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ABSTRACT

We compute the three-dimensional magnetic �eld of an activeregion in or-
der to study the magnetic con�guration of active region �laments. The nonlin-
ear force-free �eld model is adopted to compute the magnetic�eld above the
photosphere, where the vector magnetic �eld was observed bythe T�elescope
H�eliographique pour l'Etude du Magn�etisme et des Instabilit�es Solaires/Multi-
Raies (THEMIS/MTR) on 2005 May 27. We propose a new method to remove
the 180� ambiguity of the transverse �eld. Next, we analyze the implications of
the preprocessing of the data by minimizing the total force and torque in the ob-
served vector �elds. This step provides a consistent bottomboundary condition
for the nonlinear force-free �eld model. Then, using the optimization method
to compute the coronal �eld, we �nd a magnetic 
ux rope along the polarity
inversion line. The magnetic 
ux rope aligns well with part of an H� �lament,
while the total distribution of the magnetic dips coincideswith the whole H�
�lament. This implies that the magnetic �eld structure in on e section of the
�lament is a 
ux rope, while the other is a sheared arcade. Thearcade induced a
left-bearing �lament in the magnetic �eld of negative helicity, which is opposite
to the chirality of barbs that a 
ux rope would induce in a magnetic �eld of the
same helicity sign. The �eld strength in the center of the 
uxrope is about 700
gauss, and the twist of the �eld lines is� 1.4 turns.
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Subject headings:Sun: corona | Sun: �laments | Sun: magnetic �elds | Sun:
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1. Introduction

The magnetic �eld plays a key role in structuring the plasma in the corona, for instance
in coronal loops and in �laments (or prominences).1 Filaments have a dominant �eld com-
ponent along their axis and are located above the inversion line of the radial component of
the photospheric magnetic �eld, so in between two photospheric polarities. One traditionally
distinguishes two types of magnetic con�gurations supporting �lament material, according
to the sign of the horizontal magnetic �eld component withinthe �lament and orthogonal
to it: if it is oriented such that it points from the positive t o the negative photospheric
polarity (located on both side of the inversion line), the con�guration is called \normal",
otherwise it is \inverse". Quadrupolar con�gurations can be either normal or inverse with
respect to the central inversion line, depending on whetherone refers to the outer or to the
inner photospheric polarities, respectively.

Since �lament plasma is typically a hundred times cooler anddenser than the coronal
surroundings (Tandberg-Hanssen 1995), while the observedvelocities in prominences are
much lower than the free-fall speed, a force is required to support the dense plasma against
gravity. The Lorentz force can provide such stable support given that the plasma is located in
magnetic dips. Dips are present in quadrupolar �elds, or in bipolar �elds that contain a 
ux
rope, or at least highly sheared �eld lines located below a strong arcade �eld. The �rst model
involving a quadrupolar �eld was derived by Kippenhahn & Schl•uter (1957, see their sections
4,5), while Kuperus & Raadu (1974) �rst introduced a twisted
ux tube. Both models have
an inverse con�guration. Indeed, it is relatively di�cult t o build a magnetic model with dips
and a normal con�guration, since deforming locally the top of an arcade by the gravity of
dense plasma results in an unstable equilibrium (Kippenhahn & Schl•uter 1957, their section
3). One possibility to create a dip in a bipolar force free �eld is to bend down the top of a very
sheared arcade with the downward magnetic tension of a strong overlying arcade (Antiochos
et al. 1994), but then the con�guration still mostly comprises inverse polarity dips (Aulanier
et al. 2002). More recently, Low & Zhang (2004) have obtainedanalytical solutions for both
normal and inverse polarity con�gurations by solving the magneto-hydrostatic equations.
For reviews of various prominence models, see, e.g., D�emoulin (1998) and Mackay et al.

1Since \�lament" and \prominence" refer to the same physical structure, seen on the solar disk and at
the limb, respectively, we will use both terms alternately.
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(2010).

Magnetic dips have been inferred from vector magnetic �eld observations in the pho-
tosphere (Lites 2005; L�opez Ariste et al. 2006; Okamoto et al. 2008). Unfortunately, the
observations cannot con�rm if these dips are associated with a twisted 
ux tube or an ar-
cade, because vector magnetic �elds are currently not available for the chromosphere and
the corona, although attempts to measure the magnetic �eldsabove the photosphere have
been made (Judge 1998; Lin et al. 2000; Liu & Lin 2008).

Therefore, coronal magnetic �elds are usually extrapolated from the magnetic �elds
observed in the photosphere. Since the dynamic evolution ofthe corona is dominated by the
Lorentz force, and since coronal structures like loops and prominences are observed to be
stable over relatively long time periods, force-free equilibria are computed for this purpose.
The MHD momentum equation then reduces toJ � B = 0, i.e. electric currents are parallel
to the magnetic �eld. Using Amp�ere's law, J = ( r � B )=� 0, where� 0 is the permeability of
the free space, the force-free �eld is expressed asr� B = � B , where the force-free parameter
� is a function of space. If� is permitted to vary over space, the resulting force-free �eld
is nonlinear (NLFFF), whereas for constant� , r � B = � B reduces to a linear equation,
yielding a linear force-free �eld (LFFF). Setting � = 0 yields a potential �eld. Since the
magnetic �eld is divergence-free,r � B = 0, � is always constant along a given �eld line,
i.e. B � r � = 0. NLFFF extrapolations require full vector magnetic �elds as input at the
boundary, whereas potential and LFFF extrapolations can beperformed using merely the
normal (line-of-sight) component of the magnetic �eld.

Three-dimensional (3D) magnetic con�gurations containing a 
ux rope have been con-
structed and discussed in detail using LFFF models (Aulanier & D�emoulin 1998; Aulanier
et al. 1998; Mackay et al. 1999) or linear magneto-hydrostatic models (Aulanier et al. 1999;
Aulanier & D�emoulin 2003; Dud��k et al. 2008). Another approach is to insert locally a
non force-free 
ux rope into an extrapolated potential �eld, then to relax the con�guration
with a magneto-frictional relaxation technique to a nonlinear force-free state (e.g. Mackay
et al. 2000; Mackay & van Ballegooijen 2006, 2009). Applications of this 
ux rope insertion
method can be found in, e.g., Bobra et al. (2008) and Su et al. (2009).

A more sophisticated approach is to use photospheric vectormagnetograms as boundary
conditions for the computation of nonlinear force-free �elds in the corona, since, in active
regions, in particular with complicated magnetic �eld structures, the force-free parameter�
usually changes in space (R�egnier et al. 2002; Schrijver etal. 2005).

The presence of a 
ux rope in extrapolated coronal �elds havebeen reported by several
authors, who used di�erent NLFFF extrapolation algorithms: Yan et al. (2001a,b) found a
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ux rope with high twist of � 3 turns and they studied its evolution before and after an
X5.7 
are. R�egnier & Amari (2004) found three 
ux rope systems in one active region with
di�erent twists of 0.5{0.6 turns for two cases and 1.1{1.2 turns in one case. Recently, Canou
et al. (2009) have reported a 
ux rope in an emerging 
ux region with a twist of about one
turn.

On the other hand, magnetic structures with dipped arcades have been reported in
both quadrupolar and bipolar magnetic �elds. There are two di�erent types of quadrupolar
magnetic arcades. One is the so-called FBP/FX arcade as labelled in Figure 3 of Aulanier
& D�emoulin (1998), and the other is the arcade in the so-called \wire model" (Martin et al.
1994; Martin 1998). The main di�erence between them is that an FBP/FX arcade is rooted
in the main polarities, while an arcade in the wire model is rooted in the parasitic polarities.
A highly sheared arcade in a bipolar �eld was modelled by Antiochos et al. (1994). The
polarity of the �lament �eld orientation is essentially inv erse, however, there exist a few
normal polarity dips as well in this model. That was brie
y mentioned in Antiochos et al.
(1994), and analyzed in details in Aulanier et al. (2002).

The question whether or not stable 
ux ropes are present in the corona is important not
only for the magnetic structure of �laments and prominences, but also for the understand-
ing of the initiation mechanisms of �lament eruptions and coronal mass ejections (CMEs).
Several theoretical CME models require the presence of a 
uxrope prior to, or at the onset
of, an eruption (e.g., Forbes & Isenberg 1991; T•or•ok & Kliem 2005; Fan & Gibson 2007),
whereas others assume that the preeruptive con�guration isthat of an arcade, and that a

ux rope is formed later on, during the eruption process (e.g., Antiochos et al. 1999; Moore
et al. 2001).

Since NLFFF extrapolations require vector magnetic �elds,a 180� uncertainity in the
direction of the transverse �eld is always present (the so-called 180� ambiguity). This is
due to the fact that opposite orientations of the transversemagnetic �eld generate the same
linear polarization. In order to remove the ambiguity, somephysical assumptions must be
made. To this end, all commonly used algorithms minimize some physical quantities, such
as the angle between the observed and modelled magnetic �elds, the vertical gradient of the
magnetic pressure, the vertical current density, some approximations to the total current
density or the �eld's divergence, or the combination of the quantities listed above (Metcalf
et al. 2006, and references therein).

Another problem is that vector magnetograms measured by some instruments, such
as THEMIS/MTR ( T�elescope H�eliographique pour l'Etude du Magn�etisme etdes Instabilit�es
Solaires/Multi-Raies), have a too small �eld of view (FOV) to fully cover large active regions,
so that an imbalance of magnetic 
ux is often present. Even the self-consistent nonlinear
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force-free solution proposed by Wheatland & R�egnier (2009) su�ers from this 
ux imbalance
problem. In particular, the imbalanced 
ux reduces the absolute value of the force-free
parameter � in the regions where �eld lines connect outside the FOV of observed vector
�elds.

Finally, Metcalf et al. (2008) have shown that Lorentz forces and small-scale structures
in the photosphere a�ect NLFFF extrapolations severely, while preprocessing, i.e. removing
those forces and structures of the bottom boundary, improves the �nal result.

Due to the nonlinearity of the force-free equation, it is di�cult to �nd analytical so-
lutions for NLFFF, except for a class of axis-symmetric semi-analytical solutions derived
by Low & Lou (1990). Therefore, several numerical methods have been developed, such
as the Grad-Rubin, upward integration, MHD relaxation (magneto-frictional), optimization,
and boundary element (Green's function like) methods (Wiegelmann 2008, and references
therein). In this study, we adopt the optimization method proposed by Wheatland et al.
(2000) and implemented by Wiegelmann (2004). This method has been adopted to calculate
the free energy evolution during 
ares (e.g., Guo et al. 2008; Jing et al. 2009).

Using the Low & Lou (1990) solution, Schrijver et al. (2006) have tested six NLFFF
algorithms. They showed that the optimization method is able to recover the force-free
�eld in the whole calculation volume if all the boundaries are speci�ed, and to recover the
lower inner region to a good degree if solely the bottom boundary is supplied. Furthermore,
using the theoretical coronal 
ux rope models by Titov & D�emoulin (1999) and T•or•ok &
Kliem (2003), it has been recently shown that NLFFF extrapolation codes are capable of
reconstructing signi�cantly twisted 
ux ropes, as well as topological features of active region
magnetic �elds, with a high degree of accuracy (Valori et al.2005; Wiegelmann et al. 2006a;
Valori et al. 2010).

Here we extrapolate the coronal magnetic �eld in active region NOAA 10767, using
the NLFFF optimization method, to construct the 3D magneticcon�guration for a �lament
before its eruption. The vector magnetic �elds are computedfrom observations obtained by
THEMIS/MTR. The 180 � ambiguity of the observed transverse �elds is removed by adopting
the principle that the �elds change smoothly at the photosphere. We �nd a 
ux rope with
a twist of � 1.4 turns. The relationship between the magnetic �elds and the �lament is
examined. We �nd that the 
ux rope only accounts for a part of the �lament, while the
total distribution of the magnetic dips coincides with the whole �lament.

This paper is organized as follows: the observations, the method to remove the 180�

ambiguity, and the preprocessing of the boundaries for the NLFFF extrapolation are de-
scribed in x 2; The extrapolated magnetic �elds and the 
ux rope are analyzed in x 3; The
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discussion and conclusion are presented inx 4.

2. Observations and Data Analysis

2.1. Observations

Active region NOAA 10767 was observed by THEMIS/MTR from 9:54{10:41 UT on
2005 May 27. THEMIS (L�opez Ariste et al. 2000; Bommier et al.2007) is a French-Italian
ground based telescope being operated on the Canary Islandsof Spain. The telescope was
designed to be instrumental polarization free because the polarization analyzer was put at the
primary focus. THEMIS/MTR scanned the solar surface from east to west by a 0:500� 12000

slit with a step size of 0:800. The Stokes pro�les were observed for �ve spectral lines, however,
only the pro�les of the Fe 6302.5�A and H� 6562.8�A lines were used in this study.

At each slit position, the two Stokes pro�lesI � S (S = Q; U, andV) for each spectral line
were recorded simultaneously on two di�erent CCD cameras, for example (I + V)t1;CCD1 and
(I � V )t1;CCD2 . The beam exchange technique was adopted, which means that within a short
period � t, the Stokes pro�lesI � S were recorded again, for example (I � V)t1+� t;CCD1 and
(I + V)t1+� t;CCD2 . The beam exchange technique increases the polarimetric accuracy because
it rules out the e�ects of the di�erences between the two channels of the beams. All the raw
Stokes pro�les were calibrated by the spectral de-stretching, dark current subtraction, and

at �eld correction (Bommier & Rayrole 2002; Bommier & Molodij 2002).

The I; Q; U , and V pro�les were obtained by adding and subtracting the calibrated I � S
pro�les. We adopted the inversion code UNNOFIT (Landol� & Landi Degl'Innocenti 1982;
Bommier et al. 2007) to �t the Stokes pro�les around the Fe 6302.5 �A line. UNNOFIT uses
the Levenberg{Marquardt algorithm to make the least� 2 �tting of the observed and modelled
pro�les, which are given by the Unno{Rachkovsky solution based on the Milne{Eddington
approximation of the thermal structure of the solar atmosphere. We have compared the
magnetic �elds in a facula obtained by both UNNOFIT and MELANIE (Milne{Eddington
Line Analysis using an Inversion Engine; Socas-Navarro 2001; Skumanich & Lites 1987), and
found consistent results with the two inversion codes (Guo et al. 2010).

A part of the full disk magnetogram observed by MDI (Michelson Doppler Imager;
Scherrer et al. 1995) in Figure 1a shows a larger FOV than thatof THEMIS/MTR. We
can see the surrounding magnetic environment out of the vector magnetic �eld observed by
THEMIS/MTR, which is shown in Figure 1b. There is another active region in the northern
hemisphere. Moreover, some positive polarities are present towards the east and south of
the THEMIS/MTR observed region. This indicates that the observed vector magnetic �eld
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does not cover an isolated region. The heliocentric angle inthe center of the THEMIS/MTR
FOV is about 9� . It is a good approximation to take the line-of-sight as thez axis of the
extrapolation box.

2.2. The 180 � Ambiguity Removal

We tried three di�erent algorithms, namely the acute angle method, which compares
the observed transverse �eld with a linear force-free modelled �eld (Wang et al. 2001),
the non-potential magnetic �eld calculation method (Georgoulis 2005), and the iterative
method developed by the group at University Hawai'i Institute for Astronomy (Can�eld
et al. 1993; Pevtsov et al. 1995; Leka & Skumanich 1999). However, none of them removed
the ambiguity entirely. Each algorithm created some discontinuous borders separating two
smooth solution domains, while there was no observational evidence showing that there
existed such discontinuous borders. Moreover, the bordersappeared at di�erent places using
the di�erent algorithms, which indicates that the borders are created arti�cially, which is
most probable due to the complexity of the active region. In particular, the transverse
�elds were highly sheared in the ambiguity-unresolved regions, where the assumptions of the
three algorithms above are not adequate. The magnetic �eld obtained after removing the
ambiguity by the non-potential magnetic �eld calculation method is shown in Figure 2a as
an example. In Figure 2b, the absolute value of the force-free parameterj� j = � 0jJzj=jBzj is
shown, where a small� 0 = 0:1 gauss has been added tojBz j, in order to avoid singularities.
Large values ofj� j are located mainly along the inversion line ofBz, except for some values
along the borders where transverse �elds change abruptly.

In order to solve this problem, we have developed an interactive code, adopting the
assumption that the magnetic �elds change as smoothly as possible in the whole active
region, which implies that the line-of-sight electric current density, jJz j, has to be minimized
in regions of abrupt changes of the transverse �eld. Our method is described in the following.

A map of jJz j within the THEMIS/MTR FOV is displayed in Figure 3a. Firstly , we
select a region which is enclosed by largejJzj values where the transverse �eld changes
abruptly (Figure 3b), and 
ip the vectors to the opposite direction. The result is displayed
in Figure 3c. However, the vectors along the border of the selected region may still not
change smoothly (see the oppositely directed transverse �elds in Figure 3d). We therefore
select su�ciently small boxes along the border, such as the box shown in Figure 3c, and
zoom in as shown in Figure 3d. Now we can select a region that contains only tens of points,
and de�ne a local direction denoted by the larger arrow in Figure 3d. The transverse �eld
vector will be 
ipped to the opposite direction if it makes anobtuse angle with the de�ned
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direction. The result is shown in Figure 3e. Secondly, the steps shown in Figure 3c-e are
repeated along the border that encloses the gray-scale reversed (dark) region in Figure 3b,
until all the transverse �eld vectors along the border change smoothly. Finally, the steps
shown in Figure 3b{e are repeated, until all the transverse �elds in the regions of abruptly
changing vectors enclosed by largejJzj are 
ipped. The �nal map of jJz j, where all these
large currents are removed, is displayed in Figure 3f.

We apply the above procedure to the magnetic �eld for which the ambiguity has been
preliminarily removed by the non-potential �eld calculation method (Figure 2a). The 180�

ambiguity removal of this active region is highly improved by our method, since the transverse
�eld vectors change more smoothly (Figure 2c). Still, thereremain some regions of relatively
large currents, which cannot be removed by our method. This seems plausible, since the
spatially partly unresolved magnetic �eld evolved while THEMIS/MTR scanned this very
dynamic active region. Furthermore, it is possible that there were indeed abruptly changing
transverse �elds in the true magnetic con�guration.

2.3. Preprocessing of the Boundary Data

In the NLFFF model, the boundary condition is necessarily force-free and torque-free in
a well isolated region, for which all �eld lines are closed within the model domain (Aly 1989).
But these criteria are usually not satis�ed in real data, because the observed magnetic �eld
is not well isolated, and because the �eld in the photosphereis not force-free. This implies
that the extrapolation results depend on how the uncompensated magnetic 
ux connects
with the 
ux outside of the observed �eld region, i.e. the reconstruction problem does not
have a unique solution (Wiegelmann et al. 2006b). In principle, the force-free and torque-free
integrals are exactly valid for the force-free �eld, if taken over the entire boundary surface
of any volume (for example, all six boundaries of a rectangular box). However, because the
lateral and top boundaries are a priori unknown, we have to rely on the assumption that the
e�ects of these unknown boundaries are small enough to be ignored, which requires that the
bottom boundary is well isolated and 
ux balanced.

In order to simulate a force-free boundary on the bottom layer, we adopt the prepro-
cessing routine developed by Wiegelmann et al. (2006b), which minimizes the total force
and torque. It also smoothes the magnetic �elds observed in the photosphere, while it re-
quires that the �elds only change within the measurement accuracy. Considering that the
circular polarization is measured more precisely than the linear one, the preprocessing of the
line-of-sight magnetic �elds Bz is only modi�ed by the smoothing in a local area of 5� 5
grid points for the case studied here. The force-free and torque-free conditions, as well as
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the smoothing are used to preprocess the transverse �eldsBx and By. We suppose here
that the force and torque outside the observation's FOV havemuch smaller contributions
than the ones inside it. Although the force-free and torque-free terms are global, the terms
constraining the preprocessed data within the observationaccuracy and the smoothing term
guarantee that the preprocessing onBx and By has a local behavior.

Observationally, however, the bottom boundary is not always guaranteed to be isolated
from other active regions and the magnetic 
ux is not always balanced. This is because
accurate vector magnetic �eld measurements require a high spectral resolution, which is a
burden that limits the spatial and temporal resolution, as well as the FOV. In order to
enlarge the FOV, so to enclose an isolated bottom boundary, one could embed the vector
magnetic �eld into larger FOV observations, such as line-of-sight magnetic �elds observed
by MDI. But this would yield an inconsistent boundary for a nonlinear force-free model,
since the line-of-sight �elds do not contain any currents toprovide the information for the
correct �eld line connections (DeRosa et al. 2009). Alternatively, one could cut out a smaller

ux balanced FOV from the vector data and use it as the bottom boundary. But this
would not solve the problem either, since the 
ux balance is anecessary condition for a well
isolated magnetic �eld, but not a su�cient one. In doing so, one would lose more further
�eld line connections, and the side boundaries would a�ect the inner region more. For these
reasons, we decided to apply the preprocessing to the magnetic �elds within the full FOV of
THEMIS/MTR.

3. Results

The preprocessed bottom boundary is submitted to the optimization code to perform
the NLFFF extrapolation. The principle of the method is to minimize the objective function,

L =
Z

V
! (x; y; z)

�
B � 2 j (r � B ) � B j2 + j r � B j2

�
dV ; (1)

where ! (x; y; z) is the weighting function (Wheatland et al. 2000; Wiegelmann 2004). The
3D magnetic �eld is computed in a box of 529� 260� 260 grid points in the Cartesian
coordinates with a uniform cubic grid, where �x = � y = � z � 330 km is the spatial
resolution. We have checked the convergence of the code, which has reached a steady state
that de�ned as @L

@t=L < 1:0 � 10� 4 for 100 consecutive iteration steps.

Selected �eld lines of the extrapolated region are plotted in Figure 4a. The red �eld lines
outline the main connectivity. We �nd a 
ux rope oriented along the polarity inversion line
in the center of the FOV (shown by �eld lines in di�erent colors). Di�erent views on the 
ux
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rope are displayed in Figure 4b-d. Orange �eld lines outlinethe sheared arcade overlying the

ux rope. The �eld lines become increasingly less sheared with respect to the inversion line
with height above the bottom boundary. We estimate the twistin the 
ux rope to be � 1.4
turns. The height of the apex of the highest rope �eld lines above the bottom boundary is
about 1500 km. We have tested the extrapolation with higher grid resolutions in z-direction,
where � z = � x=2 = � y=2 and � z = � x=4 = � y=4. The twisted �eld lines are recovered
in both cases, however, the codes with di�erent spatial resolutions do not reconstruct the

ux rope up to the same physical height, but to almost the samenumber of grid points. It
is currently not clear to us what causes this numerical e�ect, which requires further study.
However, the facts that the code �nds twisted �eld lines for all three resolutions, and that
the vector data show bald patches along the polarity inversion line at their location (see
below), strongly supports the realness of the 
ux rope.

Magnetic dips re present in the extrapolated 
ux rope. Dips along the magnetic �eld
lines are de�ned byB �r Bz > 0 andBz = 0. Bald patches are dips which are tangential to the
photosphere. They de�ne separatrices where current sheetsare typically present (Titov et al.
1993). Bald patches can be recognized from the 180� ambiguity removed vector magnetic �eld
map in Figure 2c: they are located where the transverse �eldshave a component normal to
the inversion line, pointing from the negative polarity to the positive one. Some bald patches
are also visible in Figure 4c,d: they are located where the red, dark blue, and green �eld
lines are tangential to the bottom layer (more precisely, since the boundary data have some
noise, the integration of the �eld lines starts from a point slightly above the inversion line,
� 1/10 of the mesh size).

In the following subsections we check the degree of force-freeness and divergence-freeness
of the extrapolated magnetic �eld. Then, we study the relationship between the 
ux rope
and the �lament as observed in H� . Finally, we provide additional evidence for the existence
of the 
ux rope.

3.1. The Force-Free and Divergence-Free State

We now test whether the magnetic �eld has reached a truly force-free state. The current-
weighted average of the sine of the angle between the currentdensity and the magnetic �eld
is used as the force-free state metric (Wheatland et al. 2000):

< CW sin � > =
P

i Ji sin� iP
i Ji

; (2)

where
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sin� i =
jJ i � B i j

Ji B i
: (3)

The summation is realized within the subdomain shown in Figure 5a, which spans over 80�
80� 5 grid points labelled with the indexi. For a perfectly force-free �eld, the current density
and the magnetic �eld are parallel to each other at each grid point, i.e. < CW sin � > = 0. In
Table 1, we list< CW sin � > for di�erent bottom boundary conditions of the extrapolation
(see below). For the extrapolation discussed in the previous subsection,< CW sin � > = 0:28,
which corresponds to an angle of� 16� . We plot sin � i at the bottom layer and the electric
current density around the 
ux rope in Figure 5. Typically, sin � i is smaller whereJi is
larger, and the large values ofJi usually appear along the 
ux rope. We select 60 points
inside the 
ux rope and compute< CW sin � > , which is 0.09 implying an relatively small
angle of� 5� .

Another metric for the extrapolation result is the degree ofdivergence-freeness of the
magnetic �eld. To this end, the unsigned average of the fractional 
ux change, < jf i j > , is
calculated, wherejf i j = j(r � B ) i j=(6B i =� x). For the extrapolation discussed above,< jf i j >
is about 4:9� 10� 3 in the selected volume (Table 1). For comparison,< jf i j > is 4:8� 10� 5 for
the Low & Lou �eld calculation, averaged over all grid pointsof the extrapolation domain
(Wheatland et al. 2000), and it is 5:0 � 10� 4 for the extrapolation of preprocessed and
smoothed photospheric data generated by the 
ux rope insertion method (van Ballegooijen
et al. 2000; van Ballegooijen 2004), using the optimizationmethod (Metcalf et al. 2008).

In order to test which is the best way to choose and preprocessthe bottom boundaries,
we have made two more extrapolations and calculated their force-free and divergence-free
metrics (see Table 1). In the �rst case, the vector magnetic �elds observed by THEMIS/MTR
are embedded in an MDI magnetogram (Figure 1a). The transverse components outside the
rectangle are adopted by a potential �eld extrapolation using the line-of-sight magnetic �elds
obtained by MDI in the FOV shown in Figure 1a. We de�ne the 
ux balance parameter,� f ,
as

� f =
P

i (Bz) i dS
P

i j(Bz) i j dS
: (4)

Then, � f is 0.02 for the combined magnetogram, which is much better than � f = � 0:47 for
the FOV of THEMIS/MTR only. After that, the preprocessing and smoothing is applied
to this 
ux balanced bottom boundary, and the preprocessed vector magnetic �eld within
the FOV of THEMIS/MTR is used as the boundary conditions for the extrapolation. In the
second case, the vector magnetic �elds observed by THEMIS/MTR are neither embedded
in an MDI magnetogram, nor preprocessed, i.e. used directlyas boundary conditions.

From Table 1, we can see that the force-free measure of the magnetic �eld extrapolated



{ 12 {

with the embedded, 
ux balanced boundary is worse than for the boundary preprocessed and
smoothed full FOV of THEMIS/MTR. This indicates that embedding the vector magnetic
�eld into an inconsistent larger FOV decreases the quality of the extrapolation in our case.
The preprocessing and smoothing helps the extrapolation toconverge to a force-free state
in both cases. If the magnetic �eld is not preprocessed, the extrapolated �eld does not vary
much from the potential �eld (E=Epot = 1:01 is very small), and< CW sin � > = 0:68 is
relatively large (see Table 1). We cannot recover the 
ux rope any more in this case. The
preprocessing and smoothing is therefore crucial for the successful NLFFF extrapolation
from the photospheric vector magnetic �elds in our case. Thedivergence-free measure always
keeps at the accuracy of the magnetic �eld measurements for all three cases.

3.2. Comparison Between the Magnetic Field and the H � Filament

The H� line center image observed by THEMIS/MTR in Figure 6a shows the �lament
at the location where we �nd the 
ux rope. Towards the south-west, an arch �lament system
is present, indicating the emergence of new magnetic �elds from the convective zone. We
overlay the extrapolated �eld with the H� image in Figure 6b. The accuracy of the alignment
can be guaranteed below one pixel, since the spectra of Fe 6302.5 �A and H� 6562.8�A were
recorded by THEMIS/MTR simultaneously. The images constructed by these two lines
mismatch each other only because of their slightly di�erentpixel sizes. This is corrected
by interpolation of the H� image to the spatial resolution of the magnetic �eld map. From
Figure 6b, we can see that the 
ux rope aligns with the �lamentvery well. However, it
accounts only for a part of the �lament.

We calculate the magnetic dips, using a horizontal/vertical grid size of � 330 km, and
overlay them with the H� line center image, as shown in Figure 6c{e. The �eld lines starting
from the dips are integrated in both directions up to a �lling height of 300 km, or, to a
local maximum if the �eld line starts to descend before it reaches this height. It can be seen
that the locations of the dips are very well aligned with the �lament over all its length. The
western part of the �lament does not coincide with the 
ux rope, but with the dips along
the sheared �eld lines. The transverse �eld at these dips hasa component orthogonal to
the spine of the �lament, pointing from positive to negativeBz, i.e. the �eld has normal
polarity. In the eastern part of the dip distribution area, along the 
ux rope, the �eld has
inverse polarity. So, there are both normal polarity and inverse polarity magnetic structures
supporting di�erent parts of one �lament.

A two-dimensional (2D) section in the western part of the region (x 2 [� 60:0; � 50:0]
arcsec, y=-114.7 arcsec, andz 2 [0:0; 1:0] arcsec) is selected, and the �eld lines are integrated
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from some sample points on this section. The �eld lines are plotted in Figure 6f and they
span over a quadrupolar region. Figure 6g reveals that the dips along the arcade �eld lines,
at x = � 56:7 arcsec andx = � 52:0 arcsec, have a bald patch andX-point below them
when they are viewed in 2D, respectively. They corresponds to the so-called FBP and FX
con�guration as labelled in Figure 3 of Aulanier & D�emoulin (1998). In a quadrupolar
magnetic �eld, the notion of normal/inverse polarity depends on which reference polarities
are used. If we use the parasitic polarity below the local dip, an FBP con�guration is
inverse. Or, if we use the main polarities where the entire �eld line is rooted, the FBP
con�guration is normal. We prefer the latter de�nition. For the sheared �eld lines (not
in quadrupolar magnetic �elds), the con�guration is preferentially normal. These sheared
arcade with normal polarities could partly be associated with the model in Antiochos et al.
(1994), even though the latter incorporates a majority of inverse polarity dips.

It is also worth to note that the dips are located not only along the main body of
the �lament, but also at lateral extensions, called feet or barbs (located around [x; y] =
[� 90; � 125] arcsec and [� 60; � 100] arcsec in Figure 6c, in the arcade part of the �lament).
The organization of the barbs implies a left-bearing �lament, which is de�ned as follows.
Viewed from either side of the �lament, the barbs on the side closer to the observer veer from
the �lament axis to the left (Martin et al. 1994; Martin 1998). Such lateral extensions were
previously associated with small polarities having the opposite �eld sign to the dominant
polarity on both sides of the �lament (Aulanier & D�emoulin 1998; Aulanier et al. 1999).
Recently, Mackay & van Ballegooijen (2009) found such lateral dip extensions in a NLFFF
model with small magnetic polarities of both sign. In our case, the polarities are not small,
rather the lateral dip extensions appear where the photospheric inversion line is strongly
bent (Figure 6a). Another di�erence to earlier models is that the lateral dip extensions are
not due to the deformation of a twisted 
ux tube, but are present in an arcade (Figure 6f).
This implies that these lateral dips have a normal (rather than inverse) con�guration (just
as the part of the �lament between these lateral extensions).

We do not �nd dips in the area above [x; y] � [� 95; � 115] arcsec, although �lament
material is located there. Several reasons may account for this. Firstly, we �nd large currents
in this region as shown in Figure 5. The �elds do not change continuously in some places,
therefore the force-free �eld extrapolation may not recover the result accurately enough in
this region. Secondly, from Figure 4c, we can see that the western foot of the 
ux rope
becomes vertical. Then dips cannot be found although the �eld lines are still twisted there.
Thirdly, the �eld lines are only integrated up to the �lling h eight of 300 km, which is
empirical, while the plasma could 
ow away along the �eld lines. This may also explain the
gap between dip distribution and the �lament material. Finally, the NLFFF model does
not consider gravity and thermal pressure gradients, whichmay alter the distribution of the



{ 14 {

magnetic dips, since the gravity can locally amplify the depth of the dips, and induce new
ones in the surrounding �eld. It is also worth to note that the�lament does not follow the
polarity inversion line, and passes on the north side of it inthis area where we do not �nd
dips.

The local magnetic helicity in our studied region is negative, as apparent from the left-
handed 
ux rope and the left-skewed overlying arcades (an arcade is left-skewed if it bears
an acute angle anticlockwise from the associated polarity inversion line when viewed from
the top). Furthermore, the �lament chirality as inferred from the extrapolated magnetic
�eld is dextral, since the axial �eld component along the whole �lament points to the right
when viewed from the positive magnetic polarity region. Note that this \axial �eld chirality"
(dextral/sinistral) is di�erent from the \barb chirality" (left-bearing/right bearing) as de�ned
above. In order to obtain the latter also for regions where nobarbs are present, or are not
visible due to the limited resolution of the H� image, we use the orientation of the �eld
line segments around the dips (shown in red in Figure 6c) as a proxy. It can be seen from
the �gure that the \barbs" are right-bearing (resp. left-bearing) in the 
ux rope (resp.
arcade) part of the extrapolated �eld along the �lament. Finally, as mentioned above, we
�nd inverse (resp. normal) con�guration in the 
ux rope (resp. arcade) dips in the �eld.
These �ndings are summarized, and compared with the predictions of the arcade-type wire
model for �laments (Martin et al. 1994; Martin 1998) in Table 2.

It is found that in the observed �lament, both sections have opposite barb chiralities for
the same axial �eld chirality (due to inverse vs. normal magnetic �eld orientations within
the dips), and that neither section is consistent with the properties of the wire model all
together (since this model does not incorporate dips, and itrequires an opposite helicity sign
in the �lament �elds).

3.3. Magnetic Fields in the Flux Rope

In order to con�rm the existence of the 
ux rope, we decomposethe magnetic �eld
components in a 
ux rope reference frame and study the distributions of these components.
The most important issue of the decomposition is to determine the axis of the 
ux rope.
Two assumptions are made: the 
ux rope between points 1 and 3 in Figure 7a is oriented
horizontal and tangent to the inversion line. Then, we �t the inversion line between points
1 and 3 by a third order polynomial, shown by the solid curve inFigure 7a. Point 2 is used
as an example to show how the 
ux rope reference frame is de�ned. As shown in Figure 7a,
p- and v-directions are tangential and orthogonal to the �tted inversion line at point 2,
respectively. The directions at points 1 and 3 can be de�ned similarly.
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We decompose the magnetic �eld intop-, v-, and z-direction components as shown in
Figure 7a, and plot their distributions along the height (z-direction) at point 2 in Figure 7b.
The distributions of Bp; Bv, and Bz at points 1 and 3 are very similar to that at point 2.
The component parallel to the 
ux rope,Bp, increases �rst with height until the axis of the

ux rope, then it decreases. The strength ofBp on the axis is � 700{800 gauss, which is
almost equal to the total �eld strength B, becauseBv and Bz are close to zero there. At
any height, Bp is larger than Bv and much larger thanBz, showing that the 
ux rope is
almost horizontal and not very strongly twisted along the inversion line. Bv changes its sign
when it crosses the axis of the 
ux rope, which is a clear evidence that the �eld lines rotate
around the axis. Bz is always close to zero because the magnetic �eld is almost horizontal at
the sample point. The originally observed magnetic �elds onthe bottom boundary (before
preprocessing) are also shown as larger symbols in Figure 7b. The largest di�erence is� 25%
for the Bp component.

The increase of the magnetic �eld strength from the edge to the center of the magnetic

ux rope is a simple consequence of the force balance, as follows. The Lorentz force can be
written as

J � B =
1
�

(B � r )B � r
�

B 2

2�

�
: (5)

In the force-free equilibrium state, namelyJ � B = 0, the magnetic tension compensates the
gradient of the magnetic pressure such as

B 2

R
�

@(B 2=2)
@n

= 0; (6)

whereB = Bt , and t is tangential to the �eld line. The normal unit vector n is de�ned as
n=R = d t =ds, whereR and s are the radius of curvature and the arc length along the �eld
line, respectively. For the 
ux rope,B 2=R is a nonzero positive number, hence, the strength
of the magnetic �eld must increase from edge to the center to compensate the magnetic
tension.

4. Discussion and Conclusion

The computation of the coronal �eld from vector magnetic �elds is still in the develop-
ment stage, in particular in trying to obtain high temporal, spatial, and spectral observations,
as well as removing the intrinsic 180� ambiguity. Regarding the NLFFF extrapolation it-
self, better algorithms to treat the problem and new methodsto get consistent boundary
conditions are still under discussion. We have made advances on two main steps of the
process.
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Firstly, we have tested three methods to remove the 180� ambiguity. Since none of
the results was fully satisfactory, because discontinuities in the �eld orientation were always
present, we have developed a new method which succeeds to provide a coherent orientation
of the magnetic �eld through all the magnetogram, except forsome small regions where
abrupt changes of the transverse �eld could not be fully removed (see Section 2.2). This step
is fundamental for a successful extrapolation.

Secondly, the vector magnetograms measured by THEMIS/MTR often have a too small
FOV to include all the magnetic �eld related to an active region. This �eld of view limi-
tation is also present with some other vector magnetographs. This implies a non-negligible
imbalance of magnetic 
ux in many cases. For the analyzed active region, we show that
embedding the vector magnetogram in a larger line-of-sightmagnetogram to resolve the 
ux
imbalance introduces inconsistencies in the computed �eld(since the line-of-sight �eld has
no information on electric currents). We found that it is better to do the preprocessing of
the data on the original FOV of the vector magnetogram. In particular, the metrics used to
test the results are best in this case (Table 1).

Our extrapolation results show that the �eld lines connecting to areas outside the box
mostly originate from the negative polarity, and that �eld lines from this polarity do not
connect to the region where we found the 
ux rope (Figure 4a).The size of the 
ux rope is
relatively small compared to the FOV of THEMIS/MTR. The rope lies in the center and all
its �eld lines are closed within the FOV. All these factors prevent the 
ux rope from being
signi�cantly a�ected by the 
ux imbalance of the bottom boun dary.

To further test our results we compute the magnetic dips. When viewed from above,
their spatial distribution superposes well with the observed H� �lament (Figure 6c). The
dips of the 
ux rope reproduce the thin part of the �lament (it s eastern part), while dips in
arcade �eld lines describe very well the broad lateral extent of the �lament's western part.
This is a successful test of our extrapolation, and it also con�rms that H � �laments are
supported in magnetic dips.

The studied �lament has a complex magnetic structure, formed partly by a 
ux rope
and partly by a dipped arcade, and it is located above a very bent ( S-shaped) inversion line.
This strong bending has similar e�ects as small parasitic polarities located in the corridor of
other �laments, as it also induces the creation of lateral extensions of dips. We found that
these extended dips correspond to the feet, or barbs, of the H� �lament (Figure 6c). Since
these lateral extensions are located in dipped arcades, their chirality is opposite to the one
present in a 
ux rope. More precisely, in the analyzed con�guration the magnetic helicity is
negative and the lateral extensions are left-bearing, while they should be right-bearing in a

ux rope con�guration (as shown in previous studies). We cannot test this for the studied
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�lament, since no lateral extensions are present in the region of the 
ux rope. However, we
can already see that, in a magnetic �eld with the same helicity, the chirality of the pattern
arranged by the �eld line segments around the dips in the 
ux rope is right-bearing, and that
of the arcade is left-bearing (Figure 6c,f). Therefore, 
uxropes and arcades preferentially
induce opposite chirality for the �lament barbs and feet in the magnetic �eld with the same
helicity.

However, it was generally assumed that the magnetic structure of a �lament is either
that of an arcade or that of a 
ux rope. Therefore, if one observes opposite barb chiralities
in di�erent parts of one �lament, one might wrongly conclude that the magnetic �eld has
also opposite helicity in these parts. In some cases where both right-bearing and left-bearing
barbs are found for one �lament (e.g., Chandra et al. 2010), the helicity sign for the associated
magnetic �eld may be the same, while one part of the �lament issupported by a 
ux tube,
and the other by an arcade.

Active region �laments lie lower in the atmosphere than quiescent ones. The heights of
the top dips range from� 1500{5000 km for the studied �laments. However, extrapolation
runs with di�erent grid resolutions in z-direction give di�erent heights, which needs to be
further studied. Also, we do not include the gravity of the �lament plasma here. How much
the gravity would a�ect the height of magnetic dips is still an open question. The answer
needs more sophisticated modelling like nonlinear magneto-hydrostatic models (Wiegelmann
& Neukirch 2006) or even full MHD simulations, as well as precise estimations of the plasma
density within the �lament.

The magnetic �eld strength in the rope center is� 700 gauss, which is larger than
�ndings in previous measurements or modelling of active region �laments by Wiehr & Stell-
macher (1991), Aulanier & D�emoulin (2003), and Sasso et al.(2007), where �eld strengths
of 150, 40, and 380 gauss have been obtained, respectively. However, recently Kuckein et al.
(2009) reported� 600{700 gauss for an active region �lament, obtained from analyzing the
full Stokes pro�les in the Hei D3 10830�A spectral region. Our result is consistent with their
values.

In summary, our magnetic �eld extrapolation permits to understand the complex shape
and structure of the observed H� �lament. The good agreement between the locations of
the magnetic dips and the �lament is a further successful test of the method developed.
About two hours after the time for which the presented extrapolation was obtained, an M1.1
class 
are occurred. The magnetic 
ux rope is located at the place where the eruption was
initiated. Our resent results will be the base of further research to understand the initiation
of this eruption.
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Table 1: Metrics for the NLFFF extrapolation with the optimization method.

Boundary 1 E=Epot
2 < CW sin � > 3 < jf i j > 4

WP 1.36 0.28 4:9 � 10� 3

MP 1.10 0.47 5:7 � 10� 3

NP 1.01 0.68 5:1 � 10� 3

1 WP: Wiegelmann's preprocessing and smoothing on the observed
FOV (Wiegelmann et al. 2006b); MP: Wiegelmann's preprocessing
and smoothing on the 
ux balanced FOV embedded in the MDI mag-
netogram; NP: no preprocessing, no smoothing and no embedding.
2 Energy contained in the NLFFF divided by the potential �eld energy
for the sameBz distribution at the photosphere. The energies are
calculated in the selected volume shown in Figure 5.
3 Current-weighted average of the sine of the angle between the electric
current density and the magnetic �eld, as de�ned by Equations (2,3).
4 The unsigned average of the fractional 
ux changejf i j = j(r �
B ) i j=(6B i =� x), where � x is the grid spacing of the cubic mesh. Both
< CW sin � > and < jf i j > are averaged over all grid points in the
selected volume shown in Figure 5.

Fig. 1.| The magnetic �elds for active region NOAA 10767 on 2005 May 27. (a) Part
of the full disk magnetogram observed by SOHO/MDI. White/black corresponds to posi-
tive/negative polarity. The solid rectangle denotes the full FOV of THEMIS/MTR; (b) The
vector magnetic �elds observed by THEMIS/MTR in the Fe 6302.5 �A spectral line. The
180� ambiguity of the transverse �elds is not removed, so that only arrows without arrow
heads are used to represent the transverse �elds.
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Table 2: Comparison of patterns and magnetic structures of the �lament with a theoretical
model.

Eastern part Western part Wire model 1

Axial �eld chirality 2 Dextral Dextral Dextral
Filament barb chirality 3 Right-bearing Left-bearing Right-bearing
Magnetic �eld con�guration Flux rope Arcade 4 Arcade 4

Magnetic �eld geometry Dip Dip Flat
Magnetic �eld orientation Inverse Normal Inverse
Filament �eld helicity sign < 0 < 0 > 0
Overlying arcade helicity sign < 0 < 0 < 0
1 Referred to Martin et al. (1994) and Martin (1998).
2 The chirality of axial magnetic �eld is de�ned as follows. Sitting and viewing a �la-
ment from the main positive magnetic polarity, if its axial magnetic �eld component
points to the right/left, the �lament is dextral/sinistral .
3 The chirality of �lament barbs is de�ned as follows. Viewed from either side of a
�lament, if the barbs on the side closer to the observer veer from the �lament axis
to the right/left, the �lament is right-bearing/left-bear ing.
4 The arcade in our studied �lament includes the quadrupolar FBP/FX arcade
(x 2 [� 70; � 50] arcsec, Figure 6f) and the bipolar sheared arcade with normal
polarity ( x 2 [� 90; � 70] arcsec, Figure 6f). Both arcades are rooted in the main
polarities. An arcade in the wire model is rooted in the parasitic polarities.
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Fig. 2.| The vector magnetic �elds and the absolute value of the force-free parameter
� in a sub-region of the THEMIS/MTR FOV after removing the 180� ambiguity. (a,b)
Using the non-potential magnetic �eld calculation method;(c,d) Removing the ambiguity
by additionally 
ipping the transverse �elds of panel (a) in the region enclosed by large line-
of-sight currents (see Figure 3 and text for details). The transverse and line-of-sight �elds
are represented by arrows and gray levels, respectively.
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Fig. 3.| The absolute value of the line-of-sight current jJzj (gray levels) and the transverse
magnetic �elds (arrows) in the process of removing the 180� ambiguity. (a) The dashed
contour represents the inversion line of the line-of-sightmagnetic �eld Bz. The solid rectangle
denotes the FOV of panels (b,c).jJz j is larger in darker regions of the gray scale image;
(b) The dark (gray-scale reversed) region is selected to 
ipthe transverse �elds; (c) The
transverse �elds in the dark region have been 
ipped. The solid rectangle marks the FOV
of panels (d,e); (d) The dark region is selected, where the transverse �eld will be 
ipped
if it makes an obtuse angle with the de�ned direction denotedby the larger arrow. The
white regions inside the dark (gray-scale reversed) regionshow the strongestjJzj; (e) The
transverse �eld in the selected region has been changed; (f)jJzj after removing the 180�

ambiguity by repeating the operations shown in (b{e).
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Fig. 4.| Selected magnetic �eld lines of the active region (red) and the 
ux rope (mixed
colors). (a) Top view on the whole observed region. The line-of-sight magnetic �eld Bz is
displayed by both the gray-scale image and contours. White (black) image stands forBz > 0
(Bz < 0); (b) Top view on the magnetic 
ux rope. Di�erent colors are used to outline the
twist of the �eld lines. Red, dark blue, and green �eld lines are calculated by integrating
from three selected points slightly above the inversion line into both directions. Orange �eld
lines are selected close to the magnetic 
ux rope; (c,d) Sideviews on the magnetic 
ux rope.
The vertical scale is enlarged by a factor of 3.
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Fig. 5.| (a) The contours show the sine of the angle between the magnetic �eld and the
current density at the bottom layer (Equation 3). The iso-surface marks locations with 40%
of the peak of the electric current density in this volume. The rectangular box is selected
to calculate the metrics measuring the force-free and divergence-free state of the modelled
magnetic �eld (see text and Table 1 for details). The colored�eld lines of the 
ux rope
are the same as in Figure 4; (b) As panel (a), but without the iso-surface and viewed from
above. The blue dash-dotted line represents the polarity inversion line ofBz.
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Fig. 6.| (a) The �lament observed in the H � line center by THEMIS/MTR; (b) Overlay of
the H� image and the extrapolated magnetic �eld. The colored �eld lines are the same as in
Figure 4; (c{e) Dips (green `+' signs) found in the extrapolated magnetic �eld (calculated
with a grid spacing of � 330 km in the vertical direction). The red �eld lines starting
from the dips are integrated in both directions up to a �lling height of 300 km, or to a local
maximum if they start to descend before that height. Di�erent panels show di�erent viewing
angles. The contours represent the line-of-sight magnetic�eld Bz; (f) The orange �eld lines
start from selected dips and are integrated until they go outof the box. The red �eld lines
in the western part are integrated from randomly distributed sample points on the section
at x 2 [� 60:0; � 50:0] arcsec, y=-114.7 arcsec, andz 2 [0:0; 1:0] arcsec. The gray-scale image
shows the line-of-sight magnetic �eldBz; (g) Edge-on view on the red �eld lines shown in
Figure 6f.



{ 30 {

Fig. 7.| (a) The local coordinate system of the 
ux rope. The dash-dotted line marks
the polarity inversion line. In order to approximate the horizontal orientation of the 
ux
rope axis, a third-order polynomial is �tted between points1 and 3 to the inversion line.
The central point 2 is then selected and thep- and v-direction are de�ned as tangential and
normal directions, respectively; (b) The distributions ofBp, Bv (the horizontal magnetic
�eld components in the local coordinate system), andBz along the z-direction at point
2. Square, triangle, and asterisk symbols denoteBp, Bv, and Bz, respectively. The larger
symbols atz = 0 represent the original data before preprocessing. The smaller symbols are
the preprocessed and extrapolated data.


