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Abstract. We analyze outputs from three-dimensional models for three observed filaments, which belong to the quiescent,
intermediate and plage class respectively. Each model was calculated from a conmsggnetohydrostatic extrapolation, as-
suming that the prominence material is located in magnetic dips, so that the field is nearly horizontal throughout the prominence
body and feet. We calculate the spatial distribution of the magnetic field ampBael orientatior® with respect to the fila-

ment axis, neither of which were imposed a priori in the models. In accordance with past magnetic field measurements within
prominence bodies, we also obtain nearly homogeneous magnetic fields, respectively & at®)u#4 and 40 G for the qui-

escent, intermediate and plage prominence, with a systematic weak vertical field gradiBpdnt 0.1-1.5x 1074 G kmL.

We also find that the inverse polarity configuration is dominant With —20° to (°, which is slightly smaller than in some
observations. We also report some other properties, which have either rarely or never been observed. We find at prominence
tops some localized normal polarity regions witk +10°. At prominence bottoms below 20 Mm in altitude, we find stronger

field gradients)B/dz ~ 1-10x 10* Gkm! and a wider range of field directios~ —90° to °. These properties can be
interpreted by the perturbation of the prominence flux tube by strong photospheric polarities located in the neighborhood of the
prominence. We also report some full portions of prominences that have the normal polarity. The latter are simply due to the
local curvature of the filaments with respect to their average axis, which was used tood@&tiese results could either be used

as predictions for further testing of this class of models with new observations, or as quantitative tools for the interpretation of
observations which show complex patterns.

Key words. Sun: prominences — Sun: filaments — Sun: magnetic fields

1. Introduction (see the reviews of Leroy 1989 and Paletou & Aulanier 2003).

Also, the interpretation of such measurements in terms of mag-

Solar prominences consist of long (from 10 to several'd0Q,q - field requires complex polarized radiative transfer theo-

of Mm) and thin (14 Mm) sheets of cool chromospheriCyiag anq inversions of Stokes profiles (see e.g. Sahedhait

like plasma, which extend high above the photosphegg 5| 1977 for the Hanlefiect method and tpez Ariste &

(10-100 Mm) in the diluted corona. This dense plasma is Copsinj 2002 for the “Principal Component Analysis” method).
pled to highly stressed magnetic fields, which are believed to

play a key role in several physical processes within promi- On the other hand, the development of appropriate promi-
nences such as the channeling of plasma flows and the mai@ace models constitutes a majoffidulty (see the review of
taining of the prominence plasma at high altitudes for a loig¢moulin 1998). Firstly the calculated equilibrium configura-
time in spite of gravity. It is also believed to drive the suddeiions should satisfy the MHD equations, with appropriate pho-
eruption of prominences, which are associated with some cot@spheric boundary conditions, which at least should look like
nal mass ejections. Therefore, the modeling as well as the diry@ical magnetograms. Secondly they should qualitatively re-
measurement of prominence magnetic fields have been on@rgfduce typical observational properties, as reviewed for e.g.
the greatest challenge of solar physics in the past decades [e&im (1990), Filippov (1995), Bommier & Leroy (1998),
the book of Tandberg-Hanssen 1995). But this topic still rend Martin (1998). Thirdly they must involve strong field-
mains unclear due to manyficulties. aligned electric currents, since prominence axial fields dom-
On one hand, the direct observation of the vector fieifiate. This last issue is very sensitive due to theoretical dif-
within prominences observed at the limb or on the disc requirégulties in calculating such fields, as discussed in the review

very high polarimetric accuracy and some spatial resoluti@hMcClymont et al. (1997). For all these reasons, prominence
models often use several assumptions/andimplifications.

Send gprint requests toG. Aulanier, The latter either make the applicability of the model to
e-mail:guillaume.aulanier@obspm. fr observations disputable (e.g. two-dimensional models with
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arbitrary axial fields, models involving simplified geometriedBBASS2000
or raise the question of their reliability in terms of physics (e.¢http://bass2000.obspm. fr/home . php).
constanta force-free and magnetohydrostatic models) or nu-
merical convergence (e.g. non-linear force-free field models .
. N .2. Summary of the modeling procedure

Regardless of their assumed degree of reliability, very few
prominence models have been analyzed to check their quahtie models were calculated with the constarftinear) mag-
tative consistency with specific (or even typical) observationgetohydrostatic extrapolation method (Low 1992), in Cartesian
However, this procedure is clearly needed to identify whigpeometry @y,u,,u;, wherezis the altitude), in a periodic com-
models, or theoretical assumptions, are the most satisfactprational box in X; y) of horizontal sizeL? and up to any
(see e.g. Anzer 1989; Aulanier &ddioulin 1998; MacKay arbitraryz, by solving the equation
et al. 2000; Aulanier et al. 2002; Lionello et al. 2002). In par-
allel, it is clear that recent developments in instrumentatiopX B = @B +a exp(-z/H) VB, x u;, (1)

and in interpretation of polarimetric measurements for promjshere o is the “force free parametery is a measure of the
nencegfilament observations (e.g. Lin et al. 1998; Paletou et &esqyre and gravity induced currents, &his the scale-height
2001, Lopez Ariste & Casini 2002; Trujillo Bueno et al. 2002),, \vhich these currents decrease with height.
will soon regult in new observations, which should bring fur-  1he jower boundary conditior®(z = 0) were given by the
ther constraints to the modeling. line-of-sight component of the magnetic fielyj as observed

In this paper we focus on one class of models, basgfth magnetographs, divided by the cosine of the projection
on three-dimensional constamtlinear) magneto-hydrostaticangle (i.e. the so called “radial field approximation”). For the
extrapolations of observed photospheric line-of-sight magngsjescent and the intermediate filament, the magnetogram was
tograms (Low 1992). We analyze the outputs from three g{ogified so as to ensure the appearance of a twisted flux tube
these models, which have been applied in previous publicatiggg high values ofe (as discussed in the Sect. 4.2 of Paper |

to specific observations of filaments that belong to the quiegyd sect. 3.4 of Paper Il), whereas the magnetogram was not
cent class (Aulanier et al. 2000, hereafter Paper I), the intgingified for the plage filament.

mediate class (Aulanier et al. 1999, hereafter Paper Il), and the The occurence of the prominence within the calculated

plage class (Aulanier & Schmieder 2002, hereafter Paper llljnree-dimensional magnetic field configurations was calculated
The observational context, the models and their limits afigm the standard assumption (Aulanier &moulin 1998)

described in Sect. 2. In Sects. 3 and 4, we analyze the rest the prominence plasma rests in equilibrium in the lower

ing distribution of the magnetic field amplitude, vertical graportion of magnetic dips within concave field lines, within the

dient and orientation within the prominence, which were n@st pressure scale-height from the bottom of the dip. The cen-

explicitly imposed a priori in the models. In Sect. 5 we comyra| positionsr; = (x; i; z) of the dipsi are given by:

pare the resulting synthetic scatter plots and maps with past

and with more recent measurements. The results are discug§dé) - V)B(ri) > 0, (2)

in Sect. 6, with an emphasis on some model predictions tgr;) = 0. (3)

should be tested with new observations. _ .
In all the models, they are calculated on discretized meshes

whose intervals have been chosen so as to obtain a good com-
2. The studied sample of three prominences promise between keeping a visible separation of individual dips

) ) ) ) ) from each other and minimalizing thé&ects of the discretisa-
In this section we describe what kind of filaments were mogls, \yhich lead to artificial structures. For various altitudes

eled to produce the present synthetic prominence observatiqﬂé,precise positions satisfying Eq. (3) were found by numer-
where they were located and how they were modeled. ical convergence, using a linear interpolationBowithin each
interval of the mesh used for the model calculation, then the
2.1. Filaments belonging to different classes Eq. (2) criterion was calculated in double precision.
The procedures leading to fix the model parametersy(
The three studied filaments have been observed on the digc. and when applied, the modification of the photospheric
in Ha with various instruments. They belong tdferent cat- magnetogram) are described in detail in Papers I-Ill. In brief,
egories, accordingly with the occurence or not of an activRe parameters for the intermediate filament were fixed itera-
region in their vicinity, namely “quiescent”, “intermediate’tively so as to obtain the best visual fit between the calculated
and “plage”. distribution of dips and the &ifilament (Paper I). The param-
They were all located in the southern hemisphere and thetgrs for the quiescent filament were guessed from typical ob-
followed the typical hemispheric chirality rules identified bygervational and theoretical constraints, so that the calculated
Martin (1998), i.e. sinistral fields and left-bearing feet, the latnodel was a prediction of thed-bbservation (Paper I). Finally
ter being associated with photospheric parasitic polarities. the parameters for the plage filament were selected from a grid
Their main properties, and the reference to the publicatioo&35 calculated models, with the same criteria as for the inter-
in which they have been studied previously, are summarizexkdiate filament (Paper I1).
in Table 1. Their shape can either be seen in Papers I-lll, or on The most important model parameters are summarized
daily full-disc Ha images available on the french solar databage Table 1.
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Table 1. Observational properties and model parameters for the three filaments analyzed in this study. Papers |-lll are respectively Aulanier
et al. (2000), Aulanier et al. (1999), and Aulanier & Schmieder (2002).

date of observation Nov. 04, 1999 Sep. 25, 1996 May 05, 2000
heliographic coordinates E34 S17 E5 S2 E17 S21
classification quiescent intermediate plage
chirality sinistral sinistral sinistral
Ha observation BBSO VTT/MSDP THEMIS/MSDP
magnetogram Kitt Peak SoHQMDI SoHQMDI
(x; y) sizeL of the box (16 m) 266 125 192
(108 mY) +2.34 +4.97 +3.08
a/a(res) 0.99 0.99 094
flux tube enforced yes yes no
maximum altitudez of dips (16 m) 61 54 34
model published in Paper | Paper Il Paper Il
figure of the Hr filament 1b 1,a 2,top
figure of calculated dipped field lines 3, left,“f =3 1,b 3,top
relevant observed feature elongated barb foot F1 elbow
(x; y) coordinates of this feature (4.6n) (+30;-60) (+20;-30) (-20;+25)
corresponding figure in this paper Fig. 2 Fig. 3 Fig. 4
2.3. Model orientations and relation with observed y
features /\
In each model, thg axis (x = 0) was conventionally oriented |
so as to follow the mean axis of the observed filament, i.e. of !
B.(=0)<0 | B.(z0)>0

the photospheric inversion line &,(z = 0) (labeled NL for
“neutral line” in Figs. 2—4). The direction of the axis was

set so as to be antiparallel to the mean direction of the calcu-
lated prominence axial field, i.ec B > -u, < 0. Since all the
filaments were sinistral, the dominant photospheric polarities
B,z = 0) > 0 (resp.<0) were located ak > 0 (resp.<0).
These choices are illustrated in Fig. 1.

In order for the reader to be able to relate the shape of the
Ha filaments with the color-coded distribution of the central |
positions of the dips (as viewed from above along 2heis, 3
that are plotted in this paper and described in the next Section),

we give in Table 1 thex; y) coordinates of some specific ob-
g X b) P ip. 1. Definition of the magnetic field orientation angléor the mod-

served features that were previously described in Papers |- 3d sinistral filaments, where the dominant photospheric positive po-

p . . e
the largest foot (also called "barb”) of the quiescent and R}ﬁties are located im > 0.6 < 0 (resp>0) and the label IP (resp. NP)

the_ intermediate filam_ent, a”‘?' the elbow of the plage filamee&rrespond to “inverse” (resp. “normal”) polarity configurations.
which was also associated with a foot.

its apparent altitude as a constraint forAlso, since the fila-
ment feet are mostly due to high-order harmonics of the linear
The models were calculated so as to fit the on-disc observatiomsgnetohydrostatic equations (Aulanier &iBoulin 1998),
of the Hx filaments only, regardless of their shape as viewddeir modeled shape weakly depended on variationgefres)
on the limb. The resulting prominence maximum heights wewgthin 0.9-1.
given by the maximum altitude at which magnetic dips were For the quiescent filament,/a(res) was chosen equal to
found. In every case the value for the force-free parametethe one of the former filament, for predictive reasons. But since
needed to be higher than 90% of the resonant value, definleid filament was located far from disc center and since the
asa(res)= 2r/L wherel is the size inx andy of the com- prediction matched fairly well the observation, the resulting
putational box. Therefore the prominence heights were mostisominence height of 61 Mm may be considered with good
constrained by the amplitude of confidence.

The resulting height of the intermediate filament, 54 Mm, The plage filament is the most interesting, because the mag-
should be considered with caution. Since it was located alktogram was not modified there to ensure a twisted flux tube,
most at disc center, no projectiofffect could permit to use and because it was also located far from disc-center. Since

2.4. a and the prominence altitudes
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was selected among a grid of models with five values in thecently begun to be developed, and they alsfiesurom
rangea/a(res)= 0.88-0.98, the resulting prominence heighstrong drawbacks such as numerical convergence problems for
of 34 Mm is also well defined. higha (e.g. REgnier et al. 2002) or they must incorporate strong
and ad-hoc electric fields at the photospheric boundary to re-
produce the observations (e.g. MacKay et al. 2000; Lionello
et al. 2002). Nevertheless, these models are also promising and

In the following we list the most important limitations ofwe believe that they should also be analyzed as in this paper for

constante magnetohydrostatic models of prominences, and Jramparison with_ e_ach other and with_specific observations.
discuss their relative importance. In summary, it is worth remembering that the class of mod-

A first limit comes from the validity of the lower boundaryels used in this paper has some limitations that can be disputed

o . : . and that should be improved. But due to the very good match
condition ed. The assumption tiBgfz = 0 roportional . . .
ttons us SSump ) s proport hich were obtained in Papers I-lll between the calculated

to the observe, can resultin errors in the resulting magnet [ee dimensional distribution of filled dips and the observed
configurations, especially for the quiescent and plage filame ) . . .
g P y g Plag atures, we believe that these models provide a good picture

which were far from disc center. These errors may not be n g ) . )
ligible in the vicinity of the weakest photospheric polarities? the magnetic field configuration of prominences.
which can be dominated by transverse fields.

Another limitation comes from the validity of the observed. Magnetic field amplitudes
magnetograms, which depend on the spatial resolution, on
instgr]umer?tal calibrations F::md on the mZthods used to ded cz' Scatter plots of ||B|(z)
magnetic fields from polarimetric observations. For exampefore analyzing the precise spatial distribution of the mag-
Berger & Lites (2002) report a systematic ratio-df4 between netic field amplitudes within the modeled prominences, we
the fields measured by the ASP and those measured by MEYiculate scatter plots of the vertical distributiorBfT his per-

The latter result would imply that every magnetic field valugits us to simulate observations as they have been often pub-
that we calculated for the intermediate and the plage proméhed (see Sect. 5), where the positions of the measurement
nence should be multiplied by4L(but this is not incorporated points were either uncertain due to projectidfeets, or aver-

in the values reported in this paper). aged in order to enhance the signal to noise ratio.

Two other limitations come from the periodic treatment From the scatter plots of the central position of the dips
in (X; y). The first one is to reduce the amount of flux whiclithin the three filaments (Figs. 2—4, top left), two regimes can
overlays the prominence flux tube. About half of the flux corbe defined for each prominence. Considelting 20, 15 and
tained in the main bipolar component of the photospheric field Mm respectively for the quiescent, intermediate and plage
is connected out of the computational box orthogonally to tipgominence, then:
filament due to the periodicity in the direction. The second
effect is that the prominence flux tube is not anchored in tla¢higher altitude foe > h:
photosphere, since it enters and leaves the box alongdRis.

2.5. Limitations of this class of models

The values for the “force-free parameter’that are re- e Bis nearly homogeneous.
quired for the modeled dips to match the observations are
very close to the resonant valuéres). This has strong draw-  * |IBIl (quiescent) =25-3G
backs. Firstly the prominence flux tube tends to overexpand ® lIBll (intermediate) ~ =13-15G
with height. Secondly the magnetic helicitig enters into the ~ © IIBIl (plage) =35-45G

non-linear branch of the curvelg(a), calculated by Berger . 4 .
(1985) for constant force-free fields. Séis is probably over-  ® 9B/dz(quiescent) ~+0.1x 104 Gkm L
estimated in the present prominence models, unless one con® 9B/9z(intermediate) ~ +0.3x 10: G km‘l
siders its linearized value (as done by Green et al. 2002, for an® 9B/9z(plage) ~+15x 10" Gkmr
active region). . )

In each modely is constant throughout the whole box. Thigt lower altitude foz < h
simplification leads to highly sheared field lines overlaying

e There is a wide dispersion B.
the prominence flux tube, which do not reproduce the vertical P

shear gradientidentified by Schmieder etal. (1996) in activere- 4 ||gj| (quiescent) - 0.1-46G
gions, which is used as the key ingredient of some prominence, ||g|| (intermediate) = 3-16 G
models (e.g. DeVore & Antiochos 2000). Thifext tends to e |IB| (plage) - 4-60G

overexpand the whole magnetic configuration with height. This

also homogenizes, and possibly underestimates, the twist pro-e 9B/dz (quiescent) <+15x10*Gkm™?

file within the prominence flux tube. This last issue iffidiilt e 9B/dz(intermediate) < +5x 10* Gkm?

to estimate quantitatively since it would require a systematic ¢ 9B/dz (plage) <+10x10* Gkm?.
comparison with reliable non-constanéxtrapolations or real-

istic coronal MHD evolutions using reliable magnetograms dhe projected maps of the magnetic field within the promi-
boundary conditions. Unfortunately such models have onfgnces (see Figs. 2—4, left Col.) show tlat- h mostly
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Fig. 2. Color-coded distribution of magnetic dips within the Nov. 04, 1999 quiescent filament, located at E34 S17 (modeled in Aulanier et al.
2000). Only the central position of the dips (i.e. whBge= 0) are shown, as open circles to highlightelient structures along the line-of-sight.

Left column: amplitude of the magnetic fid|8||. Note that in the prominence body,|B|| > ~ 2.5-3 G. Right column: anglé made betweeB

and the mean axig of the inversion lined < 0 (resp.> 0) refer to “inverse” (resp. “normal”) polarity fields. Top row: scatter plots|Bf

and@ versus altitude within the whole prominence. The colors are changing from purple to [{& ard 6 increase (for the latter, yellow
corresponds té = 0); the same color-codes are used in all the panels. Lower rows: 3D projections of the prominence dips (same color-coding
as for the top row) as viewed on the limb along thaxis (second row), perpendicularly to the prominence, alongpes (third row) and

from above along the axis, as for a filament located at disc center (bottom row). Note that the apparent vertical and curved structures within
the prominence are an artifact of the discretized calculation of dips.

corresponds to the prominence bodies, which are nearly ho- But the same projected maps show thatferh, the promi-
mogeneous. Therefore the values given above from the scattences are not only composed of their thin vertical body, but
plots forz > h do correspond with the ones that can be derivedso of several feet. The latter form arches below the promi-
from the maps. nence and they have lateral extensions away from the neutral



774 G. Aulanier and P. &houlin: Prominence magnetic fields from magnetohydrostatic models

B vs. altitude Theta vs, oltitude
20 T T T T

; prom axig> (deg)

Theta <B

20 40 &4 40 ls]
altitude (Mm) altitude (Mm)
Frominence dips viewed aleng NL FProminence dips viewed along NL
B0 T T T B0 T T T
E 40 ’E\ 40 —
= =
© o
= =
E 2t
T Z20F T 20
ol g 4 o :
—40 20 40 a 40
distance away frem NL {(Mm) distance away from HL {Mm)
Prominence dips viewed on the side Prominence dips viewed on the side
o[ : : : ] 50[ T : : ]
60— — 60— —
E [ ] E [ ]
= E =t 4
v 40 — v 40 —
- L ] - 0 ]
= L i = L ]
2 [ 1 R AiEs 2L 1
- - 70~ B gségm@ﬁ#é@@ggeg 7
¥ 3 ] B , L 1
F gpm Il B F -
NN ) s YreE TR e o 5
—100 8] 50 100 —100 100
distance along ML (Mm) distance along NL {Mm)
Filament dips viewed from akowve NL Filament dips viewed from akove NL
Py . . : ] L —40[ . . : ]
E L 4 E L 4
= F 1 = L ]
2 or 7 2 T @ % B
E L ] E L 5% ]
= - ] £ L Gl a2 b \ g, n 1
= 0 . G -l iq; 1050 wTeY ""'O
Z 3 1 & r o0 1
ot 1 F .
L ] L ]
8 oop . & oo & ﬁ %  ed % @ .
2 L ] 2 L ]
[ [ T n r T
b F 4 e F 4
40 1 1 1 40 1 1 1
—100 —50 0 50 100 —100 —50 0 50 100
distance along ML (Mm) distance along ML (Mm)

Fig. 3. Same as Fig. 2, but for the Sep. 25, 1996 intermediate filament located at E5 S2 (modeled in Aulanier et al. 1999). NppBd| that
13-15 G in the prominence body.

line. So forz < h, even though the scatter plots are informativéi.e. alongx). In particular, they cannot be seen on the models
they can lead to several misinterpretations since they incorpgien the prominence is viewed along its axiks (
rate various structures. So we further discuss in Sect. 3.2 the

results forz < h by analyzing the magnetic maps. Also, the magnetic field amplitudes given in Sect. 3.1 al-

ways have their maximum values located at low altitude, be-
3.2. Low altitude vertical field gradients ing larger than the mean values inside the prominence bodies.

This could suggest the existence of negative vertical field gra-
It can be seen on the synthetic maps that the highest vertidents forz < h. But the magnetic maps clearly show that the
field gradients reported in Sect. 3.1 for< h can in general highest magnetic fields (in red in Figs. 2—4) are located in spe-
only been identified if the prominence is viewed on the sidsfic structures which are not embedded in high altitude weaker
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Fig. 4. Same as Fig. 2, but for the May 05, 2000 plage filament located at E17 S21 within a decaying active region (modeled in Aulanier &
Schmieder 2002). Note that||B|| > ~ 35-45 G in the prominence body.

field regions, but which are always associated with strong The plage prominence is the most misleading since the
photospheric polarities: highest field values are located in the prominence body at
X € [-15;+10],y € [-12;+12],z € [0; +15]. But this por-

— In the quiescent prominence (Fig. 2) it corresponds to iso- tion of the body is not continuous with the rest of the promi-
lated dips located on the edge of the “fragmented barb” (de- nence (Fig. 4, left, 3rd row) and it is highly fragmented
fined in Paper 1), far from filament axis ate [+10;+20], (Fig. 4, left, bottom row).

y ~ 58,z¢€ [0; +4].

— In the intermediate prominence (Fig. 3), this structure Ia summary, for ; y) fixed and forz < h, the vertical field gra-
very small, and located right below the prominence bodgients in the dips calculated from the models are always posi-
between two arched feet, ate [-5;+5], y € [-10;0], tive, and even though they can be stronger than for higher al-
z € [0; +6]. titudes within the prominence bodies (up to a facteB2they
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are lower than the maximum values derived from the scatt#?. Scatter plots of 6(z)
plots only. The mixing of several independent structures at lOXVs

altitudes in the scatter plots make therffidult to interpret. for the magnetic field amplitudes, two regimes can be

identified from the scatter plots 6f depending on the altitude
h as defined in Sect. 3.1:
3.3. Prominence shapes and field inhomogeneities

at higher altitude foe > h:
For the class of models used in this paper, the calculated field
inhomogeneities within the prominence bodies are a direct ® IP dominates  with-20° <6 and <6 >~ -10°
function of the ratio between the axial magnetic flux of the © afew NP exist withe <+20° and<6 >~ +5°
prominence flux tube versus the vertical flux of neighborin _
photospheric polarities, regardless of their “parasitic” (i.&t lower altitude foz < h:
associated with lateral dips, so prominence feet) or dominant
nature. Thus within prominence bodies, the magnetic field
inhomogeneities are naturally associated with morphological
inhomogeneities such as:

e |P dominates with-90° <0 and< 8 >~ -40
e some NP exist  with9 < +50°.

The IP is dominant for high altitudes. Béits only weakly neg-
ative. This is natural since the prominence flux tube is weakly
L . T twisted in the models. The IP is also dominant at low altitudes
- ang vert|c_;al mterruptlons._They are visible in Figs. 2 and é’lnce for every model, the flux tube often reacheszhe 0
with the views f_rom the S'de. (along) and frqm abovg hotospheric plane. The existence of normal polarity (NP) re-
(along_z). The quiescent prominence hgs two Interruptio ons, not only at low altitudes but also within the prominence
(see Fig. 2) and the plage prominence is nearly periodicaffy jies s not intuitive for this kind of models based on twisted
interrupted (see Fig. 4) ever20-40 Mm alongy, which flux tubes (Aulanier et al. 2002). Two specific types of NPs are

is the typical size of supergranules. __described and interpreted in Sects. 4.3 and 4.4.
— The leaning of the prominence. It can occur not only in the

(x; y) plane (e.g. the elbow of the plage filament) but also in

the (x; 2) plane (e.g. the non-vertical body of the quiescert 3. “Curvature related” NP fields
prominence visible in Fig. 2, left, 2nd row). These shifts a
due to local changes of the position of the inversion line Q
B, at various heights, again due to theeet of neighboring t
photospheric polarities.

e first kind of NP which appears in the models covers large
actions of some sections of prominence bodies, that are of-
en isolated by some long vertical interruptions mentioned in
Sect. 3.3. These NP regions can be directly visualized in Figs. 2
and 4 (left Col.) with the yellow and red colors. One of these

These models imply that thefects described above may Ieaé\IP regions is visible in the quiescent prominence and three are

s . . - present in the plage filament.
to several dficulties in interpreting 8-limb magnetic field ™ " 4ok NP is readily explained by the definition of
measurements, since the photospheric polarities cannot be pb- . : .
: . , which only uses the mean prominence axis for reference
served simultaneously. This becomes even mofiécdit for

. . o S Sect. 4.1 and Fig. 1). In fact, it can be shown that these
prominences observed along their mean axis, since sev 2l

. : . : fields are almost all IP with respect to the local filament
prominence parts will overlap in the observing plane (e.g. as.

: o , . . N axis. So, these NP dips are just due to the curvature of the
in Casini & Lopez Ariste 2003), while the magnetic field Cal1:l|lament axis, and thefefore ajtre not “true” NP. This can oc-

differ significantly in these parts. cur either at low altitude due to neighboring magnetic con-
centrations on the photosphere, or more globally due to in-
homogeneities in the photospheric bipolar background which

4. Magnetic field orientations do not smooth fast enough at larger altitudes (see Aulanier &
Démoulin 1998 for analytical proofs under the linear force-free
4.1. Definition of the orientation angle 6 field approximation).

The latter situation is obviously important for the plage fil-
In the following, 6 € [-r; +x] has been defined as the anglament, since it was located between two decaying active re-
made by the magnetic field vectBr(only in the central posi- gions and since the magnetogram was not modified to calculate
tions of the dips, so th&, = 0) and they axis.f < 0 (resp>0) the model.
and By > 0 (resp.<0) corresponds to the inverse (resp. nor-
mal) polarity configuration, hereafter called IP (resp. NP) 38,
shown in Fig. 1. This definition fo# was chosen so as to fol-
low the same procedure as in many previously published paparother kind of NP area is present for the intermediate fila-
on prominence magnetic field measurements. So when the fiteent at large heights (Fig. 3, right Col.). On one hand, accord-
ment axis is curved), does not correspond to the angle betweeng to Aulanier et al. (2002), the present NP fields are not an
the magnetic field vector and the local direction of the filameimttrinsic property of prominence models based on twisted flux
axis. tubes, such as the ones studied in this paper. On the other hand

“Photospheric polarities related” NP fields
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some photospheric polarities are present in the vicinity of thdseally, as in the local models of magnetic dips by Heinzel &
NP (in x andy), which form lateral dips (labeled S2 and S3 irAnzer (2001). Since the precise valuegaoh prominence are
Fig. 1 of Paper IlI) and which slightly modify the orientatiomot well established, this debated issue will have to be investi-
of the filament at lower altitude (see the Fig. 2 of Paper lIjated in the future.

But for this prominence, these polarities have a negligible ef-

fect on the orientation of the prominence at large altitude (as

explained in Sect. 3.3). Therefore these NP dips cannot be“of- AMPlitudes

the same type as those reported in Sect. 4.3. They are true Iggghnetic field amplitudes were first obtained for the longi-
NP configurations. o S tudinal component only, using the Zeemaifieet. The mea-

_ Inde_ed, these NR dips find their origin in thg threesyred values were typicallp ~ 5-60 G (Rust 1967)B; ~
dimensional perturbation of the central part of the twisted flux g g (Tandberg-Hanssen 1970: Tandberg-Hanssen & Anzer

tube atz ~ z (i.e. at the prominence top) by some photospheerrgm),BH ~ 5-25 G (Nikolsky et al. 1982, 1984: Kim 1990;
polarities that have a net horizontal fieBk(z) < 0. Even pgashkirtsev & Mashnich 1998).

though their negativB decreases with height much faster than
the horizontal field of the twisted flux tube, it dominates at thf?o

tube center, since the unperturbed flux tube Bgs:) = 0. So (Sahal-Bechot et al. 1977). Such measurements were done for

anp région can be formed arouné z. _ quiescent prominences/3 being located in the polar crown
In fact this dfect does not occur everywhere in our promi

nence models, in spite of numerous photospheric polarities @%d 23 being located in medium and low latitudes, not ex-
. . ' o ) iding plage regions The reported values Bre- 1-10 G
scribed in Papers I-lll. This is due to the fact that in order g pag 9 P

produce a NP dip (not only a NP region), the criterion give eroy 1977) B ~ 2715 G (Leroy et al. 1983; Bommier et al.
by Egs. (2) and (3) must also be satisfied. So under some ?54)' B ~ 3-30 G (Athay et al. 1983) an8 ~ 6-60 G

. . uerfeld et al. 1985). More recent observations analyzed with
cumstances, the formation of the NP region may also dest A “anisotropic radiation pumpingffect’, taking into ac-
the dip, resulting in the absence of NP within the prominencCeOum lower-level atomic polarization res,ultlB1~ 20-40 G
In particular, NP dips can never be formed in 2.5-D gIOba"%‘I'rujillo Bueno et al. 2002). '
bipolar configurations invariant in thg direction, because a

dip (Eq. (2) withd/dy = 0) implies thaB, must be of the same _ Leroy et al. (1984) reported th.at magnetic fl_elds are statis-
sign asiB,/dx. tically weaker for high altitude (quiescent) prominences, of the

order of B ~ 1-5 G, and stronger for lower altitude promi-
nences, of the order @ ~ 10-20 G. Also, the highest val-
5. Comparison with past measurements uesB > 30 G are extremely rare, but this may be due to
e systematic selection of the lowest field intensity in the

In this section, we compare the present models of three spe: le di h itinl luti isted (B :
cific observed filaments with past observations of several ot pnie diagrams, when muttipie Solutions co-existe (Bommier,
lvate communication). It is worth noticing that recent full

prominences. Note that the magnetic field amplitudes and dil

entations within prominences were not explicitly imposed rﬁpectro_-polaninemc_ observations (Paletou_ ?t al. 2001) ana-
the models a priori. yzed with the “Principal Component Analysis” (PCA) method

Ifbpez Ariste & Casini 2002) have giveB ~ 40-60 G.

Note also that due to instrumental limitations (e.g. use . . X .
(e.g %terestlngly, the same observations analyzed with the linear

a coronograph or presence of stray light near the solar lim larizati | d ith the Hanl@eot i
most of prominence observations were done for high altitule'arzatononly (as done wi € Hanlfect measurements)

prominences, and typically far> 10 Mm. So the comparisonsrr“sulted B ~ 20 G only. ) .

of our models with the observations are mostly restricted to the "€ modeled amplitudes d&(z > h) given in Sect. 3.1

regimez > h defined in Sects. 3.1 and 4.2. are fully consistent with th_e opserved val_ues (even with taking
We recall that we only considered the magnetic field in tHBE© @ccount the underestimation of the field by SMOI as

central part of each prominence dip. Further analysis shofiiasured by Berger & Lites 2002). They also reproduce the

that with the present models, an average along the dip reglByer (resp. stronger) fields for quiescent (resp. intermediate)

does not lead to significant changes. So on the one hand, Rgminences. The modeled fields in the plage prominence are

can compare the results of our models with observations, b&#§her than the most frequent values obtained with the Zeeman

with optically thin lines (which give an average of the field ind Hanle methods, but still fall in the observed ranges. They

the prominence) as well as with optically thick lines (whicB"® also compatl_ble wlth the rec_ent S|multane_ous analyses of

give the field at the edge of the prominence), if several grouw spectro-polarlmetnc.obsfervanonsthat take into account the

of dips are not integrated along the line-of-sight. But on tHi@€ar and circular polarization.

other hand, the issue of radiative transfer will have to be ad-

dressed in more detail for low aItitud_e regions (where seve@l orizontal fields

feet can overlap) or when the prominence is observed along

its axis (as discussed in Sect. 3.2). Note finally that our réhe magnetic field measurements with the Hafflea resulted

sults could be modified if some very dense plasma could imlemagnetic field vectors being nearly parallel with the pho-

trapped in the dips, if the plasngais of the order or greater tosphere, i.e. horizontal fields. This has been measured e.g.

than one. The gravity would then modify the magnetic fieldy Leroy (1978), Athay et al. (1983), Bommier et al. (1986),

The amplitude of the vector field was then measured
m linear polarization analyzed with the Hanl@eet theory
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Bommier et al. (1994) and more recently bp€z Ariste & 5.4. Orientations

Casini (2002).
( ) The orientation anglé of the horizontal vector field with re-

The synthetic scatter plots and magnetic maps producggkct to prominence axis derived from observations has been,
in this study were calculated at the central position of magnd still is, a debated issue among observers, essentially due
netic dips. So the observed horizontality of prominence maigre well known “180 ambiguity” in the direction of the trans-
netic fields is naturally reproduced by the present modelsrse field (perpendicularly to the line of sight). This ambigu-
(Aulanier & Démoulin 1998) but also by all the promi-ity often permits to find two distinct physical solutions within
nence models which are based on magnetic dips (reviewegiominences: the normal polarity (NP) and the inverse polar-
Démoulin 1998). ity (IP).

Before Leroy et al. (1983), even though the IP configuration

Papers I-lll, these models also predict that the magnetic fiel gs someulmes exEI|C|tbern%ntflonﬁd_(e.g._tLeroy 1972’ tthe“ |\||P
also dipped, so mostly horizontal, within prominence feet (alggse was aiways chosen by detault Since it corresponas o clas-

called barbs). When the feet reach the photosphere, they f I%’:U" potential (or sheared, but not sigmoidal) field lines. With

“bald patches” (i.e. portions of inversion lines where the fiel is method, the observers fouf@l ~ 0-20° in low altitude

vector is tangent to the photosphere, see Titov et al. 1993). g:}%”;)'g; r:cc?zv\\llvrlltglrgr?\(i:r?gﬁcr(eegIg]gzLNO }gg‘f: ;;?agglgrsgri?f

nences located between active regions (Tandberg-Hanssen &
Anzer 1970; Leroy 1978; Querfeld et al. 1985).
The history and the various methods which have been

Some of the authors listed in Sect. 5.1 measured vertigff?led to get rid of the 180ambiguity are given in the re-

gradients of the magnetic field, either using the longitu fews of Qémoulin (1998) and Bommier & Lgrgy (1998). For

| Zeeman fect or the Hanlé @ect. The reported val-dé56 prominences, Leroy et al. (1984) statistically measured
na 4 T : P 0 = -25° + 40 (the total dispersion being wider than the
ues arec’)PH/c’)z o 107 Gkm™ (Rust 1967),08,/02 ~ 5y, given here, which corresponds @)1with 75% of IP
0.5 x 10* Gkm* (Nikolsky et al. 1984),0B;/dz ~ 1 -

0,40 G (e & s sooge - PETIOCES For U pomiercos i whh D rasvi
0.6-1.6 x 10* G km™ (Leroy 1977),0B/dz ~ 0 (Athay et al. ’ '

N p 1 . portedd = 35" + 15° (at 1), with 85% of IP prominences.
igsfe)’sﬁ/ i(iztha%SaiI( tlh(ZseG krr: die(rlw_ti r?r/ea ?)Isé\?gg')riféi\;ita”r:(t Finally, for 296 prominences, Bommier & Leroy (1998) ob-
g 9 P ' tainedd = —40° + 30° (at 1o7), with more than 90% of promi-

values may be attributed to the fact that the measurements were . .
. nerices being IP. These result est that a great majority of
done for diferent type of prominences, but also that they were s being se restlits sugges 9 jority

not always done for fixed positions if; ), and that they ser prominences are either fully IP, or are dominated by IP fields.

from uncertainties due to some observational and theoretiffé;e)girg Ssg]tiégltla n:;:(r)eci:t]:ac}h?hel\rf v(\:/ﬁﬁeslénwl_eerrogltiteut dZI.
difficulties (see Leroy 1989). y '

bright and sharp-edged prominences (with a maximum height
Even though these measurements may be disputed, weafe~30 Mm). The plage prominences probably fall in this
call that such positive gradients are equivalent to the predass: for e.g. the 2 NP prominences observed by Bommier
ence of magnetic dips. This has been demonstrated by Anetal. (1994) were located in the vicinity of an active region.
(1969) for magnetic dips created by gravity acting on initialliynfortunately, the spatial distribution of the NP regions were
undipped potential fields and byeBioulin & Priest (1989) for not studied since the reportd8l and 6 values were always
force-free fields. It is then natural than the models analyzedaweraged from every measured positions, in order to enhance
this paper also result iiB/6z > 0. Interestingly, the modeledthe polarimetric accuracy (Bommier, private communication).
gradients given in Sect. 3.1 fall in the range of the observed vallso, their sample was biased towards the higher prominences
ues forz > h. Also, as in the observations, we report appareand the higher parts of prominences because of the occulting
negative gradients which appear whiBydz is not calculated disk of their coronograph.
at (x; y) fixed (see Sect. 3.2). Two independent studies (with the longitudinal Zeeman ef-
The magnetic field foz > h is mostly dominated by the fect on!y), by Nikolsky et al. (1982, 1984) and Bashkirtsev &
. i . Mashnich (1998), reproduced the same result, but also sug-
twisted flux tube, which mainly depends on the large-scale pho- . s
S ested the occurence of mixtures of IP and NP within a few
tospheric bipolar background and on the treatment of the force:

. .~ ntermediate prominences. Unfortunately the latter measure-
free parametetr. So it seems that the model approximations P y

LT ments are unclear since only one component of the magnetic
that concerrr (see Sect. 2.5) can be a posteriori justified. .. y P 9
field was measured.

The modeled gradients far < h given by the models Since the models conclude that prominences are formed in
are larger than the observed values reported above (apart frooderately twisted flux tubes, they naturally reproduce the 1P
Bashkirtsev & Mashnich 1998), which were all measured abnfiguration within the prominences bodies, as well as char-
higher altitude in prominence bodies. This issue will need txteristic chromospheric “fishbone” features firstly noted by
be clarified by new measurements at low altitudes, close to §aippov (1995). As shown in Figs. 2 and 3, the tendency to
lar limb. have smallend] in the intermediate prominence than in the

Moreover, as noted in Aulanier &&@&noulin (1998) and in

5.3. Vertical gradients
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guiescent prominence is also reproduced. Quantitatively, fhleotosphere. The models show that these apparent NP are in
modeled values fop|(z > h) are typically lower by a factor 2 fact IP when the orientation angle is not calculated with respect
than the mean observed values. This may be associated withtthihe mean axis of the prominence, but rather to its local axis.
difficulty of constantx models to produce highly twisted con-The second type NP regions are true NP. They are less extended
figurations (see Sect. 2.5). The values|ftiz < h) are larger, and they are located at prominence tops. We have shown that
so closer to the typically observed ones. they correspond to the perturbation of the central axis of the

The occurence of extended regions of NP dips in the model®minence twisted flux tube, by the coronal response to photo-
(see Sects. 4.2 and 4.3) is in agreement with the observatisepBeric polarities that have a net horizontal field such as to pro-
of Nikolsky et al. (1984), and may be associated with the loduce NP regions where the prominence magnetic field is nearly
altitude prominences of Leroy et al. (1984). This issue certairddigned with its axis, i.e. at the prominence tops. We discussed
needs to be addressed in more details with new observationis. Sect. 5 how these properties may fit the NP cases observed

Finally it is worth emphasizing that observations shouldy Leroy et al. (1984), Nikolsky et al. (1984) and Bashkirtsev
have as little spatial overlap as possible betweedfedint & Mashnich (1998). But we believe that such conclusions are
prominence parts, in order to get a better diagnosis of individet yet convincing, so that new measurements of the distribu-
ual structures. Thus, observations from the side of the prortibn of NPs within the same prominence should be done, for
nence (as in Figs. 2—4, third row) are recommended. further comparison with the models.

To the authors’ knowledge, the only other prominence
model that predicts mixtures of IP and NP dips is the “sheared
arcade model” (DeVore & Antiochos 2000). In this model the
In this paper we analyzed outputs from three-dimensiorfdP dips are due to theffect of the diferentially sheared ar-
prominence models, based on magnetic dips and calculatades which are dipped by the downward magnetic tension
with the constantr magnetohydrostatic extrapolation methodrom the overlaying potential fields (Aulanier et al. 2002). Even
This method was initially developed by Low (1992) for activéhough these NP dips are physicallyfdrent than the ones re-
regions, and it was first used to model filaments, in Aulaniported in this paper, it may not be evident to distinguish the two
et al. (1999), Aulanier et al. (2000) and Aulanier & Schmiedeases in observations, especially if we take into account that the
(2002). Each of these three modeled filaments were obserebderved photospheric field distribution is more complex than
on the disc in k¥ and interestingly, each fell in affiérent class: in this idealized model. So we argue that the “sheared arcade
guiescent, intermediate and plage. The objective of the presesnsus twisted flux tube” testing procedure that has been pro-
paper was to analyze the models in the frame of magnetic fipldsed by Aulanier et al. (2002) may not be straightforward if
measurements within prominences, which had not been donigtures of NPs and IPs are observed in the future.
in the related publications. The models used in this paper show that the occurence of

The models result in nearly homogeneous magnetic fielsismall photospheric polarities in the vicinity of the prominence
within filament bodies, oB ~ 3,14 and 40 G in the quies- cause noticeable perturbations (not only at low altitude in the
cent, intermediate and plage prominence respectively. In &et but also at various heights) such as inhomogeneities in
cordance with the dip hypothesis, weak vertical field gradientsorphology, field amplitude and orientation. Theffeets con-
are obtained. Their typical values rangediB/0z ~ 0.1-1.5x  stitute quantitative predictions that could be tested with new
104 G km . As a consequence of the resulting weakly twistgagtominence magnetic field measurements at every altitude and
flux tube topology, the modeled configurations are dominateliserving the same prominence on the disc and at the limb. The
by inverse polarity (IP) dips, with mean angles between timeodel predictions are (i) horizontal magnetic fields, IP config-
field vector and the prominence axis ®@f~ —20° to 0°. We urations and bald patches in the feet, (ii) stronger vertical field
have shown in Sect. 5 that these modeled values match wgtladients at low altitude (typicallg < 15 Mm), up to a fac-
the measured ones with surprisingly good accuracy. tor 10, (iii) magnetic field inhomogeneities and deviations from

These new results, combined with the good fit which wasrticality of the prominence body, both being associated with
obtained between the observed shape of(Bind EUV) fila- large scale photospheric inhomogeneities, and (iv) the forma-
ments and the calculated lower portions of the dipped field lingsn of true NP regions at prominence tops, due to the net hori-
(described in the related publications), as well as with the nabntal component of small scale photospheric polarities.
ural reproduction of the hemispheric chirality rules depending In the future it would also be interesting to comparéedi
on the sign of the force-free parametgfAulanier & Démoulin - ent models analyzed as in this paper, in order to derive their
1998), suggest a posteriori that the major hypotheses and sypecific or relative properties. It would be particularly interest-
proximations of this class of models are at first order justifiesthg to compare models of one same filament calculated with
In particular the constant-hypothesis does not seem as restridifferent methods that use observed magnetograms as lower
tive as intuitively supposed. boundary conditions (e.g. the intermediate filament modeled

Moreover, the models produce some extended normal po-this paper was also modeled by Lionello et al. 2002 with a
larity (NP) regions, which we separated into two types. THdHD simulation). The next step would be to compare models
first one corresponds to NP regions that cover almost every attf-a given filament with magnetic field measurements of the
tude of some subsections of a prominence body. We interpresadne object, as viewed on the disc and at the limb, in the latter
them as being due to local curvatures of the prominence axiase assuming that the magnetic field configuration does not
the latter being due to large scale field inhomogeneities in tbleange during the transit on the disc.

6. Conclusion
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