de desexcitation collisionnelle.
Comme la puissance totale (en ergs cm-3 s-1) s’écrit :

P = Nj(XT™A N (A.4)
avec
c
Aij = — :
I (A5)
On définit la fonction de contribution G(T) telle que
hc
Pyj = 0.8AxG(T, A\q j)A—ijNg (A.6)
Elle s’écrit
N(X+m) e Ajg

G(T,Agj) = (A.7)

N(X) "9 Srej A
. Les formules peuvent étre développées dans le cas d’une distribution maxwellienne de
particules et en connaissant la section transverse de la structure. La fonction de contribu-
tion peut alors s’écrire dans ces cas simples comme

n.
G(T) = T Z.e kT, (A.8)
el
fonction qui est tres piquée en température a cause de I'abondance relative des ions. On

se réferera a la température a laquelle la fonction G(T) est extrémale comme température
de formation de la lignec(f. eg. [170]). Le flux regu est

1
|(Aij):4_m2/vp.jdv (A.9)
On appellera mesure d’émission différentielle la quantité
N2dV = Q(T)dT (A.10)

qui se trouve dans I'expression précedente ([192]).
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A.1.3 Relation intensité de I'image, densité de I'ion

Lintensité d’'une raie i émise depuis un plasma optiguement mince d’'un volume V s’écrit
(cf. [61]):

=1/ /V R (T (F), ne(F)]nd(7)dr (A.11)

avec F la fonction spectrale de la raie i, fonction de la température T et de la densité
électroniquene.

Dans le cas des faibles densités, F dépend seulement de la température, d’ou

li= [ RTIET)AT (A12)
avec
E(T) = / /ST n2[0T]~1dS (A.13)
Dans le cas généralon a:
li= [ RIT.ngg(T)dT (A.14)

Ainsi, lintensité |; de radiation émise par quelques raies spectrales i d'un plasma
optiquement mince avec une température T, un volume V et une densité moyenne élec-
troniquene, est donnée par

li = R[T,ngl.n2.V = K[T,neg].EM (A.15)
avec la mesure d’emissid&M = n3.V D’ol on ane par

o= (S0)

NI

(A.16)

Donc la mesure de l'intensité d’'une raie donne la densité électronique des que I'on connait
par la physique atomique la fonction spectrale de la raie.

A.2 Le chauffage coronal

Les théories actuelles ne peuvent completement expliquer la trés haute température de la
couronne. Des hypotheses pourtant existent.

La couronne étant trés fortement magnétique et dynamique, la MHD permet de former
des théories sur le mécanisme de chauffage. Ils sont principalement de 2 types

1. Les courants alternatifs (AC) : comme les ondes MHD
Dans toutes structures peuvent se développer des ondes.
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Transporteur d’énergie

Mécanisme de dissipation

Mécanismes magnétiques

de chauffage

1. Courant alternatif (AC)

OU mécani smes ondul atoires

Modes lents d’'ondes MHD
Ondes MHD longitudinales dans les tubes
Modes rapides d’ondes MHD
Ondes d’Alfvén
(transverses, ou de torsions)

dissipation par choc
atténuation de Landau
couplage des modes
chauffage par resonance

chauffage par compression visqueuse
chauffage par turbulence
atténuation de Landau
couplage des modes
mélange des phases
absorption par résonance
les courants directs (DC)
reconnection
(chauffage par turbulence,
chauffage par ondes)

ondes magnetoacoustiques de surface

2. mécanismes basés sur
nappes de courants

Table A.1: Aspect Théorique des difféerents mécanismes possibles intervenant dans de
chauffage coronal (adaptée de Ulmschneider 1998, [240])

2. Les courants continus (DC) : comme la reconnection.
La reconnection magnétique a été expliquée au chapitre V.1

Suivant si le temps dynamique est plus grand ou plus petit que le temps d’Alfven on
se trouve en AC ou DC.

Différents mécanismes de chauffage coronal envisagés sont résumeés Table A.1.

Bien que nous ne nous soyons pas explicitement exprimeé sur ce point, nous avons au
chapitre 1V et V donné des exemples d’observations correspondant a chacun de ces cas
possibles.

A.2.1 Lesondes MHD

Dans les plasmas traités par la MHD se développent des ondes. Les relations de disper-
sions des ondes sonores classiques sont trouves a partir des équations de bilan de masse,
de quantité de mouvement et la loi des gaz parfaits. Pour les ondes MHD, on considere
les équilibres magnétohydrodynamiques. La force de Lorentz pouvant étre interprétée
comme la somme d’une tension et d’'une pression magnétique, I'analyse dimensionnelle
-par exemple- donne comme vitesse de propagation possible dans un tel milieu la vitesse
de Alfvén

B

—— (A.17)
v/ Ho-P

pn =
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A.2.2 Les nappes de courants

D’aprés la loi d’'Ohm, on g ~ HLBL ou j est la densité de courant, B le champ magnétique,
L la longueur caractéristique sur lequel il s’applique. Lorsque la densité de courant j est
importante on a des nappes de courargsi peuvent étre vues comme des discontinuités

séparant 2 régions ou Ia MHD s’applique. Les équations d’équilibre s’écrivent pour les
2

pressiong; + 2& = p2+ 2ﬁ Les nappes de courants sont généralement formées ([197] p
115) pres des points X dans des régions en train de se rapprocher, a la frontiere de parties
topologiquement séparées se rapprochant 'une de l'autre (avec souvent des éruptions),
et par dissipation topologique quand I'équilibre magnétostatique est rompu par une petite
perturbation.

lou "Current Sheet"
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Appendix B

CD-ROM : Catalogue des images EIT,
des principaux films préparés et
d'images traitées utilises dans cette
these
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Cette annexe comprend un CD-ROM. Ce CD-ROM contient le catalogue des images
en (.gif) pour 3 années, les films (en .save —IDL—) et certaines images dégrillées et/ou
traitées ayant servi dans ce document.

Il contient aussi la these version définitive en .pdf ainsi que les articles en .pdf

B.1 Le catalogue EIT

B.2 Le catalogue EIT en Fe IX/X :1996-1997-1998

Les .gif sont dans /eitcataloguel71/1996 , dans /eitcataloguel71/1997 et dans /eitcata-
loguel71/1998 .



292 B.3. LES FILMS ET IMAGES

B.3 Lesfilms etimages

Les films sont respectivement sur /filrdate de la periode. Idem pour les images (tem-
pératures, ondelettes, ...).
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Appendix C
Observations

Sommaire

C.1 Observations coordonnées avec Metsdhovi. . . . . ... ... .. 293
C.2 Observations coordonnées avec les coronographes du Pic du Midi . 294

C.1 Observations coordonnées avec Metsahovi

Des observations coordonnées avec I'observatoire radioastronomique de Metsahovi (Fin-
lande) étaient programmeés juin 1998. Malheureusement la perte temporaire de SOHO
n'a permis de récuperer qu’un jour de donnée d’EIT. Le but de ces observations était de
permettre de mieux comprendre la formation des CHSs et les interactions avec les ARL.
EIT devait observer ces jours la selon son mode synoptique (images Full Disk Full Res-
olution toutes les 6h) ainsi que des images pleins champs en Fe XII pour recherche de
formation de CMEs et quelques régions précises de campagnes.

En pratique, on se sert principalement du logiciel eit_display pour visualiser les images
EIT entemps réel. Apres avoir définit les zones d’intéret le logiciel image_tool permet de
trouver les coordonnées exactes a pointer.

Le protocole d’observation que j'avais propose était le suivant :

1. 1 Image de la totalité du disque

2. 1 Image Partielle se limitant au Trou Coronal Nord
3. 1Image de la totalité du disque

4. 1 Image Partielle se limitant au Trou Coronal Sud
5

. 1 Image de la totalité du disque

Auquels se rajoutent des sujets spécifiques :
e Etudes desinteractions entre AR et CH :
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Sides ARs qui évoluent sont décelées sur EIT avec des CH autour alors pour chacune de
ces régions, on réalise

10 Images Partielles (en se limitant sur une région qui inclus le CH et 'AR) et

1 Image pleine résolution qui inclut le bord et la région

e Comparaison entre les Plumes et |les points brillants dans les CH:
Cette étude provient des résultats de I'analyse précédente ou I'on s’est apercu que les EM
en UV et brillance en radio étaient tres semblables en valeurs. D’ou la question de savoir
si ces tubes de plasmas présents tous deux au voisinage de structures ouvertes n’avaient
pas la méme nature physique.
Pour cette étude pendant 10 fois on image
une région incluant un CH et des plumes polaires
une région incluant un BP dans un CH et un CH

Cela permet d’auto-calibrer les eventuelles fluctuations atmosphériques.

¢ Evolution d’ ARL, formations de CME:
S'’il existe une boucle trés torsadée Yue en forme de S allongée ou calculée d’apres
I'ajustement des boucles) ou avec de nombreuses évolutions alors pour 20 fois il faut faire
1 Image Partielle : On zoome sur cette région
1 Image Disque entier (incluant le bord et les régions proches)
fin

Pour les observations EIT, il semble important d’'observer dans les 4 longueurs d’'onde
(1024x 1024) afin de pouvoir faire des diagnostics de températures. Essayer de compren-
dre si par exemple les différences en radio sur les CH proviennent de légeres différentes
de températures, de densités ou d’orientation du champ magnétique. La méme question
peut se poser par rapport aux activités magnétiques voisines.

Les protocoles explicités ci dessus peuvent étre appliqué pour SOHO/EIT dans les 4
longueurs d’'ondes.

C.2 Observations coordonnées avec les coronographes du
Pic du Midi

L'article ci dessous, publié lors du colloque Thémis a I'obsevatoire de Paris-Meudon, rend
compte des observations entre le HACO et EIT le 16 Aout 1996.
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e Coordinated Observations made with SOHO/EIT
e by NOENS J.C. & PORTIER-FOZZANI, F.

e published in Themis meeting (1996)
Edited by the Observatory of Paris Meudon.
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FIRST RESULTS OBTAINED WITH SOHO/EIT IN COLLABORATION WITH
THE He CORONAGRAPH OF THE PIC DU MIDI

F. Portier-Fozzani! and J.C. Noens®
| Laberatoire d'Apironomic Spatisle, UPR 8018, Mareeilles, Franee

¥ ODhservabeire du Pic du Midi, UME 5578, Bogneves de Bigorre, France

Abstract. The satellite SOHD [SOiar and Hellospheric Obaservatory)) has been loanched december B 1096, It has
remched iis arbits around the Lagrasgias L1 Easth Sum on Februsry,14th 1008, Aboard, the instrument EIT [Extreme
ultrmviciet Imaging Telescope) images the chromosplere, the irassition region and man's corons im 4 wevelenghhs
of UV, Then & is possible in collsboretion with othes instruments to follow svolution and conseqornoes of the
mﬁiﬂtﬂ;ﬁm&rpﬁﬂ@hﬂhﬁrwml‘hﬂnmﬂ#hﬁmmmq
allows wtservations w very high freqeency in real time wiich gives the ability to fellow s short time phenemena [vach
a8 the development of sjection during 10 mimutes), Comparison of Lhe 7 instrumerss gives miormaliess abest short
tzme and Joig time evalation.

Koy wardm Solar Coroms - Clromcaphere = UV - Ha

1. Introduction

On Augost 16tk 1996, an eruption was observed iz the West North West part of the H alpha eorosagraph of the
Pic du Midi observatory (France). At the same time , the SOHO/EIT isstrument oherrwed the same active region
of the corona, on the limb. Lines observed shows differeni morphelogy versus temperature.

- |

Pigurs 1. Evolution observed with HACOPIC (she H alpha coronagraph of the Pic du Mi& sheervatory] : mages laken on
1PPS-08-16 wt respectively 0O:05AM DB:13 06:16 (d:33 0837 DBAT 06566 OT:AT (07:39 foe the big image on the ke b wicie))

2. Analysis of the eruption of August 16th 1908

The cheervation of August 16th 1998 with the H alpha eoranagraph of the P du Midi observatory gives importast
{aformations for the evolakion of the strwctere with time, At 5:58 UT 4 jets &b respectively 313,233,798, and 3T0
degrees are present with an active regica (20° wide) briwees 283 and 303, o protuberance at 323 ot 3 protuberances
b 123 over 10 degress. At &:12 UT, fast cvolution exists between 373 and 304 A protuberance appears at 44" and
disappears 3 minntes later. AL 8:10 UT the morphology changes at 284°. A bright poist appeams near 343° at 6:38

':'uuﬂ.l_. | Farum Thamic 1088, T- 8

2EL
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i F. Partiss-Possasi sad |5 Hemp

LFT, Thess are sama aclivity af the noréh pole at 8:47 UT, whick disappears st 6:58 UT, Af 730 UT am outward
ejection and a jei ab 314" and 2 brights points at 89 and 99 are present. At 8:01 UT some activity exists on south
pole ab 1907,

B oo s
L i
M g,
&
oy,

SRl ks
j:.
Figure ¥ O 155 Tt hand mae, lmages of SURLY EIT Hell : Loce on the active region on August Sth, 175 1099, idem
the 18th. On the right hasd side, image of SOHOVEIT/FeXIl | For this same setive region, on August 16th 1P8S, the corona

shoes some differences with some spen field linen presents

The same day, observations with SOHO/EIT shows details of the morphology of the active regioa and confirms
important activily near the poles. Ho Ene as expected locks lke the chromospheric He [1 The obsesvasians of
few days earlier {Angust Bth, and 12th 1996) in He 1T (304 A , 8.0 x 10% K} gives informations about the glabal
chramospheric siructure of this part of this active region, The cbservations in Fe DX/ (171 4, 1.3 = 10® K] which
comesponds to the Erassition regios shows some completely different morphology for the active region. It s alis
different for Fe K11 (185 A, 1.8 » 10% K} whick corresponds to the ®guiet® corons and Fe XV (284 A&, 2.0 x 10% K)
which correspands Lo the main corona with active regions.

3. Conclusion

Same parl of the short time evolotion observed in eoranagraphs are due o the effeci of the rotstion of the active
region with the sun but i can sob explsined all the observed phenomens, Little jets and bright poists ssems to
appear like short time evolution of chromasphers. Concerning the corona, eompariscn wikh the different warrlngihs
of EIT show dhe relationships betwesn the difference of morphology of strocture due, partly, to the transmission of
energy inséde the corona.

Ackmow|edgements. J -F. Deabaudizsern ie the Pl of SOHOSEIT, that was realised by 5 cossartium 2 Bruat. ' Antrophysique
Spatiale, Centre Spatial de Liege, [t d'Optique Theorique &2 Appliguer, Lab, d'Astronomie Spatiale, Obs, Royal de Bel-

gique, Komal Research Laboratary, Lockheed Palo Alio Ressarch Lab., NASA/Gedderd Space FEght Center, "L'squipe

des observateurs mssocies du HACOFPIC™ bas meds most of the eareaagraptic oheervetiors. The CNRS NS ineide the

"programme sol alr 1008° hes suppart the project,
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Figure C.1: Procédure image_tool qui permet de définir les coordonnées des objets a
observer : Image SOHO/EIT du 21 Octobre 1996 He I

Le programme d’observation d’EIT est défini la veille au Goddard afin d’étre teléchargé
dans de bonnes conditions. Il comporte un programme synoptique de 1 (puis de 4 apres
'augmentation de la télémétrie) images dans chaque filtre. A ce programme de base, vient
se greffer des programmes scientifiques spécifiques comme le “CME watch” (Séquences
permanentes d’observations en Fe XIl), etc... Les 19, 21, 22, 23 Octobre 1996 les corono-
graphes du Pic du Midi et SOHO/EIT observaient simultanément. Nous nous sommes
servis des images EIT pour définir nos régions d’'intérets a observer en détail avec le
grand coronographe (Fig. C.1). Nous avons alors déplace la fente le long du bord du
disque occulteur en nous limitant a ces régions afin d’obtenir sur la barette CCD les in-
tensités dans chaque raie.

Ces données sont venues compléter les observations de la méme région réalisées un mois
plus tot par SOHO/EIT dans les 4 longueurs d’ondes ce qui a servi a mieux comprendre
la région pour I'analyse des articles [158], [189],[190].
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Appendix D

Notions mathématiques relatives a la
methode d’ajustement des boucles

Sommaire
D.1  Solutions pour chaque image du probleme d’inversion. . . . . . . 299
D.2 Recherchedelasolution. . . . ... ................. 300

D.1 Solutions pour chaque image du probleme d’inversion

Soits; k(%Y. 2) la kieme solution a I'ajustement de la boucle dans I'image i.

On a I'applications; ) : 991 — 9
avec i,k étant des parametres fixés

et oudN et M’ sont des variétés différentielles de dimensions 3. Pour simplifier la suite

on les prendra comntet ~ M’ ~ RS,
On notep; : la projection de I'espac®?’ vers le plan imag®?2.
L'ajustement & I'écran se fait donc spi(si,k)(x,y,2)) : M~ R3 — R2

1. Dans le cas du modeéle circulaire, on a comme contraigig(X,y,z) = (a,B,y)

est sur un arc de cercle c'est a dire il existe un reférentiel des coordonnées tel que
(6 —a0)2 + (B— B0)2 = RO? et (a, B.y) appartiennent & un méme plan. Le cercle
étant un cercle de rayon RO, de centre qui s’écrit en fonction de hO et x0 et yO (cf.
annexe de [15]), on peut donc I'écrire facilement en fonction des parametres recher-

chés.

2. Dans le cas du tore, on écrit de méme les équations d’un tore.
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Avec une notation évidente, cela revienta s’éafrey, z) = Sr0, h0, x0, y0, theta, var )
dans le cas du modéle circulaire $k.y,z) = Sr0, O, x0,y0, theta, var, r1, phil, phi2)
dans le cas du tore et donc trouver alors les différents parametres recherchés (Cf chapitre
4).

D.2 Recherche de la solution

On considére maintenant I'espace vectoriel de fonction des solutions pour 'ensemble des
images ={i = 0, nombre d'images, k= 0, kmax(i); tels que i, k) sol utions}.

En considerant les variations avec le temps t (domée numéro d’image), on peut donc
supposer qu&g(t), ho(t), xo(t), Yo(t), etc... sont continus ou constants. Le cas constant
correspond a un objet statique qui ne varie pas entre 2 images. Le cas continu correspond
au fait que la physique évolue généralement progressivement [135].

L'unicite des solutions est obtenu par stéréovision comme expliqué au chapitre 4. Ain-
si finalement il est construit une relation biunivoque pour chaque i avec un seul k solution.

CQFD'.

lie Ce qu'il fallait démontrer pour notre recherche de solutions (existance et unicité dans I'espace des
fonctions.
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Appendix E

Programmes informatiques

Sommaire
E.1 Cataloguedimagettes. . . . . . . .. ... ... .. ... ... 301
E2 Imagerie. .. . . . . . . .. 302
E.2.1 Degrillage. . . . . . ... 302
E.2.2 Fabricationdeqgif . . . ... .. ... ... L 302
E.3 Vision3D .. . . . .. 302
E.3.1 Fabricationdanaglypke. . . . . . ... ... ... ... .. 302
E.3.2 Boucles3D. . . .. .. ... .. 302

De trés nombreux programmes informatiques ont été développés. Certains outils
maisons étaient adaptés au VMS utilisé localement. D’autres (comme le calcul des rap-
ports Est-Ouest dans chacun des filtres) ont été développés sous Unix en se servant de la
librairie solar soft d'IDL.

Dans cette annexe on présente sommairement quelques programmes “maison”.

E.1 Catalogue d’'imagettes

/pro/vince/lasession.vmsz2idl réalise automatiquement le catalogue d’'imagettes en allant
chercher sur le disque dur ou sur la DAT les données.

Au MEDOC par exemple, la version aout97-ias.env réalise automatiquement en Unix le
catalogue d’'imagettes en allant chercher sur la base de donnée les images EIT. Le pro-
gramme IDL Iz_f5f imagettes_gif _unix.pro est alors utilisé en tant que sous-programme.

Le catalogue d’imagette est programmé de la maniére suivante :

Pour chaque fichier, aprés lecture des parameétres des headers, prise en considération de
I'image si elle correspond aux criteres choisis et alors “redimensionnement” en imagette,
repositionnement dans un panneau et redéfinition des contrastes. Sauvegarde en gif, en
postscript Noir et Blanc ou couleur selon demande
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E.2 Imagerie

E.2.1 Dégrillage

Dans le repertoire /pro/vence le programme decigalesession.idl2vms cherche sur la DAT
les données correspondant aux criteres d’entrées et lance depuis VMS le programme four-
mi.pro pour effectuer le dégrillage.

Le programme decigalesessionfilm.idl2vms est plus adapté au nouveau codage de 1997
ou plusieurs images peuvent étre regroupées sous le méme nom.

Enfin le programme lectgoddeg.vms2idl permettait du temps ou I'on pouvait monter un
disque par VMS a distance d’aller chercher uniguement les données correspondant aux
criteres d’entrées.

E.2.2 Fabrication de gif

defd2gif.pro dans le repertoire /pro/duction transforme les images dégrillées en images
normalisées au format gif.

le programme film.pro montre les séquences d’'images dégrillées en tant que films
film_idI2gif.pro permet de fabriquer les films au format VHS en les dégrillant. J'ai fait

ce programme au Goddard pour réaliser des cassettes vidéos sans la grille des évolutions
d’EIT.

E.3 Vision 3D

E.3.1 Fabrication d’anaglyphes

affiche2couleur.pro réalise les anaglyphes en attribuant a chacune des images dégrillées
la bonne palette de couleurs.

E.3.2 Boucles 3D

Prés de 48 programmes IDL “maisons” constituent la structure des ajustements des boucle-
S.

La structure initiale est de M. Aschwanden ([8]). Les programmes ont été reécrits et
repenses pour étre utilisés pour I'analyse avec SOHO/EIT. lIs tournent sous IDL Unix
(actuellement fonctionnels au Goddard -sur la machine penumbra- via telnet avec renvoi
de fenétre).

Il faut prélablement choisir les données EIT dans le catalogue puis utiliser la procé-
dure eit_prep pour rendre les données utilisables.
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Ensuite on entre les coordonnées de I'almanach et en lancant fab_loop_trace,instr,date,time,io,new
on realise le tracé des boucles.

Puis fab_loop_fit,instr,date,time,iloop,io,new permet de trouver les parametres géométriques

des boucles.

Enfinfab_loop_teem,instr,date,time,time2,iloop,io,wid,incr,niter,test permet de calculer
les températures lorsque 2 boucles coincindent avec des filtres différents d’EIT.

L'utilisation de ces programmes se fait en utilisant les contraintes stéréographiques
définies au chapitre IV.
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Résumeé : Pour mieux comprendre les structures de la couronne solaire —de tem-
pérature elevée— et leurs évolutions, des méthodes de vision a 3 dimensions a partir des
images EUV de SOHO/EIT ont été developpées. Des anaglyphes ont servi a mieux com-
prendre le réle du champ magnétique et des intéractions entre champ fermeés et ouverts. Il
est apparu que la reconnection entre des trous coronaux (CH) et des reégions actives (AR)
peut expliquer certaines disparitions de boucles coronales fermées. De plus, des analyses
multi-instruments ont montré que la structuration des CHs résulte parfois de changements
dans l'activité magnétique voisine.

Les mesures d’incertitudes sur les reconstructions par stéreovision n’ont pas permis de
valider une méthode générale pour visualiser la couronne globalement en 3D. Par contre,
le principe a pu étre utilisé avec succes pour la reconstruction en 3 dimensions de boucles
coronales. Ainsi aprés analyse des parametres physiques de 30 boucles EUV de tem-
pératures intermédiaires d’une région active, il est apparu que contrairement aux boucles
chaudes en X, elles étaient en équilibre hydrostatique.
Les boucles d’une région active émergentes sont apparues comme se détorsadant au fur et
a mesure de son grandissement ce qui correspond a un transfert de I'hélicité.
Des corrélations entre des brusques détorsadages et des éruptions ont aussi éte établis dans
les cas ou la torsion initiale est trop importante et permet le développement d’instabilités.

Ces études 3D vont pouvoir permettre de mieux contraindre les bilans énergétiques
pour le chauffage coronal grace a la conservation de I'hélicité et d’'ameéliorer la prévision
de la météorologie spatiale. Lutilisation de techniques d’imageries adaptées (comme le
deégrillage ou le Modele de Vision Multi-échelle) a permis de faire ressortir certains détails
dans la formation de CMEs par exemple.

Summary This thesis deals with 3D evolution of coronal structures based upon the
ultraviolet telescope of SOHO : EIT.
Anaglyphs and incertainties on a complete stereovision reconstruction are described. Stereo-
scopic methods for loop reconstruction were successfully made to find 3D parameters.
With dynamical stereoscopy, physical conditions were derived for 30 loops of temperature
around 1MK. A method which is able to derive twist variation were also built. Emerging
loops were found highly twisted and they detwist as they grow. According to helicity
conservation, this correspond to a transfert of twist into expansion.
Long time twist evolution of magnetic flux tubes are followed in relation with flares as
relaxation.
Interaction between magnetic field lines were analysed. An example of reconnection
between open and closed field line were observed. Other interactions were found with
multi-wavelength observations : coronal holes borders (and thus CH) are better defined
when an active region nearby is growing.
Other imaging techniques were used to better take profit as possible of SOHO/EIT. A mul-
tiscale vision model (MVM) was applied with success to show small coronal structures
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evolutions hidden by the noise level.



Résumé : Pour mieux comprendre les structures de la couronne solaire —de
température élevée— et leurs évolutions, des méthodes de vision & 3 dimensions a
partir des images EUV de SOHO/EIT ont été développées. Des anaglyphes ont servi
a mieux comprendre le role du champ magnétique et des intéractions entre champ
fermés et ouverts. Il est apparu que la reconnection entre des trous coronaux (CH)
et des régions actives (AR) peut expliquer certaines disparitions de boucles coronales
fermées. De plus, des analyses multi-instruments ont montré que la structuration des
CHs résulte parfois de changements dans l'activité magnétique voisine.

Les mesures d’incertitudes sur les reconstructions par stéréovision n’ont pas permis
de valider une méthode générale pour visualiser la couronne globalement en 3D. Par
contre, le principe a pu étre utilisé avec succes pour la reconstruction en 3 dimensions
de boucles coronales. Ainsi apres analyse des parametres physiques de 30 boucles EUV
de températures intermédiaires d’une région active, il est apparu que contrairement
aux boucles chaudes en X, elles étaient en équilibre hydrostatique.

Les boucles d’une région active émergentes sont apparues comme se détorsadant au
fur et & mesure de son grandissement ce qui correspond a un transfert de I’hélicité.
Des corrélations entre des brusques détorsadages et des éruptions ont aussi été établis
dans les cas ou la torsion initiale est trop importante et permet le développement
d’instabilités.

Ces études 3D vont pouvoir permettre de mieux contraindre les bilans énergétiques
pour le chauffage coronal grace a la conservation de I’hélicité et d’améliorer la prévision
de la météorologie spatiale. L’utilisation de techniques d’imageries adaptées (comme
le dégrillage ou le Modele de Vision Multi-échelle) a permis de faire ressortir certains
détails dans la formation de CMEs par exemple.

Les instructions relatives a4 'utilisation du CD-Rom sont données dans les fichiers
README de chaque répertoire

Summary This thesis deals with 3D evolution of coronal structures based
upon the ultraviolet telescope of SOHO : EIT.
Anaglyphs and incertainties on a complete stereovision reconstruction are described.
Stereoscopic methods for loop reconstruction were successfully made to find 3D pa-
rameters. With dynamical stereoscopy, physical conditions were derived for 30 loops
of temperature around 1MK.
A method which is able to derive twist variation were also built. Emerging loops were
found highly twisted and they detwist as they grow. According to helicity conserva-
tion, this correspond to a transfert of twist into expansion.
Long time twist evolution of magnetic flux tubes are followed in relation with flares
as relaxation.
Interaction between magnetic field lines were analysed. An example of reconnection
between open and closed field line were observed. Other interactions were found with
multi-wavelength observations : coronal holes borders (and thus CH) are better de-
fined when an active region nearby is growing.
Other imaging techniques were used to better take profit as possible of SOHO/EIT.
A multiscale vision model (MVM) was applied with success to show small coronal
structures evolutions hidden by the noise level.

Instructions to use the CD-Rom are given in each directory inside the README files



