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Résumé

Les travaux de recherche peuvent étre regroupés en quatre parties:

* Dépouillement et analyse d’observations Nous avons utilisé
plusieurs instruments: les DPSM de Meudon et du Pic du Midi, le
magnétographe de Meudon, le satellite SMM (instrument UVSP), et le lab-
oratoire spatial Spacelab 2 (spectrographe HRTS).

Ces observations ont permis: ‘

- d’étudier et de comparer le champ de vitesses des protubérances quiescentes
et de plage,

- d’interpréter ces mouvements dans la structure magnétique extrapolée des
données du champ magnétique photosphérique,

- d’analyser ’activation puis la disparition des protubérances.

* Modélisation de la structure thermique et magnétique

Nous avons développé deux méthodes bidimensionnelles permettant de
calculer le champ magnétique & partir des données observationnelles de la
composante verticale du champ dans la photosphére et horizontale dans la
protubérance. La composante du champ paralléle a la protubérance a été
introduite, en supposant un champ sans force. Les deux topologies Normale
et Inverse de la configuration magnétique ont été étudiées.

Nous avons proposé un modeéle analytique tridimensionnel de la structure
magnétique. Il permet de relier ’existence des pieds des protubérances au
réseau de super-granulation et montre une différence de localisation pour les
configurations Normale et Inverse.

Nous avons analysé la structure fine des protubérances en incluant la
conduction paralléle et orthogonale au champ magnétique.

* herche des conditions de formatio

Ces conditions peuvent schématiquement étre séparées en deux classes:
celles sur le bilan énergétique du plasma et celles sur la structure magnétique.
L’étude numérique de ’instabilité thermique des boucles coronales nous a
permis de clarifier et de généraliser les études antérieures. Nous nous sommes
ensuite attachés a trouver des conditions donnant une instabilité du plasma
coronal dans le but d’initialiser la formation d’une protubérance. Des con-
figurations magnétiques pouvant retenir du plasma dense ont été recherchées



p?.r defxx .méthodes: analytique et numérique. ‘Nous avons décrit I'importance
d’un cisaillement photosphérique dans la formation des protubérances.

* Etude des conditions d’instabilité magnétique
. Nous avons montré qu’une instabilité globale de la protubérance a lieu
S.l le .champ magnétique est suffisamment intense, et si une distribution par-
ticuliere du champ magnétique photosphérique est présente. Cette région

d’instabilité a les mémes caractéristiques pour les deux topologies fondamen-
tales (Normale et Inverse) de la structure magnétique.

Summary

The research may be summarised in four sections:

* Observation, reduction and analysis

We have used several instruments: Meudon and Pic du Midi MSDP,
Meudon magnetograph, SMM satellite (UVSP instrument) and Spacelab 2
(spectrograph HRTS).

These observations have permitted us:
- to study and to compare the velocity pattern of quiescent and plage promi-
nences,
- to interpret plasma motions in the magnetic structure computed from pho-
tospheric data,
- to analyse prominence activation and disappearance.

* Modelling of thermal and magnetic structure

We have developed two two-dimensional methods to compute magnetic
fields from observational data of the vertical component at the photospheric
level and the horizontal one in the prominence. The field component parallel
to the prominence has been taken into account by using a force-free field.
The two magnetic topologies, Normal and Inverse, have been studied.

We have proposed an analytical three-dimensional model for the mag-
netic structure. It allows us to localise prominence feet in the super granule
network.

We have analysed prominence fine structure including parallel and or-
thogonal conduction.

* Conditions for formati

These conditions can be outlined in two classes: those on the plasma
energetics and those on the magnetic structure. A numerical study of the
thermal stability of coronal loops énables us to clarify and to generalise previ-
ous analysis. We focus our subsequent work on finding necessary conditions
to have a thermal instability in the corona which can begin the formation of
a prominence. Magnetic configurations which can catch dense material have
been sought by two means: analytical and numerical. We have described the
importance of photospheric shear for solar prominence formation.

* Study of magnetic instability

We have shown that a global instability of a prominence can take place if
the magnetic field is great enough and if a particular photospheric pattern is
present. This instability has the same characteristics for Normal and Inverse
topologies of the magnetic structure.
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Figure 1 : Spectrohéliogramme du soleil dans la raie H,.
Ce cliché, pris le 17 aoiit 1980 lors du maximum d’activité, montre de nom-
breuses structures dont:
- des régions d’activités (régions brillantes), accompagnées de taches solaires
(points sombres),
- des filaments: filets sombres sur le disque,
- des protubérances: excroissances au limbe.
Spectrographe de Meudon.
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Figure 2 : Variation de la température dans P’atmosphére solaire.
Les variations de température permettent de caractériser principalement 4
zones: la photosphére, la chromosphere, la zone de transition et la couronne.
(Le “plateau”, séparant la région de transition en deux, est encore hy-
pothétique). Athay (1976)

Figures 3 : Relation entre le champ magnétique photosphérique et les
structures chromosphériques et coronales.

La composante verticale du champ magnétique est représentée en isocon-
tours sur la figure (a). Le champ magnétique est concentré sur le bord des
cellules de supergranulation, dont la taille moyenne est d’environ 3-10* km.
Les spicules, jets de matiére froide, sont formés au bord des cellules de su-
pergranulation: figure (b). La protubérance est localisée entre deux régions
de champ magnétique de polarité opposée. Martin (1986)
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1 Vous avez dit protubérances ?

Lors de ’éclipse de soleil du 8 juillet 1842, ’attention des astronomes fut
retenue par le tumultueux halo de lumiére rosée qui entourait la lune. De
longues flammes sortaient du disque solaire! Etait-ce une pure illusion
d’optique ou 'apparence de régions externes du soleil? La photographie
(Secchi, 1875), puis 'utilisation du spectroscope (Janssen, 1868) permirent
d’identifier cette “prairie en feu” 3 des masses de gaz en perpétuelle agita-
tion. On les appellera naturellement protubérances solaires (du latin pro, en
avant, et tuber, tumeur). Lyot (1934) inventa le coronographe pour créer
artificiellement une éclipse de soleil, et permit ainsi de suivre, jour aprés
jour, ’évolution des protubérances. L’observation du soleil grace a des fil-
tres interférentiels dans des raies d’absorption, permit d’observer le disque
solaire.

On observe des régions brillantes (régions d’activité) entourant des taches
sombres (taches solaires) ainsi que de longs filaments sombres. Bien que les
protubérances solaires apparaissent brillantes sur le fond du ciel au limbe
solaire, les astronomes identifient rapidement ces filaments sombres aux
protubérances solaires: figure 1. L’obtention de magnétogrammes photo-
sphériques permit & Babcok (1961) de relier ces structures 3 la présence
du champ magnétique. Les filaments sombres sont situés sur la ligne
neutre séparant deux régions de champ magnétique de polarité opposée.
L’observation du soleil, et des protubérances en particulier, s’est étendue,
depuis, a de nombreuses longueurs d’ondes du spectre électromagnétique:

- en optique, grace a des spectrographes 4 haute résolution,

- en radio, aux longueurs d’onde millimétriques et décimétriques,

- en ultra violet, en rayons X et ~ par des tirs de fusées de ballons, puis
grace a des satellites spécialisés.

Ces données, en nombre croissant, sont interprétées a ’aide des dévelop-
pements de I'informatique. Les progrés actuels passent par la coordina-
tion des observations de plusieurs instruments permettant d’observer & des
longueurs d’ondes différentes une méme région, mais & des températures et
des densités différentes. Elle permettent, en particulier, de mieux cerner la
physique des protubérances et leur interaction avec P’atmosphére solaire. Je
vais rappeler trés briévement I’environnement des protubérances, avant d’en
effectuer une classification sommaire.

Le rayonnement solaire provient d’une région de faible épaisseur (~ 500
g
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Figure 4 : Spicules dans l’aile rouge de la raie H,. .
Les spicules dessinent le réseau de supergranulation et les concentrations de
champ magnétique associées. De la matiére froide jaillit en permt?nence des
bords des cellules, probablement 3 la suite d’une instabilité magnétique. Cela
donne une apparence de “prairie en feu” au bord du soleil observée dans la

raie H,. Zirin (1988).




Figure 5 : Protubérance quiescente au limbe solaire
Cette photographie, de haute résolution .
plexe d’une protubérance. Elle est formé
de direction, en moyenne, verticale.
périodiquement la “surface”

ponts de matiére froide. Observatoire de Sacramento Peak

spatiale, montre la structure com-
e de minces filets de matiére froide
. La protubérance semble rejoindre
solaire en une série de “pieds”, reliés par des
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Figure 6 : Schéma d’une protubérance.

Ce schéma idéalise une protubérance en une nappe de matiére froide contenue
dans le plan Oyz. L’ordre de grandeur de la densité de la protubérance par
rapport a celle du milieu environnant, la couronne, montre qu’un support

est né.cessaire. Il est assuré par le champ magnétique, dont une configuration
plausible est dessinée. Malherbe (1984).
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km comparée au rayon solaire: Ry =~ 7-10° km) appelée photosphére: figure
2. Sa température est de I’ordre de 4500 K et sa densité est environ cent
mille fois plus faible que celle de ’atmosphére terreste. La photospheére est
dominée par des mouvements de convection qui sont visualisés par la granu-
lation solaire. Le champ magnétique est concentré dans les célebres “taches
solaires” et dans de fins tubes de champ intense (B > 10™! T): figures 3.

Au sommet de la photospheére, la température cesse de décroitre (en se
déplagant vers I’extérieur du soleil), pour augmenter lentement jusqu’a 8000
K sur une distance de 2000 km: figure 2. Cette région est vue lors des
éclipses de soleil comme une frange colorée qui entoure le soleil, d’ol le nom
de chromosphére. La densité décroissant rapidement (facteur 10~° entre le
haut et le bas de la chromosphére), cette région est dominée par le champ
magnétique. Celui-ci impose ses fantaisies au plasma sous forme de fins filets
de matiére plus froide que I’environnement: les fibriles des régions actives et
les spicules du réseau de supergranulation en sont des exemples (figures 3 et
4). :

Au sommet de la chromospheére, la température croit brusquement jusqu’a
quelques millions de degrés: figure 2. Cette région forme un halo de lumiére
blanche, autour du soleil, lors des éclipses, d’ou le nom de “couronne”. La
région intermédiaire, d’épaisseur inférieure a quelques dizaines de kilometres,
est appelée simplement la “région de transition”. La couronne s’étend a
quelques rayons solaires et se prolonge dans le vent solaire. Sa complexité,
due aux structures de champ magnétique, est bien révélée par les observa-
tions en rayons X. Dans cette structure chaude, existent diverses inclusions
froides (T ~ 5. a 20.10* K), en relation avec le champ magnétique: les
protubérances solaires. Celles-ci sont variées, mais peuvent étre regroupées
schématiquement en différentes classes suivant leur support, leur évolution
et leur localisation.



Figure 7 : Surge.
De la matiére froide est éjectée, dans le voisinage d’une tache solaire, 3
une vitesse de 'ordre de 50 km.s™!. L’aspect en “éventail” de I’éjection
indique que la matiére suit les lignes de champ magnétique. Une insta-

bilité magnétique chromosphérique est probablement & P’origine de ’éruption.
Zirin (1988).
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1¢¢ classe Protubérances calmes
a - protubérances quiescentes
b - protubérances de plage
2°™ classe Protubérances actives (formant une éruption)
a - boucles de matiére froide et pluie coronale
b - “surges”: éjection unidirectionnelle
c - “sprays”: éjection non directionnelle, de ;
matiere froide existant avant I’éruption
au niveau chromosphérique.

La premiére classe forme I’ensemble des protubérances stables, dont I’état
est proche d’un équilibre statique: figures 5 et 6. Leur durée de vie est de
quelques jours & quelques semaines (classe 1b) ou & quelques mois (classe
la). La matiére de ces protubérances est environ 100 fois plus froide et plus
dense que la matiére coronale, et est supportée par le champ magnétique
contre la gravité solaire. Ces protubérances ont ’apparence de filets sombres

‘lorsqu’elles sont vues sur le disque solaire dans la raie Ha et sont localisées

sur la ligne d’inversion de polarité du champ magnétique photosphérique.
Elles donnent lieu, parfois, a de spectaculaires éruptions, ou “flares”. Une
partie importante de 1’éjection de matiére solaire provient de 1’éruption de
filaments quiescents, tandis que les éruptions de filaments de plage produisent
une forte accélération des particules de haute énergie.

La deuxiéme classe est formée d’objets sporadiques, hors équilibre, sou-
vent vus en émission sur le disque solaire. Les boucles de matiére froide
et la “pluie” coronale sont formées par condensation de matiére coronale
dans les boucles de champ magnétique pendant et aprés ’éruption d’un fil-
ament de plage (appelée éruption en “double filets”). Les surges” sont des
éjections de matiere, partant du niveau chromosphérique, en suivant les lignes
de champ magnétique: figure 7. Elles sont localisées dans des régions unipo-
laires de fort champ magnétique, prés des taches solaires. Probablement a
la suite d’une instabilité magnétique, de la matiére froide est éjectée a des
vitesses de 'ordre de 100 km.s~!, puis retombe, en suivant le trajet aller.
Les “sprays” sont des éjections de nature différente: la matiére froide est
observée au niveau chromosphérique avant I’éjection, et est propulsée dans
diverses directions & des vitesses trés importantes (v =~ 200 & 2000 km.s™!),
des chocs sont alors formés. Cette description, trés succinte, montre cepen-
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dant la variété des phénomenes intervenant dans les protubérances solaires.
De nombreux processus physiques interviennent dont: le transfert de rayon-
nement, 'interaction plasma-champ magnétique, la reconnexion magnétique,
I'instabilité thermique et magnétique.

2 Intérét de 1’étude des protubérances solaires

Le soleil émet en permanence un flot de particules chargées (électrons, pro-
tons, noyaux lourds) qui forme le vent solaire. La Terre est en partie protégée
de ce flot par son champ magnétique. Cependant, lors des éruptions solaires,
des bouffées de particules de haute énergie sont éjectées du soleil et leurs
interactions avec le champ magnétique et ’atmosphére terrestre provoquent
des orages magnétiques, visualisés prés des poles lors des aurores boréales.
La modification de la densité de I’ionospheére perturbe les communications
radios, et cet afflux de particules énergétiques (rayons “cosmiques”) a des ef-
fets néfastes sur les installations et la vie dans I’espace. On développe donc,
actuellement, des centres de prévisions des éruptions solaires.

Le soleil étant aussi un formidable laboratoire de physique des plas-
mas interagissant avec un champ magnétique, dans des conditions im-
possibles a réaliser sur terre, son étude est complémentaire de celle ef-
fectuée dans les tokamaks ou spheromaks et dans la magnétosphére terrestre.
Des phénomeénes physiques similaires, bien que différents par les ordres de
grandeurs des parameétres les régissant, sont observés et analysés dans ces
divers plasmas. La reconnexion magnétique en est un exemple: elle inter-
vient a la fois dans les éruptions solaires, dans les instabilités observées dans
le confinement des plasmas de fusion et dans la queue de la magnétosphére
terrestre. Un échange fructueux s’effectue actuellement entre les disciplines

s’intéressant a ces différents types de plasmas.

Le soleil étant une étoile unique par sa proximité et donc par 1’accessibilité
des données, son étude sert de guide et de test pour la compréhension de la
structure et de I’évolution des autres étoiles. En particulier, la compréhension
du phénomeéne de “dynamo” (création du champ magnétique dans un plasma
turbulent) progresse grace a la forte interaction existant entre les observations
solaires et les modélisations numériques. Les grandes protubérances solaires,
ainsi que les taches, permettent de suivre I’évolution du champ magnétique
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et son interaction avec la convection. De méme, ’étude de ’activité stellaire
est guidée par les connaissances solaires.

Les protubérances solaires font intervenir des processus physiques que
’on retrouve dans de nombreux objets astrophysiques. L’instabilité ther-
mique d’un plasma chaud est trés importante, par exemple, dans le milieu
interstellaire, la formation des étoiles, dans les nébuleuses planétaires et dans
la filamentation des restes de super-nova. L’interaction champ magnétique -
plasma est présente dans de nombreux objets tels que les disques d’accrétion
et les jets galactiques de matiére. La modélisation des protubérances solaires
peut fournir un point de départ a ces études: les conditions physiques, bien
que différentes dans les ordres de grandeurs, sont beaucoup mieux connues.

Un intérét particulier doit étre porté aux protubérances de la classe 1.
Celles-ci sont a la fois de taille importante et stables, ce qui permet une
étude précise de leurs paramétres. La modélisation des conditions de leur
formation, de leur lente évolution, ainsi que de leur éruption peut donc étre
confrontée en partie a ’observation.

Aussi, dans cette thése se restreindra-t-on & cette classe, et le mot pro-
tubérances se référera a celles de la premiére classe seulement.

3 Protubérances quiescentes et protubérances

de plages

Les protubérances de la premiére classe ont fait 'objet de nombreux travaux,
aussi bien observationnels que théoriques. Ceux-ci sont exposés, en détails,
dans les ouvrages de d’Azambuja et d’Azambuja (1948), Tandberg-Hanssen
(1974), Priest (1982), Zirin (1988) et Priest (1988). Les travaux ont aussi
été exposés dans de nombreux colloques internationaux dont les colloques
de 'TAU (n°44, Oslo, 1972) et de la NASA (n°2442, Goddard Space Flight
Center, 1986) et le “Workshop” de Majorque (Palma, 1988).

Les protubérances quiescentes sont des objets fascinants. Elles apparais-
sent sur les spectrohéliogrammes comme de gigantesques ponts de matiere
100 fois plus froide et plus dense que ’atmosphere solaire (la couronne).
Leur hauteur, 50 Mm, est typique de I’échelle de hauteur gravitationnelle
de la couronne, et leur longueur peut atteindre un rayon solaire: figures
8. Ces structures géantes ne sont en équilibre que grace au support fourni
par le champ magnétique solaire: elles sont toujours situées entre deux
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régions de champ magnétique opposé. L’étude du champ magnétique régnant
3 Dlintérieur de la protubérance a considérablement progressé ces quinze
derniéres années avec 1’étude de Deffet Hanlé. Le champ est horizontal et
faiblement incliné sur 1’axe des protubérances (=~ 20°): Theése de V.Bommier.
De plus, ces travaux ont montré qu’il existait au moins deux configurations de
champ magnétique. Elle sont représentées schématiquement sur les figures 9.
La premiére, appelée Normale (Priest (1988)), donne un champ qui traverse
la protubérance dans le méme sens que le champ (hypothétique) créé, dans le
vide, par les conditions aux limites observées au niveau photosphérique: fig-
ure 9a. La deuxiéme, appelée simplement configuration Inverse, a un cha p
qui traverse la protubérance dans le sens opposé: figure 9b. Ces travaux ¢: -
duisent A séparer les protubérances quiescentes en deux sous-classes: cellez .e
basse et celles de haute latitude. Les grandes protubérances quiescentes ie
haute latitude sont principalement de configuration Inverse, alors que celles
de basse altitude sont de configuration Normale et de hauteur plus faible
(< 20 Mm). La relation entre les deux classes ci-dessus ainsi que celle avec
les protubérances de plage ne sont pas connues: divers arguments peuvent
stre donnés en faveur d’une évolution d’une classe & 'autre ou en faveur
de Dexistence d’objet différents. Les protubérances quiescentes se forment en
quelques jours, puis évoluent en quelques mois, pour disparaitre par chauffage
(disparitions brusques thermiques: figures 8) ou par instabilité magnétique
(disparitions brusques dynamiques) en quelques heures. Une condition indis-
pensable 3 la formation est la présence d’un champ magnétique trés cisaillé
(de direction faiblement inclinée sur la ligne neutre). Du plasma froid est
ensuite condensé de la couronne ou apporté depuis la chromosphére pour
former ce pont de matiére. Malgré la persistance du phénomeéne, une lente
évolution s’effectue tout au long de la vie d’une protubérance. Les mouve-
ments de matiére sont bien observés au limbe, mais aussi en projection sur le
disque grace 3 la spectroscopie et a I’effet Doppler. Des mouvements globale-
ment montants sont observés dans le corps du filament & une vitesse de I’ordre
du kilometre par seconde (These de J.M. Malherbe, 1988): ils peuvent étre
expliqués par une reconnexion magnétique, forcée par I’évolution du champ
magnétique photosphérique. Les protubérances quiescentes seraient ainsi les
traceurs de rouleaux de convection géants (méridionaux). Les protubérances
quiescentes sont aussi directement en relation avec les structures coronales
observées au coronographe en lumiére blanche et grace aux satellites en rayon
X: figure 10. Les protubérances sont observées a la base des “streamers” et
pourraient &tre la cause des cavités coronales.
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Figures 8 : Structure et évolution des protubérances..

La rotation solaire permet d’observer, sous différents points de vue, les pro-
tubérances solaires. Dans ’hémisphere sud, un ﬁla.mf:nt de grande hatftetgr
(~ 7-10* km) est présent. Le 2 aoiit, il se détache t1:es netf:ement ’au‘hm e
solaire. L’importante distance entre deux de ses ;\neds laisse prévoir 1.1ne
éruption prochaine. Dans ’hémisphére nord, un t,res g.ra.nd ﬁ_la,n?er.llti 21u1es-'
cent est présent les 26 et 28 juillet, il subit une éruption le 29 juillet, qui
détruit ensemble du filament. Spectrohéliogramme de Meudon.

Les protubérances de plage sont formées dans les régions d’activité du
soleil, & basse altitude, prés de taches solaires: figures 8. Elles sont de taille
plus modeste que les quiescentes (d’un facteur 1/3 environ). En revanche, le
champ magnétique est beaucoup plus intense (~ 20 & 100 G, comparé & 5 a
10 G pour les quiescentes), mais de configuration similaire. Leurs propriétés
sont souvent extrapolées des mesures effectuées dans les filaments quiescents
car leur faible taille limite fortement les observations. Etant localisées dans
des régions d’activité, elles ont une durée de vie de quelques jours seulement.
Elles sont souvent associées a de grandes éruptions solaires provoquant une
importante éjection de particules trés énergétiques, alors que ’éruption de
filaments quiescents est moins énergétique mais conduit & une éjection plus
importante de matiére.

Ces protubérances calmes ont fait l’objet de nombreux travaux de
modélisation dont Priest (1982) et Malherbe (1984) donnent une excellente
revue. La formation de ces protubérances dans une nappe de courant a été
I'objet d’importants travaux numériques: Malherbe (1988, Thése d’Etat).
L’équilibre d’une nappe de courant dans un champ magnétique avec gravité
a été étudié en détails par Amars (1988, Thése de Doctorat). Le colloque in-
ternational a Palma de Majorque, “Dynamics and structures of solar promi-
nences”, a permis une confrontation fructueuse entre les données observa-
tionnelles et la modélisation des protubérances. En particulier, ce colloque
a permis de mettre ’accent sur la nécessité de former une configuration
magnétique avec un creux dans ces lignes de champ avant que la formation
d’une protubérances ne puisse avoir lieu! Ce bref exposé des travaux récents
montre clairement les progrés accomplis ces dix derniéres années.

4 Plan de la theése

Chaque chapitre est organisé en quatre parties. Dans la premiére partie,
une revue de |’état actuel des connaissances ou des modéles est présentée de
facon a situer les travaux exposés dans la deuxiéme partie qui correspond au
résumé des articles de la quatriéme partie. La troisiéme partie conclut en
donnant une vue personnelle du sujet. Les problémes et les progrés envisagés
sont alors exposés.

Le premier chapitre permet de faire le point sur les connaissances obser-
vationnelles. Les observations coordonnées de plusieurs instruments ont per-
mis de progresser dans la compréhension de ’organisation des mouvements
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Figures 9 : Exemples de configuration magnétique pour soutenir une pro-
tubérance.

(a) configuration Normale,
(b) configuration Inverse. Anzer et Priest (1985).
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de matiére au voisinage des protubérances. Une description tridimension-
nelle du champ de vitesses a été effectuée pour un filament quiescent. La
disparition d’un filament actif et son interaction avec le champ magnétique
d’une tache solaire ont été étudiées.

Le deuxiéme chapitre regroupe les travaux sur le support des pro-
tubérances. Des méthodes de calcul ont été élaborées pour calculer la con-
figuration du champ magnétique a partir des données observationnelles. Les
données actuelles ne suffisant pas, une autre méthode faisant intervenir la
densité de masse de la protubérance est proposée. Une analyse de la struc-
ture fine des protubérances quiescentes en ordre de grandeur est ensuite ex-
posée. Enfin, un modéle tridimensionnel du champ magnétique est proposé:
la relation existant entre le réseau de supergranulation et les pieds des pro-
tubérances est quantifiée.

Le troisiéme chapitre analyse les conditions de formation d’une pro-
tubérance. Celles-ci peuvent étre séparées en une partie thermique et une
partie magnétique. La premiére, reliée a I'instabilité thermique du plasma
coronal, est étudiée en détails. On montre, en particulier, I'importance
de la région de transition, de la chromosphére et du chauffage coronal sur
l’existence d’instabilité du plasma coronal. Dans la deuxiéme partie, on
étudie diverses possibilités de formes des configurations magnétiques capa-
bles de retenir le plasma froid.

Le dernier chapitre expose I’évolution des protubérances solaires en
s’attachant particuliérement aux éruptions dynamiques. Des criteres
d’instabilité magnétique sont trouvés sur la répartition d’'un champ magnétique
photosphérique, ainsi que sur son intensité comparée a celle de la force de
gravité. Enfin, une modélisation de I’évolution éruptive du filament est
présentée.

Les articles et communications seront respectivement notés An et Cn, n
désignant la position dans la liste des travaux.



Figures 10 : Schématisation des structures coronales observées au corono-
graphe. '

La lumiére diffusée par la matiére coronale permet de visualiser les
structures magnétiques, car elles correspondent a4 des densités de matiere
différente. La figure montre un ensemble de “streamers”, configurations
magnétiques en bulbe, formées d’arches magnétiques surmontées de lignes
de champ ouvertes. Des protubérances quiescentes sont souvent présentes a
la base de ces structures (elles sont schématisées sur le disque solaire, par un
trait continu). Tandberg-Hanssen (1972).
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Chapitre A

Observations

des protubérances solaires
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1 Revue des propriétés observées des pro-
tubérances

1.1 Généralités

La mesure des différents paramétres physiques des protubérances est fonda-
mentale si I’on veut comprendre leur structure et leur évolution. Les princi-
paux parametres physiques sont: la température, la vitesse moyenne de tur-
bulence, la densité, le degré d’ionisation, la répartition spatiale de la matiere
froide (structure fine), la vitesse du plasma, et le champ magnétique. Les
mesures sont effectuées en analysant le spectre provenant des protubérances
dans les domaines UV, visible et radio. L’interprétation des spectres nécessite
la modélisation du transfert de rayonnement dans I’atmospheére solaire. Le
probléme étant complexe, de nombreuses hypothéses simplificatrices sont en
général admises, en particulier une géométrie simplifiée, une température
uniforme et un équilibre thermodynamique local. Cependant, de nombreux
travaux ont été effectués ces derniéres années pour traiter le transfert de
rayonnement avec plus de raffinement: depuis le premier modéle de Mihalas
(1978), de nombreux modeles hors-équilibre thermodynamique local ont été
développés. Diverses géométries ont aussi été utilisées: une plaque de plasma
froid par Vial (1982a), un modele avec filets (modélisant la structure fine) par
Fontenla et Rovira (1985) et Morozhenko (1987). Zhang et Fang (1987) ont
introduit une température non uniforme pour interpréter la remontée a basse
température de I’émission différentielle. Ces travaux, ainsi que de nombreux
autres (voir les revues de Hirayama (1985), Vial (1986) et Schmieder (1988))
ont permis de cerner, en ordre de grandeur, les principaux paramétres des
protubérances quiescentes.

1.2 Température, vitesse de turbulence

La température et la vitesse d’agitation turbulente peuvent étre mesurées en
comparant la largeur des raies de divers éléments. Les valeurs moyennes
communément admises sont: une température de 7000 K et une vitesse
moyenne d’agitation de 6 km.s™!: Vial (1986). La répartition spatiale de
ces grandeurs, dans le plan de la protubérance, est presque uniforme: figure
1, Zhang et al (1988). La faible variation est interprétée par ces auteurs
comme pouvant provenir de la structure magnétique en arcade.
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Figures 1 : Répartition des parametres dans le plan d’une protubérance

quiescente:

- a: de la température T, \ .
- b: de la densité surfacique du nombre d’atomes d’hydrogéne selon la ligne
de visée N,

- ¢: de la microtubulence v. .
Les lsocontours sont labellés en utilisant I’échelle de 10®° K pour (a), de

1.km.s™! pour (b) et de 10'° kg.m~? pour (c). La figure (d) représente
la photo du spectre de la protubérance en Ha, elle permet de localiser sa
structure sur les trois figures précédentes. Zhang et al (1987).
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La température moyenne mesurée est confirmée par les observations ra-
dios. Elle est bien interprétée par le modele d’Hirayama (1985) pour un
milieu optiquement mince, mais des températures plus faibles sont prédites
pour un milieu optiquement épais (I’épaisseur optique est de I’ordre de 3 par
exemple dans la raie Ha). La plus faible température compatible avec les
mesures des raies de I’hélium est de 4300 K.

Si un consensus existe sur les valeurs moyennes de ces parametres, leurs
variations selon I’épaisseur de la protubérance ne font pas 'unanimité: elles
dépendent fortement du modéle utilisé pour interpréter les observations; de
plus, 'inhomogénéité des protubérances & petite échelle (1 Mm) et la varia-
tion temporelle contribuent & la diversité des résultats. Hirayama (1979),
Mariska et al (1979) ont trouvé une température et une vitesse de tur-
bulence qui croissent vers l’extérieur de la protubérance (v = 10 km.s?!
aT =2.10" K, et v ~ 20 km.s™! & T = 2.10° K pour Mariska et al). Ces ef-
fets sont décrits par les modéles numériques de transfert hors ETL de Heasley
et Mihalas (1976), et Zhang et Fang (1987). Cependant, les résultats obser-
vationnels récents de Zhang et al (1988), en accord avec ceux de Mouradian
et Leroy (1977), ne montrent pas une telle croissance.

Pour la modélisation de la structure globale des protubérances, on re-
tiendra la valeur moyenne des parameétres, bien que des données précises
sur la variation spatiale soient nécessaires pour comprendre la structure fine
des protubérances. Peut-on modéliser les protubérances en négligeant cette
structure fine, ou est-ce un processus fondamental ?

1.3 Densité électronique.

De nombreuses méthodes permettent d’avoir acceés a la densité électronique;
cependant, ce paramétre reste une quantité trés mal connue: une disper-
sion d’une amplitude de 100 est présente dans les diverses mesures! Le rap-
port d’intensité de raies spectrales fournit une méthode largement utilisée:
Koutchmy et al (1983) ainsi que Stellmacher et al (1986) utilisent la raie Hy
et le continum de Balmer, Landman (1985) observe les raies de métaux: Na
I, S I et Ba II. Une autre méthode consiste & utiliser I’effet Stark sur les raies
de Balmer: Hirayama (1985). Enfin, une méthode récente provient de I’effet
Hanlé: Bommier et al (1986) analysent la polarisation de la lumiére photo-
sphérique diffusée par la protubérance. La polarisation du rayonnement requ
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Figure 2 : Résumé des mesures de densité électronique obtenues par
divers auteurs. Schmieder (1988).
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dépend a la fois de la densité (dépolarisation bar collisions) et du champ
magnétique (rotation de la polarisation).

Malgré de nombreux travaux, les mesures sont encore fortement dis-
persées: la figure 2 résume ’état actuel des connaissances. Plusieurs causes
sont a |’origine de cette dispersion. La premiere est liée & la densité des pro-
tubérances solaires: les protubérances peu contrastées ont généralement une
faible densité: n, < 10%p.m=3, Hirayama (1985). Une deuxiéme cause est
intrinseque aux méthodes utilisées: les raies des divers éléments ne sont pas
formées dans la méme région de la protubérance, et la densité mesurée par
les différentes méthodes correspond 3 des régions de température, et donc de
densité, différentes. Enfin, une troisiéme cause de dispersion est liée 3 une
erreur systématique introduite sur la mesure. Hirayama (1985) montre une
dispersion atteignant parfois un facteur 10, pour I’étude d’une méme région,
selon la méthode utilisée.

1.4 Degré d’ionisation

Ce parametre (représentant le rapport du nombre d’atomes -d’hydrogéne io-
nisés au nombre d’atomes d’hydrogéne neutres) est aussi incertain que les
mesures de densité électronique car il est mesuré avec les mémes méthodes.
Landman (1984) et Hirayama (1985) ont obtenu des degrés d’ionisation vari-
ant de 0-05 a 1., avec un accroissement vers I’extérieur de la protubérance.
Cependant, Vial (1982b) donne des valeurs aussi élevées que 3! Ces di-
vergences sont importantes pour la physique des protubérances. Avec des
valeurs de densité électronique n, ~ 10%p.m~% et un degré d’ionisation
ngrr/ngr = 1, une température T = 7000 K, un champ magnétique B =~ 10
G, et un facteur de remplissage égal & 1, le 4 du plasma est égal 3 1073
alors qu’il approche, ou dépasse 'unité, avec les mesures de Landman. Dans
ce dernier cas, la protubérance ne peut pas étre supportée par le champ
magnétique, et il est donc plausible que les fortes valeurs de densité ne corre-
spondent qu’a une accumulation locale de masse (structure fine). La quantité
de masse présente dans la protubérance est aussi liée aux processus de forma-
tion. Sasto et Tandberg-Hanssen (1974) ont estimé que la quantité de matiere
présente dans une protubérance quiescente était bien supérieure a celle que
pouvait fournir la région de la cavité coronale qui environne la protubérance.
Un processus de siphon apportant la matiere de la chromosphére devait donc
étre envisagé. Cependant, avec les faibles densités mesurées dans les grandes
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Figures 3 : Circulation stationnaire de m?,tiére dans un ﬁlamentta.zztlf;.v N
L’observation de I’évolution du champ de v1te§ses‘ dans le filamen .;u e
du centre vers le bord du soleil) a permis de dedulr\e la structl.u'e tl‘l. ;fn;es
sionnelle du champ de vitesses, mais sous I’hypothése de stationnarité

mouvements. Malherbe et al (1983b).
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protubérances quiescentes par Bommier et al (1986) ou avec un facteur de
remplissage faible, la matiére des protubérances quiescentes peut provenir
entierement de la condensation de la matiére coronale (la formation d’une
cavité coronale résulte alors de la condensation de la protubérance).

1.5  Structure fine, taux de remplissage

Observées a une résolution spatiale inférieure & 1” d’arc, les protubérances
apparaissent homogénes. Cependant, une importante structure fine apparait,
en général, lorsque nous les observons avec une plus grande résolution. La
taille minimum observée est limitée par la turbulence atmosphérique ou par la
résolution des instruments embarqués sur des satellites, qui est au minimum
de 0-5” d’arc, soit 350 km sur le soleil. Les observations de Dunn (1960)
et Engvold (1976), au limbe solaire, montrent de fins filets ou globules de
matiére froide, qui évoluent sur un temps de I’ordre de 8 minutes. La taille
réelle des filets est cependant une grande inconnue, étant donnée la limitation
en résolution spatiale. Rabin (1986) propose un modéle contenant 1000 filets
dans une épaisseur de protubérance, en vue d’expliquer la forte émission de
rayonnement liée aux faibles températures. Cela conduit & une structure fine
d’une taille de I’ordre de 5 km! Dans ces conditions, le rapport du volume
occupé par la matiere froide sur le volume total de la protubérance (observé
avec une basse résolution spatiale) est inconnu.

1.6 Mouvement dans les protubérances

L’analyse des déplacements de matiére peut étre effectuée au limbe solaire
grace a une série de photographies. Mais le suivi des brillances n’indique pas
forcément un déplacement de matiére, car ce dernier peut étre di a la varia-
tion de la fonction source du rayonnement lumineux. Une meilleure méthode
utilise I’effet Doppler: elle est mise en application avec des spectrographes,
en particulier le spectrographe & Double Passage Soustratif Multicanal de la
tour solaire de Meudon et celui de la coupole-tourelle du Pic du Midi. On
observe, en moyenne, des vitesses montantes dans les filaments de 0-5 & 1
km.s~! en Ha et de 5 3 10 km.s™! en Cpy (Schmieder, 1988), les vitesses
étant généralement plus faibles dans les filaments quiescents que dans ceux
de plage. L’observation de I’évolution des vitesses dans un filament de plage
durant la rotation solaire a permis d’avoir la structure tridimensionnelle du
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Figures 4 : Modeles d’évolution & deux dimensions de la structure du
champ magnétique.
Pour une configuration Normale (a et b) (respectivement Inverse (c et d)), des
mouvements photosphériques divergents (respectivement convergents) sont
nécessaires pour expliquer les mouvements ascensionnels observés dans les
filaments. Les fleches représentent le champ de vitesses orthogonales aux
lignes de champ. Malherbe et al (1983a).
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champ de vitesses (avec I’hypothése de stationnarité). Des vitesses horizon-
tales importantes (=~ 5 km.s™!) sont détectées en Ha. S’effectuant selon les
lignes de champ magnétique, ces déplacements sont faiblement inclinés sur
I’axe de la protubérance (= 20°): Malherbe et al, 1983b. Cette circulation
de matiére est schématisée par la figure 3. Elle a été modélisée par Malherbe
et Priest (1983a) comme résultant des mouvements photophériques convec-
tifs: figure 4. Des mouvements divergents (respectivement: convergents) sont
nécessaires dans les configurations Normales (respectivement: Inverses) pour
expliquer les mouvements ascendants observés. Une modélisation simple de
la condensation du plasma dans une telle structure magnétique évolutive
a été proposée par Malherbe et al (1983c). Cependant, les configurations
de champ magnétique utilisées sont bidimensionnelles avec I’hypothése d’un
champ coronal potentiel.

Les observations montrent une situation plus complexe: des mouve-
ments descendants sont fréquemment observés dans les pieds des filaments
(Schmieder et al, 1985). Les vitesses sont du méme ordre de grandeur que
les vitesses montantes, et un modeéle “qualitatif” a été proposé: le filament
est supposé étre un tube de flux qui s’éléve dans la couronne en se vidant
de sa matiere par les pieds du filament (qui correspondraient alors aussi aux
régions d’ancrage des lignes de champ dans la photosphére). Cependant, un
tel modele reste hypothétique car la structure magnétique de I’ensemble de la
protubérance, et particuliérement au niveau des pieds, reste trés mal connue.
Des mouvements de montée et de descente (+6 km.s~! en Ha) sont aussi
observés dans les pieds des protubérances, suggérant des mouvements dans
des boucles de champ (Kubota et Uesugs, 1988).

Cependant, de nombreuses questions sur la dynamique des protubérances
restent posées. Quelle est la dynamique d’une protubérance quiescente
lorsqu’ aucune phase d’activité n’est présente? Un apport de matiére par les
cotés de la protubérance et une lente montée de I’ensemble de la structure
magnétique existent-ils comme pour les filaments de plage? Existe-t-il une
relation entre la structure fine et le champ de vitesses? Ces questions seront
abordées dans la communication C1, Démoulin et al (1986b) et ’article A1,
Simon et al (1986a). Quelle est la dynamique du plasma lors d’une phase
d’activité d’un filament quiescent? Quel est le moteur de cette activité?
Comment s’effectue la disparition du filament? On étudiera ’activation d’un
filament quiescent dans la communication C2, Stmon et al (1986¢) et ’article
A3, Simon et al (1988a). A-t-on une dynamique comparable lors de la dis-
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parition d’un filament de plage ? Quel est le role de la structure magnétique
de la région active dans ce phénoméne? Comment évoluent les zones de
transition chromosphére-couronne et protubérance-couronne pendant cette
activation? Les articles A7 et A8 de Schmieder et al (1989c,d) décrivent
I’activation d’un filament de plage localisé & la frontiére d’un centre actif,
dans une structure magnétique en spirale.

L’étude des oscillations dans les filaments a été I'objet de nombreuses
recherches. Elle pourrait fournir de précieux renseignements sur les pro-
tubérances: d’une maniére analogue a la sismologie, les fréquences de
résonance dépendent de la densité du plasma, de ’intensité du champ
magnétique ainsi que de sa configuration. Les oscillations sont fortement
réduites par rapport a celles observées dans la chromosphere: Engvol(% (1981),
Schmieder (1986) et Malherbe et al (1987a). Cependant, Bashkirtsev et
Mashnich (1987) et Baithazar et al (1986) ont détecté des oscillations: de
grande période dans le champ magnétique (de 40 a 80 minutes). Ces oscilla-
tions peuvent correspondre aux fréquences de résonance des lignes de champ
magnétique: Tsubaki et al (1987).

1.7 Champ magnétique

Le champ magnétique est certainement le parametre le plus important des
protubérances solaires, mais aussi le mieux connu. La dispersion des mesure§
refléte plus une réelle dispersion d’une protubérance 3 une autre que celle qui
serait due aux instruments.

La mesure du champ magnétique a été effectuée par deux méthodes.
La premiére est I’effet Zeeman: sous ’action d’un champ magnétique, les
raies atomiques sont séparées (en trois composantes pour I’effet Zeeman
“normal”). La mesure de la différence de longueur d’om.ie entre chaque
composante est proportionnelle & la composante longitudln'fa.lt’e du f:ha.mp
magnétique. La mesure du champ transverse résulte de l’intfensn:e relat?ve des
composantes du triplet. Cependant, I’élargissement thermique des raies des
protubérances limite fortement la visibilité du phénoménfe, et, dans la Pra—
tique, seule la composante longitudinale du champ magnétique est acces§1ble.
La deuxiéme méthode permettant de mesurer le champ est ’effet Hanlé. La
diffusion, dans des raies de résonance, de la lumiére photosphérique pa..r le
plasma protubérantiel, conduit a une polarisation partielle de la lumiére,




parallélement au limbe solaire. Le champ magnétique modifie cette polari-
sation par la précession de Larmor du dipdle magnétique (description clas-
sique). Cette modification de la polarisation ne permet la mesure du champ
magnétique que si le temps de vie de I’état excité est de I’ordre du temps de
précession de Larmor. La raie Hy est formée dans des conditions qui convien-
nent particuliérement aux protubérances solaires. Un traitement quantique
complet a fait I’objet de travaux récents ( Thése de V. Bommier).

L’effet Zeeman permet de mesurer seulement la composante longitudinale
du champ dans la photosphére (sur le disque solaire) et dans les protubérances
(au limbe). L’effet Hanlé permet d’avoir le champ vectoriel mais seulement
dans les protubérances vues au limbe au-dessus de 10* km. Les principaux
résultats sont:

- les protubérances sont toujours situées le long des lignes neutres du
champ photosphérique,

- le champ magnétique est horizontal et presque incliné sur 'axe des
protubérances: I’angle moyen est de 25° entre le champ et I’axe de la pro-
tubérance,

- le champ est beaucoup plus homogene que les structures fines du plasma,

- le champ moyen est de 8 G dans les protubérances de grande latitude
(qui sont de grande taille) et croit légérement avec la hauteur avec une pente
d’environ 0.5 G/10 Mm; le champ moyen est plus élevé dans les protubérances
de basse altitude: il est de ’ordre de 20 G,

- les deux types de configurations, Normale et Inverse, sont présentes sur
le soleil, les premiéres étant & basse latitude (prés des régions actives), les
autres & haute latitude.

Ces résultats appellent quelques remarques. L’un des apports importants
de l’effet Hanlé a été de prouver que des configurations Inverses existaient.
Leur localisation prés des poles suggére un type particulier de protubérances:
elles seraient formées par des mouvements de convection convergents. En
revanche, les protubérances quiescentes de basse altitude sont de configu-
ration Normale et sont formées entre les régions actives. L’effet Hanlé a
donc permis de classer les protubérances quiescentes selon leur type de sup-
port, ce qui peut correspondre a‘des processus de formation différents, en
revanche la configuration des protubérances de plage, de trop faible taille,
est toujours ignorée. Une interprétation abusive, mais parfois utilisée, est
d’extrapoler le résultat obtenu pour les protubérances quiescentes de faible
latitude. L’évolution possible d’une partie des protubérances de plage en
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Figure 5 : Carte synoptique du soleil (observatoire de Meudon).
La direction du champ magnétique observée dans quelques filaments est
représentée par des fleches. Cette carte montre I’organisation d’ensemble
du champ magnétique: la direction du champ dépend de la ligne neutre
considérée (et de la phase du cycle). Leroy et al (1984).
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protubérances quiescentes de basse latitude reste encore a prouver.

Un autre apport important de I'effet Hanlé est lié 3 I’homogénéité du
champ magnétique dans les protubérances quiescentes: bien que l’on ne
résolve pas les structures fines, la comparaison des résultats obtenus avec
I'effet Hanlé & ceux obtenus avec l’effet Zeeman, permet de conclure que le
champ magnétique est beaucoup plus homogeéne que la structure en filets du
plasma froid. Cela est réalisé grace a la forte non-linéarité de ’effet Hanlé:
un champ moyen n’est pas équivalent a un champ moyenné contenant un
champ faible a c6té d’un champ fort. Cette uniformité du champ est en
accord avec les faibles densités mesurées par Leroy et al (1987): le champ
magnétique est faiblement distordu par la présence du plasma froid car le 8
du plasma est trés inférieur a 1.

Bommier et al (1986) en ont apporté une preuve supplémentaire en affi-
nant l’interprétation de leurs mesures: le champ n’est plus supposé uniforme
dans épaisseur de la protubérance, mais les lignes de champ sont supposées
former un “V” (non résolu par I'observation). Leurs résultats sont en ac-
cord avec une faible inclinaison des branches du “V” sur ’horizontale: 30°.
Ainsi, la matiére protubérantielle ne déformerait que peu la configuration
magnétique. Un autre argument provient de la faible et lente variation tem-
porelle du champ magnétique ( Tandberg-Hanssen et al (1974) ), alors que
la structure fine du plasma change en environ 8 minutes ( Engvold (1976) ).
Une protubérance se forme seulement lorsque la configuration magnétique est
fortement cisaillée au-dessus d’une ligne neutre; et cette configuration évolue
peu au cours de ’existence de la protubérance, ce qui permet de penser que
la structure magnétique est primordiale pour les protubérances. La norme
du champ magnétique a cependant un rdle peu important, car des structures
similaires de plasma protubérantiel sont observées pour des intensités de
champ variant d’un facteur 10: Leroy (1988). En revanche, la géométrie du
champ magnétique est de premiere importance: elle est liée aux mouvements
de convection et au cycle solaire: Leroy (1985), figure 5.

Les mesures, grace a l’effet Hanlé, sont effectuées au limbe solaire, alors
que la plus grande partie de ’étude dynamique est faite en suivant I’évolution
du filament en projection sur le disque solaire. Seules, les données des
magnétogrammes de la photosphere sont accessibles et le champ magnétique
doit alors étre calculé par extrapolation de ce champ photosphérique, en
supposant que la protubérance le déforme peu. Cela permet d’interpréter
les vitesses observées dans cette configuration: article A8, Schmieder et al

(1989a).
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Figure 6 : Rouleaux de convection azimutaux observés durant 20 ans.
Le temps est porté en abscisse et la latitude en ordonnée. Les fleches représentent
la migration de jeunes taches solaires. Les grandes régions magnétiques sont
représentées par des '+’ et des '—’, les lignes neutres par des lignes continues
ou pointillées. Les lignes neutres sont obtenues grace au suivi des filaments.

Les lignes continues doubles représentent le début des rouleaux. Ribes et
Laclare (1988).
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1.8 Evolution durant le cycle solaire

Le diagramme de Maunder, qui porte le nombre de taches solaires en fonction
du temps, montre clairement la périodicité de I’activité solaire (de ’ordre
de 11 ans). Elle est liée a I’évolution de la structure globale du champ
magnétique solaire. Les protubérances sont des traceurs moins connus de
cette activité: la migration des protubérances quiescentes vers les poles pour
former une ceinture polaire autour de chaque péle en fin de cycle, et ’'intense
activité des protubérances de plage aprés le maximum du cycle en sont deux
exemples. En suivant I’évolution temporelle de jeunes taches solaires, Ribes
et Laclare (1988) ont mis en évidence I’existence de rouleaux de convection
méridionaux qui évoluent au cours du cycle solaire. Ils apparaissent vers une
latitude de 40° au début du cycle, une partie migre alors vers le pole, I’autre
vers 1’équateur: figure 6. Les régions unipolaires du champ magnétique,
délimitées par les lignes neutres, suivent ce mouvement d’ensemble. Les
filaments permettent ainsi de suivre I’évolution de la convection solaire.

2 Résumé des articles

2.1 Dynamique des filaments solaires: VI étude des
variations des vitesses, lors de la rotation solaire,
dans les raies Ha et Cfy, d’un filament quiescent:
article Al.

L’observation d’un filament quiescent, grice & la haute résolution spatiale
obtenue i l'observatoire du Pic du Midi, montre que la structure fine, en

projection sur le disque, est formée de fins filets, de diameétre moyen de

10° km et d’une longueur d’environ 10* km. Ces filets sont- distribués en
“éventail” au niveau des pieds, mais sont faiblement inclinés sur I’axe de la
protubérance, entre les pieds. Ces structures ne sont plus résolues dés que la
qualité des images n’est plus excellente.
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La carte d’intensité dans la raie Ha (formée & une température d’environ
7000 K) ne montre aucune structure particuliére, méme dans le corps du
filament, et aucune corrélation avec la structure fine. Les vitesses observées
dans le filament sont faibles, ce qui est expliqué par ’absence d’oscillations
et d’activité. Les oscillations sont bien observées dans la chromosphére,
mais sont réfléchies au sommet de cette derniére. Les données Cry (observa-
tions spatiales avec l'instrument UVSP sur le satellite SMM) montrent des
zones de vitesses montantes et de vitesses descendantes (+ 15 km.s™!). La
moyenne des vitesses est légérement négative. Le suivi du filament pendant
6 jours permet d’obtenir la contribution relative des vitesses horizontales
aux vitesses verticales (moyennant I’hypothése de stationnarité): celle-ci est
trouvée faible, de ’ordre de 1/3 dans les deux raies. Cela semble en contra-
dition avec les études préalables sur les vitesses horizontales: Malherbe et al
(1983b) ont trouvé d’importantes vitesses horizontales (v = 5 km.s™1), ce qui
donne un rappport de 'ordre de 5 entre vitesses horizontales et verticales.
Cependant, le filament qu’ils ont observé est de plage, alors que celui étudié
dans cet article est quiescent. Une situation différente est donc présente, ce
qui laisse supposer que la configuration magnétique et les processus physiques
sont différents dans ces deux classes de protubérances.

L’observation au limbe solaire révéle une extension plus importante en
Crv (h =~ 20 Mm) qu’en Ha (h ~ 13 Mm). La protubérance serait donc
entourée de boucles chaudes, en accord avec les conclusions de Poland et
Tandberg-Hanssen (1983). Une autre interprétation de ces observations, en
accord avec une vitesse moyenne descendante en Cjy, est la condensation
lente de plasma chaud. Ce plasma a pu étre préablement évaporé de la
protubérance, ou de la chromospheére.

Cet article montre, en particulier, la difficulté de la mesure du champ de
vitesses dans les objets aussi calmes que les protubérances quiescentes. Il fait
ressortir, du point de vue dynamique, la différence existant entre filaments
de plage et filaments quiescents.

2.2 Contraintes, déduites d’analyse dynamique, sur
les modéles de filaments: communication C2

Cette communication compare les champs de vitesses observés dans un fil-
ament quiescent et un de plage. Ce dernier montre des structures bien
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déterminées (mouvement montant dans le corps, descendant dans les pieds),
contrairement au filament quiescent qui n’a pas de mouvement d’ensemble
significatif. Pour le filament quiescent (respectivement de plage,) l’ordre
de grandeur des vitesses observées est de 0.5 km.s™! (respectivement 1-2
km.s™!) en Ha et 5 km.s™! (respectivement 5-10 km.s~!) en Cyy.

2.3 Aspects dynamiques d’un filament quiescent: ar-
ticle A3 |

Un filament quiescent a été suivi dans les raies Ha (DPSM de Meudon) et
Crv (UVSP-SMM) pendant quelques jours: ’ensemble de la dynamique du
filament présente les caractéristiques décrites précédemment. Des modifica-
tions de certaines sections du filament sont apparues: une étude détaillée
de 'une d’elle est présentée. La carte des vitesses montre des cellules bien
marquées a la fois montantes et descendantes, en accord dans les deux raies.
La taille de ces cellules est de ’ordre de 10 Mm en longueur et elles évoluent
en environ 5 minutes. Les vitesses typiques sont de 1 km.s™! en Ha et 5
km.s”! en Cry. Une importante microturbulence est présente dans cette
région d’activité. L’absence de modification de I’'intensité en C;y montre
que la matiére de la protubérance n’est pas chauffée comme dans le cas des
disparitions brusques thermiques. Deux solutions sont proposées: une insta-
bilité de la structure magnétique engendrant des ondes le long du filament ou
un mouvement de matiére le long de lignes de champ magnétique torsadées.
L’activation serait produite, dans ce dernier cas, par une lente montée de
I’ensemble de la configuration magnétique de cette région. Schmieder et al
(1985) ont développé ce mécanisme pour décrire la structure de vitesses d’un
filament de plage. Cependant, le filament de plage était perturbé par la nais-
sance d’un pore dans la photosphére d’un pied d’un filament, alors que, dans
le présent cas, aucun changement magnétique photosphérique n’a été détecté
avant ’activation. Les deux modéles permettent d’interpréter ’accroissement
de la microturbulence, et une étude plus détaillée nécessiterait des observa-
tions de meilleure résolution spatiale. Ces mécanismes pourraient expliquer
les disparitions dites “brusques” d’évolution lente (quelques jours).
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2.4 Dynamique d’un filament localisé 4 la frontiere
d’un centre actif, siege d’un cisaillement du champ
magnétique: communication C5 et article A8

La disparition d’une partie d’un filament actif a été suivie en Aoft 1985,
grace 3 des observations coordonnées en Ho (MSDP de Meudon), en Cry
(observations spatiales avec ’instrument HRTS sur la navette Spacelab 2),
et grace A des magnétogrammes photosphériques (Meudon). Le filament
est localisé au voisinage de la tache solaire. Des vitesses montantes sont
observées dans la partie active du filament (vgq, =~ 25 km.s7! et vy = 7-5
km.s~1 ), alors que des vitesses descendantes moyennes sont observées dans
des structures allongées voisines, inclinées d’environ 30° sur I’axe du filament
(vae = —1,-2 km.s~! et vory & —15 km.s~! ). L’intensité des raies Cry est
légerement plus forte que la moyenne du champ & ’emplacement du filament,
alors qu’une émission plus faible est observée a coté.

L’observation des spectres de haute résolution des raies du Crv (50 mA)
permet une interprétation plus détaillée. Ces spectres montrent la contri-
bution de deux régions: la zone de transition couronne-chromosphere sous
le filament, et la zone de transition filament-couronne. La premiére région
correspond 3 de la matiére a faible vitesse et a une luminosité intense. Cela
explique que la raie soit en émission & I’emplacement du filament en Cjy:
I’intensité lumineuse provient de la chromosphére surchauffée par effet de
“serre” du filament. La deuxiéme région est de faible intensité, mais de
grande vitesse. Ainsi, ’étude des spectres de haute résolution permet de con-
clure que les vitesses du plasma sont beaucoup plus élevées que les vitesses
moyennes traditionnellement calculées. Ce sont des vitesses de l’ordre de
50 km.s~! qui interviennent dans la disparition du filament. Le calcul du
champ magnétique 3 partir des données des magnétogrammes permet de
replacer ces mouvements dans la structure magnétique. Alors que la par-
tie active de la protubérance disparait en une dizaine de minutes, avec de
fortes vitesses, la structure magnétique est peu changée sur une échelle de
’heure. Le champ est suffisamment intense pour étre peu perturbé par le
plasma. L’extrapolation étant “force free” linéaire, le cisaillement du champ
peut &tre ajusté pour correspondre a la structure spatiale des fibres chromo-
sphériques au voisinage de la tache. Une bonne corrélation entre la direction
du champ magnétique et des fibriles voisines du filament est alors obtenue,
ce qui met en évidence le lien entre les deux phénomenes. Le filament est lo-
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calisé au-dessus d’une ligne neutre du champ vertical photosphérique. Cette
ligne neutre reste remarquablement localisée & la méme position en fonction
de laltitude, comparée aux autres lignes neutres sans filament. De plus,
le champ magnétique calculé est décroissant avec 1’altitude dans I’ensemble
de la région, excepté prés du filament, pour une altitude inférieure a 10
Mm (typique de la hauteur du filament). Cela s’interpréte par des lignes de
champ qui forment un creux (pouvant retenir la matiére froide du filament).
Ce résultat est remarquable car aucun courant modélisant la protubérance
n’a été introduit: cette configuration magnétique semble donc étre antérieur
a la formation du filament. De la matiére dense peut alors se former au
sommet des arches dans un puit du potentiel gravitationnel. En conclusion,
cette observation permet de supposer qu’une configuration magnétique avec
creux est nécessaire a la formation d’une protubérance. Pour cela, le cisaille-
ment semble étre un parametre trés important, I’'intensité du champ est, en
revanche, peu importante: elle varie de 10 a 60 G dans le filament observé.

3 Conclusion

L’observation des protubérances montre des structures, - dominées par le
champ magnétique, qui évoluent lentement. La formation et I’existence d’une
protubérance ne peuvent étre réalisées que dans quelques structures de
champ magnétique bien particuliéres. Ces derniéres possédent en commun,
la présence d’une ligne neutre au niveau photosphérique et une structure
de champ magnétique fortement cisaillée. Ces structures peuvent étre com-
plexes: I’effet Hanlé a montré que des configurations Inverses existent, par-
ticuliérement dans les grandes protubérances quiescentes. L’étude des mou-
vements de matiére donne une vitesse lente de montée dans ’ensemble des
protubérances. Cette vitesse est siirement liée & I’évolution globale du champ
magnétique (le plasma est gelé dans un champ voisin de I’horizontale dans les
protubérances). Cette lente évolution est provoquée par la modification du
champ photosphérique, conséquence de la convection solaire. Cette évolution
est trés importante pour comprendre |’activité solaire dans son ensemble, qui
est liée a la création du champ magnétique.

Les travaux présentés se prolongent par I’étude de 1’évolution temporelle
de la région analysée dans l’article A8. De nombreuses données sont
disponibles, permettant de suivre la' naissance de la tache solaire, puis la
formation et ’évolution du filament, suivie de la disparition de la tache et
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de la transformation du filament de plage en un filament quiescent. La tache
solaire apparait en premier avec une configuration magnétique sans cisaille-
ment. Cette derniére évolue a I’échelle de la dizaine de jours, et, lorsque la
structure spirale est formée, un filament de plage apparait. Une restructura-
tion compléte du champ magnétique a lieu lors de la disparition de la tache
et le filament, aprés quelques phases d’activité, se développe tout autour de -
I’ancien centre d’activité. Cette région se révéle donc particuliérement in-
structive par la richesse des événements et la densité des observations. Une
étude détaillée de la tache solaire, et particuliérement de I’effet Evershed, est
aussi en cours.

Parallelement a I’étude de I’évolution d’un filament de plage, celle de
la formation d’un filament de haute latitude est aussi importante. L’étude
nécessite une longue série d’observations coordonnées pendant plusieurs ro-
tations solaires. En particulier, I’observation au sol devra étre effectuée,
parallelement a 'observation en ultraviolet, grace a un satellite (Soho). Cela
n’a pas encore été possible car les satellites ont été pointés seulement sur les
centres actifs. Cette étude devrait permettre de mieux comprendre le lien
entre les rouleaux de convection géants et la formation de ces protubérances
de haute latitude. Ces observations devraient notamment permettre de voir
’approche et la reconnexion de deux régions unipolaires (ou bipolaires). Les
processus de reconnexion sont alors lents, et faciles & étudier. Cela pourrait
apporter une vue nouvelle sur ces processus, étudiés actuellement unique-
ment dans les phases trés actives desléruptions solaires.

Parallelement a ces travaux d’observation de I’évolution des pro-
tubérances, d’importants progreés sont a faire dans la connaissance de la struc-
ture magnétique des protubérances. Ce n’est que relativement récemment
que les mesures effectuées grice a I’effet Hanlé, ont mis clairement en évidence
’existence des configurations Inverses. Cependant, la détermination du
champ magnétique se limite trop souvent a celui existant dans les pro-
tubérances ou a la mesure du champ photosphérique. Ce manque de données
observationnelles sera comblé par les mesures vectorielles réalisées grace au
télescope Thémis; cependant, la.structure globale du champ magnétique
nécessitera des extrapolations de ces mesures. Le chapitre suivant est en
partie consacré au développement de ce probléme. En particulier, la com-
posante du champ paralléle & I’axe des protubérances est trés importante,
d’apres les observations: elle devra donc étre incorporée dans les modéles.
De plus, si ’existence des pieds des protubérances est connue depuis fort
longtemps, leur structure magnétique et leur lien avec la photosphére sont
encore trés énigmatiques!

4  Publications
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fairly typical of other motions observed in active region filaments

Table 1 - Redshifts at the Footpoints (km/s)

Observatoire de Paris, Section de Meudon Point
DASOP, F-92195 Meudon Cedex, France Ha 9Ato 17 1B 3 C D
and i ) -1l to - -1 to -6 | - -
A.I. Poland CLY -2 to -10 -2 to -8 0 to -2 A58
Laboratory for Astronomy and Solar Physics, Table 2 .
NASA Goddard Space Flight Center, Greenbelt, Md. USA able 2 - Blueshifts between the Footpoints (km/s)
A-B B-C cD
lc‘;k;v 2 1.5 to 3 0 to 2
. i 5 to 10 5 to 10 10 to 25
. Introduction
The problems of prominence structure, support, and stability are of
fundamental importance in understanding solar plasmas. The original

theoretical work in this area was done by Kippenhahn and Schluter (1957), who
theorized that prominence material was supported by a magnetic loop with a dip
in the middle. A more recent model by Kuperus and Raadu (1973) envisions the
prominence as being supported by an X type magnetic configuration with
material condensing from coronal material. While there are several variations
on these theoried they represent the two basic concepts for prominences and
both are treated basically as static, although the Kuperus and Raadu model
could be extended to a dynamic concept.

The dynamic studies of prominences have been largely observational. Both
upflows and downflows have been reported by various authors: (see for example:
Dunn, 1960; Engvold, 1976; Kubota, 1980; Martres et al., 1981; Malherbe et
al., 1981 and 1983; Schmieder et al., 1985; Engvold et al., 1985; and Simon et
al., 1986).

We present here the conclusions deduced from simultaneous observations
obtained with the Ultra-Violet Spectrometer and Polarimeter (UVSP) on the Solar
Maximum Mission satellite, and the Multichannel Subtractive Double Pass(MSPD)
spectrographs at Meudon and Pic du Midi observatories. The observations were
obtained in 1980 and 1984. All instruments have almost the same field of view
and provide intensity and velocity maps at two temperatures (approximately
1.x105K for CIV with the UVSP, and 1.x10% for He with the MSDP). The
resolution is ~0.5 to 1.5" for Ha and 3" for CIV. The high resolution and
simultaneity of the two types of observations allow us to more accurately
describe the flows in prominences as functions of temperature and position.
The results put some constraints on the models and show that dynamical aspects
must be taken into account.

II. Active Region Filaments

An active region filament, located in NOAA region 2697, was observed
continuously on September 29 and 30, 1980 (see Schmieder et al., 1985). The
filament was located near disk center appeared to consist of three extended,
low lying loops limited by the footpoints marked A, B, C, and D in figure la.
The filament lies along a reutral line of photospheric magnetic field, with
the "footpoints" anchored in regions of enhanced positive magnetic field. The
Dopplergrams obtained in Ha and CIV (figure 1lb and 1d) show that material in

the filament between the "footpoints" is blueshifted while at the "footpoints” Figure 1. Inten.f;ity maps in Ha(a) and in CIV(c) lines,

material is redshifted. Vel?‘:lty Baps in Ha(b) and in CIV(d) of an
The measured values of velocity are presented in tables 1 and 2. We mote active region filament (white contours

that during seven hours of observation on September 29, a particularly high correspond to red shifts) :

steady flow was observed at "footpoint" A. These types of motions seem to be
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Figure 2: Ha images of a quiescent filament on October 15 (a)
and October 17, 1984 (b). '

Figure 3: The Pont Neuf in Paris, wrapped by Cristo in June, 1985.
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I1I. Quiescent Filament

Similar intensity and velocity measurements were made on a quiescent
filament from October 15 through October 18, 1984. The objective of the study
was to determine the three dimensional nature of the flows in Ha and CIV using
the center-to-limb perspective effects.

Observations in Hx on October 17 (figure 2b) and later show a classical
quiescent filament structure with footpoints connected by a large arch. This
structure has an appearance similar to the Pont Neuf wrapped by Christo
(figure 3). The fine structure of the filament could be seen with the very
good seeing available at Pic du Midi on October 15, 1984. This revealed that
the large loops were actually composed of many small scale loops with typical
radii of 1000km. These small scale loops seemed to be arranged in a cluster at
the footpoints, and somewhat better aligned between them. ‘

Velocity measurements showed that there was no coherent welocity pattern
along the filament. The velocities in Ha ranged from 2 to 5km/s on October'15
and were smaller on the other days. However, the reduced velocities are most
likely due to the smearing effect from bad seeing. The comparison of Ha and
CIV velocities was also inconclusive.

A statistical study of the velocities
in the field of view in and near the
filament gives an idea of the structure of
the velocity. The standard deviations of
the velocities in the filament are compared
to the whole field of view (2'x2') as

a functions of time. These are presented in
figure 4 for several different satellite
orbits over several days. Near disk center
the values are greater in the filament than
in the mean transition region around it,
while the opposite situation occurs near

b the 1limb (see figure 5), although both
values decrease. Measurements of the
Doppler broadening of the 1line show the
same effect, which indicates that the large
scale (>3") and the small scale (<3")
velocity structure have the same behavior.

c From these measurements we deduce that the
vertical velocities are greater than the
horizontal ones by a factor of 3 in the
filament and 2.5 outside(Simon et al.,
198§) .

Figure 4. Velocity standard deviation
ca’-~ulated for each frame during the SMM
0 10 2 30 0 S W0 orbit, on October 15, 16, 17, and 18, 1984

t (min) (resp. a,b,c, and d). solid lines are for
the filament area data and the dashed ones
for the 2’'x2' area dat.
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Figure 5. Vﬁriation of the velocity standard deviations (oy) and of the
Doppler linewidth (A)) of the CIV line versus pu.

IV. Conclusion

The observations of the active region filament pointed out a reasonable
model for this type of prominence. The downward velocity at the footpoints
with the upward velocity between suggests a model with a long magnetic flux
rope with material slowly draining out at the footpoints. As the total mass in
the loop decreases it allows the central part to rise. The problem with this
model is that the small pressure scale height should make the prominence drain
much more rapidly than is observed.

The quiescent filament observations do not seem to provide any insight
into the wvalidity of either the Kippenhahn-Schluter or Kuperus-Raadu models
for prominences. The observations seem to indicate that there are mo really
significant flows, and the structure consists of many small scale loops. Time
observations seem to indicate that dynamic models may be more appropriate for
describing prominences. Although a dynamic model has been presented by Poland
and Mariska (1986), the time scales indicated by the calculations seem to be
too long for the observations.
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Summary. We have observed the rotation of a stable quiescent
filament from near disk center to the limb. Observations of
intensity and velocity were made in Ha and C1v, and compared
with magnetic field measurements. From the Ha observations we
conclude that the filament is made up of many small scale magnetic
features that are not coherently aligned along the neutral line. They
are especially convoluted at the apparent ‘“‘footpoints”. The
measured velocities are of the order of a few kilometers per second
in both lines. However, the comparison of the standard deviations
of the C1v velocities in and out of the filament as it rotates toward

the limb shows that the vertical velocities in the filament are greater .

than the horizontal velocities. Measurements of velocity do not
allow one to distinguish between the ‘“‘Raadu-Kuperus” or
“Kippenhahn-Schluter”” models for prominences because neither
theory is adequately developed for this comparison. However, the
observation of the many fine loops brings into question the
correctness of either model.

Key words: Sun: chromosphere — Sun: prominences

1. Introduction

In earlier papers of this series we studied the mass motions in
filaments. We deduced from Ha center to limb observations
(Malherbe et al., 1983a, b, Papers [ and II) a dynamic model for a
filament with steady upflow inside the filament and horizontal
motions along the filament. [n Schmieder et al. (1984, Paper [11) we
correlated C1v and Ha filament observations at disk center, and
found a persistent upflow in both lines. These velocity measure-
ments can also be compared with similar observations presented in
a paper by Engvold et al. (1985).

Athay et al. (1985) correlated Civ Dopplergrams with He
filtergrams and found C1v velocity shears along neutral lines.
From these they deduced the existence of converging or diverging
flows in active regions where filaments form. These converging and
diverging flows had previously been suggested by Schmieder et al.
(1983 b) to explain observed upflows in a filament in the context of
the Raadu and Kuperus (1973) model.

In the present paper we study the morphological structure and
dynamic behavior of a quiescent filament observed in Ha and C1v

Send offprint requests to: G. Simon

from center to limb. High resolution observations in Ha show that
the filament was composed of many fine threads which are not
aligned along the filament’s long axis (Démoulin et al., 1986).
Velocities measured in both the He and Civ lines show no
particular preferred direction along or perpendicular to the
filament. This is contrary to the usual concept of a filament’s
consisting of well aligned flux tubes. We shall discuss implications
of this result below.

2. Observations

2.1. The instruments

We obtained Ha observations of a prominence between October
15 and 20, 1984 with the Multichannel Subtractive Double Pass
Spectrograph (MSDP) operating on the Solar Spectrograph at
observatoire du Pic-du-Midi (Mein, 1984). The data processing is
similar to that used with the Meudon instrument (Mein, 1977). The
MSDP simultaneously obtains 9 images of an elementary 30” x 4’
field of view with a resolution of ”5, and steps through the Ha
profile at 9 different wavelengths, 0.266 A apart, using a 0.085 A
wide slit. The high performance of this instrument yields a
contiguous 30" x 4’ field of view every thirty seconds. Thus, a final
map 4’ x 5’5 in size is built up from several elementary images.
From the observations we construct maps of intensity fluctuations
and doppler shifts, using the 9 point line profiles (see Schmieder et
al., 1985, Paper V).

During the Solar Maximum Mission second run of obser-
vations, after April 1984, denoted by SMM2, we obtained
simultaneous observations of the same filament in C1v with the
Ultraviolet Spectrometer and Polarimeter (UVSP) (Woodgate et
al., 1980) as was observed with the MSDP. In C1v a Dopplergram
and an intensity map were obtained in 11 min in a field of view
4’ x 4', by using 2 slits located + 0.1 A from the center of the C1v,
1548 A line. Subtracting the two channels yields a Dopplergram
while adding yields an intensity map. For better calibration of the
observations we followed the large scale images with "‘Double™
Dopplergrams (see Simon et al., 1982) using a reduced (2’ x 2') field
of view with a time step of 2 min and spatial resolution of 3” x 3".
We used Spectroheliograms taken daily at Meudon for the
superposition of the fields-of-view, and the magnetic configuration
was determined from a Kitt Peak magnetogram obtained on
Oct. 16.
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Fig. la-c. Ha images of the sun showing the filament on October 15 (a), 16 (b), and 17 (c), 1984. The line F on (a) shows the filament axis used for calculations. Points

marked A, B, C, and D are the ““footpoints™ of the filament. The brackets a and f indicate the position of the images on Fig. 2 (resp. a and b)

Table 1. Filament observations

Day MSDP Coordinates Civ Civ i Coordinates of
Pic du  of fil. center SDD, DDD, Cv field
Midi 4' x4 2'x 2 of view center
10/15/84 9:15  20S 34W  17:06 18:40 0.8 18.8S 32w
18:34 12 images
20:09
21:43
10/16/84 9:14  20S 4TW 2:26 4:10 0.7 18.8 376
4:01 24 images
8:23
10/17/84 12:09 60W 9:54 10:00 0.544 18.7 535
11:29 24 images
12:01
14:38
10/18/84 3W 9:30 9:40 0.35 155 66
11:05 24 images
18:57 19:04-30
14 images
10/19/84 83w 9:14-53 174 745
24 images 0.226
10/20/84 9:16 100W  16:38 16:38 0.226 174 745
4 images

2.2, The filament

Ha observations of a typical faint quiescent filament were obtained
between Oct. 15 and Oct 20, 1984. Several of these images are
presented in Fig. 1 and the filament’s coordinates are presented in
Table 1. The observations were generally on the order of 170.
However, on October 15 the seeing allowed a higher resolution, on
the order of 0”5. This high resolution and the relatively faint nature
of the filament allowed us to see that it was primarily composed of
many separate small scale loops. This can be seen in Fig. 2 and was
discussed in detail by Demoulin et al. (1986) who deduced
statistical sizes of 10°km for the thickness and 10*km for the

length of the threads which formed the filiment seen in this image.

The darkest parts of the filament, labeled A, B, C, and D in Fig. I,
are usually associated with what we call the feet of the quiescent
prominence. They coincide with the locations where many small
loops appear in a not well aligned pattern. This can be seen in
Fig. 2a for the point Jabelled D in Fig. 1a. Even between the
footpoints, which we usually define as the tops of prominence
loops, the structures do not extend over long distances. This can be
seen in Fig. 2b and corresponds to the region between D and C in
Fig. 1a. Thus we see that the filament is actually composed of
many small scale loops which at the footpoints are not well aligned
but may be somewhat better aligned between the footpoints.

Filament axis N

l AN

ol (q)

B
>

<
Fig. 2a and b. Two high resolution images showing the fine structure of the
filament in Ha for October 15, 1984. Edch image shows only one of the line
channels for each location. a Shows the region near footpoint D. b Shows the
region between footpoints C and D

(a)

The C 1v observations are not sufficient resolution to show the
small scale structure discussed above. However, a comparison
between Ha and C1v can contribute to our understanding of the
thermal structure of prominence loops. In Fig. 3 we present the
intensity of C1v in the region of the filament for two of the days
discussed above. We have drawn a contour on the images to show
the position of the filament as seen in Hxz. On Oct 15, when the
filament was closer to central meridian passage, the footpoints
appeared somewhat darker than the surroundings and the regions
between the footpoints were about the same as the surroundings.
When it was closer to the limb, on Oct 18, the footpoints appeared
more clearly. However, the regions between the footpoints, C and
D especially, were not clearly delineated. We interpret this
difference as indicating cither that the transition regions at the top
of the loops are so thin that we see the transition region below the
loops, or that the tops of the loops are hotter than the foot points.
Another effect that may affect the visibility of the filament in C1v is
that the line is known to be narrower than in the transition region
outside. However, the filament signature may appear in a
statistical study, as it does with the standard deviation of the
velocity, discussed in the next section.

An examination of the limb images in Ha and C1v on Oct 20
indicated that regions enhanced in Ho were not necessarily the
same as those enhanced in Civ. The resolution of the limb Ha

(b)

Fig. 3a and b. Intensity map in C1v with the approximate Ha filament boundary superposed. a October 15, b October 18
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images was not as good as the disk images so a study of loop
structures was not possible. However, it is clear from tracings
across the prominence that the change in brightness with height in
Cv is less than that in Hx. The Civ prominence extends to
approximately 20,000 km while the Hx prominence extends only to
13,000 km. This could be due to the fact that the scale heights are
larger in C 1v than in Hx or that the C tv and Hax loops are separate
(Poland and Tandberg-Hanssen, 1983) with the Civ loops
reaching higher into the corona. It is not likely that the scale
heights are the main factors since they are intrinsically small at
these temperatures.

3. Measurement comparisons

In attempting to better understand the structure of prominences,
the origin of prominence material. the reason for their existence,
and the relation between cool and hot material, we have examined
the brightness and velocity fields in Hx and Civ, and the
photospheric magnetic field in and near the filament.

This analysis requires the detailed registration of three dif-
ferent sets ol data, vis. MSDP Ha Dopplergrams, UVSP Civ
Dopplergrams, and Kitt Peak magnetograms. In addition,
Meudon Hx spectroheliograms and the Hx intensity maps must be
registered, which is easily accomplished by superposing the images
ol the lilament as seen in these two types ol observations. When
the Dopplergram times dilfer from the spectroheliogram times by
more than about one hour, we project the spectroheliogram
forward or backward in time to correspond to the Dopplergram by
applying a standard relation for solar differential rotation. Using
this procedure, the coordinates of the filament are well determined.
These images are then aligned with the Civ Dopplergrams
(magnified to the same scale) using the absolute pointing
coordinates transformed to heliographic coordinates. In Table 1
we present the times of each observation and the coordinates of the
center of each field of view.

Once the images were aligned we performed a cross-correlation
coefficient calculation between Ha and C1v intensity maps over a
3" x ¥ field of view in the vicinity ol the filament. The correlation
was found to be significantly lower, around 0.1, than the values
found in active regions, around 0.35 (Schmieder, 1984, Paper I11).

3.1. Large scale velocity patterns

We next examined the Ha and C1v velocity field maps for possible
large scale patterns as discussed by Athay et al. (1985) in his study
of active region filament. The velocity maps in Ha, covering a field
of 3" x 3', showed no particular velocity structure in the field of
view. However, the magnitude of scatter is reduced in the region of
the filament due to the absence of oscillations in the filament
(Malherbe et al., 1981). Similar measurements for C1v are shown
in Fig. 4 where we present the velocities for Oct 15 with an outline
of the Ha filament drawn on the C 1v velocity map. There seems to
be a more coherent velocity pattern in and near the filament with a
principally downward velocity in the filament, i.e. redshifts, and
blueshifts near, but outside the filament. We note that these
velocity patterns are small in magnitude.

3.2, Meceasurements along the filament axis

In order to study velocity effects inside the filament we have
defined a curve, F, on Fig. 1 as the location of the filament, and we
used this curve to compare the intensity and velocity along the
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Fig. 4. Velocity contours in C tv of the filament region on October 15, 1984. The
Ha filament outline is drawn on the map

filament, as well as on each side of it. In Fig. 5 we present intensity
and velocity profiles in a cross-section along the filament 4” wide in
Ha and 6” wide in C1v. In Ha we see no correlation of v with [ but
we did notice that the scatter of v is less inside the filament than
outside. We also noticed that the region between C and D may be a
little more blue shifted and the region near A is more red shifted.
The range of velocities in the Ha line are almost always less than
Skms~' on October 15, and 2kms ™' or less on the 17" and 18",
The lower velocities on these dates are attributed to the poorer
seeing. The C1v trace shows the same behavior seen on the large
scale velocity map with mostly a red shift between C and E, and
mostly blue with some red shifts between A and C. The magnitude
of the range of velocities in C1v (+ 15kms™ ') is larger than Ha. A
similar trace along the filament axis for the magnetic field is also
shown in Fig. 5. This seems to show that the magnetic field
(negative polarity) is stronger near the footpoints than between
them.

[f there had been a non-zero coherent horizontal velocity much
greater than the vertical one in the filament, the solar rotation
between the 15t and 18'h would have introduced an increase in
velocity by a factor of 2.3. The poor seeing in Ha on the 17" and
18 made a study of this clTect unreliable. Towever, there was no
seeing problem for a center to limb study in C1v. Examination of
curves such as those presented in Fig. 5 showed no evident effect.
However, we calculated an average for each day along the filament
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Fig. Sa-c. Comparison of a /yy,, ¥y1,. b /¢y, Ve . and ¢ magnetic field along
the line Fdrawn on Fig. 1a for October 15

including 12” on either side. The results of this calculation are
shown in Table 2 column 6. There is an obvious decrease from
center to limb. Since this change was in the opposite direction to
what one would expect for horizontal velocities, we conclude that
there was no measurable horizontal velocity field in or close to the
filament perpendicular to its axis.

In order to understand the significance of the changes, from
center to limb, of velocity patterns observed in C 1v in and near the

Table 2. Standard deviation and Doppler width

>y

“

(9]

filament we have studied them in a more quantitative manner. In
particular, we have calculated the standard deviations of the
velocities and the dopplerwidths. The standard deviation indicates
whether the large-scale (i.e. >3") velocity is homogeneous or not,
while the Dopplerwidth, which fluctuates primarily with turbul-
ence, gives information on the small scale (i.e. <3") velocity.

We present in Fig. 6 scans perpendicular to the filament with
the results averaged over the whole filament length for the data
from October 15. Note that the velocity in the filament (defined as
the area of minimum intensity) is slightly up on one side and down
on the other. This is in agreement with the observations of Engvold
et al. (1984). The Figure also shows that at the location of the
filament the Dopplerwidth is slightly larger and the standard
deviation of the velocity is largest. Similar data from October 18
show that the standard deviation of the velocity is lower in the
filament than outside.

We have also calculated the standard deviation and the
Dopplerwidth over an area along the filament, curve F, includinga
strip 12” wide on either side and compared these values with those
obtained when averaging over the whole field of view. The mean
values (a,) for each observation are reported in Table 2. From
these calculations we find a similar behavior in the values of the
standard deviations and the Dopplerwidth in the filament strip and
in the whole field of view, viz.: a) The values decrease as the
filament rotates toward the limb, and; b) The values are greater in
the filament than in the mean transition region near disk center,
and smaller in the filament than in the mean transition region near
the limb.

This result indicates that the fine and the coarse structures have
a similar behavior, namely the velocities must be primarily vertical.
We can give a rough estimation of the ratio between the vertical
velocity V, and the horizontal velocity ¥, using the relation:

V,=V,cos0+ V,sin0).

0 being the position angle of the filament on the disk (in Table 1
u=cos () and V, the radial velocity. Using the ratio R between the
radial velocity measured on two different days we deduce the ratio
between V, and V. From the standard deviations presented in
Table 2 we calculate R between October 15 and 18. We obtain
R=7.9/4.3=1.8 in the filament region and R=7.1/4.8=1.5 in
the whole region. We deduce that ¥V, =3. ¥, in the filament and
V,= 2.5V, in the whole region, indicating that vertical velocities
are larger in the filament than outside. This ¢ffect may be the
signature of the prominence plasma, that is not obvious on
examination of the C1v spectroheliograms. However, it should be

Day Oy oy Adp, Adp, . Py
‘%‘;ﬁfgm 79kms™' T.kms™' 0.17A 0.15A —4kms™!
10{)1?.6:/28:UT 7.14 6.9 0.157 0.15 —4
‘0/1‘07:/:6‘“ 6 66 - 0.148 0.145- ~2
“’{)ﬁ%‘m 4.6 52 0.125 0.13 -1
10/1198;/::UT 43 48 0.117 0.123
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Fig. 6. Graphs of intensity (/). standard deviation of velocity (a,), Doppler
width (14,), and velocity (1) for the averages of all scans in C1v perpendicular
to the filament axis on October 13, 1984

noted that the horizontal velocities near the limb will be reduced
due to the averaging made along the line of sight if the filament is
made up of several thin threads each with its own transition region
sheath.

At this point, it appears interesting to compare these results
with those previously published by Mein et al. (1984b). From
SMM first run of observations in 1980 (SMM 1), they found that
the Cv velocity standard deviation in active regions was of the
order of 8kms™' and constant from center to limb. This shows
that vertical and horizontal velocities were of the same order of
magnitude. They suggested that the atmosphere consisted of
magnetic tubes closing below or in the transition region. The
structure inferred from the 1984 data is that flux tubes close over
the transition region. This seems to support the idea that the
structures are more ““open’ during solar minimum than during
solar maximum.

4. Discussion and conclusions

The observations of 15-20 October 1984 suggest that the quiescent
filament was composed of many loops anchored at many different
footpoints. The loop fine structure is below the limit of spatial
resolution ol our observations, viz. 1”7 in Ha and 3” in Civ. The
loops are not coherently aligned along the filament axis.
Observations near the limb show that the C1v structures are more
extended (20,000 km) than the Ha structures (13,000 km), which
suggests that the filament was made up of fine-structures at
different temperatures, in agreement with conclusions drawn by
Poland and Tandberg-Hanssen (1983).

The study of dynamics of this quiescent filament suggests that
vertical velocities are larger than horizontal velocities. Near disk
center the maximum Dopplershifts in and around the filament
were + 5kms™' in Hx and +15kms~! in C1v. In the filament
small average blueshifts were observed in Ha and redshifts in C1v.
We have also deduced, from the change in standard deviation of
the velocity, that the horizontal velocities are approximately 1/3 of
the vertical velocities.

These velocities should allow us to distinguish between the
Raadu-Kuperus (R-K) model and the Kippenhahn-Schluter (K-S)
model for prominences. However, no one has yet made dynamic
flow calculations for the R-K model and the calculations of Poland
and Mariska (1986) for the K-S model are not sufficiently resolved
in the prominence transition region to allow a comparison. The
observed vertical velocities and their changes due to perspective
strongly suggest material falling down to the observed cool
prominence but whether this is material falling from the corona or
over the top of a loop with a twist cannot be distinguished. The
steady upward motion observed in Hax is also in agreement with
both models. As discussed by Malherbe et al. (1983b). both models
can have a rising magnetic configuration. Thus, we cannot yet
differentiate between the models.

We note, however, that the values of the horizontal and vertical
velocities seem to be an average over many fine structures which
crossed the filament axis. The standard deviations support the
concept of the existence of many threads anchored in the
footpoints and spreading out in different directions in the
prominence. This may in reality invalidate the correctness of both
models.

We find that quiescent filaments are difficult to study because
of their fine structure, which consists of thin threads not aligned
along the filament’s long axis. Further high spatial resolution
observations are required, and further studies of the dynamics
involved may help us understand better the stability of the feet of
quiescent prominences.
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Summary. A typical quiescent filament was observed on the disk in
the He and C1v lines during a period of approximately one hour.
Vertical velocities (<2.5kms™ ') with a time scale of 5min and a
spatial scale of a few tens of seconds of arc were detected in Ha,
and associated with microturbulence in both lines. The Civ
observations correlated well with those in Ha, and showed no
indication of material heating from Hx to C 1v temperatures. Two
mechanisms to explain these observations are proposed: mass
motion along twisted magnetic field or instabilities triggering
waves along the filament.
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1. Introduction

While prominences/filaments are known to lie along magnetic
neutral lines and are observed to have a filamentary structure
suggestive of magnetic flux tubes, their actual structure and
evolution are not well known. They clearly consist of relatively
cool material suspended in the hot corona, being observed in lines
such as Ha (~10,000K), Civ (~80,000K), and frequently
somewhat hotter species. The relationship between the emissions
seen at these different temperatures has been studied by several
different authors (see for example Orrall and Schmahl, 1976, and
Poland and Tandberg-Hanssen, 1983). However, the relative
emissions leave much uncertainty with respect to their ramifi-
cations for prominence structure. The physical relationship
between cool Ha and hotter material is not known.

Another important aspect of filaments/prominences is their
dynamics (see for example, Raadu et al., 1987; Schmieder et al.,
1985a; Malherbe et al., 1983; Simon et al., 1986; Engvold, 1976).
They sometimes erupt catastrophically from the sun, but more
frequently some material or sections slowly disappear and reap-
pear over periods of hours. These slow changes suggest that the
detailed study of dynamic processes in prominences should lead to
a better understanding of solar magnetic field structure, why
prominences exist, and what causes their observed evolution.

Filaments, and particularly quiescent filaments, are observed
to have fine structurc with a short life time - ~5 to 8§ min -
(Engvold and Keil, 1986; Démoulin et al., 1986, 1987). The
observed dynamical characteristics of this small scale structure,
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such as bulk motion and turbulent velocities should help us to
better understand prominence structure.

In a recent paper by Schmieder et al. (1985b) the motions of a
disturbed active region filament were discussed. They used Ha
observations to determine the evolution of vertical velocities in the
filament. These velocities were interpreted as the untwisting,
expansion and rising of a magnetic flux rope in the solar corona.
These observations led the authors to a model for active region
filaments consisting of twisted magnetic flux ropes suspended in
the solar corona.

In this paper we will make a similar study for a quiescent
region filament observed for several days on the solar disk. The
filament was fairly typical in that it extended over many degrees on
the solar surface, with breaks and temporal changes along its
extent. We have studied, in detail, a small section of the filament,
where changes were evident, for a period of approximately one
hour. The Ha data suggest that the observed changes may be a
result of either the filaments rising, unwinding and expanding or
possibly a wave disturbance passing through the filament. The
Cv observations, which show no significant changes with time,
suggest that there are no temporal changes of heat input and/or
increase of density at these temperatures (~10° K).

2. Observations

The basic objectives of our observations were to better understand
the structure and evolution of solar prominences/filaments. To
accomplish this we used observations in Ha at high spatial
resolution to obtain intensity and velocity differences within the
filament as functions of time. To determine the relationship
between hot and cool material we used C1v images and doppler-
grams, but at a somewhat lower spatial resolution.

2.1. Instruments

Our observations are based on three instruments: the Multi-
channel Subtractive Double Pass Spectrograph (MSDP) (Mein,
1977) operating on the Solar Tower of Meudon, the Ultra-violet
Spectrometer Polarimeter (UVSP) (Woodgate et al., 1980) on the
Solar Maximum Satellite (SMM), and the Magnetograph at Mt.
Wilson. The MSDP obtained images and line profiles in Ha with a
field of view of 1’ x 8, a resolution of approximately 1”, and a
temporal resolution of approximately 2 min. Using the standard
reduction methods for this data (Mein 1977) we obtain velocity
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maps of the filament and the nearby chromosphere. Using the
cloud model method proposed at first by Beckers (1964), we also
derive velocity und line broadening maps of the absorbing features
(see Sect. 2.4.).

The UVSP obtained images in C1v with separate images in the
blue and red wings of the line. For a description of the instrument
and its operating modes see Woodgate et al. (1980). Large scale
images (4 x 4') were made with a time resolution ol approximately
40 min and a spatial resolution of 3" x 3”. However, these were
interspersed with small scale (2’ x 2') images made at the center of
the large field of view. These small scale images were produced
with the grating at a slightly different location for succeeding
images, thus permitting us to obtain crude line profiles determined
by 4 points at each pixel in the image using the doppler technique
called DDD method (Simon et al., 1982). The line profiles were
repeated every 2min. The data were basically taken in the same
manner described by Schmieder et al. (1985a).

2.2. General filument evolution

An extended filament is observed on the solar disk from
September 20 to September 23, 1984. A particularly good data set
was obtained on September 21 with both the MSDP and the
UVSP between 13:00UT and 14:50UT on the section of the
filament near N 18 E0S. Images of parts of the filament as seen in
Ha+ 0.3A at 13:44 and 14:40 UT are shown in Fig. 1. This is the
central part of the filament, which extends over approximately
45° of the sun’s surface, that could be contained in the instruments
fields of view. We have identified points A through C, in Fig. 1 for
future reference and discussion. The magnetograph data shows
that the filament lies along an inversion line, as would be expected.
During these four days we observed a slow evolution of the
ftlament. Its general leatures remained unchanged in a corridor
oriented east west, towards an active region. Some parts became
darker, some fainter, and some disappeared, but the darkest
points remained distinguishable throughout the evolution.

I 1 |m
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2.3. Hx intensity and velocity

For observational comparison we define two regions in the
filament in Fig. 1 (A-B and B-C). The first region is very faint and
might be described as being “between™ the dark filament seg-
ments, whereas the second is obviously dark filament. Below we
will present the careful observation ot intensity and velocity in Hx
for these regions.

The region between A and B actually consists of very faint
narrow loops that extend between the “footpoints”™ A-B. Each
loop extends along the neutral line and is approximately
25.000 km long. These loops show no clear evolution between the
time of the first observations at 13:33 and the last at 14:40.

The region between B and C is a denser, clearly filament,
region. It is not possible to determine its exact internal structure.
Intensity traces across the filament at locations I, II, and III in
Fig. 1 are shown for several different times in Fig. 2. These traces
show that near footpoint B there is very little change in the
filament’s extent and brightness during this time. However, the
traces across [I and [II (C) show that the filament became fainter
and slightly broader. Near [II there was clearly a restructuring of
the filament.

Velocity contours in the filament region at various times are
shown in Fig. 3. Velocities are measured as a shift in the center of a
chord with a width of 2+0.3 A through the line profile. Exami-
nation of the velocity map shows no clear indication of the filament
or filament boundary. The general chromospheric velocity pattern
is not broken at the filament boundary or the faint loops between
the filament segments (A-B). Careful study of the detailed changes
in the velocity field with time show a very complex behavior.

The velocity maps at 13:33 indicate downward velocities
(> —1kms™") at several points along the edge of the filament,
most significantly near point B, and upward (<2kms™"') over
most of the rest of the region defined by the dark filament.

At 13:44 the downward velocity in region B is observed to
extend progressively further along the filament until 13:51. After

(b)

Fig. laandb. Ha intensity maps of a quiescent filament observed on Sept. 21. 1984 at two different times. a 13:44 UT, b 14:40 UT (field of view 4’ x 4"). The
numbers |, 11, [ indicate the positions of the cross-sections of Fig.2. A, B, C indicate the ends of two different sections of the filament
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Fig.2. Ha intensity cross-sections in arbitrary units across the filament at 3
positions I, 11, 111 defined in Fig. 1 for 4 different times a 13:48, b 13:51,
¢ - 13:55, d - 14:40. At position I11, the filament is disappearing with time

Fig. 3. Ha velocity contours of two sections of the filament (AB and BC) versus
time (+£0.2, +£0.6, +1, +2kms~ '). The Ha intensity contours are super-
imposed on 2 maps. We notice the upward and downward velocity cells located
along the filament. The numbers 1 to S indicate the points at which the velocity is
given versus time in Fig.4
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Fig.4. Time evolution of Ha velocity (¥, to V) at different points in the
filament indicated in Fig.3 (1 to S between B and C)

13:51 the velocities become almost all upward again except in a
few small areas. We also note that on a smaller scale the velocity is
highly structured showing small islands of upward and downward
velocity. This is particularly evident at 13:49.

The variation of the velocity pattern in the filament and the
magnitude of these changes can be seen in Fig. 4 where we plot
velocity versus time at several points in the filament. Points 1, 2, 3,
4, 5 are indicated on Fig.3 and correspond approximatively to
points along each of the cuts defined in Fig. 1 (point 1 along cut I,
point4 along cutll, point5 along cutIIl). We first note that
region B, which was the most stable in brightness evolution, had
the minimum of change in velocity (point 1 in Figs. 3 and 4) with
velocities being on the order of only 0.5kms™'. The other regions
which were less stable in brightness had a much larger velocity (on
the order of 1 or 2kms™"') and velocity variation with time. The
velocities of several of these points 2, 3, 4 are also shown in Fig. 4.
The velocity pattern is not precisely that of a homogeneous
structure but it is not random. It is more like a large scale (of order
of few tens of arc seconds) growing and receding pattern of
velocity. It could be described as having a wavelike nature, but we
do not have a long enough time base to determine if it is really a
wave. The speed of the progression of downward velocity between
13:44 and 13:49 along the filament has been measured to be
approximately 50kms™'. The life time (which can possibly be
interpreted as a period) of upward or downward velocity cells is
seen from Fig.4 to be approximately 5 to 10min, in good
agreement with the results of Engvold and Keil (1986).

24. Ha line widths

We have also examined the line widths (microturbulence) in the
filament as a function of position versus time. We use a
comparison of the line profile at each point in the filament with the
average in the field of view as an indication of turbulent velocity in
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Fig. 5a and b. Ha line profiles. a Dashed - average profile obtained over the
whole field of view (1’ x 8"), solid line - drawn profile at one point in the filament
(point 1 in Fig. 3 at 13:33). b Optical thickness in “*cloud model” method using
different values of S//,;, (=0.2 continuous line, =0.5 dashed line, = 0.7 dotted
line). A, B, C are points on the bisectors of these profiles. The standard
Dopplershift is the difference between the wavelengths of A and B. The
Dopplershift of the cloud is assumed to be the difference between A and C (see
Table 1)
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the filament. In Fig. 5a we present a comparison of the profiles for
a typical point in the filament showing a significant broadening
with the average profile.

A contrast-profile technique has been previously used
(Beckers, 1964; Grossmann-Doerth and von Uexkull, 1971; Mein
and Mein, 1987) to interpret such profiles as the combination
of a stationary reference profile emanating from the lower chro-
mosphere and a moving absorption profile from an overlying
““cloud”. This could profile model is fully described by four para-
meters, namely: S the source function in the cloud (filament), 7 the
optical thickness of the cloud, ¥, the Doppler shift of the cloud and
42, the line broadening parameter.

The MSDP data enable us to determine the difference between
the observed line profile /(44) and a reference profile /, (44) which
is taken to be the average profile over the whole image. From this
we determine the contrast profile C(44) given by

_ 14N =L@y [ S o R
C(4A) = 0 —[IO(AA) 1][1 PG|

lo(@h)
(4 =1, exp[— (“_—A'_;M)’]

with ¢ being the speed of light.

Of necessity, caution must be used in interpreting such
contrast profiles, considering the simplifying assumptions made,
namely that we can adequately describe /, and that S is indepen-
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Table 1. Velocity values in the filament obtained with two different methods

Time Point S/ Standard method *Could model method”
(see Fig.3)  Imin. V(0.3A)
(kms™1) t(0.3A) V.(0.3A) 44,
(kms™1!) (mA)
13:33 1 0.2 0.25 —4.5 0.64
0.5 —1 0.3 -34 0.51
0.7 0.34 -2.9 0.45
13:51 3 0.2 0.18 -39 0.69
0.5 -0.7 0.23 —-2.8 0.7
0.7 0.27 —-2.1 0.5
13:51 5 0.2 0.2 4.65 0.56
0.5 1.15 0.26 3.97 0.55
0.7 0.31 3.45 0.45

dent of wavelength and a constant throughout the filament. These
limitations could only be improved on with a large number of
frequency points in the line profile, using a least-squares techni-
ques to fit a more complete model profile. However, we can help to
constrain the different parameters by proceeding in the following
manner:

We take a source function constant in the cloud with S being
between 0.2 and 0.7 in units of the minimum of I(42)(S<1 for
absorbing structures), and obtained for each value a profile
P(42)=1—e Y (Fig. 5b). The maximum of the curves are for
the value r=1,.

Using a given chord (for example 44, =2%0.3A or 2+0.45A
insuring that the data pertains to the filament, and not to the
underlying chromosphere), we define the velocity of the cloud V.
as the displacement of the middle of the chord 44, of the P profile
(noted Cin Fig. 5b) compared with the middle of the chord in the
mean profile, noted 4. The points C are not well defined because
the profiles are broad and asymmetric. Further uncertainty is
introduced because the S values are unknown. We also deduce a
line broadening parameter A4, by fitting the profile P with a
gaussian curve using 3 points (t( + 0.3 A or +0.45 A), ty). When
the P curve is well represented by a gaussian, 44_ is independent
of the chord 44, . The wavelength 44, =2 +0.45 A gives generally
better fitting in our case.

Figure 5b shows the different P profiles using different source
function values and Table 1 gives some quantitative values of the
different parameters at 3 points in the filament when the velocity
field is perturbed. The accuracy of these values can be determined
by using different reference profiles, either including or excluding
the filament area. We found this to have an effect of around
0.5kms™" on the velocities in the cloud. As the velocities of the
cloud V_ are not very large (<10 kms ™), parametric results in the
model are not unique as pointed out by Mein et al. (1985). We note
that the velocity using the cloud model is larger than the standard
method of velocity determination by a factor reaching 4. While
there are several sources for the uncertainty in the cloud velocity,
the uncertainty resulting from the assumed value of the source
function is of relatively minor concern being less than a factor
of 1.3.

Using a given source function (S=0.5) and a given chord
(44, =2%0.45A) in the line profile we obtain results on the
positional variation of the line broadening versus time (Fig. 6). A
displacement of the area with significant broadening is seen. At

the beginning of the observations (13:33) dominant broadening is
located near region B. This broadening progressively extends
towards C, but then decreases in region B (13:55). At point C we
observe no significant broadening, the observed widths being
approximately thermal (0.3 A). At 14:40, the broadening between
B and C also becomes thermal throughout the region (0.3 A).
Thus, we are seeing unresolved velocities first near B, then
between B and C around 13:51-13:55. This could be explained
either as microturbulence, or as a gradient in the velocity in the
perturbed regions along the line of sight (mainly vertical). These
observations correlate well with the preceeding conclusions
deduced from the velocity field time evolution in that changes in
the velocity field are accompanied by changes in the line width.

2.5. Cv intensity and velocity

Similar observations of the brightness of the filament in C1v are
not nearly as conclusive. An image of the filament in C1v is shown
in Fig. 7a, with the Ha filament location indicated by a straight
line. The C1v filament is located in a dark corridor twice as large as
the one in Ha. The brightness was low (between 10 and 25 counts),
on the same order as observed for prominences on the limb (Simon
et al,, 1986), but was not lower than for some non-filament
regions. That is to say we can identify the filament as being a
region of reduced brightness on the sun, but there were other non-
filament regions that were also equally faint. Because of this low
brightness, any changes measured with time were within the
statistical noise of a single measurement, and thus meaningless.
We note, however, that the C1v material at the same location as
the evolving Ha region (B-C) is brighter than in the other parts of
the filament.

The velocity image (Doppler gram) of the filament region is
shown at 13:44 UT in Fig.7b. This image was made from two
simultaneous images; one in the blue wing and the other in the red.
Each velocity image pixel is the difference over the sum of the two
Civ images. We obtained C1v velocities for the large rasters
obtained at 13:02, 13:44, and 14:40. Velocities at 13:52, 13:55,
14:47, 14:49, corresponding to the small rasters were deduced
using 4 points in the C1v profile using the method described by
Simonetal. (1982). The Ha and C 1v images were aligned to within
approximately 3', but averages of approximately 15’ x 15” in the
regions containing the cut locations I, II, and [II defined in
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Fig. 6. Variation of the line width along the axis of the filiment between Band ¢
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Fig. 1, were used to reduce the noise in the C 1vimages. In Fig. 8 we
compare the average velocities in Hxand C 1v for these 3 regions in
the filament (noted [, I, [11). A comparison between the two lines
(Haat 10,000 K and C1iv at 10° K) in each of the regions shows a
consistent velocity ratio. Averaged velocity values are principally
positive, indicating that the filament is globally blueshifted in C v
as in Ha. Such behaviour is clearly visible in Fig. 7b, a blueshifted
corridor lies at the filament location. Although the velocity
magnitude is not the same at each point and time, the ratio
between Ha and C1v is around 6 +1 except for the last point in
time corresponding to C in Fig. 1. We attribute the inconsistency
at point C as being due to the disappearance of the end of the
filament at the later time. Similar measurements made outside the
filament, but in the field of view shown in Fig. 1, show a greater
variation (6+3). The consistency of the Hx and C1v velocity
measurements is a good argument in favor of the C1v material’s
being a part of the filament as opposed to being underlying
transition region material.

It should be kept in mind however, that there is a controversy
about the definition of the zero in the C1v velocity maps. Many
authors find a systematic red shift of the transition region (see for
example, Athay et al., 1983; Mariska, 1986). Using the generally
accepted value of 4 kms ™! we find that the C1v velocity values are
of the same order as those in Ha.

The small scale Civ line profile images were used to obtain
measurements of velocity and turbulence in the filament. The
Doppler width is lower near the point B (0.13 A) than along the
filament (0.17 A) around 13:52 and 13:55. These values (44/4) are
consistent with the Ha observations. As with the Ha observations
(Sect. 2.4.), the line broadening can be interpreted as unresolved
turbulence, or as a velocity gradient along the line of sight.

The microturbulence deduced corresponds to a large distri-
bution of unresolved velocities reaching 20 to 40kms™ ' in both
lines. The Doppler shift is then an averaged velocity over threads
of different velocities and temperatures and densities. Similar
results were obtained by Engvold and Keil (1986). We observe the
maximum microturbulence to be where the gradient of the
velocity versus time is large.

3. Discussion

We have observed a typical quiescent Ha filament on the disk for
approximately one hour. During this time it evolved slowly and
some aspects of its internal dynamics were observed. The filament
channel consisted of faint parts where no filament was seen (west
of point C), faint loops (A to B), and dark filament (B to C). There
was no brightness evolution in the regions A through B, and a
small amount between B through C. The velocity measurements
showed no definition of the filament but evolved rapidly in the

:‘region of intensity variation. Turbulence was also larger in this

region than in the more constant portions of the filament channel.
Civ measurements were consistent with the He but: showed no
variation in intensity with time, had a larger velocity (by a factor
of 6, in agreement with Schmieder et al., 1984, and 1985b), and
turbulent velocities similar to those measured in Ha.

" From Ha spectroheliogram observations obtained over 4
days, we know that this filament evolved and gradually disap-
peared. Because there was no change in C1v intensity we conclude
that the disappearance is not a case of cooler Ha material’s being
heated as discussed by Mouradian et al. (1986). If this were the
case, one would expect an increase in C1v as Ha disappeared.

(c

Fig. 7. a Cv intensity and b velocity maps of a quiet filament observed on Sep. 21 1984 at 13:40 (field of view 4’ x 4'). The Hx axis of the filament is superposed
in a. We notice an upward Dopplershift at the location of the filament (white corridor in b)
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Fig. 8. Time evolution of Ha and Civ velocity for 3 regions overlying the
filament BC section I, IT, TIT (200”2 each) defined respectively near B, between
B and C and near C

It is clear from these observations that a Quiescent filament is
actually a dynamic phenomenon. The dynamics are evident in
terms of large scale mass motions of large regions of the filament,
and in terms of microturbulence that is different from values
observed in the normal chromosphere, possibly interpretable as
vertical shears. The large scale motions showed an undulating or
possibly pulsating motion, as one might expect from a travelling
wave. The implications of these motions are not clear.

Two kinds of mechanisms might be considered in attempting
to understand the observed motions: (1) mass motion along
twisted magnetic field lines or (2) an instability triggering waves
along the filament.

In the first case the upward motions should lead to an
expansion of the flux tubes containing the filament material, since
the surrounding pressure is decreasing with height. Conservation
of the current and the magnetic flux along the filament then
requires twisting motions as the flux rope adjusts to a new radial
equilibrium as it rises in the corona. The different velocity cells
observed in separate upward and downward regions could
indicate the separate sections of the magnetic lines. A similar
model has already been proposed to explain up and down motions
observed for a short time (10 min) by Schmieder et al. (1985a). In
that case an active region filament was discussed and the
perturbation was due to the birth of a pore in the photosphere near
a footpoint of the filament (Simon et al., 1986). Here the filament
is quiescent and no special magnetic manifestation occurs before
the observed change, also the magnitude of the velocities involved
is small (<2.5kms™"'). Thus we could be observing a slow rising
evolution of the filament’s magnetic structure.

A second possibility is that a system of large amplitude
travelling waves may originate from a destabilization of the
filament equilibrium conditions. These waves may lead to a small
scale dynamical perturbation of the filament and explain up and
down motions and the associated microturbulence (Einaudi and
Raadu, private communication).

In order to determine a possible explanation for the observed

_filament behavior we need theoretical predictions of observable

quantities, and observations with finer spatial resolution.
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ABSTRACT

During the Spacelab 2 Mission, an active region including a sunspot, plages, fibrils and a filament which
disappears during the observation period, was observed in Ha and in the C IV lines. The analysis of the
observations lcads to several conclusions. Shear in the active region filament is observed before its disap-
pearance. lla and C IV upllows in the filament are well correlated spatially, but the transition zone (C
IV) velocities are an order of magnitude larger than the I« chromospheric ones. Over Lhe sunspot, the
reverse-livershed effect is observed in Hea and in C IV Dopplershift images while strong downflows are also
detected in the C IV profiles.

Magnetograph data for the whole region are used Lo calculate the linear force-free magnetic field. A single
value of the force-free parameter « is found to give a good [it Lo both the sheared filament structure and
the sunspot spiral structures, indicating a causal relationship.
We propose a model based on the inductive coupling between current systems associated with the filament
and the sunspot. Relaxation phenomena due to resistive effects in the filament could lead to irreversible
conversion of magnetic energy into kinetic energy and heating.

INTRODUCTION

On August 2 1985, active region NOAA-AR 4682 located at S15-E10 was observed in Ila with the
Multichannel Subtractive Double Pass Spectrograph (MSDP) operating at the Meudon Solar tower, in Te |
with the Meudon magnetograph and simultaneously in C IV with the ITigh Resolution Telescope and Spec-
trograph (IIRTS) on the Spacelab 2 pallet aboard the Space shuttle. Two points are of principal interest in
this data set:
firstly, the appearance of the active region itself- fibrils which spiral around the spot and a filament running
through the active region and continuing out into a quicscent filament (Figure 1), and sccondly, the presence
of high velocily outflows in Lhe filament ( 50 km s™') and high velocily downllows in the sunspot ( 40 km
s7!) in the IIRTS spectra (Figure 2).

ODBSERVATIONS

A detailed description of the instruments and the data processing were previously provided by Schmieder
et al./1/. The observations last about 15 minutes from 9:17 to 9:32 U.T. The spiral pattern around the
sunspot is stable. A linear structure with downward motions observed in C IV is coaligned with Hea fibrils but
not with the filament. The direction of these structures is invariant during the observations. A comparison
of the MSDP intensity map obtained at 9:20 UT with the spectroheliogram at 9:54 UT shows that a part of
the Ila filament breaks up and disappears. During that time, the upward motion observed in the filament
disappears in Ha and in C IV ( Figures 3 and 4). The C IV spectra of the filament can be interpreted as
the combination of two different profiles due to different transition zones : one below the filament with a
low velocity, and one associated with the filament with velocities up to 50 kms™! at the beginning of the
observations ( Figure 4). The Dopplershift of the Ila profile indicates upward velocities of 2 km~!.

The analysis of Dopplershift maps in photospheric lines shows the Evershed effect in the sunspot, while
the maps in [l and C IV lines show the reverse-Evershed effect previously observed in other sunspots /2/.
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The C IV sunspot spectra ( Figure 4) also show high speed downflows. The spatial distribution is neither
a conlinuous one, over the whole sunspot as was observed in a previous flight /3/ nor a scattered point-like
paltern as seen by Nicolas et al./4/. The lifetime of these flows is of the order of few minutes. These
small-scale flows show that many of the detailed features of the spectra can be lost if only the Dopplershift
maps computed [rom the first moment of the line profile is considered.

4 VHa

Figure 1. Intensity and Dopplershift maps of the active region observed in Ila with the MSDP spec-
trograph at 9:21 U.T; inclined portions of lines indicate the limits of the IIRTS field of view containing a
sunspot, North- south direction fibrils and a section of the filament closed to a facula. At the location of
the filament , there are upflows in V. map ( white elongated feature).

Figure 2. On the left, C 1V spectra corresponding to 10 positions of the slit covering a region of 27”
wide at 9:17 UT. The letters SS indicate the location of the sunspot, F1 the filament, 2 the downward
structure. On the right, Intensity, Velocity and Line width maps. The filament appears as bright feature.
The convention used in C IV velocity map is reversed compared with the Ha one. In Vv map, we observe
at the location of the filament a V feature with a blueshifted branch ( dark feature) corresponding to the
filament and a redshifted one ( white feature) corresponding to the fibril direction.
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Figure 3. Ila intensity and velocity cuts through the filament.(dashed line corresponds to 9:20, solid line
to 9:26, dol-dashed line to 9:31, dotted line to 9:53 UT.)
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Figure 1. On the left, C 1V spectra versus time obtained at 2 positions of the slit, one through t!l‘e
sunspot SS, the other one through the filament FIat 9:17, 9:18, 9:21, 9:22, 9:27, 0:28, 9:29, 9:30, 9:31 ur.

On the right, C 1V line profile examples in the filament and in the sunspot.
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FORCE FREE FIELD COMPUTATION

Previous studies have shown a reasonnable topological agreement between a class of constant « force-{ree

magnetic field and Il structures /5,6/. We use observations of the longitudinal photospheric magnetic field
component to derive magnetic vector and compare the direction of this vector with the alignment of the
fibrils in Ila and of the downward motion structure in the transition region.
In order to compute the vector of the magnetic field, we have made the following assumptions: the field is
static ( the evolution time is larger than the Alfvén and sound transit times); the plasma velocity is neglected
because the magnetic field is large; ideal MHD is appropriate since the magnetic Reynold’s number is large
for typical lengths of magnelic structures; the gravitational and pressure forces are negligible compared with
the magnetic force (§ < 1). Then the magnetic field satisfies the equation:

7xB =0.

We limit the computation to the case of a linear force-free field with a =constant over all the computed
grid because our data is restricted to the longitudinal field component only. A posteriori, this assumplion
seems to be acceptable because the He structures fit well with linear force free field lines.

The method that we use solves the problem in terms of Fourier series /7/. Since we impose a periodic
behaviour, diflicultics are located at the boundaries but should affect only 10% of the arca. The computed
region is a square with sides of 150 Mm and a maximum height z,,,; equal to 15 Mm. The sunspot and the
(ilament are located in the center of the area.

For the potential case (a = 0), the magnetic field is directed radially towards the sunspot. When the
paramecter « is positive, the field is sheared in a clockwise direction like the observed spiral fibrils and a
single value of & can be found that provides a good match the observed fibril pattern ( Figure 5). The
filament lies along the inversion line of the computed field. If we increase the maximum altitude Zmaez , the
contours are smoothed but the arrow direction is conserved /1/.
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Figure 5.(a) e intensity map. The box represents the field of view of the b map. The' ::onl.ours corre-
spond Lo maxima of the magnetic field. (b) Magnetic ficld observed at Meudon .a.t. 9:42 UT. Darlf rcgl(?ns
correspond Lo negative polarity, white regions to positive polarity. (c) Magnetic field com!)uta}lon with
force-free field assumption for @ = 0.7 at the altitude z= 2000 km ( the arrows indicate the direction of the
horizontal component, continuous lines maxima of the vertical component).
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INDUCTION BETWEEN TWO CURRENT SYSTEMS

We propose a simple circuit model for the the interaction of the filament and sunspot current systems by

mutual induction ( Figure 6). The filament is modeled by a resistive and inductive (RL) circuit as proposed
by Spicer /8/ and treated in detail for a force-free sheared arcade by Zuccarello et al /9/. The spot sys-
tem may be treated similarly adding a voltage source due to the driving photospheric motions, implied by
the vorticity polarity rule of Martres et al /10/. The mutual inductance models the magnetic flux linkage
through the filament arcade due to sunspot currents and vice versa.
In reality classical resistivity elfects are negligible for the observed evolution time ( ~ day). However mag-
netic relaxation and tearing mode instabilities can effectively dissipate magnetic energy on short time scales
and may be modcled most simply by an enhanced resistance. We argue that the filament mass motions ob-
served in I and C IV are associated with the magnetic relaxation allowing the growth of filament currents
by mutual induction with the sunspot currents. The development of the currents now follows solving the
initial value problem for the circuit. For a constant sunspot voltage and zero initial currents, the filament
current rises to a maximum and then decays to zero, whereas the sunspot current rises to a constant value.
With an initial sunspot current and no driving voltage, the currents asymptotically have a fixed ratio and
decay at the same rate. This circuit model will be described in more detail in a future paper ( Raadu et al,
in preparation).

T T,

Ry 3 R
3

Le by

Figure 6. Circuit model. Ly, Ls are filament and sunspot inductances, 12;, Rs resistances in the filament
and in the sunspot current systems, V a voltage source due to photospheric shearing motions, I; filament
current flowing on a surface with a half elliptical cross-section with height h and width 2|, I's coronal current
associated with the sunspot, D the radius of a hemisphere containing the sunspot currents.
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Summary. Ha (MSDP). magnetograph (Meudon). and Crv
(HRTS) observations are used to investigate the relationship
between the dynamics of a filament and a spot region with vortex
structure. Comparisons are made between fine structures in Ha
and C1v intensity and Doppler shift images. These show filament
shearing and a good correlation between Hxz and C1v upflow, the
C1v filament being very dynamic (+ 50 kms™!). Magnetograph
data for the whole region including the sunspot are used to
calculate linear force-free fields. The magnetic structure at the
filament is found to be favourable for support. One value of the
force-free parameter « is found to give a good fit to both the
sheared filament structure and the sunspot spiral structures.
indicating a causal relationship. A possible explanation is that the
mechanism behind the vorticity polarity rule for sunspot growth
applies to the whole region. Magnetic relaxation of the coronal
magnetic field may also play a role.

Key words: the Sun: chromosphere of — the Sun: prominences - the
Sun: magnetic fields

1. Introduction

An analysis by Rompolt and Bogdan (1986) of Hx images of an
active region shows that large scale photospheric motions play a
role in the formation of the chromospheric fibril pattern and
particularly in the formation of active filaments. The authors give
two examples of prominence formation due to converging photo-
spheric mass motions with parallel or anti-parallel shear. Martres
et al. (1973, 1982) show the importance of a vorticity polarity rule
in the growth of sunspots. Horizontal photospheric clockwise
vortex motions are connected to the growth of northern polarity
sunspots. Quasi-static structures seen in the chromosphere may be
associated with a magnetic field satisfving closely the force free
condition (currents running parallel to the field).

This implies that: P x B=aB.

Previously (Nakagawa and Raadu, 1972, 1973) a reasonable
topological agreement was found between a class of constant-«
force-free magnetic fields and Ha structures.

Several solutions for force-free problems have been given at
the disk center by Schatzman (1961) in terms of Bessel functions

Send offprint requests to: B. Schmieder

and by Nakagawa and Raadu (1972) in terms of Fourier series.
More recently Alissandrakis (1981) has extended the method far
from the center of the disk using Fourier transforms. The
boundary condition is then given in numerical form from
observations of B, the longitudinal field component:

B,=aB,+bB, +cB,.

In this paper, we use observational data of photospheric
longitudinal magnetic field components to derive the magnetic
vector. and compare the direction of this vector with the alignment
of the threads observed in the chromosphere (Hx line) and in the
transition region (C1v line). The observed dynamics in these two
lines allows us to make a sketch of the evolution of the threads
contained in a section of a filament which disappears during our
observation time. This work is based on observational quantities.
the Meudon magnetograph provides longitudinal magnetic field
maps, the Multichannel Subtractive Double Pass (MSDP) operat-
ing at Meudon, Ha data, and the High Resolution Telescope and
Spectrograph (HRTS) aboard Spacelab 2, C1v data, on August 2,
1985, during Revolution 56. '

2. Observations

2.1. Instruments

The data processing of the Meudon magnetograph is described in
a previous paper (Rayrole. 1981). The measurements are made in
the photospheric line Fer 5302 A. Intensity, radial velocity and
magnetic field B, are obtained. The spatial resolution is 172 x 2",
The size of the field of view is around 4’ x 4"

The MSDP spectrograph records a two dimensional field on
the solar surface (8’ x 1) with good spatial (1”) and temporal (105s)
resolutions. Observations of the same region are simultaneously
obtained in 9 wavelengths in the Hz line. from which profiles are
computed. Maps of Dopplershifts and intensity fluctuations are

derived from the profiles by a code simulating a lambdameter

technique at 42 = +0.3 A and +0.6 A from the line core (Mein,
1977). A mean profile is obtained by averaging the profiles over an
elementary field of view excluding active regions. The entrance slit
was displaced S times in order to cover a field of view equal to
5’ x 8’ within each minute. The spectroheliograph of Meudon was
working in routine during all the day.
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A detailed discussion of the HRTS has been given by
Brueckner and Bartoe (1983). The Spacelab 2 version of the
HRTS consists of a 30cm gregorian telescope and three focal
plane instruments, which include the UV spectrograph. the
broadband UV spectroheliograph and Hx system. The telescope
focuses an image of the Sun onto the spectrograph slit jaws with a
spatial resolution of 1”. The spectrograph is a stigmatic tandem-
Wadsworth mount and records the UV spectrum 1200-1700 A on
photographic film with a spectral resolution of SO0 mA. The slit has
an equivalent length of 1 solar radius and an equivalent width of
0”5. The complete UV spectrum 1200-1700 A can be recorded
simultaneously or a wavelength mask can be used to limit the
spectral range to a selectable 15 A band to conserve film. The data
used in the present analysis were obtained with wavelength mask
centered at 1550 A in order to observe the C1v lines: 1548-1550
which are formed at 103K in what is usually referred to as the
transition region. In this limited wavelength range there are also a
number of narrow chromospheric lines of Si1 on which the near
absolute wavelength scale is based. No exposures were taken with
the broadband UV spectroheliograph during this set of obser-
vations. The Ha system uses a fixed wavelength Fabry-Pérot filter.
the Hximages are recorded photographically and displaved on the
shuttle raft flight deck for target selection and telescope focussing.

Spectra were obtained by stepping the slit in 3” increments in a
series of 17 rasters each composed of 10 spectra. The exposure
time was 5s and a complete raster of 10 spectra was completed in
about 1 min. Not all 17 of the rasters are useable for a several
reasons. Some of the spectra were exposed at the position of a film
spice and several spectra were lost during film development
although we are confident that we have been able to reconstruct
the correct exposure times for each spectrum. Also. in the second
half of the observing sequence, the pointing stability of the
Instrument Pointing System (IPS), on which the HRTS was
mounted. began to deteriorate. The effects of this can be seen in
the fifth image shown in Fig. 3. In spite of these problems. there
are several rasters of high quality spectra which reveal a number of
interesting properties, especiallv when compared with the ground
based observations. The rastered spectra provide two-
dimensional spectroscopic information of the active region as a
function of time. Images are constructed from the spectra by
determining the wavelength moments of each C1v profile in the
raster. These correspond to the total integrated line intensity /, the
mean position of the line profile with respect to the rest
wavelength 4.x, converted 4/ to a line-of-sight velocity I". and the
line width 4/, . A comparison of the 4. squared Doppler shifts in
the two C1v lines indicated that each can be measured to an
accuracy of +2kms™! and the average. used here. should be
accurate to about +1kms™'. Most of the values of the velocity
moment have magnitudes less that 23 kms ™' and the images have
been scaled so that the brightest and darkest parts of the velocity
image correspond to such a magnitude. Larger values of the
velocity have been truncated for the purposes of constructing the
image. For profiles that are too weak to accurately measure a
Dopplershift, a striped pattern is displaved. Most of the line-width
moments have values less than 0.03 A* and the line-width images
have been scaled accordingly. Because moments of the profiles are
used, the detailed shape of the line profiles are lost in the moment
images. For gaussian profiles, no information is lost and. in fact,
the line-width 42, is equal to the square of the standard deviation
of the gaussian profile. For non-gaussian profiles. such as those
associated with the filament, considerably more information is
available in the individual profiles (see Sect. 2.4).

2.2. Active region

One of two active regions observed during the Spacelab 2 mission
(July 29-August 6, 1985) was NOAA-AR 4682 located S15 E 10
on August 2. As reported by Smith (1986). this region is the
leading portion of the returning complex 4671/4672. The unipolar
spot grows on August 27, 28-30 and small follower polarity spots
were detected. Minor flares occur during this period. Then the
activity decreases and some filament activity continues through
August 6. The sunspot has a negative polarity.

Fibrils around the spot have a spiral pattern which forms an
active “eyebrow” filament prolongated out of the active region by
a large, NS extended quiescent filament (Fig. 1). [ts northern part
changes continuously during August 2 and disappears (Fig. 1).
This part was in the overlapping area of both data sets obtained in
Ho with the MSDP and in C1v with the HRTS (Fig. 2).

On the next rotation, the spiral pattern has disappeared, and
the active filament is developed all around the active center but is
becoming quiescent (the sunspot is no more visible).

2.3. Coalignment of the images

The orientation of the HRTS during these observations was at an
angle of 37° relative to solar north and the images shown in Fig. 2
have been rotated by this amount. The registration of the two data
sets is achieved by means of the position of the sunspot in Hx and
in the ultraviolet spectra. HRTS images of the intensity of Si1lines
indicate the position of the sunspot (C1v does not) although the
Si1 lines are not especially strong. The estimated accuracy of the
coalignment is of the order of 3"

2.4. Time evolution and results

In the common field of view. various structures are visible. Bright
plages are superimposed in C1v and Ha. The sunspot is included
and will be analyzed in another paper.

On the Ha maps, we focus our study on:

- a section of a filament (denoted F, in Fig. 3a). making an
angle of 30° with the direction of the fibrils. On the Hx intensity
maps, we observe small changes during the observations (9:20-
9:31UT) and at 9:54 UT the part F, is very faint. Looking at
spectroheliograph observations made at Meudon, this evolution
was confirmed (Fig. 1). The filament is shaped like a question
mark at the earliest times (9"20’) then the part F, is disconnected
from the N-S quiescent section). The direction of section F,
becomes more E-W around 10:10UT. Large blueshifts are
coincident with the filament at 9:20 but became weaker later on
(Fig. 3b).

- small parallel North-South aligned fibrils F2 (Fig. 3a). No
particular velocity cells appear at the location of the fibrils
(Fig. 3b).

On C1v intensity maps (Figs. 2 /¢, ). and 3c¢) a faint elongated
emission is seen at the exact location of the filament. edged
towards the sunspot by a lack of Civ emission. which lies at
3000km from the Ha filament channel. Such a displacement
between an He filament and a lack of emission was also noted in
the filament observations during the third Rocket flight using
HRTS instrument (Dere et al., 1986).

Blueshifts correspond to the faint Civ emission and are
superposed with the Ha blueshifted filament F, . redshifts (region
F,) are clearly visible in a direction making an angle of 30-40°
with the blueshift cell axis (Fig.2 V). These velocity cells
vanished with time (Fig. 3d) and are indistinguishable at 9:30 UT.
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Fig. 1a—d. Active Region AR 4682 on August 2, 1985, observed with the Ha spectroheliograph of Meudon. a 8:10 UT: b 9:42UT: ¢ 12:15UT:d 14:56 UT. North is
directed toward the top of the images

Fig. 2. Intensity (/) and Velocity (V) maps obtained in Hx (MSDP spectrograph) and line width (w) in C1v (HRTS - Spacelab 2 mission). Thevs(raighl lines drawn on
the Ha maps indicate the field of view of the C1v maps. The white part (black part) in V' maps corresponds to upward (downward) motion
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Fig. 3a—d. Time series of Hx maps between 9:20 UT and 9: 54 UT: a intensity: b velocity. Time seriesof Civmapsat1-9:17.2-9:18.3-9:21.4-9:28.5-9:30UT:
¢ intensity: d velocity. The white part (black part) in I maps corresponds to upward (downward) motion. The arrow F, shows the blueshifted filament (whire). the

arrow F, the redshifted structure (black). the arrow S the sunspot location

2.5. Velocity field in the filament and in the fibrils

In Fig. 4, cuts parallel to the slit direction in Hz intensity and
velocity maps show clearly the filament region F, in absorption
and a corresponding blueshift equal to 2.5kms™ ' and for larger
values of x. bright regions (facula) correspond to redshift
(=1, =2kms™"). The corresponding cuts in C 1v exhibit the weak
emission and the blueshift (~7.5kms™!)in F, and the redshift in
F, (—15kms™1).

The values of the velocities are determined by standard
methods (see Sect. 1.1). This is reasonable in the case of Hx
profiles, where the line seems optically thick in the filament
(Fig. 5).

Nevertheless. the Ci1v profiles may be interpreted  as the
combination of two or three profiles. the emission of which could
be due to different transition zones along the line of sight. The
strong central profile is nearly gaussian but the highly shifted
components do not appear to be gaussian and the red and blue

Fig. 4. Intensity and velocity cuts
across the filament and its
environment (Ha and C1v). Positive
velocities correspond to upflows
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Fig. 5. Blueshified profiles of Hxand C1v lines in the filament F, (the mean Hx
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components in the filament F, are also displaced along the slit.’

The high spectral resolution (50 mA. i.e. 30 pixels in mean
profiles) allows the resolution of these transition zones. In Fig. 5
we give two examples of C1v profiles: one corresponds to the
filament F, and the other to the structure F,. The large
broadening of the line cannot be explained by thermal effect. Half
width would.be estimated to be 180 mA. i.e. 20kms™' (Moura-
dian et al.. 1982). It is obvious that the F, profile is the sum of a
low emission (/= 500) coming from the transition zone between
the corona and the filament (TZ-CF) exhibiting an upward

velocity of 50kms ™' and a high emission (/=1000-1300) due to
the underlying transition zone between the chromosphere and the
corona (TZ-CC). One of these two peaks could be due to the
transition zone above the heated filament or to another structure
close to the filament. In the same manner. the F, profiles could be
either a highly redshifted feature, comparable to those deduced in
some active region loops (Cram. 1986) or the sum of two
components, one at rest, the other moving downwards with
velocities reaching —50kms~'. The intensity is low (300—400).
Such an interpretation of the Crv profiles is very interesting since
it provides an explanation as to why the C1v filament appears as a
bright feature on the maps (Figs. 2 and 3¢). In fact lower emission
than that from the TZ-CC comes from TZ-CF. in agreement with
the general behaviour of C1v filaments (Schmieder et al.. 1985:
Simon et al.. 1986). The TZ-CC under the filament is hotter than
in the surroundings. This can be due to a “hothouse effect”
frequently observed in the chromosphere (Martres. private
communication).

The evolution of the profiles versus time in the filament region
(Fig. 6) shows that the large broadening disappears ten minutes
after the beginning of the observations (around 9:27 UT). This
can indicate the disappearance of the filament. and is in agreement
with the Hx observations (Sect. 2.4). In conclusion. the Crv
velocity values calculated using the first moment of the line profile
are underestimated values. The large velocities observed
(+50kms™') indicate the presence of large flow through the
filament with an important shear. It is the first time that C1v
profiles in a filament are observed so dynamic. Such a flow across
a steep temperature gradient could affect the ionization equilib-
rium of the plasma. Thermal diffusion may lead to an enhance-
ment of heat flux. Plasma is escaping and heated. Some of it
returns along magnetic field arcades with no efficient
condensation.

2.6. Magnetic field observations

Three observations of the longitudinal component were made
within 5" at 9:42UT, 13:04 UT, 15:15UT. The sunspot corre-
sponds to the negative polarity region. plages to the positive
polarity (Fig. 7).

The magnetic field maps show no significant time evolution.
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Fig. 6. Time evolution of the C1v profiles in the filament. The profiles 1 10 9
correspond to spectra obtained respectivelyat 9:18.9:19.9:22,9:23,9:28.9:29,
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3. Magnetic field

3.1. Hypothesis

We only have observations of the longitudinal component of the
photospheric magnetic field. To find the total photospheric field
from this boundary condition. we must find equations satisfied by
the overlying field. First. we assume that the field is quasi-static.
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since the time of evolution is several davs. Also on this time scale
resistive effects are negligible for the length scales of interest. Next.
since the velocities are sub-Alfvenic and since gravitational and
pressure forces are negligible for the coronal plasma conditions
and length scales, we assume that the magnetic field satisfies
the force-free condition. j A B=0. This may also be written
rot B=a(r) B where 2 is a constant on individual field lines.
Finally, we will assume a linear force-free field so that 2(r) 1s
constant over the whole computed region.

The assumption of a linear force-free field has several motiva-
tions. In the general case we would also need observations of the
vector magnetic field on the boundary to determine x (r) at one of
the footpoints of each fieldline. Theoretically. Taylor (1976} has
argued that small scale resistive effects may change the local field
line connections. On a large scale the resulting magnetic relaxation
conserves the total helicity, J' A - Bdv. assuming a closed fixed

Vo
volume V,, and where A is the vector potential. For force-free
conditions such a relaxation leads to a linear force-free field (cf.
Woltjer, 1958). In fact we find that the linear computations give a
satisfactory fit to Ha structures in both the filament and spot
regions. This suggests that there may be small scale dissipation in
the corona leading to relaxation according to Tayior’s hypothesis.
although this can only apply in a modified form since the corona is

open.

3.2. Method of computation

There are several ways of computing the linear force-free field
from the observed photospheric boundary field. Schatzmann
(1961) has solved the problem in terms of Bessel functions.
Nakagawa and Raadu (1972) in terms of Fourier series and Chiu
and Hilton (1977) in terms of Green's functions. The Green's
function method was also used by Seehafer (1978) assuming that
the vertical field component was zero on the sides of the
computational box. The result representation closely resembles

N

\

- e —

SN NS SSSSSISINIRTT T [

SNSSNSSSSsSaS

0
BNANSSSSA
BRASY AN SwY Ly
SRR R R

SRV YYY A YL

PP N I TR S R
B N N TR
HP SR N

(b). (c)

Fig. 7. a Large field of view in Ha at 9:54 UT (300" x 270"). Box indicates the field of view of (b) map. straigth lines the location of the filament and the fibrils well
visible in Fig. 1, acircle, the sunspot, the contours, faculae. b Magnetic field observed at Meudon at 9:42 UT. ¢ Magnetic field computations with FF field assumption
for 2" =0.7 at z = 2000 km (the arrows indicate the direction of the transverse component, the dashed line the maxima of the vertical component: the same contours

and lines as in a have been drawn)

T [ L )
- . b rrraaa I 1
Yﬁ:-l:::::\h;},i\’;{, Y v rrr i ’:::_‘:lf‘_‘ > PAVAN ISR
R AR A 3 R R, OV YL 4l R
F" AR "-""—’:'M;;L RS f: });\T\?;%’(’i : JJJJj ‘ ]
- IO DY S Letrr2 y !
2000 I ZZZZoL A oAt 200w vt 7P 2A LT EN A RRRIEN e
| N NN I P 2 S Lasttrr 7y A Tad s n M EE ]
et ron 2 AR Lest Tt Al AT “lL LI -
ety SAARZNS PUSRGENETE S N | TT‘M-\ 4 e
SIS IINUITND LTy
CleNrtrrtada HNNPNARNAPS B 3 |
[SEENGE N N U S G A O N ] 4 P N N NN N araN
Fe lt Ao e e
CENENEUR R 25 3% WX WY ’, PR N NN N N B
N'\'\.\TTTTT‘\'/' I _'_’_’\,\\\\\51 Ay
k-\\<;\1:;/“\‘\11‘x ’ :; _,‘_,,\\\/?1;\;\14; 4
p= o ) L ~S b} P
<y A gl < v
100&&\\\,"[‘\‘1 Yand 100"_“),1....\,_ 17”"\¥\“’. C & o —
R N A Y r 7’ (2K -
- ¢ 3N YN ) > Fermm N eSS N
ndr ’"/\\;\.\\.\, 53 | b e P NN S A &5
Foo v Avu vy SSss SING Fele \\(\\\*"‘—“'"‘ vt eee T
B B NN AT A RISt iddideeee
Xl LAY YYENNYSS <~ = = ] 'Jx\‘**~~*A‘ﬂ—.”“ Lol CCA
Fe @l 01y Y Sy NS~ .- 11\‘"’"::::_.4...-..,.6 gt | Gt
AR IR I I I I I I - - e em = = ] ‘L“.‘:.‘—vaaaa“ ~~“‘\\\\\11J‘<
R 2 T YR Y Y YV U U U U O T O O G G S R AP AN 4 IR 5 e == TIESSSSYYY MMM LY
SRR AR IS SRR T N N O SR U U S S AN I AN A IR X A G ahahahaked x\*"‘*""": indadnde to 2 TSNS NNY ALV MV
Foe L vy vy SMYNY YLV LM LUt - -»~-——'"": ndntndnde R A N SRR
Fe?d vy VYW NWNAMV L LU J T mmmm- \\*—o-'::‘—'-'—o-..,ﬁ\\ T N S e T T S T S O )
OPfxz\xx\.\\\\\.).),lll.l{//”""'"" o===>" T O U T W U U e N
F’,,L\\\\.\\.\\ e R e e IR NSRRI
Z i v a N NN A YT v r v decrese | kelotalalalle coladni 1 1t\ Ll ) N e
a2 0 100 200 X b 0 100 200 X
| N ]
3 an A ) 1
L:H. ”L‘,"-ﬁ&vuwwnzu RN
Y= Ay S L1l PEEUN
D P PPAAAAA DD A
i 444
.t 22 A
PN
Ly 17 v
200—= 1 1?7 =
A1t v
=~ N e
Ll e
RSN e
.u-.::: Ll S A
DN eI
o=~ AR AL EEEL £kt
> i feey |
AN e el L e

L A /
100&(-—.——-\\1))))/}/.),
P ek btalalals ok als

RS EEaa

Fv s x\‘-‘“"7'{"'""""""""”"“\JJJ(({L/(./
N e SN NN R R R R R TR
HN VSOt s S VL 1S U d 4
LA S o mmeis TUSSSNAVML LYY
LY NSy MYV VL L
SYVL VLALLM
MYV LLLLA Y
Y VLV YN N
IV R R R
AL LV LMY
privans
L 1) A Ny

200 x

that of Nakagawa and Raadu (1972). but has implied periodic
lengths which are twice as large. Most recently Semel (1988) has
extended the Green's function method to the case of oblique
boundary values. His results include those of Chiu and Hilton
(1977) and the potential field as special cases. He resolves the
problem of uniqueness by showing that, if a solution with finite
magnetic energy exists, then this solution is uniquely determined
given one field component on the boundary. Here we choose the
Fourier series method developed by Alissandrakis (1981). It has
several advantages. It is fast since we can use the fast Fourier
transform. For large force-free a, the large scale harmonics which
are periodic in height (hence having infinite energy) are systemat-
ically discarded. The method using Green's functions of Chiu and

Fig. 82—¢. Magnetic field computations with a linear force-free field assump-
tion. The arrows indicate the direction of the horizontal field, the length of the
arrows are proportional to the logarithm of the field strength. The dashed
contours represent the isocontours of the vertical component, and the straight
line, the location of horizontal field. A dashed line shows the Hzx position
of the filament. a 2'=08; b 2’ =0.8 at height =6000km: ¢ 2’ =0.8 at
height = 20000 km

Hilton does not expliticitly avoid these non-physical harmonics.
and, in addition to the longitudinal component. a transverse
component of the field needs to be specified completely to find the

‘solutions. In Alissandrakis's code. the magnetic field is fully

described when we specify only the longitudinal component at the
photospheric level.

All the methods described above have the problem of fixing
boundary conditions on the sides of the volume where the field is
computed as well as the base (photosphere). This means that we
need to include extra information from these boundary regions
where the field is not observed. By using the Fourier transform we
impose, implicitly, a periodic behaviour of the photospheric field.
It is expected that those assumptions affect only the regions close



to the boundaries of the magnetogram, and that the regions
affected would increase in size with height. Alissandrakis (1981)
discusses this “aliasing™ effect. and shows that it could be limited
lo narrow regions at the boundary of the computed region. We
find that it is particularly important when we include only a part of
the sunspot or at great height. The effect of the arbitrary
boundaries could be controlled by computing different regions.
As the size of the computed region (~ 150 Mm) is much greater
than the expected height of the filament (~5Mm). and so much
greater than the height used to compute the field, the boundary
effect could be localised to a very narrow strip around the
computed areas. In Fig. 8 only the first row of arrows near a
boundary are a little perturbed. by less than 20° in the direction.
This upper bound appears where the field is weaker. In conclu-
sion, we can neglect the effect of the boundary conditions on the
region of interest (The particular direction of the field in Fig. 8
near the upper boundary is not a result of a boundary effect).
Here we display the results of the magnetic field calculations at
selected heights. The magnetic vector field at a given height is
displayed using arrows for the horizontal components and an
isocontour for the vertical component. This is convenient for the
present study where the structures of interest lie in a restricted
height range. For comparison the results of a potential field
calculation for the same region are given in Fig. 6 of Brueckner et
al. (1986). Their results are shown in terms of field lines some of
which rise high into the corona. Such a representation is useful, for
example, to show the possible evolution of coronal connections.

3.3. Field computations

3.3.1. Shear effect

The constant a in Eq. (1) is normalized using the size of the map.
[x= (190 Mm)~ '], « ™! may be regarded as a characteristic shear-
ing length. The dimensionless parameter is denoted a'. For «’ = 0,
the computed map, Fig. 8, shows a magnetic field directed radially
to the sunspot. When «’ is set positive, the field is sheared in all the
map in a clockwise direction, and for a negative «’ it is sheared in
the opposite direction. From the appearance of spiral of fibrils in
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Fig. 9. Variation of the magnetic field strength with height, at the points marked
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prominence, without the field created by the prominence current
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Ha it seems that the potential case could not represent the field
around the spot. By varying the constant »’, we can match the field
direction to the fibrils to determine how much current is allowed
along the field lines. When o’ varies from —1 to +1. the field
rotates by nearly an angle 7. When |«'| is increased beyond unity.
artificial neutral lines appear in the map showing that the shear is
too large to be realistic (The program has discarded too many of
the large scale field components).

Computed field maps at different heights show that the small
scale harmonics are rapidly eliminated with increasing height: the
isocontour of the vertical field and the arrows pattern (represent-
ing the horizontal field) become more and more smooth with
height. The vertical unipolar regions increase in size with height
(by a factor nearly two from photospheric level to the height of
15Mm). Even with this change in the configuration and magni-
tude of the field, the directions remain about the same with
increasing height and the maps become only more smooth with
height, with the same average direction field. From a plot of the
field direction with height we deduce that most of the field does
not change in direction more than 10° from the photosphere to a
height of 15Mm.

3.3.2. Variation of the field strength with height

The solid curve in Fig. 8 represents the neutral line of the vertical
field. The neutral line enclosing the sunspot delimits an increasing
region with height. Nevertheless the neutral line remains at the
same place in the higher levels, where the filament is present. The
filament is then located in a near vertical plan (on which the field is
horizontal). o

Figure 9 shows the evolution of the field strength with height
for the points located on Fig. 8a by arrows. The field strength
decreases with height for most of the points except for numbers 4
and 5. They are located near the neutral line of the filament. The
field is also particularly low in this region. This particular
behaviour could be extended to other regions where the filament is
present. Neutral lines without a filament show this in the vicinity
of the filament region, or at some greater distance.

Even ifit is not systematic, a careful study of the field strength
with height, shows that the field is constant or weakly increasing
with height at the location of the filament, and decreasing in the
other regions.

This could be one more constraint on the formation of a
filament. It is helpful to notice that this result has been obtained by
assuming that the field is force-free, and so with no prominence
currents. The field computed here is created only by the photo-
spheric pattern, and it is not the current in the prominence that
creates this peculiar behaviour of the field at the location of the
prominence.

The increase of the field strength with height means thaf the
magnetic pressure is greater at great height than at lower one. then
the field line must have a dip at the summit. as the magnetic
tension must balance the magnetic pressure gradient. This may be

shown from the Lorentz force:
B? B* n

O=JAB= -V, — 4+ — —,

* 240 Ho R.

where V, is the orthogonal gradient, n the normal to the field line,
and R, is the radius of curvature. For a horizontal field it may be
rewritten:

1/R. = 3B/3z/B

and the field line has'a dip at its summit when R, is positive. that s,
when the magnetic strength increases with height.

This configuration is similar to that proposed by Kippenhahn
and Schluter (1957), but without cool material to deform the field
line. Van Trend and Kuperus (1979) discuss the horizontal
stability of a current line in an arcade. They conclude that in a KS
configuration the initial configuration (without a prominence)
must have a dip at the top to stabilize the prominence current that
is formed after. This was also shown in the MHD stability analysis
of Anzer (1969). With this result it is not surprising that the field is
found to increase with height near the prominence location, and it
is a constraint for the stability of the prominence.

The field strength in the prominence varies along its axis from
10 to 60 Gauss near the sunspot. This significant change shows
that the field strength is not a criterion for the formation of a
prominence. But, the photospheric pattern, and the harmonics are
important to modelize the topology of the field before the
prominence appeared. In particular, the formation of a dip is an
important constraint (Démoulin and Priest. in preparation).

4. Discussion

The results presented here may be compared and contrasted with
the study of Athay et al. (1985) of the patterns of material motion
seenin C1v, Cuand Canin the region of a neutral line. In contrast
to our observations, theirs are close to the solar limb. The Doppler
velocities are therefore predominantly horizontal, and are ob-
served to show a typical reversal at the magnetic neutral line. They
explain the velocity pattern as the result of diverging flow from the
tops of field lines which close over the neutral line. Arguing that
the flow must be along magnetic field lines, they come to the
conclusion that there must be a very strong shearing at the
transition region where C1v is formed. The presence of significant
magnetic shear in the neighbourhood of a filament is also one of
the conclusions of our analysis. Also there is a high level of
dynamical activity in the C1v filament (+ 50 km s~ !), which could
be related to the modifications in the appearance to the Ha
filament. )

The presence of magnetic shear throughout the spot region has
been the basis of previous modelling of the magnetic field using the
force-free rather than the current free condition, as for example in
Nakagawa et al. (1971). The cifcumstantial evidence for shear and
its relaxation in an active region that produced a big flare is
discussed by Zirin and Tanaka (1973). An important consequence
of shearing is the storage of magnetic energy as estimated by
Nakagawa and Tanaka (1974) from force-free calculations of an
active region magnetic field. The storage of energy in a sheared
force-free arcade has recently been analysed by Zuccarello et al.
(1987).

The existence of shear in filaments and quiescent prominences
is well established (see for example Tandberg-Hanssen. 1974). The
observed presence of shearing motion in the chromosphere has
been associated with prominence formation (Martin, 1986; Rom-
polt and Bogdan, 1986). One of the results of our present study is
that the froce-free (i.e. sheared) magnetic field calculated from the
observed photospheric field has a suitable configuration to
support prominence material.

Finally we note that the shearing of the sunspot region and of
the filament are both well described by force-free magnetic fields
with the same constant a. This suggests that they are both a
consequence of the same large scale process, and for example that
the vorticity polarity rule for sunspot growth (cf. Martres et al.,
1985) may also relate directly to filament formation at the
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boundaries of the region. If the sunspot and the filament are
considered as current systems. an inductive coupling between
them may exist. We plan to modelize these observations in order
to define the relationship between sunspot and filament systems.
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Chapitre B:

Structure

magnétique et thermique

des protubérances solaires
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1 Revue des modéles

1.1 Structure magnétique externe

1.1.1 Hypotheses

Les observations nous ont décrit les protubérances solaires comme des ob-
jets complexes, pleins de “vie” dont I’évolution temporelle est difficilement
prévisible a long terme, bien qu’elle soit reliée au cycle solaire. Dans cette
partie, je vais énoncer rapidement les modeles magnétiques décrivant les pro-
tubérances solaires. Bien que simplifiant (outrageusement pour les observa-
teurs) la réalité observationnelle, ils tentent, avec plus ou moins de succes,
de faire ressortir les faits essentiels & la compréhension de I’existence des
protubérances. Ceux-la peuvent étre résumés en quelques points: les pro-
tubérances sont des plasmas concentrés en un mince feuillet vertical, ho-
mogene; le plasma est dans un champ magnétique horizontal important: le
B du plasma (rapport pression gazeuse sur pression magnétique) est plus
petit que (ou de 'ordre de) I’unité; enfin, les protubérances n’existent qu’au
dessus d’une ligne d’inversion du champ magnétique vertical photosphérique.
Cette vue simplifiée conduit & une modélisation par un feuillet dense, vertical,
infiniment fin, en interaction avec un champ magnétique.

La structure interne de la protubérance est traitée séparément de la struc-
ture magnétique externe. Cela est justifié par la faible épaisseur de la pro-
tubérance comparée a la dimension de la structure magnétique. Les vitesses
observées (~ quelques km.s!) étant inférieures a la vitesse du son (~ 10
km.s™!) et & la vitesse de propagation des ondes magnétohydrodynamiques
(~ quelques dizaines de km.s™!), une modélisation statique, dans une
premiére approche, est suffisante. Les protubérances ne peuvent pas étre une
structure stratifiée par le plasma en équilibre dans le champ gravitationnel
solaire (modéle de Dungey, 1953), car ’échelle de hauteur gravitationnelle de
leur plasma est seulement de 500 km, ce qui est trés faible par rapport a leur
hauteur. Cependant, le champ magnétique peut exercer une force suffisante
sur le plasma, trés conductif. Il ne peut alors se déplacer que parallélement
aux lignes de champ. Dans les protubérances, le champ magnétique est hori-
zontal et retient ainsi le plasma froid dans un creux des lignes de champ. La
plupart des modéles considérent donc les protubérances solaires comme étant
en équilibre entre I’action de la gravité solaire et la force exercée par le champ
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A
-1 %

Figures 1 : Construction d’une nappe de courant i partir d’un champ
potentiel symétrique.

Le champ dipolaire de la figure 1a est décalé vers la gauche: figure 1b; puis
la partie symétrique de la région z < 0 de la figure 1b est utilisée pour la
région z > 0: figure 1c. Une nappe de courant est alors présente dans le plan
z = 0. Kippenhahn et Schluter (1957).

(a) ?Z (b) :‘ .
|
|
9

@ 4 @ x ®
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Figures 2 : Configurations Normales obtenues avec des fonctions holo-
morphes.
Les figures 2a et 2b représentent respectivement une protubérance peu dense
et dense. Dans ce dernier cas, un ilot est présent avec un point neutre au-
dessus de la protubérance. Malherbe et Priest (1983a).
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magnétique sur.le plasma. Cependant, Jensen (1986) a proposé un modéle
ou la protubérance est supportée grace a ’absorption d’ondes d’Alfven. Avec
cette hypotheése, le champ magnétique ne canalise que les ondes de la pho-
tosphere a la protubérance. Cependant, cette forme de support pose deux
grands problémes. Le premier est de concilier une région froide avec un fort
taux d’absorption d’ondes, donc de chauffage. Le second est que, le transfert
d’impulsion s’effectuant parallelement au champ magnétique (qui est hor-
izontal dans les protubérances, d’apres les observations), les forces dues a
P’absorption ne permettent de contenir que latéralement la protubérance.

Les observations de Leroy et al (1983,1984) montrent clairement deux
types de configurations magnétiques, appelées Normale et Inverse. Divers
modeles de formation ont été proposés. Ils different, en général, radicalement
pour ces deux configurations et une unification n’est apparue que dans des
travaux récents.

1.1.2 Modeles potentiels & deux dimensions

Les protubérances solaires étant des objets longs et homogeénes (2 une échelle
supérieure & 5 Mm: figures 1 du chapitre A), les premiers modéles ont été
construits, par simplicité, en deux dimensions. Le champ magnétique est sup-
posé ne pas dépendre de la coordonnée spatiale le long de la protubérance
(notée y): la composante du champ magnétique paralléle & la protubérance
est dans ce cas une constante, souvent prise égale a zéro, pour ne pas avoir une
énergie magnétique infinie dans le demi-espace représentant la couronne so-
laire. Le champ magnétique externe a la protubérance est alors modélisé par
un champ sans courant qui est appelé potentiel, car il dérive d’un potential
scalaire et on peut le traiter grace aux fonctions holomorphes (complexes).
Les deux composantes du champ sont rassemblées en une seule fonction com-
plexe B (§) = B, + iB, dépendant de la variable complexe £ = z + 1z. Le
champ magnétique défini par B (¢) satisfait alors les équations d’équilibre, ce
qui permet d’avoir des modéles analytiques. La protubérance est modélisée
par une nappe ou un fil de courant, soumis a la gravité solaire.

a. Configuration Normale (CN)

Le champ a une direction normale au plan de la protubérance identique a
celle du champ potentiel créé par les conditions aux limites photosphériques
en ’absence de protubérance. La configuration pourrait étre obtenue simple-
ment en déposant de la matiére dense au sommet d’une arcade magnétique.
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Figures 3 : Calcul du champ magnétique & partir des observations.
Les figures 3a et 3b donnent I’idéalisation des champs respectivement vertical
photosphérique et horizontal protubérantiel, utilisés dans les figures 3¢ et 3d.
La protubérance s’étend de z = 0 3 z = 4-10* km. Dans les figures 3c et 3d le
champ B, est multiplié par le facteur 8 par rapport & celui donné i la figure
3b. La protubérance n’est pas soutenue par le champ magnétique au-dessous
du trait horizontal. Anzer (1972).
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Les lignes de champ magnétique se courbent alors pour soutenir la pro-
tubérance. Cette configuration “naturelle” a été la premiére proposée et
la plus étudiée.

Kippenhahn et Schliter (1957) ont proposé le premier modéle: la con-
struction de celui-1a est décrite par les figures 1. Un champ magnétique
potentiel et dipolaire est utilisé (figure 1a); il est ensuite décalé par rapport
3 Dorigine (figure 1b); seule la partie correspondant & z < O est retenue, et
ce champ est symétrisé par rapport au plan z = 0 (figure 1c). Cela conduit
3 former une nappe de courant infinie dans le plan z = 0. L’équilibre vertical
fournit la densité surfacique de masse A (2):

2.Bz (z,2) .By (z, 2)
Ho-9

A(Z) = lim,_.o

ou g est la gravité solaire et pg = 47.1077 S.I., la permittivité du vide. Cela
fournit une protubérance de hauteur infinie avec une masse totale finie (par
unité de longueur selon 1’axe de la protubérance): [5° A(2) dz est finie.

Une extension verticale finie a été obtenue par I’utilisation des fonctions
complexes avec une coupure dans le plan complexe pour représenter une
protubérance infiniment mince d’extension finie: Malherbe et Priest (1983a).
Les propriétés de la fonction complexe ont été utilisées pour avoir une dis-
continuité de la composante verticale du champ magnétique a la traversée
de la protubérance. La figure 2a représente une protubérance peu dense,
et la figure 2b, une protubérance massive, avec un ilot au sommet et un
point neutre. Ces méthodes donnent des modeéles analytiques aux propriétés
faciles & analyser, mais ne permettent pas de tenir compte des contraintes
observationnelles sur le champ magnétique.

Anzer (1972) a développé une troisiéme méthode ou le champ photo-
sphérique vertical et le champ horizontal dans la protubérance sont des
données du probléme. Les figures 3a et 3b représentent les fonctions utilisées
par Anzer. Cela conduit a résoudre un probléme de Laplace avec des condi-
tions aux limites mixtes (conditions aux limites de Dirichlet et de Neumann).
Anzer a obtenu des expressions intégrales analytiques pour le champ. Les
figures 3c et 3d montrent les résultats obtenus avec un champ protubérantiel
B, dans la protubérance multiplié par le facteur g par rapport a celui donné
par la figure 3b. Ces deux topologies sont identiques respectivement a celles
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Figures 4 : Construction de configurations magnétiques non symeétriques.
La figure 4a représente schématiquement I’effet de la transformation con-
forme g. Le segment I et la courbe ¢’ sont transformés respectivement en
la courbe T et I’axe Ox . La figure 4b donne un exemple de configuration
non symeétrique obtenue aprés ’utilisation de la transformation g sur une
configuration initiale similaire 3 celle de la figure 2a. Aly et Amari (1988).
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des figures 2a et 2b: Cependant, ces solutions ne sont pas entiérement sat-
isfaisantes car la force magnétique ne soutient pas la protubérance dans la
partie inférieure de la protubérance (au-dessous du trait horizontal). Anzer a
étudié une solution particuliere de ce probléme avec des conditions aux lim-
ites mixtes. Il existe cependant une infinité de solutions. Elles sont analysées
dans l’article A5, Démoulin et al (1989a). L’étude avec un champ potentiel
est généralisée 3 un champ sans force linéaire dans ’article A12, Démoulin
et al (1989f). Un champ magnétique sans force correspond & un champ ou
la force magnétique j A B est nulle. C’est une généralisation du cas potentiel
qui autorise une densité de courant volumique dans la couronne, et donne
une meilleure modélisation du champ coronal (chapitre A, articles A7 et
A8). En particulier, cette généralisation du cas potentiel permet d’avoir une
composante importante du champ magnétique paralléle & la protubérance
alors qu’elle est ignorée (ou constante) dans les modeles potentiels. Cela est
une extension importante car les observations montrent toujours des champs
magnétiques fortement inclinés sur ’axe des protubérances. On introduit
ainsi une composante (non constante) paralléle & la protubérance.

Aly et Amart (1988) ont développé une quatriéme méthode permettant de
calculer des équilibres non symétriques: figures 4. Ils partent d’un équilibre
symétrique tel que 'un de ceux donnés par Malherbe et Priest (1983a) (fig- -
ures 2) et effectuent une transformation conforme, g, transformant la nappe
de courant verticale I'' en la nappe I'. Le nouvel équilibre et la répartition
des champs photosphériques sont alors calculés. Les protubérances solaires
étant préférentiellement inclinées vers I’ouest (de ’ordre de 30°), cette tech-
nique donne les contraintes sur le champ photosphérique nécessaires a un
tel équilibre. Cependant, la confrontation précise des calculs aux données
observationnelles ne peut étre réalisée car, de méme que pour les modéles
analytiques de Malherbe et Priest (1983a), les conditions aux limites ne peu-
vent pas étre fixées, mais sont le résultat du calcul. La résolution de ce
probléme aux conditions aux limites avec une courbe donnée, généralisation
du travail d’Anzer aux cas non symétriques, n’est pas actuellement connue.
Une résolution numérique est possible, mais il reste de nombreuses questions
a résoudre dans le cas symétrique!

b. Configuration Inverse

Une philosophie radicalement différente est celle de Kuperus et Raadu
(1974). Leur modéle décrit la formation des protubérances dans une nappe
de courant: figures 5. Cette configuration posséde de nombreux avantages:
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Figures 5 : Schématisation de la formation des protubérances dans une
configuration Inverse.

La formation d’une protubérance dans une nappe de courant est représentée
schématiquement sur la figure 5a. Le “tearing mode” forme des ilots de
champ magnétique, un seul étant représenté sur la figure. Ces ilots coalessent
par attraction magnétique pour former une ligne de courant: figure 5b. Elle
est maintenue contre la gravité par ’ancrage des lignes de champ dans la

photosphére. Kuperus et Raadu (1974).

Figures 6 : Configurations Inverses obtenues avec des fonctions holomor-
phes.
La configuration 6a est soutenue par un champ magnétique ouvert, cette
configuration est cependant peu réaliste car elle doit &tre soutenue par le
vent solaire. La configuration 6b présente un ilot, avec une singularité de
courant au sommet en 2z = ¢; seule la partie inférieure de la protubérance
est soutenue. La derniére figure, 6c, est la plus réaliste: la protubérance est
formée dans une région quadrupolaire. Malherbe et Priest (1983a).
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une forte compression du plasma par le champ magnétique, perpendiculaire-
ment au plan de la protubérance, est possible; de plus, le plasma est bien
isolé de la couronne chaude par les ilots magnétiques formés dans la nappe de
courant, et il est donc plus apte a se condenser. Cependant, ce modéle pose
aussi de nombreux problémes que I’on discutera a la fin de ce chapitre: para-
graphe 2.4. Kuperus et Raadu supposent I’existence initiale d’une nappe de
courant, avec un champ vertical. Le plasma froid formé ne peut alors pas étre
supporté par le champ magnétique vertical (figure 5a) et il s’effondre a basse
altitude tout en diminuant son extension verticale (& cause de I’attraction
des courants de la protubérance de méme sens): figure 5b. Il est alors sta-
bilisé par I’ancrage des lignes de champ dans la photosphére dense. Cela se
modélise, en champ potentiel, par une image de la protubérance par rap-
port au plan de la photosphére. Ce courant image est de signe opposé et il
donne lieu 3 une force de répulsion: F = po.I?/4mh , qui équilibre la force
de gravité, et I’action du champ magnétique (donné par la distribution pho-
tosphérique du flux) sur la protubérance. Ce modéle a été étendu par Van
Tend et Kuperus (1978) en incluant un champ coronal plus réaliste.

Malherbe et Priest (1983a) ont appliqué la méthode complexe décrite pour
les configurations Normales (figures 2}, aux configurations Inverses. La figure
6a montre une configuration magnétique soutenue a grande hauteur: cela
pourrait étre réalisé si le vent solaire était suffisamment important. Mais,
les protubérances solaires ayant un champ axial important, le vent solaire
doit alors avoir une importante composante horizontale de la vitesse, de
direction opposée de part et d’autre de la protubérance. Cela semble en
contradiction avec les connaissances actuelles: Anzer (1984,1988). La figure
6b donne une configuration fermée, qui nécessite une singularité de courant
en z = q. De plus, le champ magnétique ne supporte pas la partie supérieure
de la protubérance! En revanche, la figure 6¢ représente une configuration
plausible, mais elle nécessite une région quadrupolaire. Il est a noter que,
dans cette configuration, le support est réalisé de la méme fagon que dans
les configurations Normales. On peut considérer cette configuration comme
Normale avec une polarité “parasite” a la base.

Anzer (1984) et Anzer et Priest (1985) ont étudié analytiquement la for-
mation d’une protubérance dans une configuration similaire a la figure 6a:
figure 7a. La protubérance se contracte alors sous I’effet de I’attraction des
courants, et donne une ligne de courant, figure 7b. L’équilibre de cet état
final n’est cependant pas trouvé et ils concluent que des configurations plus
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Figures 7 : Formation d’une protubérance dans une configuration inverse.
Une nappe de courant est supposée présente au début: figure 7a. Le systéme
ne peut pas étre en équilibre, les forces d’attraction entre les courants de la
protubérance contractent alors cette derniére en une ligne de courant: figure
7b. En supposant la conservation du courant total de la protubérance, un
équilibre final ne peut étre atteint. La formation ne peut s’effectuer dans

une telle configuration. Anzer et Priest (1985).
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Figures 8 : Champ potentiel & trois dimensions.

Une configuration magnétique tridimensionnelle supportant une protubérance
est obtenue en superposant 4 un champ potentiel symétrique tridimension-
nel une nappe de courant bidimensionelle dans le plan z = 0. La figure 8a
représente la densité surfacique de la protubérance: des régions plus denses
sont présentes, on peut les associer aux pieds des protubérances. La figure 8b
montre une représentation tridimensionnelle des lignes de champ magnétique.
Le. plan grisé dans cette derniére figure schématise la protubérance et les
points noirs montrent I’intersection des lignes de champ avec le plan z = O.
Wu et Low (1987).
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Figures 9 : Modélisation de la structure magnétique par un champ sans
force linéaire bidimensionnel.
La figure 9a définit les conditions aux limites sur le potentiel magnétique
A (z,2). La protubérance est schématisée par la ligne de courant d’intensité I:
les figures 9b et 9c donnent deux exemples de configurations, respectivement
Normale et Inverse. La composante du champ normale i la figure n’est pas
représentée: les isocontours de cette composante sont identiques aux lignes
de champ tracées. Amari et Aly (1988).
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complexes sont nécessaires pour expliquer les observations de configurations
Inverses.

L’étude des configurations magnétiques que I’on peut déduire des obser-
vations a été réalisée par Anzer (1972), avec I’hypothése d’une symétrie de
translation, pour une configuration Normale (paragraphe précédent). Cette
étude a été généralisée aux configurations Inverses dans les articles A5 et A12.
L’ensemble des solutions possibles a été envisagé dans le cadre d’un champ
potentiel (article A5) puis ces résultats ont été généralisés 2 un champ sans
force linéaire (article A12).

1.1.3 Modéles récents

a. Modéle potentiel & 3 dimensions

Les protubérances solaires rejoignent périodiquement la chromosphére
par des “pieds”. Un modéle réaliste de protubérance nécessite donc une
troisieme dimension. Cependant, méme dans le cas potentiel, la construc-
tion de tels modeles est treés difficile. Wu et Low (1987) ont utilisé un champ
a 3 dimensions qui n’a pas de composante verticale dans le plan Oyz. Su-
perposé a une nappe de courant & deux dimensions dans le plan z = 0, cela
modélise une protubérance avec une densité surfacique dépendant des deux
coordonnées y et z. L’exemple qu’ils ont développé, donne des concentra-
tions de matiére périodiques & basse altitude, qui peuvent représenter les
pieds des protubérances: figure 8a. .Les lignes de champ correspondantes
sont représentées a la figure 8b. Cependant, comme aucune contrainte ne
peut étre mise sur les conditions aux limites connues du champ magnétique
dans la protubérance, il est difficile de comparer, quantitativement, ce modéle
aux observations. De plus, le champ étant potentiel, ’influence de la com-
posante du champ magnétique le long de ’axe de la protubérance ne peut
étre étudiée.

Un modéle analytique de champ magnétique sans force et linéaire 3 3
dimensions a été développé dans ’article A9, Démoulin et al (1989c). Les
conditions aux limites sont imposées au niveau photosphérique, ou le champ
est périodiquement concentré par les cellules de convection du réseau de
super-granulation. L’équilibre des lignes de courant, modélisant une pro-
tubérance, est alors étudié dans un tel champ et la relation entre les pieds
des protubérances et le réseau de supergranulation est discutée.



- 100 -

¢ = chit

ned s
torsion (2) torsion

(c) (d)

(b)

éruption

g
() = (@)

Figures 10 : Evolution schématique d’un tube de flux torsadé par des
mouvements photosphériques.
La figure 10a représente le tube non torsadé et 10b montre le tube pour la
torsion critique ®.,;; au-deld de laquelle la courbure est concave vers le haut
au sommet du tube. De la matiére froide peut alors se déposer pour former
une protubérance: figure 10c. Enfin, lorsque la torsion est trop grande, la
protubérance donne lieu & une éruption: figure 10d. Priest et al (1989).
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b. Champ sans force (“force free field”)

Amary et Aly (1988) ont résolu analytiquement le probléme du champ
sans force dans une configuration a deux dimensions de la figure 9a. Le
champ magnétique est décrit par son potentiel A(x,z) et se met sous la forme: °

B = (0A/3z,0A,—3A/37)

Les conditions aux limites sont traduites sur le potentiel A, et la protubérance
est modélisée par une ligne de courant massive. Un résumé détaillé de ces
travaux est présenté dans le paragraphe 2 de I’article A4, Démoulin et Priest
(1988a). L’intérét de ces travaux réside dans la description d’une nouvelle
méthode permettant la prise en compte des trois composantes du champ
magnétique. De nombreuses extensions sont possibles et seront décrites au
chapitre D dans l’article A4. Des configurations Normale et Inverse sont
présentées par les figures 9b et 9c a titre d’exemples.

c. Tube de champ torsadé

Priest et al (1988) ont proposé récemment un nouveau modéle pour
la structure magnétique des protubérances solaires. Une représentation
générale de I’évolution est donnée par les figures 10: un tube de flux est
torsadé a la base par des mouvements photosphériques de cisaillement et de
torsion. La rotation différentielle, mais surtout la force de Coriolis au niveau
photosphérique sont de bons “candidats” pour torsader les tubes de flux de
la couronne. Lorsque la torsion ® augmente, les lignes de champ forment un
creux au sommet du tube de champ, pour une valeur de ® supérieure a une
valeur critique ®.,: figure 10b. Ce creux permet de retenir toute matiére
froide formée ou transportée au sommet du tube de champ: figure 10c. Le
modéle conduit donc naturellement a la formation d’une protubérance, si de
la matiere froide est présente au sommet des lignes de champ. Cette évolution
de la structure magnétique nécessite des mouvements tridimensionnels mais
seule une étude analytique simplifiée a été effectuée: aucun cisaillement n’a
été introduit et seul I’effet de la torsion des lignes de champ a été étudié. Le
modeéle devra étre complété par I’étude du cisaillement, car les observations
montrent que les protubérances ne peuvent se former qu’en présence d’un fort
cisaillement! Priest et al ont aussi étudié le support de la matiére dense dans
une telle configuration: lorsque I’on ajoute de la masse dans le creux des lignes
de champ, ces derniéres se déforment et créent un courant qui permettra de
supporter la protubérance par la force de Laplace. Priest et al ont étudié la
formation: la perturbation introduite par la matiére froide est faible. De plus,
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Figure 11 : Profil de température moyen déduit des observations pour la
région de transition protubérance-couronne pour deux protubérances.
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seule la réponse du champ au voisinage de la protubérance a été modélisée.
Les premiers calculs exposés dans cet article montrent un modeéle trés riche
en possibilités, incluant la description de I’évolution des protubérances de la
formation & l’éruption. Cependant, la structure du champ magnétique €tant
3 trois dimensions, l’analyse compléte du modéle reste a effectuer. Il est en
particulier important d’étudier I'influence du cisaillement sur la torsion ®.,4;.
Les propriétés de ce modele seront discutées plus amplement au chapitre C,
dans la partie résumant les connaissances sur la formation des protubérances.

1.2  Structure magnétique et thermique interne

1.2.1 Observations

Observées avec une résolution supérieure a 17, les protubérances sont de
fins feuillets (~ 5000 km) de plasma froid plongés dans la “fournaise” coro-
nale (T~ 10° K). Comment de telles structures peuvent-elles résister au
chauffage produit par les régions coronales voisines? Le champ magnétique
fournit une partie importante de la réponse car il canalise le flux de chaleur
le long des lignes de champ, évitant ainsi le contact direct de la protubérance
avec les régions avoisinantes. Comme pour le passage de la chromosphére
a la couronne, une zone de transition de faible taille existe entre la pro-
tubérance et la couronne. La mesure du gradient de température peut étre
déduite de lintensité relative des raies, par la mesure du coefficient d’émission
différentielle. La figure 11 donne deux exemples de profils moyens obtenus par
Schmahl et Orall (1980). La zone de transition est semblable i celle de la tran-
sition chromosphére-couronne, avec cependant un gradient de température
moins fort: Engvold et al (1987).

Les observations de haute résolution (~ 0-5”) de Dunn (1960) et En-
gvold (1976), au limbe solaire, montrent que les protubérances quiescentes
sont formées d’une structure fine composée de fins filets froids: ceux-la ont
une épaisseur de I’ordre de quelques 0-5”. Ils sont en moyenne orientés ver-
ticalement et évoluent en un temps court (8 minutes). Ces structures sont
également visibles en projection sur le disque: article A1, Simon et al (1986).
Le champ magnétique n’a, en revanche, pas des variations spatiales et tem-
porelles aussi rapides: Leroy (1985). Bien que diverses interprétations aient
été proposées, ces structures fines gardent en partie leurs mystéres: aussi, je
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Figure 12 : Modéle d’équilibre interne d’une protubérance.
La température est supposée constante et les paramétres ne sont fonction
que de x. La figure (a) représente le champ vertical Bz, (b) la pression
gazeuse. L’abscisse est normalisée a ’échelle gravitationnelle du plasma:

H, = kpTy/m.g. La figure (c) représente les lignes de champ. Kippenhahn
et Schluter (1957).
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Figures 13 : Exemples de configurations magnétiques obtenues par un
modéle & deux dimensions.
Les lignes de champ sont en pointillés, les limites de la protubérance sont
indiquées par les traits continus. Ce modéle généralise, en deux dimensions,
celui des figures 12. Ballester et Priest (1987).
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présenterai d’abord des modeéles considérant le filament comme homogéne,

puis je discuterai les tentatives de modélisation de la structure fine des pro-
tubérances.

1.2.2 Modeéle de la structure interne des protubérances

La modélisation de la structure interne des protubérances, méme dans
I’hypothése de I’absence de structure fine, comporte de nombreuses diffi-
cultés. Aucun modele incorporant ’ensemble des aspects n’a encore été
construit. J’exposerai ainsi successivement ’interaction du plasma avec le
champ magnétique, puis I’aspect thermique lié a I’équation de I’énergie, pour
terminer sur les problemes de transfert de rayonnement.

Kippenhahn et Schliter (1957) ont modélisé le support interne de la
protubérance par le champ magnétique, en considérant que le plasma est
a une température uniforme et en supposant une dépendance spatiale des
parametres uniquement orthogonalement au plan de la protubérance (axe
Ox). L’équilibre de la protubérance est donné par 1’équilibre des forces:

—Vp —pges — V (BZ/ZMO) +(B.V)B/uo = 0

Les conditions aux limites sont: p— 0 et Bz — Bz, lorsque z — o , et
par symétrie Bz =0 en z = 0. La solution de ce probléme est:

Bz = constante
Bz, .z
Bz = Bz, tanh (B::oH,)
B2? Bz, .z
P = —®gech? | =—=2Z
Zuo (Bz.H,)

ou H, = kgT /mg est la hauteur gravitationnelle du plasma. Ces grandeurs
sont représentées sur les figures 12a et 12b, et la figure 12c schématise la con-
figuration magnétique obtenue au voisinage de la protubérance. L’épaisseur
de la protubérance est approximativement:

4.H,
tgb

ou 6 est I’angle entre les lignes de champ et I’horizontale, loin de la pro-
tubérance. En utilisant I’angle § = 30° déduit des observations par Bommier
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Figure 14 : Profils de température modélisant la structure thermique
d’une protubérance.
Ils sont obtenus en résolvant ’équation correspondant a I’équilibre des forces
et celle de I’énergie sans transfert de' rayonnement. Les tirets indiquent un
modeéle avec une fonction de rayonnement atténuée a faible température, les
tirets pointés donnent un modéle sans chauffage dans la protubérance. Miine
et al (1979).
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et al (1986) et I’échelle de hauteur gravitationnelle pour un plasma & 7000
K (soit H, ~ 200 km), on obtient: d ~ 1400km. Cela est en remarquable
accord avec la largeur observée pour les structures fines. Poland et Anzer
(1971) ont généralisé ce modéle pour une distribution de température donnée
en fonction de x. Ballester et Priest (1987) ont étendu ces calculs 3 deux di-
mensions, en permettant aux parameétres de varier lentement selon la hauteur
z. La largeur de la protubérance est trouvée décroitre avec la hauteur, lorsque
I'intensité du champ croit légérement, en accord avec les observations. Les
figures 13 donnent deux exemples de configurations magnétiques. La princi-
pale hypothése de ces modeles est d’imposer un profil de température. Pour
lever cette hypothese, la résolution de ’équation de I’énergie est nécessaire.

A

Milne et al (1979) ont couplé la magnétostatique 3 une équation de
’énergie, ou le transfert de rayonnement est négligé. Le plasma est ainsi
supposé optiquement mince, et décrit localement par une fonction de ray-
onnement, L,, fonction seulement des propriétés locales du plasma. Le
chauffage H de la matiére est une inconnue majeure: il est choisi, par sim-
plicité, uniforme par unité de masse: H = Hy.p . La conduction thermique
s’effectue seulement selon les lignes de champ car la conduction orthogonale-
ment aux lignes de champ nécessiterait une échelle de longueur trés faible
(~ 1. km) pour étre de 'ordre de grandeur de la conduction parallélement
au champ. Milne et al ont résolu les équations de I’équilibre des forces,
conjointement a I’équation de I’énergie:

2
— §/222 2 )} — -

Ils supposent que le systéme est symétrique par rapport au plan de la
protubéra:nce (z = 0) et que les conditions aux limites sont imposées, en
z=xHg.: P =Pe, T =Tcet L, = H (Pc et Tc sont des grandeurs car-
actéristiques de la couronne, et Hg. = kg.Tc¢/m.g est ’échelle gravitation-
nelle de la couronne). L’équilibre dépend principalement de deux parameétres:
du B du plasma et de ’angle de cisaillement ¢ ( 8 = 3%’:,’—‘ et ¢ =
tg~! (g—g) ). Le champ magnétique ne peut soutenir la protubérance que si
B est inférieure ou de I’ordre de 'unité. Une condensation froide est obtenue
lorsque ’angle de cisaillement ¢ appartient & un intervalle de quelques degrés
autour de la valeur de 82°. Cela doit provenir des conditions aux limites
(T = Tc et L, = H) qui sont arbitrairement placées en z = tHg.. Au-
cune modification de cette condition aux limites n’a été envisagée: elle me
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Figure 15 : Profils de température modélisant la structure thermique
d’une protubérance.
Ils sont obtenus en résolvant le calcul du transfert de rayonnement dans une
structure fibreuse. L’abscisse est la colonne densité; m ~ 10~* représente
une épaisseur de I’ordre de 300 km. Heasley et Mihalas (1976).
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semble cependant trés importante. Il serait particuliérement intéressant de
fixer cette condition au niveau de la chromosphére, et d’étudier ’influence de
la géométrie du champ magnétique qui intervient fortement en canalisant le
flux de chaleur le long des lignes de champ. De plus, le profil de température
obtenu, figure 14, ne correspond pas aux observations: la température et la
taille de la région froide sont trés faibles: elles sont respectivement de seule-
ment 3000 K et 25 km! Différentes modifications ont été apportées au modele
initial. L’absence de chauffage dans la protubérance élargit un peu la taille,
mais la température centrale est encore plus froide (T' = 400 K!). L’effet
d’une épaisseur optique importante est de réduire les pertes radiatives. Cela
a été simulé en diminuant fortement la fonction de refroidissement L, a basse
température. Une taille de I’ordre de 700 km peut alors étre obtenue, mais
la température centrale reste cependant trop froide: T ~ 2000 K . Ces mod-
ifications montrent bien I'influence des différents paramétres, mais un profil
réaliste de température ne peut étre obtenu.

Une approche radicalement différente a été utilisée par Poland et Anzer
(1971) qui ont développé un modéle de transfert utilisant un atome d’hydro-
géne avec deux niveaux et le continum. La protubérance est irradiée par
les rayonnements photosphérique, chromosphérique et coronal. Le transfert
de rayonnement a été effectué en modélisant la protubérance par une nappe -
de plasma de température uniforme (T' = 7000 K). La zone de transition
protubérance-couronne a été modélisée en supposant simplement que le flux
thermique est constant dans cette’'région, ce qui est en accord avec les obser-
vations. Le modéle est globalement en équilibre énergétique, mais il ne résout
pas le probléme du transport vers et du rayonnement dans la protubérance,
de I’énergie apportée par le flux conductif de la zone de transition.

Le transfert de rayonnement a été étudié plus en détail par Heasley et
Mihalas (1976), mais la conduction thermique est négligée: les calculs ne
s’appliquent donc qu’au coeur des protubérances. Cependant, le calcul du
rapport d’intensité des raies est en désaccord avec 'observation des spectres
des protubérances. Le résultat a été beaucoup amélioré en utilisant une struc-
ture hautement filamenteuse (taux de remplissage de 0-1), ce qui permet au
rayonnement photosphérique de pénétrer plus profondément dans le plasma
froid. La température centrale obtenue est faible: T =~ 5000 K, figure 15
(voir le chapitre précédent pour plus de détail). Ces modéles fibreux perme-
ttent de mieux interpréter les observations; une contradiction interne devra
cependant étre résolue: les calculs de transfert de rayonnement sont effectués
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dans I’hypothése d’une géométrie plan paralléle, alors que manifestement une
structure trés inhomogene est présente.

En conclusion, les divers modeéles actuels de structure interne des pro-
tubérances ont développé un ou plusieurs aspects du probléme, mais sans
prendre en compte simultanément les différents phénoménes. Pour simplifier
ce difficile probleme, il me semble justifié d’étudier des plasmas de faible 3.
La structure magnétique pourra alors étre imposée presque indépendamment
de la répartition spatiale du plasma. Le probléme, encore complexe, sera alors
de résoudre le transfert de rayonnement pour les régions internes (T ~ 7000
K), et de coupler cette description a la zone de transition et & la couronne
qui sont décrites par ’équation de I’énergie (1). Le transfert de rayonnement
dans le milieu optiquement épais de la protubérance devrait permettre de
thermostater la région interne de la protubérance vers T =~ 7000 K, quel que
soit ’apport de chaleur conductif de la région de transition protubérance-
couronne. Ce probléme est analogue a celui posé par la transition brutale de
la chromosphére a la couronne: le gradient de température doit brusquement
s’annuler au bas de la zone de transition, pour donner une région d’environ
2000 km ou la température est presque uniforme. Un modéle de chromo-
sphére, autre que semi-empirique, n’existe cependant pas encore, ce qui est

di a la difficulté du probléme: le transfert de rayonnement est couplé a la -

répartition générale de la matiére car le plasma n’est ni optiquement mince,
ni épais et un grand nombre de raies interviennent.

1.2.3 Modeles de structures fines

De nombreux modeéles ont été proposés pour interpréter les observations. Les
structures observées ressemblent parfois & des arches, lorsqu’on les observe
sur le disque, mais elles apparaissent en majorité verticales au limbe. Poland
et Tandberg-Hanssen (1983) ont proposé leur modélisation par des filets de
matiére froide isotherme; Kundu (1986) et Gary (1986) modélisent ces struc-
tures par des filets froids entourés d’une gaine de plasma chaud. Cependant,
le probléme de ’équilibre de ces filets le long des lignes de champ est diffi-
cile a résoudre car I’échelle de hauteur gravitationnelle n’est que de 200 km,
et donc beaucoup plus faible que la hauteur des structures (> 5000 km).
Cette difficulté peut étre résolue si les filets ne dessinent plus les lignes de
champ magnétique: le plasma est alors piégé dans un creux des lignes de
champ. Cette supposition est en aceord avec les observations de Leroy et
al (1983-1984) qui donnent un champ horizontal dans les protubérances. La
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Figure 16 : Déformation des lignes de champ par la force de gravité.

Cela donne une interprétation pour la direction, & dominante verticale, de la
structure fine. Poland et al (1987)
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direction, en moyenne verticale, des structures fines peut alors étre créée
par la déformation gravitationnelle de la structure magnétique: figure 16,
Poland et al (1987). La condensation étant initialisée dans un creux des
lignes de champ au centre de la structure (par exemple), les lignes de champ
inférieures (respectivement supérieures) seront déformées par la pression (re-
spectivement dépression) magnétique, d’ou la création d’une structure al-
longée dans une direction presque verticale. Cela suppose alors une variation
de la température, le long des lignes de champ, identique a celle décrite
au paragraphe précédent pour les modeéles de la structure globale. Rabin
(1986) a cependant montré qu’un modéle dominé par la conduction thermique
n’était pas suffisant a basse température, car cela conduit & une région froide
de faible taille et donc a un rayonnement de trop faible intensité pour ces
températures. Il propose alors un modéle comprenant 1000 filets froids dans
I’épaisseur d’une protubérance, soient des filets de quelques kilométres de
diametre! Une autre possibilité est de créer une région froide de plus grande
taille ou la conduction thermique est négligeable: on revient au probléme
discuté a la fin du paragraphe précédent.

Les modéles expliquant la formation de la structure fine sont rares. Ku-
perus et Tandberg-Hanssen (1967) ont proposé un modéle de formation dans

une nappe de courant qui est illustré par les figures 5 de ce chapitre et les fig- -

ures 19 du chapitre C. L’interaction de I’instabilité thermique et de ’intabilité
résistive dans une nappe de courant (ou “tearing mode”) provoque alors des
filets de plasmas froids. Cette étude a été précisée par Van Hoven et Mok
(1984) puis Tachs et al (1985). Les calculs de Malherbe et al (1987), Forbes
et al (1988), montrent clairement la formation d’ilots magnétiques entourant
des condensations, bien que la résolution du code numérique ne permette
pas de décrire des tailles aussi faibles que 1000 km: figures 22 du chapitre
C. Cependant, la formation des filets dans ces calculs bidimensionnels sans
gravité conduit a des structures horizontales. Les structures fines pourraient
aussi résulter d’une instabilité MHD (“ballooning mode”): Hood, commu-
nication privée; mais le champ mesuré par Leroy (1988) est relativement
uniforme!

Les modéles d’évolution des structures fines n’existent pas. Les obser-
vations montrent que leur apparence est modifiée sur des temps de ’ordre
de la dizaine de minutes. Est-ce dii a un déplacement de la matiére le long
des lignes de champ ou a la destruction de la condensation suivie de sa ref-
ormation? Une légére modification de la torsion dans le modéle de Priest
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et al (1988) pourrait expliquer cette évolution par le déplacement du creux,
donc du plasma froid, dans la structure magnétique. Les structures fines
restent actuellement mystérieuses. Nous avons abordé le probléme de leur
stabilité thermique dans ’article A2, Démoulin et al (1987a), en incluant les
conductions thermiques paralléle et orthogonale au champ magnétique.

2 Résumé des travaux de theéese

Quatre articles peuvent étre regroupés dans ce chapitre. Dans les articles A5
et A12, nous avons calculé le champ magnétique des protubérances solaires
en utilisant des conditions aux limites données par les observations dans la
photosphere et dans les protubérances. Dans ’article A9, nous proposons
un modeéle tridimensionnel donnant ’ensemble de la structure magnétique
des protubérances en relation avec les concentrations du champ magnétique
chromosphérique. Cela permet de localiser I’emplacement des pieds des pro-
tubérances dans le réseau de super granulation. Enfin, dans le dernier ar-
ticle (A2), nous étudions la structure et la stabilité des structures fines des
protubérances quiescentes. Un cinquiéme article, en préparation, concerne
I’équilibre des configurations Inverses modélisées par une nappe de courant
de taille finie. Les problémes de non équilibre de la partie supérieure de la
nappe sont exposés brievement et des solutions sont discutées.

2.1 Champ magnétique des protubérances solaires
quiescentes calculé A partir des conditions aux lim-
ites observationnelles. '

Deux méthodes ont été utilisées. La premiére, partiellement analytique, sup-
pose un champ coronal sans courant (ou potentiel). La deuxiéme est pure-
ment numérique, mais permet d’avoir un champ coronal traversé par des
courants; ainsi une importante composante du champ magnétique selon I’axe
de la protubérance peut étre introduite.
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2.1.1 Champ magnétique coronal potentiel: article A5

Le but de cet article est d’utiliser les données d’observations du champ
magnétique, dans la photosphére et la protubérance, pour en déduire le
champ magnétique régnant dans le voisinage d’une protubérance. Cela
conduit a résoudre un probléme aux conditions aux limites mixtes car la
composante verticale du champ est mesurée dans la photosphére, alors que
la composante horizontale est connue dans la protubérance. Ce travail
a été commencé par Anzer (1972) dans un cas particulier: figures 3; ici
nous généralisons cette étude. En premier lieu, la protubérance est sup-
posée étre a une hauteur finie, P, au-dessus de la photosphére (figure 1a de
’article A5): cela conduit a reformuler le probléme en fonction du champ
magnétique (et non de son potentiel comme dans le travail d’Anzer). En sec-
ond lieu, les calculs sont étendus a la configuration Inverse (8 < 0). Enfin,
I’ensemble des solutions possibles est décrit. Le principal résultat concerne
'indétermination de la solution. Les hypothéses faites sont pourtant impor-
tantes: la protubérance est une nappe de courant verticale, plongée dans un
champ magnétique potentiel symétrique a deux dimensions; mais les seules
données observationnelles conduisent a une infinité de solutions. Une so-
lution unique de ce probleme nécessite en fait des conditions aux limites
qui resteront inobservables méme avec des magnétomeétres vectoriels tels que
Thémis. Elle nécessiterait de mesurer le champ magnétique au-dessus et au-
dessous de la protubérance, dans une région coronale. Cette indétermination
est, en partie, levée en limitant les configurations possibles par des arguments
physiques: les configurations sont astreintes a ne pas avoir de singularité de
champ magnétique. Des exemples de configurations Normale et Inverse sont
alors calculés, pour des conditions aux limites analogues a celles d’Anzer
(figures 3a et 3b). Le champ normal & la protubérance est cependant pris
plus faible car on observe que le champ magnétique est trés incliné sur le
plan de la protubérance. Le parameétre 8 d’Anzer (qu’il a fixé au voisinage
de 0-7) doit donc étre réduit & des valeurs de I’ordre de 0-2. Des configura-
tions entiérement supportées par le champ magnétique ont été trouvées pour
les deux classes de configuration magnétique (Normale et Inverse). Il est
cependant 3 noter que seules des configurations Inverses de topologie iden-
tique & celle de la figure 6¢ peuvent étre soutenues entiérement par le champ
magnétique. Je détaillerai ce point au paragraphe 2-4.
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2.1.2 Champ magnétique coronal sans force, linéaire: article A12

L’utilisation des fonctions holomorphes, décrites dans ’article précédent, ne
permet pas d’incorporer la composante du champ magnétique paralléle a la
protubérance: 'introduction de cette composante fera I’objet de cet article.
Le champ magnétique est supposé étre sans force et linéaire: rotB = oB
(a = constante). Les conditions aux limites sont similaires a celles de I’article
A5, si ce n’est que le champ vertical photosphérique est décomposé en série
de Fourier: figure 1 de l’article. Le probléme est résolu numériquement
en discrétisant les équations décrivant le potentiel magnétique d’équilibre
A (z,2) sur une grille & deux dimensions. On suppose que le champ décroit
vers zéro a grande distance: aussi les conditions aux limites au sommet
de la grille sont-elles placées a grande distance, grace a un maillage non
uniforme, pour ne pas influer sur les résultats. Le cisaillement est décrit par
le parameétre non dimensionné a normalisé a la taille de la région: o'. Ce
dernier est inférieur & 27 pour ne pas créer d’ilots de champ magnétique non
physiques.

De méme que dans ’article A5, le champ magnétique n’est pas totalement
déterminé par les données observationnelles. Ici, I'indétermination se limite
3 deux parameétres: A’ (0, P) et o' (car on ne considére que des champs ten-
dant vers zéro a I'infini). Le parameétre A’ (0, P) est le potentiel magnétique
3 la base de la protubérance, normalisé au potentiel maximum de la configu-
ration; il représente aussi le flux du champ magnétique entre la protubérance
et la photosphére (plan z = 0) normalisé au flux total traversant la photo-
sphére pour z > 0. L’étude de diverses configurations permet de tirer des
conclusions générales pour les configurations Normale et Inverse. L’influence
des parametres sur la configuration magnétique, et donc sur la masse sup-
portée par la protubérance, est, dans I’ordre décroissant des effets: A’ (0, P),
le rapport de ’intensité du champ de la protubérance a celui du champ photo-
sphérique moyen, I’amplitude des harmoniques du champ de base, et enfin le
parameétre de cisaillement o'. Cette étude justifie donc les hypothéses faites
dans le cas d’un champ potentiel: article A5. Bien que les protubérances
aient un champ presque colinéaire a leurs axes, seule, la composante normale
du champ horizontal joue un rdle important pour le probléme aux conditions
aux limites définies par la figure 1 de I’article. Le parametre principal étant
A' (0, P), qui est trés mal connu, la déduction, a partir des observations, de la
configuration magnétique est donc limitée. Une ligne de champ est décrite par
A' (z,2) = constante, A’ (0, P) permet de localiser le point d’ancrage photo-
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Figure 17 : Calcul avec une densité surfacique de masse imposée dans la
protubérance, pour une configuration Normale.
La courbe 1 donne la densité obtenue en imposant Bz = 2 G dans la pro-
tubérance. Cette densité est prise comme état initial du calcul qui consiste
a imposer la densité de masse protubérantielle. Les courbes 2 4 5 donnent la
densité de masse, imposée apres diverses itérations. La topologie de la con-
figuration magnétique passe alors de celle de 2a a celle de 2b avec formation
d’un ilot.
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sphérique de la ligne de champ qui part du bas de la protubérance (z = P).
Cela peut fournir une méthode d’estimation de cet important parametre:
lors de ’activation d’une protubérance, de la matiére froide peut s’écouler le
long des lignes de champ et, ainsi, matérialiser leur position. Cependant, la
mesure de A’ (0, P) reste tres délicate.

Devant cette indétermination, une autre condition aux limites peut étre
utilisée: celle de la densité surfacique de masse observée. Cela conduit a un
probléme non linéaire car on impose le produit Bx.Bz 4 la limite de la pro-
tubérance: il est résolu par itérations, en partant d’une configuration obtenue
en imposant le champ vertical dans la protubérance (cela pour éviter les dis-
continuités dans le champ produites lorsque ’on impose le champ horizontal).
Deux voies sont possibles: on peut imposer une densité ne dépendant que de
la hauteur z, ou que de la ligne de champ. La premiére méthode est appli-
cable aux observations: un exemple est donné 3 la figure 17. La courbe 1 a
été obtenue en imposant le champ horizontal dans la protubérance; puis, par
itérations, on impose progressivement une autre fonction de masse: courbe
2. Cette fonction de masse peut étre ensuite amplifiée par un facteur mul-
tiplicatif: courbe 3 a 5, le calcul s’effectuant toujours par itérations succes-
sives. La deuxiéme méthode permet, en revanche, d’étudier la formation
quasi-statique d’une protubérance: la matiére dense est ajoutée au sommet
des arches, ce qui déforme progressivement la configuration initiale. Ces
méthodes sont prometteuses pour I’interprétation des données observation-
nelles: elles permettent de construire la configuration magnétique a partir des
observations de champ magnétique. Une généralisation 3 trois dimensions est
a I’étude. Le champ magnétique sans force et linéaire peut se mettre sous la
forme générale:

B = VA(VA(des)+ a.d.e5)

ou la fonction ¢ (z,y,z) vérifie Ad + a’¢ = 0 comme dans le probléme a
deux dimensions. Cependant, le manque de conditions aux limites observa-
tionnelles, déja important & deux dimensions, est encore plus génant ici.
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Figure 18 :Schématisation de la formation des pieds des protubérances
par instabilité de Rayleigh-Taylor.
Le plasma dense du filament est supporté par un champ magnétique uni-
forme. Nakagawa et Malville (1969).

Figure 19 : Schématisation de la configuration magnétique tridimen-
tionelle Normale pour une protubérance.
Les lignes de champ entre les pieds sont fortement cisaillées et étirées. Du
plasma froid permet de les visualiser comme des structures fines formées de
longues arches. Le champ au voisinage des pieds est formé de diverses arches
peu inclinées sur la direction du filament. Elles donnent un aspect de rosaces
aux pieds des protubérances lorsqu’elles sont vues de dessus avec une bonne
résolution spatiale. Poland et al (1987).
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2.2 Un modeéle tridimensionnel de protubérances so-
laires: article A9

Les pieds des protubérances, régions ol le plasma froid de la protubérance
rejoint la chromospheére, sont énigmatiques aussi bien du point de vue des
observations que des modéles. Trop bas au limbe solaire, ils ne peuvent étre
observés car la lumiére photosphérique est diffusée par I’atmosphére terrestre:
le rayon du disque du coronographe doit étre supérieur a celui du disque
solaire d’environ 10* km pour éliminer cette lumiére parasite. Nakagawa
et Malville (1969) ont modélisé la formation des pieds par une instabilité
de Rayleigh-Taylor d’un plasma dense supportée par un champ magnétique:
figure 18. L’ordre de grandeur de ’espacement des pieds observé est obtenu
pour des valeurs raisonables des parametres. Milne et al (1979) ont décrit un
modéle unidimensionnel montrant le couplage entre les aspects magnétique
et thermique de I’équilibre. Lorsque le 8 du plasma devient supérieur a
(ou de l'ordre de) l'unité, le champ ne peut soutenir le plasma, ce qu’ils
interpretent comme la formation de pieds. Cependant, cela est contraire
aux observations: on observe que les pieds des protubérances se forment en
premier, sans que de la matiére dense ne chute depuis de hautes altitudes. En
fait, les pieds doivent étre reliés a la configuration bidimensionnelle du champ
magnétique de la photospheére: il est concentré dans le pourtour des cellules
de mésogranulation, de taille moyenne identique a la distance moyenne entre
les pieds d’un filament.

Cet article (A9) décrit la configuration magnétique coronale résultant
d’un champ photosphérique concentré en tubes de flux, répartis périodiquement
(figures 2 de cet article). Le champ magnétique est supposé étre sans force:

jAnB =0
ou rotB = a.B

Seuls, des champs linéaires sont considérés (a = constante): cela permet
d’avoir un modéle analytique ou le champ est développé sur une base de
fonctions. Ce modéle prévoit la variation de ’intensité et de la direction du
champ magnétique a basse altitude: le champ est moins incliné sur le plan
de la protubérance et plus intense prés des concentrations de champ photo-
sphérique. Cette modulation, le long de I’axe de la protubérance, disparait
avec l’altitude, en accord avec les mesures effectuées a une altitude supérieure
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a environ 10* km au-dessus de la photosphére: Leroy et al (1984). La con-
figuration magnétique obtenue est similaire a celle présentée par Poland et
al (1987): la figure 19 représente le schéma possible de la configuration
magnétique Normale déduite de 'apparence visuelle des protubérances so-
laires. La présence de matiére froide soutenue par le champ magnétique est
modélisée dans cet article (A9) par des lignes de courant. Cela conduit a la
présence de pieds, bien localisés spatialement (figures 7 et 9 de I’article A9),
meéme pour des champs photosphériques peu concentrés (figures 3 et 9a de
’article'A9). Ces pieds sont localisés & la frontiére des cellules convectives,
c’est-a-dire au-dessus des concentrations de champ photosphérique pour une
configuration Normale. En revanche, dans la configuration Inverse, ils sont
placés entre les concentrations de champ.

2.3 Structure fine dans les filaments solaires: obser-
vations et stabilité thermique: article A2

L’observation d’un filament quiescent a une haute résolution spatiale (< 0-5")
permet d’étudier la structure fine vue en projection sur le disque solaire. Les
vitesses observées étant bien inférieures aux vitesses sonore et d’Alfven, nous
présentons un modéle statique. La structure thermique est simplifiée par
un damier a 2 dimensions, formé de régions froides (T =~ 10* K) et chaudes
(T ~ 10° K): figure 1 de l’article. Le champ magnétique est supposé uni-
forme, et seule la stabilité thermique du plasma est étudiée. Les flux de
conduction thermique, paralléle et orthogonale au champ magnétique, sont
estimés par différences finies. L’équilibre périodique n’est trouvé possible que
dans un domaine relativement étroit du chauffage et de la pression (environ
2 décades). Les temps d’instabilité sont caractéristiques de la fonction de
rayonnement: de quelques minutes & quelques heures. Le plasma chaud (in-
stable) est stabilisé par le plasma froid si la taille des cellules est suffisamment
faible: typiquement, si elle est inférieure & 5.107 m parallélement au champ
magnétique ou inférieure & 10* m orthogonalement. Ces valeurs encadrent
la taille typique des structures fines: 10° m. Il est cependant & noter que
I’équation d’équilibre thermique est fortement non linéaire, ce qui conduit,
par une résolution compléte de 1’équation, a des tailles de la région froide
beaucoup plus faibles que celles de la région chaude. Les tailles indiquées
ci-dessus sont donc caractéristiques de la dimension de la structure chaude.
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On en conclut que seule, la conduction paralléle au champ magnétique peut
produire des structures froides de ’ordre de 10° m.

2.4 Discussion de l’équilibre de la configuration In-
verse

2.4.1 Equilibre

Dans le modéle de configuration Inverse défini par Kuperus et Raadu (1973),
figure 5, la protubérance est soutenue par ’ancrage des lignes de champ dans
la photospheére, car la force de Lorentz du champ magnétique créé par la
distribution photosphérique sur les courants de la protubérance est dirigée
vers le bas. L’équilibre vertical d’une ligne de courant d’intensité I s’écrit
alors:

-Ag + IB, + R(h) I? =0
gravité force Répulsion de I'image:
de modélisation de I’ancrage
Laplace des lignes de champ dans

la photosphére

avec A: densité massique de la protubérance,
g: gravité solaire,
Bx: composante horizontale du champ coronal au niveau
de la ligne de courant (Bx< 0 ici),
h : hauteur de la protubérance au-dessus de la photospheére,
et R (h) = po/4mh pour un champ coronal potentiel.

Remarque: les conventions sont ici I > 0 pour une configuration Nor-
male, et I < O pour une configuration Inverse, mais sont différentes d’un
auteur a P'autre!

Pour une configuration Normale, I est positif, et ’équilibre est obtenu
approximativement par 1’égalité des deux premiers termes. Pour une config-
uration Inverse, I est négatif, et le dernier terme doit égaler les deux premiers.
Les différents parameétres étant fixés, cela conduit & une intensité au moins
10 fois plus intense que dans le cas précédent (voir I’article A4).
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2.4.2 Probléme dans la modélisation de la configuration Inverse

Les modeles de configuration Inverse antérieurs & 1988 développent I’idée ini-
tiale de Kuperus et Raadu (1974). Cependant, le support de la protubérance
par la répulsion de la protubérance sous la photosphére pose de nombreux
problémes. On peut les résumer en trois points:

- les hauteurs d’équilibre sont beaucoup plus faibles que pour la configu-
ration Normale, pour la méme valeur des paramétres; cela est contraire aux
observations car les grandes protubérances quiescentes sont de configuration
Inverse. Des parameétres trés différents sont donc nécessaires pour chaque
configuration, en particulier pour ’'intensité I du filament;

- le mécanisme pouvant former un courant I < 0 n’est pas connu; un
candidat hypothétique est la reconnexion des lignes de champ forcée par des
mouvements photosphériques convergents;

- une nappe de courant ne peut étre entiérement soutenue dans un champ
dipolaire fermé.

Anzer (1984) a montré 'importance du dernier point pour des champs
potentiels, figure 7, mais cela se généralise & des champs sans force. Dans une
configuration Inverse, le support ne provient que de la répulsion des courants
images, de ceux de la protubérance, par rapport au plan photosphérique.
Dans ’équilibre de la structure interne, intervient aussi I’interaction entre les
courants de la protubérance. L’équilibre a ’altitude z, ou circule le courant
surfacique i(z), dans ’hypothése d’un champ coronal potentiel s’écrit alors:

® pg.1(2) .d2' ®© po.t (2).d2'

—og +i(2) Bz +i(2). [ ’;jlr((z—,)_% i(2). ‘%‘;r% =0
Le troisiéme terme est di a l’attraction des courants de la protubérance. Si
I’on se place prés du sommet, z est supérieure a z’ dans la majeure partie
des intégrales, les trois premiers termes sont donc négatifs. De plus les deux
derniers termes peuvent se regrouper en une seule intégrale qui est négative,
si z est proche du haut de la protubérance et si la densité de courant n’a pas
de singularité. Le haut de la protubérance ne peut donc étre en équilibre, et
la structure se contracte, sans parvenir a trouver un équilibre. Cela provient
de la décroissance de la force d’interaction (entre deux courants) avec la
distance: ’attraction des courants de la protubérance est plus importante que
la répulsion des courants images, au sommet de la protubérance. Cet effet
est amplifié dans un champ sans force linéaire car les courants volumiques
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écrantent la force d’interaction entre deux courants: Amary et Aly (1988).
Le support par la répulsion de 'image n’est donc pas suffisant.

2.4.3 Résumé des travaux

On peut avoir un support a la partie supérieure de la protubérance par un
gradient de la pression magnétique associé & la composante By du champ.
Cependant, la variation de I’intensité du champ nécessaire est importante
et cette composante By doit décroitre avec la hauteur de la protubérance,
ce qui est contraire aux observations. Il existe, actuellement, deux modéles
possibles : le support dans une région quadrupolaire: figure 6c, par exemple,
et la formation dans un champ torsadé: Priest et al (1988). Ce dernier
modele sera discuté plus en détail dans le chapitre C portant sur I’évolution
des protubérances. La premiére solution est actuellement étudiée en suivant
I’évolution de deux régionsbipolaires qui convergent I’une vers I’autre. Une
nappe de courant se forme alors au contact des deux régions bipolaires, et
un processus de formation avec une reconnexion lente des lignes de champ
peut alors avoir lieu. Le processus de formation est analogue & celui proposé
par Kuperus et Raadu (1974): figures 5.

3 Conclusion

Les observations nous montrent des objets étonnants, qui se forment rapi-
dement (quelques heures, a quelques jours), qui évoluent et changent
d’apparence continuellement, et qui donnent une éruption soudaine en
quelques dizaines de minutes, pour se reformer ensuite & la méme position.
La structure spatiale est aussi complexe: structures fines et pieds n’ont pas
fini de nous intriguer!

Les progres effectués dans cette theése, sur la structure magnétique, peu-
vent se résumer en quatre points principaux. D’abord, ’ensemble des so-
lutions, pour des conditions aux limites observationnelles données (dans la
photosphére et dans la protubérance), a été exploré. Ensuite, la composante
du champ magnétique paralléle a la protubérance a été introduite dans les
modeles; les observations (chapitre A) ont montré son importance pour la
formation et la stabilité des protubérances. En troisi¢me lieu, un modéle
tri-dimensionnel a été construit, ce qui permet de prévoir la configuration du
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Figure 20 : Schéma de I’aspect des protubérances quiescentes.

(a) Une protubérance jeune, avec peu d’arches. Les pieds sont formés
en premier et la structure s’allonge progressivement en formant de nouvelles
arches. _

(b) Une protubérance bien développée. Deux systémes de structures fines
sont visibles: I’'un formant les arches, I’autre donnant les structures quasi-
verticales.

(c) Une protubérance ancienne. La structure fine est formée d’un ensem-
ble de filets froids trés torsadés.

Rompolt (1987).
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champ magnétique dans les pieds des protubérances (celle-1a est encore in-
connue d’apreés les observations). Enfin, ’étude systématique des propriétés
des configurations Normales et Inverses a été réalisée. On ne ne peut cepen-
dant pas encore confronter ces configurations aux observations car beaucoup
de parameétres sont mal connus. De nombreux progrés sont attendus grace
a Pobservation des champs vectoriels avec le télescope Thémis. L’étude des
oscillations dans les protubérances pourra aussi fournir de nombreuses in-
formations sur la distribution du champ magnétique et la densité des pro-
tubérances.

La structure magnétique et thermique interne est modélisée séparément
de la structure externe du champ magnétique, et; de plus, chaque modéle
ne considere que quelques aspects du probléme. Une protubérance est un
milieu complexe ol le plasma interagit & la fois avec le champ magnétique
et le rayonnement. Le probléme majeur est de comprendre le mécanisme de
stabilisation de la température, vers 7000 K, dans la protubérance, puis de
relier cette région a la zone de transition dominée par la conduction ther-
mique. Un probléme analogue est présent au niveau de la chromosphére.
L’interaction plasma-champ magnétique me semble secondaire, car le 3 du
plasma étant faible, le champ magnétique impose sa géométrie au plasma. Il
sera ensuite nécessaire de coupler ce modele interne 3 la structure magnétique
externe, si possible dans un modeéle tridimensionnel. Ce dernier aspect est
tres important car il donne le lien avec la convection, et donc avec ’ensemble
de la dynamo solaire. Un modéle d’évolution quasi-stationnaire, en liai-
son avec les rouleaux de convection est & construire. De méme, si quelques
modélisations des structures fines ont été développées, celles-ci gardent en
grande partie leurs mystéres. Pourquoi ont-elles un aspect si rapidement
changeant? De fagon générale, quelques piéces du puzzle ont certainement
été réunies, mais peut-on réellement estimer le nombre de piéces manquantes?
Une schématisation, méme simple, de I’apparence des protubérances laisse
réveur: figure 20.

A-t-on des aspects différents de I’évolution d’un méme objet, ou les trois
classes (protubérances quiescentes de haute et de basse altitude, et pro-
tubérance de plage, mais on peut en définir beaucoup plus: D’Azambuja
et D’Azambuja, 1948) sont-elles des entités différentes? Pour ce faire, il faut
comprendre comment se forment et évoluent les protubérances solaires.
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Summary. A generalization of Anzer’s model (1972) for quiescent
prominence support is presented. The coronal field is assumed to
be current-free except inside the prominence where currents
support dense material against gravity. The prominence is taken
to be an infinitely thin current sheet of finite extent along the
vertical axis. The hypothesis of two-dimensional fields allows us
to use complex functions to solve the mixed boundary problem
which is defined by the observed vertical field in the photosphere
and the horizontal magnetic field in the prominence. These
boundary conditions are not sufficient to determine a unique
solution for the magnetic field. We are able to decrease the
indeterminacy by physical considerations and present some
models for Normal (N) and Inverse (/) configurations. In both
cases it is possible to find field configurations which can support
the finite prominence against gravity.

Key words: solar prominences - magnetic field

1. Introduction

Prominences are thin condensed sheets of cold material
(T ~ 8000 K) suspended in the hot corona (T = 10°K). As the
pressure is almost the same as the coronal one, the prominence
density is typically one hundred times greater than the coronal
density and so this cold material needs to be supported against
gravity by magnetic fields.

Available observational data are the electron density and the
temperature of the cool sheet, the horizontal magnetic field in the
prominence from limb observations and the magnetic flux
pattern in the photosphere from disc observations. All these
quantities have been reviewed by Hiroyama (1985).

Theoretical models simplify the global structure of promi-
nences, in general by excluding the periodic feet of prominences
and modelling the prominence by a straight line of current or by
a thin current sheet. Two basic geometries have been proposed
by Kippenhahn and Schluter (1957) and Kuperus and Raadu
(1974): they are respectively of the Normal and Inverse type. In
the N configuration, the prominence field has the same direction
as the potential field created by the photospheric pattern. In the /
configuration, the field has the opposite direction and so it needs,
for a current free model, an X point, below the prominence,

Send offprint requests to : P. Démoulin-

which separates the prominence field region from low-lying
closed field lines.

Many authors have tried to compute the coronal field from
photospheric data. The following have assumed a potential field
in the corona: Schmidt (1964), Adams and Pneumann (1976),
Sakurai (1982). These calculations cannot give realistic fields near
prominences since there must be current to support them. Other
works supposed that the field is a linear force-free field (e.g.
Nakagawa and Raadu, 1972). These models were more realistic
than previous ones, but they cannot use the measured magnetic
field in the prominence from limb observations. Moreover as
they only use the photospheric magnetic field pattern, they must
impose more or less realistic boundaries conditions in the corona
at the computation box edges. (Such boundary conditions are
implicit if they use Fourier transforms, assuming a periodic
magnetic field.) The choice of boundary conditions allows a
certain quantity of magnetic flux in the box which changes
greatly with different kinds of boundary conditions. Then we
must have a box greater than the prominence height to avoid
these effects, but it is not evident that we can assume that the field
is a constant-x force-free field everywhere. In particular, there are
large concentrations of magnetic fields in the photosphere like
sunspots or pores which are more complex than a constant-x
force-free field. We conclude that, even if such numerical linear
force-free field codes might be useful to understand the field
behaviour near a prominence, the solutions are not necessary
realistic.

The aim of this paper is to use observational magnetic field
data, to understand the field topology near a prominence. It
involves a mixed boundary problem: we know the vertical field in
the photosphere and the horizontal one in the prominence. This
work has been started by Anzer (1972) who modelled the promi-
nence as an infinitely thin current sheet stretching a distance H
along the vertical axis from the photosphere. For simplicity the
field is assumed potential in the corona and is two-dimensionnal.
The field is computed by using complex functions. The advantage
of this method is that the observational field in the photosphere
and in the prominence are automatically included. One limit-
ation is that we cannot impose the density behaviour in the
prominence: it is a result of the computation, and Anzer found a
downward force rather than supporting force in the low part of
the prominence in all the cases. One possibility to avoid this is to
move the base of the prominence above the photosphere. Then
the prominence is assumed to be present only in the interval
[P, Q] of the.vertical axis. The generalization of Anzer’s work to
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this case needs the introduction of a free parameter: the flux
between the photosphere and the promincnce base as discussed
at the end of page 333 of Anzer's paper. This parameter could be
adjusted to give a “good field behaviour™. To avoid this, we
preferred to compute directly the magnetic field, as discussed in
Sect. 4.

Another way to build a prominence magnetic field with
complex functions, and so potential fields. has been investigated
by Malherbe and Priest (1983). They proposed two-dimensional
analytical magnetic configurations for both I and N configur-
ations. The advantages of this method are simplicity, and the
production of a great number of models with the two-dimen-
sional topology in both I and N configurations, and with a
positive support in the whole prominence. The disadvantages are
that both magnetic fields and prominence densities cannot be
imposed. ,

We want here to generalize the paper of Anzer to more
general configurations, in particular to [ configurations, with a
finite current sheet in the segment [ P, Q] of the vertical axis. This
mixed boundary problem with photospheric and prominence
observational fields is described in Sect. 2 and is solved using
complex variables in Sect. 3. It leads to an indeterminacy as the
data are not sufficient to ensure the uniqueness of the solution.
We limited it using physical considerations and discuss the
relevant liberty in Sect. 4.

2. Description of the model
2.1. Assumptions

We make several assumptions in our model, as follows.

2.1.1. Two-dimensional geometry

The spatial coordinates are described by a cartesian coordinate
system. The prominence is supposed to be in a vertical plane with
x-axis horizontal and perpendicular to this plane, z-axis along
the axis of the prominence and y-axis in the vertical direction
(Fig. 1).

Although a prominence appears on the sun as a periodic
structure falling down to the chromosphere at points named
“feet”, we assume here that the global magnetic field can be
reasonably well approximate by a two-dimensional model: we
assume that all quantities are independent of the v coordinate
(An analytical model for prominence feet is presented in
Démoulin and Priest, 1988, in relation with the supergranular
chromospheric pattern).

Observations do not show significantly different magnetic
fluxes both sides of prominences, so that we suppose the magne-
tic field to be symmetric with respect to the prominence plane.

2.1.2. Field structure

The field is taken to be current-free (potential) throughout the
corona, (except in the prominence). It satisfies:

rotB=10 and divB=0 ‘
which gives in two dimensions:
0B, (B, B, B,

D and 2 2=0

0y Cx & 0y
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(a)
By (0,y)=0
Q
By (0,y) given ®:
P ”
By (0,y)=0 T Bylx,0) given
0 x
?
Y (b)
By(o,y'):O , By(o,y')=0
B,lo,y)given Byl(x',0) given
-q -p* 0 x

Fig. 1. a The 2D geometry of the computdtions. The prominence is
modelled by a current sheet between P and Q on the vertical axis. We
impose the horizontal field (B,) at the prominence location and the
vertical field (B,) at the photospheric level. b The transformation, from
the plane to the half plane using the conform transformation & — &2 = ¢&!

This means that B, +iB, is an analytic function of the variable
& =x+iy. The field can also be represented by one of the two
following potentials ¢ or ¢,

with B= —grad and B =rot(y e2)

The function A(x,y)=y+i@ is analytic and B(x,y)=
—dA(x, y)/dE

The field (B,, B,) can be described either by B(&) or A(E).
Anzer (1972) has chosen the second possibility, and here we
prefer the first one for the reason described in the introduction:
there is no extra free parameter, such as the flux below the
prominence. The unknown quantity is only the function G(&) (see
below).

As the field is potential and two dimensional, the component
B.(x, y) needs to be a constant. Since it does not affect the mass
balance we forget it in the analysis below.

2.1.3. Prominence shape and current

The prominence is represented by an infinitely thin current sheet
in the interval [ P, Q] of the vertical axis. If d is the thickness of
the prominence we define the surface density / and the surface
current J by taking the limit d - 0:

d/2
lim J edx

d—0J -d/2

~
1

} a2 .
J= Iimj jodx

d=04J-d2
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and the integration or rot B = ji; from x = —d/210 x = d/2 gives,
at the limitd = 0

B,(0", )~ B,(0™, 1) = HoJ

if we neglect the contribution of #B, /¢y (see Sect. 2.2.2)
From the symmetry condition B,(0", y)= —B,(07, ), we
find:
2
J=—B,0",y) (1)
Ho

2.1.4. Static model

The model is magnetostatic since the time-scale for quiescent
filament evolution (except in eruptive phases) is much greater
than the sound or Alfven travel-time of the structure (days to
months compared to a few minutes).

The filament is in equilibrium between gravity and magnetic
forces.

As we must fix the vertical extension of the prominence and
the horizontal field in the prominence, these calculations cannot
be extended to an evolution model. The aim is just to determine
the magnetic configuration near a prominence, and we use ideal
MHD. The prominence is infinitively thin and so we do not
introduce the thermal coupling of the filament to the photo-
sphere or the corona along field lines.

2.2. Mass support
2.2.1. Force balance in a prominence

With the assumptions of Sect. 2.1 prominence material is subject
to four forces:

—the solar gravity,

—the external Laplace force between the prominence current and
the magnetic field,

—the internal repulsion force between the current of the promi-
nence,

—the external support force by the repulsion of an image promi-
nence current below the photosphere.

The last force is the line tying of the magnetic fields in the
dense photosphere. It was first introduced by Kuperus and
Raadu (1974).

The balance between all these forces gives the surface mass

~ densities of the prominence when we know the magnetic fields B,

and B, at the prominence location.

2.2.2. Total magnetic field support

The x component of the Lorentz force j A Bis even in x and then

the horizontal equilibrium is satisfied for the assumed sym-

metrical prominence.
The y component of the Lorentz force is:

B, @B, 1 0OB? i
f = —.—*———= Both terms are odd in x

The first term is the magnetic tension and the second the magne-
tic pressure. We integrate this force over the prominence width
from x= —d/2 to +d/2, and the magnetic force on a small
segment dy of the prominence becomes:

d, (42 B, (B}
fzr,,-’[ (Bx,’- = )dx.
Ho -d/2 Uy 2(')'

We assume that the horizontal magnetic field B, does not change
greatly across the prominence, then:

d 1 B30, v dy
dFy = [23,(0. ¥): B,(E, y) _1B00, d]-—" 2)

2 0y Ho

4

using the symmetry condition

d d
B3 v)=—B|-3V)

Observations by Leroy et al. (1983), (1984) provide for quiescent
prominences:

R B
B,=./B}+B!=8G 0=arcsin(——x>~10° to 25° so B, ~ 1
BP

to 4G
¢B, ,
and — <£0.5G/10 Mm
¢y
So the ratio between the two terms of Eq. 2 is:
B,
—d
ay 1

d s d
() el

with a typical size d = 5 Mm

By, cannot be observed. For B, 2 B, = B,sin (), the magnetic
pressure term is negligible compared to the magnetic tension
term. The magnetic pressure term is only important for very low
values (typically 0.1G) which gives an unrealistic and very low
prominence mass. This term provides also a downward force and
so does not contribute to support of the prominence. Hence, for
all these reasons, this term should play a secondary role in
realistic prominences and we set it 10 zero, assuming constant B,
in the prominence. (We neglect the vertical gradient found by
Leroy et al.). The slowly increasing horizontal field component,
observed in quiescent prominences, is in fact not important either
for mass balance, or for field line topology as shown by the
present computations.

R =

2.2.3. Current forces

The repulsive force exerted on a part dy of the prominence due to
the image prominence current below the photosphere is:

Q . ) .
dfp) = (J. ”_O_JM’V—'>.J(Q y)dy

p 2n(y+yy)
and, using (1) we get:
2 2B (0, y,)dy
s = (J (0, yy)-dy, ) B,(0, y)-dv. 3)
T po \Jp y+n ‘

We must also consider the action of currents exerted by the other
parts of the prominence (which is attractive) on element dy:

Q , . .
ifap = 2 (J B,(0, y,)dy, )-B,.(O, y)dy. ()
p —Yth




This integral is a principal part whose convergence fory=Por
y=Q is assured by lim B0,y =0 and lim B,(0, y)=0. (The
current density goes to zero at the ends of the prominence and so
Lhe vertical magnetic field is a continuous function at y = P and
v = Q.) This integral is positive in the low part and negative in the
upper part of the prominence: the upper currents exert an attrac-
tion. and so a support against gravity, on the low part of the
prominence. But as it is an internal force in the prominence itself,
this term has no global effect on the total mass support and the
integral

e Q@B (0, y,)dy .
J B,(0. }')(J —“—(——"l—)(—“—l>d,\' vanishes.
. ,  —YEN

These forces, given by (3) and (4), have not to be added to other
forces for the mass balance as it is included in (2): the photo-
spheric pattern as well as the prominence current, and the image
current creates a magnetic field, and the data of the horizontal
field B, in the prominence includes this effects. Even if dfg, and
df,» have no effect in the force balance, it is interesting to
consider how great is the repulsion support and the “self pinch”
effect in the prominence. A large value of this last term means
that the prominence will evolve certainly to a current line con-
figuration, which is not observed. So configurations with big
currents (or B,) in prominences lead to such difficulties. This self
pinch effect due to large currents has been analyzed by Anzer and
Priest (1984) using complex variables.

2.2.4. Force balance

The vertical equilibrium force gives the surface mass density as a
function of the magnetic field on the vertical axis:

.,
ig = —B,(0.) B,(0,y) (5)
Ho
for a width d which is taken infinitely small.
We normalize quantities to B, and L defined by.
B, =B.'B, B,=B;"B, y=y'- L; (5) becomes:

5. B2
"‘0

B;(0, ) B(0, y").

/=

Hod
The relative contribution to the density of image repulsion
(¢ = + 1) and attraction of prominence currents (e= —1) are:
i ! j 2" B;(0, ¥)dy}
5 mBLOY) Jp &N

For smooth field behaviour in the prominence, the surfacic mass
density is of the order of iy =2B*/(1to9) which gives with
By=13G; ix7107* kgm~?

This is in agreement with surface densities deduced from
observations of electron density in quiescent prominences: with
n.x 10'" electrons per cm?® an ionization degree of 0.1 and a
width d =5 Mm, we find 2> 10" *kgm~ 2 This order of magni-
tude is also consistent with the recent observations of Bommier et
al. (1986) suggesting that n = 10'0 electrons per cm® and an
jonization degree of 1.

We compare now the magnitude of the different supporting
forces. If we assume that the current density is almost constant in
the prominence we have:

- 1 J'Q' B;(0, v})-dy) B, (\ + Q’)
— = - = - - - x —log.{ = -
/. - B0, y') Jp v+ B.n v+ P

B, P +Q
< —'—log..( Q >
on 2P

, P +Q
for Q' = 3P’, for example, log, 3P ~0.3

. .
fo=1 B;

- ¥

. 10-B.

and

It means that the repulsion by the prominence image below
the photosphere provides an efficient support mechanism only
when Bj > 10 B}, which implies that the magnetic field changes
its direction rapidly from the horizontal one in the center of the
prominence to an almost vertical one at the edges. The peculiar
behaviour would be enhanced by a powerful “self pinch™ effect as
discussed before. (In the equilibrium equation, the effects of the
currents in the prominence itself are more important than those
of the image currents below the photosphere, since they are
closer). For N configurations, the current (or B, (0, y)) does not
need to be large: both image and self current effects are negligible.
For I configurations, the “potential photospheric pattern™
magnetic force is downward and there are two ways of sup-
porting the prominence. In the first case, the repulsion force due
to image currents is large, and so B,(d/2,y) > B,(d/2,y), with the
difficulties discussed above. The second case has support by a
horizontal field which does not connect directly the photosphere:
this model needs a quadrupolar region (or open magnetic field
lines) or helical configuration as proposed by Pneumann (1983).
From an observational view, Tang (1986) shows that quiescent
prominences are formed more likely on neutral line between
bipolar regions than on neutral lines inside bipolar regions. As
quiescent prominences are, mostly of the I type, it means that we
may investigate quadrupolar configurations for this case.

3. Mathematical formulation for the half plane y > 0
3.1. The Dirichlet problem

If we known an analytical function f(¢;) along a closed boundary
C, we know it everywhere in the surface delimited by this contour
and the solution is given by

l z
f@)= ,—';J {(g‘), dg. (6)
- PRI

Ll

We can apply this concept to the region between the real axis
Ox and a semi-circle centered at (0,0) and of radius R. If we
suppose that the solution f (¢ = re'®) has a finite limit, f(o0), when
r increases to infinity, the integration on the half circle has the
finite limit i. f(c0). n and (6) may be expressed as an integral along
the x axis: '

| d o0
__J‘ fxdx  f(0) -
2in)_o x=¢ 2
Using the same technique with &, instead of &, and taking the
conjugate of (7), we get:
S j”‘f'(x)dx' o)
- x=¢ 2

f@=

-a
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Adding this equation from (7) we can now choose to prescribe the
imaginary part of f(x) along x axis.

1 Im(f(x))dx
f(f) = —J - .

b4

+Re(f(x)) (8)

—x X—¢

3.2 The mixed boundary-value problem for the half plane

In the prominence magnetic field we want to impose as observed
quantities B, in the photosphere and B, in the prominence so we
have 1o solve a mixed boundary value problem for the analytical
function B(&)= B, +iB,. The Dirichlet problem may be solved
either for the real or the imaginary part of the function f($)
specified on the boundary, but not for mixed conditions.
Muskhelishvili (1952) gives the solution of this problem for the
half plane, introducing another analytical function g(¢) which
converges at infinite distance, and is purely real or purely imagin-
ary along the boundary (namely the real axis), so that (8) could be
rewritten by changing f(¢) to f(£)-g(£) as:

1 + x)* (’__'._')
f(:)-g(c)=;i—nj 900 ()=G()fx) |

e x—=¢

Jergl=) +f(00)-§(o0)
2
1 j Re(g(x)): Im(f(x))
— - dx
g Real

so: f(§)9(S) ==
n

x=¢

+ -
n

1 ,[ Im(g(x)) Re(f(x))
————dx
g imaginary X—¢
+fi2'_q_( %)+ (%) §()
2

“

9

3.3. Application to solar prominences

The geometry of the boundary conditions is shown in Fig. (1a).
The boundary condition on the imaginary (vertical) axis outside
the segment [P, Q] is not imposed by magnetic field obser-
vations, but as we have no prominence here, so no current, and as
the field has to be chosen symmetric with respect to the vertical
axis, the vertical field B, vanishes in this region. In order to use (9)
we have to transform the positive part of the imaginary axis into
the negative part of the real axis. This transformation, from the
half-plane to the plane, can be realized using the conformal
transformation & — &% = &. When doing this transformation, we
pass from Fig. 1a, to the Fig. 1b, and become able to use (9) with

the variable &'. The inverse transformation ¢ = \/{’ gives the
solution for solar prominences (mixed boundary-value problem
for the quarter plane):

2 (2 Re(G(i): B,(1)-t-dt
3(:)‘G<:)=-’[ SRR
nJ)e [ X

2 J“' Im(G(1)) B,(1)-1-dt

n T

— B, (0)],,G(x) ’ (10)

0

where the function G(¢) is:.
—real on the interval ye[P, Q] .
—imaginary on the positive part of the x-axis and on the
positive part of the y-axis except in [P, Q]
—has a finite value g(2c) at infinity,

We can notice that the conditions on the function G(<) are very
slack and we have to restrict this choice further using physical
considerations.

There is also an indeterminacy on the field so that we can add
a function G'(¢) to the computed magnetic field without chang-

- ing the boundary conditions. This indeterminacy is infinite since

the constraints on G'(&) are the same as for G(<).

This is not in contradiction with the Dirichlet problem of
Sect. 3.1. which specified that the solution for /() is unique: here
the solution for B(&)-G(¢) is unique when we have specificd its
imaginary part on the whole boundary (positive x and y axis and
finite value at infinity). The fact that we have to find a good
function G(&) leads to an indeterminacy for B(¢). We propose a
way to have only one solution by determining G(<) at the end of
the next section but this requires observational data that are not
available at this time: we need both magnetic field components
B, and B, on the entire positive x and y axes. As it will not be
possible to measure all these quantities still for a long time (a
vector magnetograph operating both on the disk and at the limb
is necessary), we discuss, in the next Sect. (4), with the actually
available data, a way to reduce the indeterminacy on G(¢) and so
on B(¢).

3.4. Behaviour of the integrals
3.4.1. Magnetic field computation in the 'prominence

The magnetic field is given by (10), which we rewrite as:

2 Q .
Bliy)=——( = | Linnd 1(y.
i) n_G(m< J,, Y30 1+J0 <) r)dr> (m

(taking B.(x). Im (G(o0)) = 0)

For y between P and Q, G(&) is real. The second integral,
along the x-axis, has no singularity and is real, and so contributes
only to the vertical field at the edge of the prominence. The first
integral, on the y-axis, is singular and is not real. The real part of
I, has two peaks of opposite sign which grow to infinity when
|t-y] decreases to zero on both sides of the point at height y, and
R, (j'; 1,dr) is a principal part which contributes to the vertical
field at the edge of the prominence. The imaginary part of I has
the limit of a Dirac distribution when x decreases to zero, so that
lm(j,? 1,-dr) gives the right contribution to set the horizontal
magnetic field in the prominence to its boundary value.

In Eq. (11) only the first integral has a contribution for B, in
the interval [ P. Q], and this equation gives B, imposed by the
boundary condition. But both terms in Eq. (11) contribute to
create the vertical field at the edges of the prominence. As the sign
of B, is imposed, the sign of B, tells if the prominence can be
supported. This condition of support depends on the contri-
bution of both the photospheric and prominence boundary
conditions in general.

3.4.2. Magnetic field on the y-axis outside the prominence

Equation (11) gives, by construction, a zero vertical field on the
y-axis outside the prominence as the Dirac distribution, (in the
limit as x decreases to zero), is outside the interval [P, Q] of
integration. The horizontal field B, has a contribution from both
the photospheric and the prominence boundary conditions. For
a physical function G(&) (for which 1/G(¢) is zero at £ =1ip and
& =iQ) both B, and B, are continuous along the entire y-axis



(with a current density which decreases to zero at both ends P G(¢

and Q of the prominence).

3.4.3. Magnetic field on the x-axis

As on the vertical axis, (10) gives the imposed vertical field along
the x-axis. The horizontal field is given by:

2n UORe(G(imB,mmd:

Im(G(x)) 2+ x

_J’ ‘W] (12)

B.(x,0) =

P

2 w0
R 1} —x

The second integral is singular at 1 = x.

4. Reduction of the multiplicity of the solution

4.1. Limit at infinity

From (10) the asymptotic behaviour of B(&) when [¢] increases to
infinity is )
lim B (&)x H/E2 G (&) if B,(3x). Im(G(x) =0 (13)
HEE
We can impose that lim . , B() = constant as physically ac-
ceptable. But it is not really necessary as we assume a cgrrem-fr.ee
magnetic field. This hypothesis must be valid 9nly in a ﬁmte
region, typically smaller than the corongl gravity scale-height.
The region considered also must be quiet. It means that the
magnetic field computed by this analytical mean cannot bg
extended to large distances. An observational support .of this is.
the slow increase with height of the horizontal magnetic field in
high quiescent prominences. - .

) So we can consider both functions G(&) giving a decreasing or
increasing magnetic field at infinity, but we restrict o.ursel.ves to
only fields which decrease to zero or are constant at infinity.

4.2. Constraints at the end of the current sheet

One particular solution which satisfies the condition that G(&) be
real for v between P and Q and G(<) be imaginary on the other

parts of the axis is:

G(d) = i/(E+P)/(F+0)

The determination of the square root is the classical one (th.e
positive part of the real axis is the line of the cut such that if
- =Re" \/;=\/l_(_é""’2 for y>0). From (10) we have B(S)
11/\/(§1+PZ)\/(J+Q2) and a singularity at points é=i?
and & =iQ since the integrals in (10) do not go to zero at this
point. It means that there is an infinite density of current at the

ends of the current sheet. Such behaviour is not physically
acceptable and we must choose instead a function like:

i (14)
JE+ P JE+0)
It gives a current density which goes to zero at. the equ of the
current sheet, so the vertical magnetic field B, is continuous at

these points. ST
The solutions for B() are still not unique since we can

multiply G, (&) by any analytical function real on both axis. So we
rewrite G(&) as:

Gz(é) .

131 -

) = G,(&)- F(&) and rewrite (10) as:

gy o 22 JE+PHJ(E+0Y)
W= F(&)

U’ B,(1)- F(1)-1-dt
x T3 o2 3 A2 b v
o JrP+P/P+Q (P =)

Q B (1)-F(it)-t-dt .
* 3 AT 1,2 22
pJPP-PEQI (P

+iB () (& + P2 J(E + QH/F(Q). (15)

With F() analytic with the constraint that F(&) be real on both
axes.

4.3. Discussion

As G(&) is chosen real on the interval [P. QJ and imagx_nary on
other parts of the axis, it means that a magnetic field B.G(g) =G(9)
has only a vertical field in the prominence and a hon;omal one
along the rest of the axis. Then, if we add to the soluuoq B(3) of
(10) an arbitrary function G(S) we do not change the 1mposgd
boundary values at the prominence and at the photosphere. This
fact is also shown in (10) by the presence of the term — B, ().
Im[g(2)]. Clearly adding G({) to some solution affects only thf,
unknown part of the magnetic field on both axes. To remove this
ambiguity we need to know B, and B,..in the photosphere, and
also inside, below and above the prominence.

4.4. Uniqueness of the solution

If we know B(&) on both axes, we can use (15), with the hypothesis
that limyg - . B(S) G(&) =0, to determine F(¢) on the axes Ox and

Oy.
2 = T2
On Ox: B,(x,0)-F(x) = — ;\/xz + P /X +Q?

B(t)-F(1)t -dt

xU.o JEHP Q=X

JQ B, (1) F(1)-1-dt ]
s JE=PPJ/r+ 0P+

2 Y]
On 0y: B,(0,y) F(y) = + ;\/ Yy —-P*/Q*—y

B,(t) F(1):t-dt

g [L \/m'\/—rz—;_Q_i(lz +x7)

J‘ ¢ B.(1) ]
Y AP Jer -y

These are integral equations which deterrpine the real function
F(x) on Ox and F (iy) on [P, Q]. They are linear for the pnknown
function F. but the difficulty comes from the singularity of the
integrals at points t =P, t=Q,t=xand t=y), so a careful
iscretisation needed. .

dlsc;efter the use of (15) in the rest of the y-axis, we can determine
directly the function F(iy) on the entire y-axis when we know the
horizontal magnetic field below and above the prominence.
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The function F(&) is then computed everwhere using the
solution of the Dirichlet problem (Sect. 3.1.): then the magnetic
field results from (15).

Observations with the future vector magnetograph Themis
(1991) will provide the magnetic vector in the photosphere and in
the prominence. But it will not give the boundary conditions
along the whole y-axis. The field below and above the promi-
nence remains unobservable, and even the observations in the
prominence will not give the field at the prominence corona
interface that we need in fact here for the resolution. The deter-
mination of B (iy), and so the current in the prominence, could
only be measured at hotter temperatures, if we assume that the
prominence is a cool sheet surrounded by a hotter plasma.

Another way is to use the measurement of electron density to
compute surface density, and then B, with the force balance. But
it leads to great uncertainty since the degree of ionization and the
width of the prominence are not well known.

In fact, the horizontal field below and above the prominence
remains unknown, and so the determination is not complete.
Here we prefer to use only the prominence horizontal field, and
the vertical photospheric field, which are well known, as shown in
Fig. 1.

5. Results
_5.1. Boundary conditions and choice of F(&)
5.1.1. Magnetic boundary conditions

We used similar distributions of the magnetic field as Anzer
(1972). The base flux was averaged to 4 G as plotted in Fig. 2a,
with a decrease at 100 Mm from the origin. The prominence
horizontal field was taken constant: B,(0, y) = 8G in the promi-

A4
B’(X,O) (a)
(Gauss)
L
0 ! —+ —p
010 100 110 x (Mm)
4
Bxfo) (b)
{Gauss)
8 |—
p=20 Q=40 y (Mm)

Fig. 2a and b. The boundary condjtions adopted in this article: a the
vertical field B,(x,0) on the photosphere; b the horizontal field in the
prominence. The horizontal field in the prominence is multiplied by — f8
in the computations

nence: Fig. 2b (a small increase with.height, as observed, has no
effect on the general topology of the field lines). But, from an
analysis of the linear polarisation of D, and Hy lines using the
Hanle effect, Leroy et al. (1983, 1984) have measured the orienta-
tion of the magnetic field in prominences. They found that
the field is almost parallel to the prominence axis: it means that
the field of 8G used by Anzer may be too large, and only the
component along the x-axis must be used to support the promi-
nence. So the field in the prominence is reduced in our paper by a
factor fi=sin(. As |0]~10° to 25" (0.2, 0.4) we must use
values nearer 3G for B, (0, y) rather than Anzer's values.

Another important result from Leroy et al. is that the ma-
jority of quiescent filaments have a magnetic field oppositely
directed to the potential case. It means that the Inverse configur-
ation may be the most common support for quiescent promi-
nences. These last correspond to 8 < 0.

The extension of the prominence in the vertical direction is
taken from P =20 Mm to Q =40 Mm. (This choice is not cri-
tical). In particular we can take P=0 (as in Anzer's paper)
without changing the force support. (In the simple example
described below, the magnetic force has the same sign everywhere
in the prominence: this behaviour is different from Anzer's com-
putation where the upper part of the prominence is supported
but not the lower part).

5.1.2. Choice of F(¢)

First we limit our study with B,(o0). Im[g(92)] =0 in (10). The
effect of a non zero value is discussed in Sect. 5.4. We investigate
two cases for F(&): F()=1 and F(&)=¢&% In the first case
limy -, B({) = constant (horizontal field), and in the second
lim - . B(E) oc 1/E2 (closed dipolar field).

Alternatives to this last case can also be investigated using
functions F(¢) such as ¢2+ h% It gives a pole at y = ih or x =h,
and the field has the behaviour of a dipole at infinity. We can
also impose at these points a zero magnetic field behaving like
1/(¢% + h?) on the axis, but the field grows like &* at infinity. Such
variations to the initial models give more complicated configura-
tions, and we have no observational data to justify them so that
we present here only the two basic configurations:

I F(Q)=1
2 F@=2¢

The numerical integration is made by a routine which handles
integrands with singularities at a finite number of points. We
chose the NAG routine DO1ALF. The algorithm is described in
De Doncker (1978).

5.2. Case F(¢)=1

+ 5.2.1. Analytical case

The integrations in (10) can be done analytically in the case when
B,(x,0) = B? on 0x

and B, (0, y) = B? on Oy in the interval [P, Q]
where B? and B? are arbitrary constants. The integration leads

to:

. . A(0) o
B, —iB,(x,y) = —B; l“(A(— l/éz)) * o
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. YT origin, and with the opposite polarity. The figure is part of a
il < gl \/a =g quadrupolar configuration.

PZ Ql

+

a) = u(E + PHE+0)+ T+

to

§.2.3. Normal c_onﬁguration: B.(0,y)<0. >0.

h=1,2(Q% = P7). (16)  The analytical solution (16) gives singular field lines near the
origin and at infinity. This could be avoided by integrating the

e i s ic boundary gives a complicated vy inte
HiSipicera) ot ie Botosphert ROt 8 P second integral of (10) only from h, > 0 to a finite limit h,. Then:

behaviour, but the integral on the prominence boundary gives
only a constant field: BY. A( | )

o oo h3-é
B, —iB,(x,y) = B} +—BIn
5.2.2. Potential case n

The case without any prominence has P =Q =0 and the mag-
netic field horizontal everywhere on the positive vertical axis.  The behaviour of the first integral of Eq. (10) is simple in this case:
There is no contribution from B, in this case, and (16) gives an  jt js a constant: B?. But the behaviour of the second term is
infinite field since B, is set to a constant on all the horizontal axis.  complicated and so we discuss here only the general behaviour
A numerical computation is needed with a more realistic field, as directly by using (10) for this term.

in Fig. 2a, with lim,_ o B,(x, 0)=0 and lim, ., B(x,0)=0. The The vertical field at the edges of the prominence is created
field is represented in Fig. 3a: the photospheric field has z;n only by the photospheric pattern:

importance only in the low part of the box, with a gap near the . o - .

ori‘;in since the field vanishes there. The upper part of the figure is B,(0,)) = 2 B{- <j Im(G, (1) t-dt )

filled with a field coming from photospheric regions far from the “ Re(G,liy)m

(17

2 2
o P4y

(a)

|

//;
\\\\

u
.
R

M

50 -1'30 -5o 0
x (Mm)

(=]
-1

G,(&) (F@=1 in Eq. (15)) for: a the potential configuration: b the

Fig. 3a and b. The magnetic configuration obtained in the case G(§)= 10 Mm). The N

configuration with # =02 (B, = +1.6 G in the prominence). The I configuration has a neutral point below the prominence (y =
configuration is not plotted as there is no support with this function F(&)
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which is of same sign as Bf since Im(G,(Z))>0 on Ox and
Re(G,(iy)) >0 for y between P and Q.
The horizontal field outside the prominence on the y-axis is:

B0y =B -5 G lm(@(f))mh) 8
o ToImGyliv)a\J, 42

Again, the second term has the same sign as — BY below the
prominence and as B, above the prominence.

By convention we take the photospheric field B,(x,0)> 0.
For the N case (17) gives a positive vertical magnetic field at the
edge of the prominence. Then B, (0, y) B,(0, y) <0 for every
cases.

So, the function G,(¢), or F()=1 does not provide a good
magnetic field for a prominence.

5.2.4. Inverse configuration

In this case <0, B,(0, y)> 0 and the prominence is supported
by the horizontal magnetic field. The surface mass density has the
regular behaviour shown in Fig. 4b. The surface density is an
order of magnitude lower than 4, computed in Sect. 2.2.4, as the
vertical field is much lower: B, (0, y) = | Gauss: Fig. 4a. We have
here a model of a low density prominence. To increase the mass
supported we need to increase the average magnetic base field:
the mass supported is proportional to BY.

Figure 4b shows that the density contribution from the
repulsion image is negligible, as the base magnetic field B, is too
low compared to B,: Eq. (17). The “self pinch” effect is however
most important: curve 3 of Fig. 4b.

Figure 3b gives the field topology in the case f = —0.2. The
configuration possesses an X-point below the prominence. Its
height his given by B, (0, h) =0 in Eq. (18). The height h increases
with increasing photospheric field BY to the limit y = P for large
B?. This X-point disappears for very large prominence magnetic
fields. In the case BY x 4G, it disappears for f = —0.8.

These results show that, for the case when F(&) = 1, we cannot
find support for Normal configuration, but there is support for

- an Inverse configuration in all the cases. The field has no peculiar

behaviour at any points, and it is limited at infinity by horizontal
magnetic field. The repulsion by the image prominence current is
always negligible when || > 0.1. .

5.3. Case F(&)=¢&?

As before we compute the numerical solution with the fields of
Figs. 2.

5.3.1. Potential case

P = Q =0. The magnetic configuration is given in Fig. 5a. It is
similar to Anzer's case with a magnetic strength which decreases
like 1/]¢2| at infinity, and with a singularity at the origin like 1/&2.
This potential field is created by a bipolar region with finite
dimension. The behaviour near the point x =100 Mm y=0 is
artificial since we fix B,(x, 0)=0 at larger distances.

5.3.2. Normal configuration

In the case F(&) = &2 both integrals in (10) give a contribution to
the vertical field near the prominence. We compute first separ-

BX.8Y in Gouss

s L 1 I

20 7 60 80  yiMm) 100

Fig. 4a. The magnetic field along the y-axis: Bx is shown by the solid
curve, By by the dashed curve, for an I configuration with = —0.2. The
choice F($) =1 gives no divergence of the magnetic field, but the limit of
the field at infinity is a constant
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Fig. 4b. The mass density deduced from: 1: support by the total hori-
zontal magnetic field of the prominence, 2: support by the repulsion
image, 3: support by the interaction between current in the prominence

ately this contribution with the boundary field of Figs. 2. Figure
6a gives the field on the vertical axis when we impose B,(x,0)=0
on the photosphere, and 6b gives the same when we impose
B,(0, y) =0 at the edge of the prominence.

The normal configuration is built by adding these two com-
putations with the first one multiplied by f > 0. The contribution
of the first case (“field prominence™) is more important for the
vertical field in the prominence than the second, for f§ ~ 1, which
gives a downward force. To have a N support we may decrease
the prominence boundary field and the support exists for f < 0.3.
Figure 6c¢ gives the magnetic field on the vertical axis for f=0.2.:
the vertical field in the prominence is low, but could support a
thin prominence. Again, if we want to increase the mass suppor-
ted we may increase the photospheric field.

The magnetic field lines are represented in Fig. 5b for the case
f#=0.2. The.prominence is supported by an arcade closing the
opposite polarity of the photosphere. The configuration below
the prominence is complicated as there is a pole at the origin.
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This pole impose its own behaviour near the origin and gives a
neutral point on the y-axis at an altitude y ~ 1 Mm.

5.3.3. Inverse configuration

From Fig. 6a and 6b we see that in the I.case (/f_< 0, B, (0, :r) >0)
the support from the horizontal magnetic field is not possible as
B.(0, ¥)- B,(0, y) is always negative. A [ configuration could not
be achieved in this case. .

For the case F(&)=&? we can support a N prominence for
B <0.3. The field decreases like 1/&% at infinity, put presents a
pole at the origin. This could be avoided by setting the.pholo-
sphere at a greater height, but below the prominence wnh.new
boundary conditions on the photosphere, qualitatively not differ-
ent from the previous one, and so we have a quel wnhou.t a
singularity. This could be achieved more sys}ematncally by using
the technique described in Sect. 4.4, as the singular behaviour of
1/F(¢) near the origin will disappear.

5.4. Discussion with B,(22)G(0) # 0

As discussed in Sect. 4.3; we can add an arbitrar.y function G(¢) to
a solution B(¢), provided that G(¢) is analytic on the quarter

plane x > 0, y > 0 and is purely real on the interval ye [P, Q] and
imaginary in other parts of the axis. This leads to a great freedom
and in all cases we can suprort a prominence for both N and |
configurations by choosing e right sign for G(iy) in the mrer:val
[P, Q]. All the configurations described in Malherbe and Priest
(1983) can be found by this procedure, but we cannot choosg
between these models as observational data are missing. In thlns
paragraph, we limit the discussion to non-zero vglues of B,'(c_;o) in
Eq. (10). If F(¢)=1, Im[G(o2)] =0 and there is no additional
contribution to Sect. 5.2. If F(&) = &2, Im[G(oz)] =1 and we ad.d
B,(¢)= — B,(o)/(¢* — G.(¢)) to the results of Sect..5.3. This
function is plotted in Fig. 7a. The plot shows that .the field
defined by this function has no vertical field on the x-axis and no
horizontal field on the y-axis in the prominence. The singularity
of the function at the origin is seen clearly. To demonstrate the
possibilities of this method we used a Ian.'ge value of 8: || =0.5.,
and then by adding B, (&) with the right sign we can support both
N and I configurations by a horizontal ficld in the pm!mncncc.
B,(cc) is chosen to be 10 Gauss, and then the field obtained has,
at infinity, the limit of a horizontal field of 10 Gagss. The field on
the y-axis is plotted in Figs. 8a and 8b for, respectively, the N and
1 configurations. ' . .
The horizontal field on the y-axis varies monotomcal!y with a
neutral point below the prominence in both cases. The imposed
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Fig. 6a—. The magnetic field component on the y-axis as in Fig. 4a, a is
for a zero buse flux and b for a zero horizontal field in the prominence. The
sum of these two fields with # < 0.3 gives an N configuration supported by
the horizontal field as B,. B, is positive in the prominence as in the plot of
¢ with =0.2. The subtraction of a and b gives an / configuration not
supported

constant horizontal field in the prominence could be changed to
an increasing function with height, then the horizontal field on
the vertical axis changes regularly with height with no particu-
larity in the prominence. In both cases the horizontal field
supports the prominence, with a typical mass density as discussed
above.

The field line topologies are plotted in Figs. 7b and 7c. The
general behaviour is not so different: the field is almost horizontal
at large altitudes and the field lines are concentrated at very low
heights below the prominence. (The / case gives an island below
the prominence, but it is an artefact due to the low resolution
computation).

6. Conclusion

From the vertical field observed in the photosphere on the solar
disc and from the horizontal field observed in prominences at the
limb, we have built a method of computing the magnetic field in
the neighbourhood of prominences. The method is an extension
of Anzer’s: the computations are made in two dimensions with
complex functions. We choose to work with the complex mag-
netic field, rather than with the potential, as Anzer did since it is
easier to define the problem for a finite current sheet at a fixed
height (P) above the photosphere. The solution of the problem is
not unique because it requires the definition of an arbitrary
function G(¢) and we investigate different models of prominences
lying at a finite height above the photosphere (in Anzer's case,
prominences go down to the surface). We try to choose functions
G(£) using the constraint that the limit of the field at infinity must
be finite. We consider also only finite surface current densities in’
the prominence, which gives a continuous magnetic field in the
prominence and in the neighbourhood. We compute different
solutions of this problem for the Normal and Inverse configur-
ations. We _find surface mass densities comparable with the
observed electron density in prominences for typical photo-
spheric fields of 4G.

If we impose the magnetic field to decrease at infinity like
1/&2, we must introduce a pole somewhere. It could be in the
prominence, or on the positive y-axis, which is not physically
acceptable, or along the photosphere. We choose the lase case. A
way to avoid this difficulty is to put the photosphere at a positive
height: the boundary conditions are changed, but the solution
has no singularity above the photosphere. The computation of
these new boundary conditions could be done by the method
proposed in Sect. 4.4, which solves also the problem of the
interminacy of the solution, but the observed necessary boundary
conditions are not available at this time. We need knowledge of
the vector fields in the photosphere and the prominence, but the
horizontal magnetic field below and above the prominence will
remain unknown, and so might be treated as free parameters for
the determination of the prominence field environment. Another
extension of this work consists in treating the problem by
allowing currents in the corona. This step could be done with a
linear force free-field (Démoulin and Raadu 1989). The problem
is treated using finite differences and the boundary conditions are
fixed on a box (some conditions as in the present paper, plus free
floating conditions on the other boundaries). The degree freedom
of this computation comes from the boundary condition on the
two sides of the box, the magnetic field below the prominence
and the shear a of the field. Different topological field configur-
ations could be found by varying these conditions. The problem




- 137 -

150

(a)
— ————
N /P
38
2% 150
(b)
%7
3 8
R & é’;——
3150 ~100 _'50 0 50 100 150
x (Mm)
‘ (c)
= ——
50

Fig. 7. a The magnetic field B, (&)= — B, (x)/(G,(3) ¢ . ‘ L
phgotosphere. and so it could be added to the field computed with the boundaries of.Flg. : o
both N and | models with a support for the prominence. b shows the N configuration, with f# = 0.5, an

o
-150

-100

-50

X

2) which field has no horizontal field in the prominence and no vertical field on the
2, to give an another solution. B, choosing B,() we can make

configuration with f= —0.5 anq B,(x)= +10G

{(Mm)

() = 10G. Fig. 8

b gives the same for the /

- 138 -

™ T
ta)

2 1
g
3
£ o

v

&
»
@

e

i

o . 4 -
20 40 60 80 y!Mm) 100

oL

PES
£

o =N
3
£
&
»
@ n

"+

2L 4

[

o
1

2‘0 4‘0 6‘0 8‘0 y IMm) 100
Fig. 8a and b. The field component on the y-axis of Figs. 7b and 7c. Both
cases could be supported by a horizontal field for surface densities typical
of those observed

could be generalized to three dimensions, but the problem of
unknown boundary data is so important that it cannot yet be
applied to solar prominences in a realistic way.

Acknowledgements. The authors thank S. Bordet for typing the
manuscript.

References

Adams, J., Pneumann, G.W.: 1976, Solar Phys. 46, 185

Anzer, U.: 1972, Solar Phys. 24, 324

Anzer, U., Priest, E.: 1984, Solar Phys. 95, 263

Bommier, V., Leroy, J.L., Sahal-Bréchot, S.: 1986, Astron. Astro-
phys. 156, 90

Démoulin, P., Priest, E.R.: 1988 (in preparation)

Démoulin, P., Raadu, M.: 1988 (in preparation)

De Doncker, E.: An adaptive extrapolation algorithm for auto-
matic integration. Signum Newsletter 13, No. 2, pp, 12-18,
1978

Frances, T.: 1986, Solar Phys

Hirayama, T.: 1985, Solar Phys. 100, 415 _

Kippenhahn, R, Schluter, A.: 1957, Z. Astrophys. 43, 36

Kuperus, M., Raadu, M.A.: 1974, Astron. Astrophys. 31, 189

Leroy, J.L., Bommier, V., Sahal-Bréchot, S.: 1983, Solar Phys. 83,
135

Leroy, J.L., Bommier, V., Sahal-Bréchot, S.: 1984, Astron. Astro-
phys. 131, 33

Malherbe, J.M., Priest, E.R.: 1983, Astron. Astrophys. 123, 80

Muskelishvilli, N.I: 1953, Singular equations, Noordhofl ed.,
Groningen-Holland

Nakagawa, Y., Raadu, M.A.: 1972, Solar Phys. 25, 127

Pneumann, G.W.: 1983b, Astrophys. J. 265, 468

Sakurai, T.: 1982, Solar Phys. 76, 301

Schmidt, H.U.: 1964, ed. W. Hess, NASA Symp. on Phys. of Solar
Flares, NASA Sp-50, p. 107

0




- 139 -

- A9: A THREE-DIMENSIONAL MODEL FOR SOLAR PROMINENCES

P. Démoulini, E.R. Priest2, U, Anzer3

1 Observatoire de Paris, Section de Meudon, DASOP (UA. 326)
F 92195 Meudon Principal Cedex, France

2 Applied Mathematics Department. University of St. Andrews
KY 16 9SS St. Andrews - Scotland

3 Max-Planck-Institut fur Physik und Astrophysik
Institut fur Astrophysik D-8046 Garching F.R.G.

Submitted to : Astronomy and Astrophysics, the Main Journal

Section : The Sun

Send offprint requests to : P. Démoulin

Key words : Solar  prominences, magnetic field, force-free field.

Thesaurus codes : 19.81.1 - 19.84.1




- 140 -
SUMMARY

We propése to model the 3D structure of quiescent prominences by a superposition
of two fields. A 3D force-free field with constant « is assumed to exist in the
corona prior to the prominence formation. The prominence itself is represented
by a line current which interacts with the coronal field. At present the linear
force-free field of the current line is not included, and we neglect this effect
in the force balance. A three-dimensional field is represented by analytical
functions and concentration of the magnetic field at the chromospheric level by
convection cells is taken into account. When the field created by the
chromospheric pattern supports the prominence, the prominence feet are found to
be located at supergranulae centres otherwise they are located at cells

boundaries.
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1. INTRODUCTION

At the solar 1limb, quiescent prominences consist of bridges of
chromospheric -like material embedded in the hot corona. Their typical
dimensions are 200 Mm for the length, S0 Mm for the height and 6 Mm for the
width. Periodicaly the prominence connects the photosphere to form arches and
columns 1like a bridge. A great number of such examples can be found in
d'Azambuja and 4'Azambuja (1948). The distance between the columns, or feet of
the filament, is of the order of the prominence height and the supergranule
diameter : 30 Mm. As the prominence density is 100 times greater than the
coronal one, they can be supported by a magnetic field of typically 10G. The
field is observed to be nearly aligned along the prominence axis : the angle
between the magnetic field and the Prominence axis, measured by Leroy et al
(1983, 1984), is about 200.

The observations on the disc show also feet as regions where the filament
seems larger, which could be due to perspective effects. The material seems to
be organized in iong and parallel threads which connect feet. At the location of
the feet the threads seem to fan in every direction like a rosace (Simon et al,
1986a). The suggestion that these threads could represent the direction of the
magnetic field in quiescent prominences is controversial since the observed
velocity of a few kms-1 are much lower than the sound, free fall and Alfven
speed, and so a support is needed. The regions of the feet are also special for
the dynamics, since most of a quiescent prominence is seen on the disc to
possess upward motions of a few kms™—* (Mein 1977, Martres et al 1981), Malherbe
et al 1981-1983a, Engvold 1986), the regions of feet are more likely to have
downward motions Martin (1973), Simon et al (1986a) as for active filaments :
Schmieder et al (1985),

The physical parameters of prominence feet are very poorly known. The
measurement of the strength and the direction of the magnetic field has not been
achieved with the Hanle effect since the photospheric scattered light entering
the coronograph disturbs greatly the measurement of the polarisation degree. The
density is also poorly known for the same reasons.

Little theoretical work has been attempted on the filament feet. Since
most of the models are in two diménsions and assume invariance along the
filament axis. Nakagawa and Malville (1969) try to give an explanation for feet,
by studying the stability of a cool plasma supported by a magnetic field. The
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Rayleich-Taylor instability is stabilised at low wavelength, and so eventually
the dense material falls. They considered a uniform magnetic field (By) along
the x éxis, barallel to the horizontal interface that sSeparates two uniform
plasmas. Above, the plasma has the typical density of prominences, and below of

the corona. For this simple equilibrium the dispersion equation becomes :

Z
z - 28, Ik
w i 3 . K g P gC + o x
S}P'fc o (fp*Sc)
(eg Priest, 1982)
The fastest growing mode for a disturbance along the field (ky = kz = 0)
is :
, P c
k - (5/) 'fo ) I
Fo- 2
2 8,

With j’oP ~ 2 107 kg m3, £(<< J:,? + Bg = 10G and G = 274 ms~? it gives a scale
length of the order of 30 Mm, the same as the typical length between adjacept
filament feet. Nakagawa and Malville have developed this idea to include thermal
pressure, a simple energy equation and a shear. Their results are similar to the
simple case described above. Sometimes a longer distance (~90 Mm) between
structures is observed, which corresponds to a nearly perpendicular supporting
field, while shorter distances (~ 15 Mm) correspond to fields nearly parallel
(200 - 309) to the filament axis. One possible criticism is that, in such a
simple uniform magnetic field, a disturbance orthogonal to the equilibrium field
is not stabilised at any wavelength, since no magnetic pressure or tension is
produced by the perturbation. The stabilising effect of photospheric line tying
may be incorporated in this case, just as Hood and Priest ( 1980b) have done for a
magnetic arcade configuration.

Milne et al (1978) have built a one—dimensional quiescent prominence with
the aim of coupling the magnetohydrostatic equilibrium with thermal equilibrium
along the field lines. They found that an equilibrium state is impossible when
the prominence plasma beta is greater than or of the order of unity. When the
plasma beta is greater than this upper limit the dense material may fall down to
the photosphere to form the prominence feet. The observed motions of a few kms -1

are slower than the free-fall velocity : V;? > 20 kms™t, and the downward
motions in feet are not systematic. This leads to the conclusion that the

magnetic field may support, at least partially, the dense material of the feet.

B
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It could lead also to the picture that the pProminence is formed at a great height
in the corona by some thermal instability or by injection, and then falls back
periodically to give the feet. Such a view, however, is inconsistent with
observations, where it is seen that the feet are formed together with the
filament body. In fact we can understand the existence of the feet by
reformulating the conclusions of Milne et al (1978). At 1low heights the
prominence material is so heavy that the dense Plasma cannot be supported by the
magnetic field. No cold and dense condensations are formed. At the location of
the feet, the field needs to be greater, so the feet are likely to be near the
Supergranule boundaries, where most of the chromospheric flux is concentrated.
This conclusion is supported by the rosace behaviour of a Ccool thread when we
see a foot from the top : its location may be at the junction of several cells
with divergent magnetic field lines. The body of a filament, seen from above,
looks like long and parallel threads Supported by nearly parallel field 1lines
connecting two cell edges.

These conclusions are Supported by the observations of Plocieniak and
Rompolt (1972), who found that the feet tend to occur at the intersection of 3 or
4 cells. But this result is controversial because the Supergranules are usually
defined by chromospheric magnetograms, and, since the filament lies always along
a2 neutral line of the vertical field, the Supergranule cells are not well
determined near the filament. In particular the right distance between feet
could be obtained by locating the feet at the centres of Supergranules, which
Sometimes seems 0 occur. For this case Plocieniak and Rompolt have suggested
that some of this controversy may be due to the fact that sometimes feet occur at
the centre of a cell, but do not extent down to the chromosphere. They refer to
these features as "suspended legs". Martin (1986 ) has confirmed the location of
the feet near the junction of several cells, since they are located in regions
of convergent motions in the photosphere. She reports also that it is the
location of converging fields of opposite polarity which are cancelling. This
new feature must be confirmed in the future, since the observations also show
the activation of quiescent filaments, and so one wonders if they also refer to
the regions where the filament is rather quiet..

The object of the present paper is to describe the external magnetic field
of a prominence in connection with the photospheric magnetic flux pattern. we
want to model the feet, so a three—dimensional model is needed. The motion of
the flux pattern near a quiescent filament is very slow, So we can use a
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stationary model. The field in the corona should be approximately force—free and
from the Taylor-hypothesis Heyvaerts and Priest (1984) have suggested that it
would develob into a field with constant «. One criticism is that the coronal
plasma could be very well described as perfecgly conducting if we consider
typical global scale lengths of a prominence, but not for much lower lengths of
a few meters. Then reconnection may be important such low scales, but the field
evolution may be globally slow as observed and a global description of the field
may be adopted with a linear force—free field for the whole corona. One should
also bear in mind that the condition a = const. can only be fulfilled over a
finite region because fields which have constant o everywhere lead to an
infinite total magnetic energy (Seehafer, 1978). One other difficulty is that
the field is not force—free in the prominence as the Lorentz force must balance
the gravitational one. We have treated this as a singularity in the force—free
field, with infinitesimally small width, and we add a line current in a simple
case, to model the prominence. This model and the hypothesis are described in
Section 2. The linear force-free field configurations are analysed in Section 3,
and then we add some current lines to study the location of the feet above the
supergranule pattern, in Section 4. More concentrated photospheric flux

patterns are analysed in Section 5.

2. DESCRIPTION OF THE MODEL

2.1. Behaviour Expected of the Magnetic Field Near a Prominence

The prominence is in a channel where the photospheric magnetic field
changes polarity.

The prominence reaches periodically down to the photosphere, so we may
expect that, in these regions, the magnétic field has a different configuration
(although not measured so far).

The magnetic field is important near the boundaries of supergranule cells,
and even if the field sprays out like a fan in the corona as modelled by Gabriel
(1976), the concentration of field near the intersections of 3 or 4 cells may be
related to the prominence feet.

The top of a prominence has nearly the same height above feet as between
them. This suggests that the magnetic field becomes nearly uniform at a height,

which is roughly of the order of the gravitational scale height of the corona.

- 145 -

The field in the prominence is nearly horizontal and inclined at about 200
to the prominence axis (Leroy et al, 1983, 1984). The strength is about 10G and
the field seems to increase slowly with height : 0.5 G/10 Mm, although Athay et
al (1983) did not confirm this increase and it only applies to very large
prominences. This small increase is in fact not important, Démoulin et al.
(1988b), and so the prominence field may be considered roughly constant with
height.

The prominence has a very narrow width, so we can model it by a current

sheet or a line current.

2.2. Hypothesis

a) Ideal MHD. The magnetic Reynolds number, Ry = 2 10‘9.2.v.T3/2 for v = 20
kms‘*, 2 ~10 Mm, T =~ 108 is of the order of 10L1 and the diffusity of the plasma
could be neglected when we consider the global structure of the prominence field
(the slow evolution of the field and the heating may, however, depend greatly on

the reconnection at small scales).

b) Plasma speeds are observed to be lower than the sound and Alfven Speeds,
So, as a first approximation, we can consider a static model. (A slow evolution
through a series of static models may be a good representation of the field of a

prominence).

c) For typical ocbserved parameters, the plasma beta of the corona is lower
than unity (51;0.1), So the field is almost force—free.

Q) At the location of the prominence gravity is important and so the field is
not force-free. But as the prominence width is much smaller than the other
dimensions, we can model the prominence as a singularity in the force—free
field. For simplicity we use here current lines. (An extension would be to use a

current sheet, but qualitatively the results are unlikely to change).

e) We assume a certain value for the current, and then deduce the mass density
from the vertical equilibrium. We postulate that the mass needed to form the
prominence can be supplied at this height by some mechanism (such as thermal

instability or injection from the chromosphere).
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normal to its plane. Since the prominence lies at the divid:‘:ng line of opposite

; ic field
f) We suppose that the observed chromospheric pattern of the magneti vertical magnetic fields, we chose the base flux to be odd in x. A prominence

i ield Dbecomes
remains concentrated up to the chromosphere, where the magnetic fie could be approximated by an infinite and periodic structure in the y-direction,
to be force—free. with the same behaviour in the positive and in the negative directions. Then by

choosing the origin of the y-axis, we can limit the Fourier series to even

3 - i +i lane.
g) The prominence is assumed to be located in a vertical p functions in y. The basic function is then :

and (3) gives :

BX _ (o(k Sln(f( ) >m(/(y)/) PK;CZ”( "‘) (05(}‘,‘/5’)) (6)

A linear force—-free field satisfies :

—_— - = 1) =
rot ?= aB’ and div B = O ( ”(Y P
with a a constant ’ |
: . i __._____!! kex). co £,y ) > (7
It leads to the equation (if one uses Cartesian coordinates) : 8 Y - (?ky S10 k, ) $m(‘iv y) -d{ !(x Coﬁ( ) 5[ by ) )
kx t
. 2
AB + a?B = 0 (2)
which we can resolve by using a Fourier series with components bepav:.ng like :
with kxz + kyz = az + 22 (8)

Boei(kxx-!-kyy-l-kzz)

The development of such functions has been used by Nakagawa and Raadu

3 2
Where Equation (2) gives kx2 + 3“yz*‘kzz =a (1972) to describe the coronal field above an active region, from the observed

vertical magnetic field in the photosphere. Here we use a small number of

Such solutions would have

The series is limited at large values of k by «a. harmonics to describe the magnetic field around a quiescent prominence. The

= 0). To avoid

spacial oscillations and a reversed field above the surface (z periodicity of such solutions in the y-direction is well adapted to the periodic

this we can take a dependence in the vertical direction behaving like e™#Z. 1t . Structure of a prominence. The solution is also periodic in x—direction
has the property of a regular decrease as expected for solar magnetic fields. orthogonal to the prominence axis, so we limit the region to the interval Ix| «
Then the horizontal components can be expressed as funCtions of By as follows : L/2 with the constraint that at the boundaries, the field is vertical, so that
L 28z g 8. _( f "28: + 0 2 f there is no flux link with neighbouring regions. This field configuration is
BX N Yy 0X By = > L3 sketched in Figure 1. The brominence feet are schematically drawn to connect

o 2+ ?Z 0< +’P periodically the photosphere (z = 0), and the prominence height is set to be )

approximately independent of the y-coordinate. The field is inclined at an angle (f)

to the prominence axis. In the two-dimensional case‘fis the same along a field

and B, satisfies : line (the line is coplanar) ; in the three-dimensional case(fvaries from the top
2 g 2 2) , =0 (4)
Wbz, 'D B:z + (%4 1%) Bz to the bottom.
D x© Oy*

The solution of equation (4) could be found by a using Fourier series in
the x,y plane. .Then (3) gives the horizontal components of the magnetic field.

The y-direction is chosen to be the axig of the prominence and the x direction is
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2.4. Photospheric Pattern

Photosbheric magnetograms show that the magnetic flux is concentrated at
the boundary of supergranulation cells. This pattern is irreqular with a variety
of cell sizes, but is stable in time. As an examéle, there are relatively few
changes in the global behaviour in one day of the photospheric pattern observed
by Martin (1986), even when there is newly emerging flux and the filament
changes its location by 10 000 km. From these slow changes, we infer a static
picture. To simplify the theoretical analysis we also simplify the irregqular
pattern to more symmetrical ones like those represented . in Figure 2. The neutral
line is assumed to be a straight line, with symmetry of opposite polarities on
both sides.

Case C) has the prominence located above a row of convection cells. If de
is the size of the cells, then the periodicity Ly of the model in the y-direction
is LY = ds, and so the feet are equidistent with de = 30 000 km, which matches
the average of the observations. In the x-direction the field concentrations are
also separated by d..

In case C; the prominence is located over the cell boundaries. There is no
flux concentration below the prominence since the field variation in the x-
direction imposes a neutral line gy = d., but the nearest flux concentrations
are twice as far away in the x direction as in the model C,.

Scheme C3 et C4 lead to more realistic cells : they are hexagonal with
flux concentration at the intersection of three cells. The scheme C3 sets the
prominence location above a row of convective cells. The periodicity in the y-
direction is again 4d..

From a field pattern point of view scheme C3 could be obtained by
superposing two patterns like C; with 2y1 = dc and 2y, = d.. A location of the
prominence as in case C4 leads to an asymmetric field pattern, which may distort
the prominence plane, and the feet are only 0.4. d.; apart. Such field patterns
do not match the observations.

From the different possibilities described above, we want to take a simple
case but sufficiently general. Case C,; to C3 could be simplified in a single
model. At low heights (< dc) the prominence field is approximately described by
the nearest photospheric cells, so we retain only one row of flux concentration
on each side of the prominence. In scheme C3, at low heights, we may choose the

row distant from do/2 to the prominence (case C3a), but at greater heights (~
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do) we must choose the row distant from d. to the prominence : Case C3b (the
higher harmonic of a force-free field rapidly decreases with height : equations
(6) ané (7)). In conclusion a crude approximation to the scheme C; to C3 could be
periodic rows of flux concentrations, periodically spaced at a distance ds, with
a distance L/2 to the prominence (Figure 1). L/2 is equal to d./2, dc, do/2 and

dc in schemes C;, C,, C3, and C3p respectively.

3. BASIC MODEL

3.1. Description

The Fourier analysis described in paragraph 2.3 is well suited to model
the photospheric flux distribution of paragraph 2.4. From the photospheric
pattern we can find the amplitude of the harmonics. Here we want to build an
analytical model, and so we take only the lowest harmonics.

We choose :

Bz (X.¥.2) = By . [sin (kgx)e™%% + by sin (kyx) cos (kyy)e~7 )
(9)

with 2,2 = k2 - o2

kx = 2n/Ly = /L ky - Zﬂ/LY (Ly 30 000 km)

The flux concentrations near the point Ix| =L/2, y = nLY'with n an integer would
be more concentrated if we add higher harmonics, but this simplest case shows
the general behaviour. In most computations we take L = do (which is the case for

flux patterns Cy or C3; of Figure 2).:
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3.2. Chromospheric Field

There is, in general, one unipolar region on either side of prominence,

with no parasite polarity. So at the chromospheric level z = 0, we may impose

that

Iby! < 4,

The Figure 3 shows the example, with b; = 0.8, that we use in this sectirjm
(only one period in each direction, is shown and the flux concentration :T.s
located at Ix! = £ 15 Mm). A constant a' = 3 is used so as to give a magnetic
field inclined to the oy axis at nearly 200, as observed on the Sun («' = aL). A

i i i direction as in
ratio Ly/Lx = 0.5 is taken to give the same cell size in the x

the y direction.

3.3. Two-Dimensional Arcades

This particular case is obtained by taking ky = 0 in equations (5) to (8).
The field lines are contained in a4 plane inclined at an angle Yto the prominence

axis (Figure 1).

T

2
K’é('f = Bx = \/)("2' -
By d

The observations of Leroy et al (1983, 1984) show that the angle(/has a
low value in the prominence ‘-f < 300, It implies that the field configuration is
far from current-free (or potential) and so a current must be allowed along

field lines. This current is important, since « is near its maximum value (ky).

The scale-height of the field is :
h = 07 I/m.tg. (fx = @)
so the field strength decreases by 2.7 at a height of 0.9 L for(/z 20© and of

1.8L for]= 10°. The vertical extension of a force-free field is lower than the

horizontal scale, unless the field is gréatly sheared.
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3.4, Field in the Prominence Plane

The magnetic field on the Plane x = 0 isg :

= 2 -(p‘ '(]o 2 |
-B,Q_P‘,/kxe_'t (f’ t 4 _Iszi ~COS[ky-)’)L’ /
i 2 k, fzky {, 1f-6)2
B = 'BO-”(-/’(; e (4 + '&-If_r . cos(l(yy)e ) (11)
Ktk :
O

The field has no vertical component at the location of the prominence.

3.4.1. Shear angle

The shear angle © defined by tge = By/Bx varies periodically along the y-
axis. At the chromospheric level (Figure 3) the shear is less important near the
origin of the y axis than at lyl = 15 Mm. So, near a chromospheric flux
concentration, the field lines Ccross the prominence Plane at a small angle. An
approximate relation can be obtained when the field is nearly aligned with the
Y-axis and the first harmonic has a low contribution :

.

ky' ! 1) By coslke ) ¢ 1[6'&)2)
ﬁfx‘-(o(’l'f'kl.kz (T-)i yY

X thy ) (12)
where ‘f =0 +I is the field angle with the y-axis (Figure 1), and is the
angle for t:he2 two-dimensional arcade. The evolution of the angle q' with y for
different heights is also Plotted in Figure 4a in the case of the l;ase flux of
Figure 3. Both equation (12) and Figure 4a show that the modulation with y of(f”
decreases rapidly with height since it comes from the presence of the first ‘
harmonic. The scale height hy = 1/2,, is of the order of 5 Mm, and the angle
becomes nearly constant at heights greater than 2.hy; = 10 Mm. The shear constant
a' has been chosen to give the average value of fmeasuted by Leroy et al (1983,
1984). At heights greater than 10 Mm, we find a nearly constant shear angle as
observed. But Leroy et al could not observe below a height of 10 Mm since the
Scaltered 1light of the photosphere by the atmosphere dominates. Aalso
observations have not been done in the feet of brominences. This model gives a

great variation of the shear angle along the prominence axis at low heights. The
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localisation in the prominence feet is described in Section 4.

At low heights‘fis negative at the centre of the supergfénule cells, so
the field has an inverse configuration from the chromospheric pattern, without a
parasite polarity. Such configurations have also been found in a two—dimensional
field (Démoulin et al 1988a). This appears only for a greatly sheared magnetic
field at low heights with an important reversed second harmonic, but it can be

obtained in a bipolar region. This leads to the presence of a dip in the magnetic

arcade occurring very close to the feet.

3.4.2. Field Strength

Figure 3 shows the horizontal field at the chromospheric level. It is more
stronger between the two flux concentrations. Figure 4b shows the variation with
height. The amplitude of the oscillation along the y axis decreases rapidly with
height. As for the shear angle, the field magnitude becomes nearly constant at
heights greater than 2 L; = 10 Mm which agrees with the observations of Leroy et
al. Nevertheless the field decreases more rapidly with height than would be
expected from observations (Figure 4c). Two ways can avoid the rapid field
decrease of Figure 4c. One is to increase the shear. A scale height of 50 Mm
results with'Y:s 100, but a field strength that is constant with height can only
be obtained withtfof the order of a few degrees, which is not observed. The
other way is to increase the size of the chromospheric scale. Prominences are
seen to form between field polarity regions much larger than the size of a
supergranule cell. Then a two—dimensional harmonic with a periodicity greater
than d, along the x axis may for simplicity be added, and the scale height of the
field is multiplied by the same factor. But the other harmonics, used here, must
be less sheared, since the constant a' is limited by constant ky, of the large-
scale two—dimensional harmonic. Figure 4c is then transformed to more rapidly
decreasing field, to which we add a nearly constant field. Then the global
properties are not qualitatively changed, but the field decreases less rapidly
at large heights.

Departures from the chromospheric flux of Figure 3 are computed in Figure
5. If Ly/Ly is decreased, ky is increased for a given value ky and the scale
height hy is decreased : equation (9). For a given value of the amplitude b,, the
horizontal field in the plane x = 0 is also decreased (Equation (11)). Then the

first harmonic decreases more rapidly with height. It explains the behaviour of
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the curves in Figure 5a which are taken at the centre of a supergranule cell
whgre the first harmonic is reversed from the zeroth order harmonic. 1In
particular for great values of ky, the field strength increases with height. It
is similar to the behaviour described by Démoulin et al (1988c). The great
magnetic pressure at large heights leads to the formation of dip in the force-
free field. The field direction is reversed in this region, as shown in Figure
4a near lyl = 15 Mm. When the shear is increased, the scale height of the
magnetic field increases. It is particularly important at large shears when «'
balances{/kxZ + kYZ in the constant 2; (equation 9)). This occurs at the centre
of the supergranule cells as shown in Figure 5b. But a slightly increasing field
strength with height is only present for a great shear : a'= 3.1, which leads to

an angle of the order of 10 degrees at large heights (or for the lowest
harmonic).

3.9. Field Line Length

The length of a field line connecting two points of the photosphere is an
important parameter for the thermal equilibrium along the field line, under a
balance between radiative cooling, coronal heating and parallel thermal
conduction. It has been shown that nearly all the loop is filled with coronal
material, so that a uniform temperature equilibrium seems a good approximation.
At coronal temperatures, radiative cooling drives a thermal instability of the
plasma since the radiation decreases as the temperature increases. Field (1965)
has investigated the stability of such a uniform medium. At short lengths,
greater than a few times 10 Mm (which depends on the pressure and the heating)
the medium is unstable to linear perturbations. Oran et al (1982) have studied
the non-linear development which leads to the formation of a cold condensation,
like a prominence.

Further work is necessary to understand the possibility of the formation
of prominences by thermal instability. At this stage it seems that we may refer
to the work of Field for which the condensation only forms in sufficiently long
loops. Nevertheless the problem is not yet well understood, and destabilizing
the corona without destabilizing the transition region is difficult. It needs a

heating which varies greatly with height and not only with pressure and
temperature.
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Whatever be the final result of the thermal stability, an important
parameter is the loop length. The isocontours of field line length are plotted
in Figure 6 for the base flux of Figure 3, except that Figure 6a is computed with
a' = 1.5. The dashed lines represent the isocontours of the distance of the
footpoints (at the chromospheric level z = 0) from the nearest concentration of
flux. As the two feet of a field line are not at the same distance from a flux
concentration, an average value is taken. We compute this since the pressure
could be different from one field line to another one. The difference could come
from below the plane z = O where the magnetic field is concentrated by the
convective cells. The region of concentrated field may have a lower pressure to
achieve horizontal force balance. At the photospheric and chromospheric level,
the plasma pressure decreases much more rapidly than the magnetic pressure,
which produces a nearly force-free field in the corona. Nevertheless, the field
line anchored in region where the plasma pressure is greater preserves this
enhanced pressure at greater heights if the temperature distribution is the same
in a horizontal plane. A pressure enhancement increases the radiative cooling
and so favours thermal instability according to the work of Field.

At low shears, as in Fiqure 6a, a field line starting from a positive
polarity connects the nearby negative polarity. Then, as the shear is smaller
near the flux concentration, the length is shorter than that of a field line
starting between concentrations of flux. This difference decreases with height
as shown in Figure 6a, and at y = 0, as the summit increases, so the footpoint is
closer to the flux concentration. As the shear increases, so a' increases and
only lower field lines can connect adjacent flux concentrations. As previously,
they have lower lengths than those anchored between flux concentrations. At
greater heights (at y = 0) the field lines come from regions of lower field
strength and so greater shear. The field line length then increases as seen in
Figure 6b for a height of about 7 Mm. At greater heights the field lines again
connect two flux concentrations and the length is more important at y = 0 than at
lyl = 15 Mm. As the constant a' increases, this effect becomes more important
and the field line length on the plane x = 0, at Yy = 0, becomes lower, then
greater, then lower than the length at lyl = 15 Mm and so on many times. However,
as the isocontours in Figure 6 are equidistant, the relative value Af2/2, is much
more important at low heights. The field line length could be lower by a factor

of 0.5 near the chromospheric concentration than between them.
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From the thermal stability of a coronal loop, we find that the lower loops
near chromospheric concentration (and so up to supergranule boundary) are
shorter ‘and SO more stable. The effect of the pressure variation from one field
line to another gives the opposite effect, since the plasma pressure is smaller
on lower field lines. Other important parameters for thermal stability are also
missing, such as the heating pattern and the footpoint boundary conditions. It
is within the scope of this paper to study this problem in more detail, but a
more complete model may explain why the filament feet are formed at all and
where they are located relative to the supergranule pattern.



4. LOCATION OF THE PROMINENCE FEET

4.1, Prominence“Mbdelling

There are two main classes of field configuration that support prominences
(Leroy et al, 1983-84). In the first configuration the horizontal magnetic field
crosses the prominence in the same direction as a potential field created by the
photospheric pattern. It has so-called Normal (N) polarity (Priest, 1988). The
second configuration has an Inverse (I) field direction. Kippenhahn and Schluter
(1957) were the first to propose an N configuration (KS) to support a
prominence. They started from a potential symmetrical field and cut it to give a
current sheet at the centre, where a prominence could exist. The Lorentz force
from the magnetic field produced by the photospheric magnetic pattern and the
prominence currents gives the support. Kuperus and Raadu (1974) proposed an
Inverse configuration (KR) and a way to form a prominence in a current sheet.
They included line tying of the field lines in the photosphere and modelled it
by the repulsion of an image current below the Photosphere. In fact, both these
models could be extended to more complex configurations where both the field and
current repulsion forces could support tho prominence. In particular I
configurations could be supported by the field created by the photospheric
pattern, if the region is quadrupolar. B

Prominences can be modelled by current sheets, or by current lines, with a
singularity of mass. We have to add a line current I to the previous force-free
field configurations in the plane above the neutral line. Amari and Aly (1987)
have constructed such solution for a two-dimensional linear force—-free field
model. At present the generalisation to three dimensions is not obvious and the
linear force-free field created by a current line warped in three dimensions is
not known. In other way, the superposition of a linear force-free field ( £xrom
photospheric boundary) with a potential field (from line current) given an
flimsy as the total field have volumique forces. Then, let be the current line
field be a linear force-free field with the same a of the photospheric field,
the total field have not net force at each point except a singqular Lorentz force
at the location of the prominence. For the equilibrium of the current the only
chénge, from the potential field line current, is the form of the repulsion
term. Demoulin and Priest (1988a) show in two dimensions that the results are

not qualitatively change in this case. Moreover it is difficult to improve the

extended to the throe dimensional case, show that it is not important t
an o

resolved the problem of the force-free field of a

important for the global field topology,

current line. However it ig

but in this case we need to know the

F . . .
or a given photospheric flux polarity, the Prominence current could have

two di i i i
directions, and with a vertical magnetic field positive for x » o at the

chromospheric
pPheric level, one has an upward Lorentgz force when the current is

directed in the positive y-direction.

photosphere. (There is an exception to this case, even in a bipolar region
’

Since a force—-free field could have a reversed directi

heights and then could support a hegative current (Démoulin et al.: 1988c)

W i ’ .

. e dfscuss here the two cases Ip>o and I
configuration pcc and NcCc, respectively.

p<0, called a positive current

4.2. Line Current Equilibrium

The prominence modelled by a line current is in equilibrium between the

ravi £ =23 F=T
g ity force (fg Ag), the lLorentz force (Fd'g= IA 73’) and the repulsion of the

image current : E;{__ Mo I‘,J’z

47T h

If the 1line current'is located in a vertical plane, where the vertical

magnetic field is Zzero, the Lorentz force components are
- -I . By . sin s

ng I.Bx. sins (13)
-I .Bx . cos §

The repulsion force has been approximated because the line current is not

straight. To be more rigorous, the repulsion term would have to be expressed by

rrent. Here the errors of the approximation are
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such as to increase the current repulsion at the dips of the line current and
decrease it at the summits. This is not a serious effect since boundary
conditions could affect it more (Amari and Aly, 1986) and the result on the line
current equilibrium would not change qualitatively (Demoulin et al, 1988a).

- - =
The total force fg + £+ fR would not in general be zero since the Lorentz

force is only vertical for igline current parallel to the y-axis, as implicitly
assumed in two-dimensional models. We discuss this problem only for positive
currents (Ip) because for negative currents, the repulsion term must dominate
the Lorentz force, so that departures from the vertical of the Lorentz force are
less important.

The lorentz force is normal to the line current in the Oyz plane. At a dip
of the current 1line, the y-component of the lorentz force strengthens this
region to increase the dip. Then the field lines are pressed together and the
magnetic pressure and the dip line tying at the photospheric level will pProvide
a feed-back to help find an equilibrium. We suppose the prominence feet are
located at such a line current dip, then this horizontal force tries to decrease
the width of the prominence feet. We can note that such a force is much smaller
than the force of vertical support : fgy / fz; = tg § when § is much lower
than 450,

The x-component of the Lorentz force is much greater by a factor l/tg‘f
than the y-component ; i.e. a factor 3 for = 20°, Both Bx and By are even in y
at the location of the prominence plane. Then the vertical equilibrium shows
that 5 is an odd function and so gz; is also an odd function and periodic with a
period 2.Ly. The line current is periodically pulled first in the positive and
then is the negative x direction. The average force is zero, but such a periodic
warping of the prominence is too small to be not observed.

The magnetic pressure due to the field line tying in the photosphere with
a highly sheared field could act very efficiently to impose a nearly planar
geometry for the filament. It would deform the analytical force-free field
configuration presented here in a way that would need to be calculated
numerically. This horizontal component of the Lorentz force may also produce a
Slow reconnection of adjacent field lines. It decreases the shear, and so the
energy of the system. Then new field lines are needed to support the filament,
provided by the supergranule cells or giant convection rolls. This reconnection
may be important only near the feet of prominences, where the horizonta<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>