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ABSTRACT

Alarge-scale, horse-shoe-like filament was investigated and the magnetic field around it was reconstructed. This s un intermediate

filament (IF) that appeared on the solar disk for the first time at 02:00 UT on 2015 November 7, and took 8 days to move to

the central median on the solar disk. The active region AR 12452 around which the filament ocg

so that the

magnetic field nearby was weak, the average field stren

On the basis of the regularized

this 106 G. Therg

field configuration for this IF observed on 2015 November 14. The overall IF configuration obtained in this way matches well the
morphology suggested by a 304 A image taken by the Atmospheric Imaging Assembly on board Solar Dynamics Observatory.

Magnetic dips in the configuration were coincident in space with the Ha features of the filament, which is lower in altitude than
e s e n 34 . T sggests that the cold plasma il the lower part of the flament,and hot plasma i stuated in

A quasi-separatrix layer wraps the filament, and both the magnetic field and the electric current are stronger

near the inner edge of the filament.
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1 INTRODUCTION

A solar filament is a magnetic structure that floats in the corona and
includes partially ionized plasma, which is about 100 times cooler
and denser than their coronal surroundings (Labrosse et al. 2010).
It is described as filament when seen against the solar disk in ab-
sorption and also known as prominence when observed above the
solar limb as bright features against the dark background (Lin et al.
2005). Filaments can be found in regions of weak background field
(quiescent filaments, QF), in the center of active regions (active
filaments, AF) and at the border of active regions (intermediate fila-
ments. IF; Engvold 1998). A filament mainly consists of three typical
sub-structures: a spine, which runs horizontally along the filament;
some barbs with lateral structures that extend down from the spine
to the chromosphere below; and, two extreme ends where the spine
anchors in (Martin 1998; Mackay et al. 2010). These three compo-
nents of filaments always differ in appearance in QF, in AF, and in
IF (Lin et al. 2008). For QF case, recent full three-dimensional (3D)
magnetohydrodynamic modelling of Jenkins & Keppens (2022) on
their in-situ formation process could resolve the dichotomy in their
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filament/prominence appearance, with vertical structuring caused by
the magnetic Rayleigh-Taylor instability process.

Solar filaments have attracted considerable attention both from
observations and theories ever since their first observations because
their eruption can lead to the coronal mass ejection (CME), which
is the main driver of the disastrous space weather (Schmieder et al.
2015; Green et al. 2018). However, the reason why the cool and
dense filament can exist in the hot and tenuous corona is still an
open question. Magnetic fields are considered to be central to main-
taining filament existence in the coronal surroundings (Mackay et al.
2010). Therefore, measuring the magnetic field of filaments to obtain
their 3D magnetic structure is key to better understand their struc-
ture, evolution and eruption. Unfortunately, the magnetic filed in the
upper solar atmosphere is very difficult to measure directly. Until
recently, only on the photosphere can magnetic field be routinely
measured with better accuracy with a few exceptions as discussed
by Lépez Ariste & Aulanier (2007), Schmieder et al. (2013, 2014),
and Levens et al. (2016a,b). These authors got full vector magnetic
field maps within prominences with spectro-polarimetric data taken
by the French telescope, Télescope Héliographique pour 1’Etude du
Magnétisme et des Instabilités Solaires (THEMIS) in the He D3
line using a spectral inversion code. In most cases, the 3D coronal
magnetic field is constructed by magnetic field extrapolation mod-
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els (Semel 1988; Low & Lou 1990; Low 1992; Mackay et al. 1997;
Amari et al. 1997; Wheatland et al. 2000; Wiegelmann & Neukirch
2003), magnetohydrostatic models (Low 1985; Petrie & Neukirch
2000; Wiegelmann et al. 2017; Zhu et al. 2020), and magnetohy-
drodynamic models (Amari & Luciani 2000; Amari et al. 2014;
Xia & Keppens 2016).

The first numerical model for the 3D coronal magnetic field
of filaments was developed by Aulanier & Demoulin (1998) and
Aulanier et al. (1998) by extrapolating a photospheric line of sight
(LOS) magnetogram into the corona, assuming linear force-free field
(LFFF). Since then, ever more sophisticated 3D models of filaments
were also developed by Aulanier et al. (1999), Aulanier et al. (2000),
Aulanier & Démoulin (2003) and Dudik et al. (2008), who extrap-
olated photospheric magnetograms into the corona by assuming a
linear magnetohydrostatic (LMHS) field. Although these models suc-
cessfully explained some observational features of filaments, neither
assumptions of LFFF and LMHS about coronal magnetic field is re-
alistic. Therefore, more realistic nonlinear force-free field (NLFFF)
models were developed for filaments by several authors.

For example, Régnier et al. (2002) and Régnier & Amari (2004)
constructed NLFFF models for AF by extrapolating observed photo-
spheric vector magnetograms into the corona. Similar case stud-
ies can be found in Liuetal. (2016) and James et al. (2018).
Mackay & van Ballegooijen (2009) developed another NLFFF
model to study how a single bipole polarity advected towards the
main body of a filament influences the structure of the filament dips
where the magnetic field lines are locally horizontal and curved
upward. Jiang et al. (2014) constructed an NLFFF model for a large-
scale IF based on the photospheric vector magnetogram without any
other observational constraint or prerequisite. It is notable that almost
all NLFFF models perform well in constructing magnetic structures
of small-scale AF and fail in large-scale IF and QF except the case
presented in Jiang et al. (2014), where the involved active region is
still very compact even though the coronal magnetic field containing
a magnetic flux rope (MFR) was recovered for a large-scale IF. Con-
structing 3D magnetic models for QF or large-scale IF involved with
large-scale decaying or diffuse active regions is still challenging.

A very creative NLFFF model, which successfully constructs 3D
magnetic field for any kinds of QF or IF involved with an MFR,
was developed by van Ballegooijen (2004). This method is known
as the MFR insertion method, which needs to select a path along the
polarity inversion line (PIL) where the longitudinal component of
the magnetic field changes sign, and to evaluate an ambient potential
magnetic field according to the LOS magnetogram. Then, a field-free
cavity is created along the selected path and a flux rope is inserted into
the cavity by imposing axial and azimuthal magnetic fluxes. Finally,
the magnetic field in such a configuration is numerically relaxed via
the magneto-frictional approach developed by van Ballegooijen et al.
(2000) to an NLFFF state with line-tied conditions on the bottom
boundary, which is located on the photospheric surface. The MFR
insertion method is improved later by Bobra et al. (2008).

Comparing with the old version, the new method selects the
path where an MFR is inserted according to the location of a fil-
ament observed in Ha instead of the PIL in the magnetogram.
In addition, the model is further constrained by observations of
coronal loops in the overlying corona in order to find the solu-
tion that best fits the observed features of a filament. This method
has been employed to construct 3D magnetic models for observed
QF, sigmoidal active regions, and solar polar crown prominence
(Su et al. 2009; Savcheva & van Ballegooijen 2009; Savcheva et al.
2012; Su & van Ballegooijen 2012). A magnetic model constructed
by the MFR insertion method was also used as the initial condi-
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tion for MHD simulations of a filament eruption (Kliem et al. 2013;
Torok et al. 2018). More recently, Mackay et al. (2020) constructed
a 3D NLFFF model for a prominence by the method, and directly
compared for the first time the magnetic field strength deduced
from the model with the corresponding results derived from spectro-
polarimetric observations of the prominence. A disadvantage of the
MFR insertion method relates to the fact that values of the axial flux
and the poloidal flux of the inserted flux rope need to be adjusted
repeatedly to find the solution that best fits the observed coronal struc-
ture. Titov et al. (2014) later addressed this issue in a new model that
was developed via the so-called MFR embedding method.

Different from the MFR insertion method, the magnetic vector
potential of the flux-rope in the MFR embedding method is purely
constructed by analytical form, on the basis of the property of the
ambient configuration (Titov et al. 2014). However, the embedded
MER (Titov et al. 2014) was restricted to the magnetic configuration
of a toroidal-arc shape. Hence, it is difficult to model configurations
that reside above a highly elongated or curved PIL via the MFR
embedding approach. A breakthrough has been made by Titov et al.
(2018) who removed this geometric limitation of the embedded MFR
and deduced the regularized Biot-Savart laws (RBSL), which could
model an MFR of arbitrary shape.

In the approach of Titov et al. (2014), the MFR vector potential
is superposed to that of the ambient field instead of creating a field-
free cavity where values of the axial flux and poloidal flux of the
MEFR are changed manually. Comparing with the insertion method,
the embedding method has the advantage of better controlling the
characteristics of the MFR in equilibrium. This is because it defines
a force-free flux rope approximately in equilibrium by using the
ambient potential to estimate the axial and the azimuthal magnetic
fluxes. Nevertheless, a drawback of the method is that it generally
leads to a modification of the observed photospheric magnetogram in
the modelled magnetic configuration by superimposing a flux-rope
field on the magnetogram.

Titov et al. (2018) figured out a way to solve this problem by using
a technique similar to that of van Ballegooijen (2004). First, they
constructed an MFR according to the RBSL method, and extracted
the longitudinal field of the MFR inside the footpoint area on the
photosphere. Second, the extracted longitudinal field was subtracted
from the observed photospheric magnetogram, and the resultant pho-
tospheric magnetogram was used to extrapolate the ambient potential
field as the background. Third, they embedded the MFR and the as-
sociated magnetic field into the extrapolated background field, and
an overall configuration of the magnetic structure including an MFR
was then obtained. The advantage of this approach over the others
is that the contribution of the longitudinal field within the footpoint
area of the MFR to the overall magnetic configuration is just consid-
ered once correctly, and that the distribution of the overall magnetic
configuration at the photosphere is consistent with the observed pho-
tospheric magnetogram. Guo et al. (2019) confirmed later that this
approach indeed works well.

In this work, we employ the RBSL by embedding an MFR into a
potential field to model the 3D magnetic structure of a large-scale
IF that is partially located in a decaying and diffuse active region.
Section 2 describes the instruments and data involved in our work.
Section 3 lays out the observed properties of the filament, and the
method applied to construct the NLFFF magnetic field configuration
that includes a filament. Our results and comparisons with observa-
tions are presented in Section 4. We discuss these results and the
related comparisons in Section 5, and finally summarize this work
and draw our conclusions in Section 6.
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Figure 1. Image collage of the horse-shoe-like filament and its nearby environment observed in different wavelengths at different times by different instruments
both in space and on ground. The big image in background is the composite of an AIA 304 A image and the contours of longitudinal magnetic field of the
photosphere in the same region with strengths of + 100 G (blue/red) and + 500 G (green/yellow). The white arc represents the solar limb. The dashed white
lines surround the area where the extrapolation of the coronal mangetic field was performed. The small panels over the background were taken in AIA 304 A,
STEREO-A 304 A, and ONSET Ha, respectively, over the time interval between 2015 November 3 and November 15.

2 OBSERVATIONAL DATA AND INSTRUMENTS

A large-scale IF of about 8.5 x 10° km appeared around the active
region AR12452 (Figure 1). The filament was observed by the At-
mospheric Imaging Assembly (AIA) and the Helioseismic and Mag-
netic Imager (HMI) on board Solar Dynamics Observatory (SDO,
Pesnell et al. 2012), the Extreme Ultraviolet Imager (EUVI) in the in-
strument suite of the Sun Earth Connection Coronal and Heliospheric
Investigation (SECCHI) on board Solar TErrestrial RElations Obser-

vatory Ahead (STEREO-A, Kaiser et al. 2008), and the ground-based
Optical and Near infrared Solar Eruption Tracer (ONSET, Fang et al.
2013).

AIA is an instrument that consists of seven Extreme Ultravio-
let (EUV) and three Ultraviolet (UV) and white-light channels and
provides the solar corona’s full-disk images with pixel size of 0.6”
and cadence of 12 seconds (Lemen et al. 2012), and it was designed
to study the evolution of the Sun’s dynamic magnetic field and its

MNRAS 000, 1-16 (2022)
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Figure 2. Positions of STEREO-A and -B at 23:36 UT on 2015 November 14 in the HEE coordinate system.

interaction with surrounding plasma. The EUV full-disk images in
seven channels are used in this work. HMI is an instrument which
was designed to study the oscillations and the magnetic field on the
solar surface and provides the full-disk vector magnetogram with a
time cadence of 12 minutes (Scherrer et al. 2012; Schou et al. 2012;
Hoeksema et al. 2014). The magnetograms are rescaled down to the
AIA plate scale of 0.6 arcsec, and the roll and alignment are ad-
justed to those of AIA (Lemen et al. 2012). The ONSET is a multi-
wavelength telescope that conducts observations in He I 10830 A ,
Ha and white-light at 3600 A and 4250 A in a full-disk observation
mode or a partial-disk observation mode. In partial-disk observa-
tion mode, ONSET provides partial-disk images with high spatial
resolution (~ 1" or better) and high time cadence (better than 1 s,
Fang et al. 2013). The data taken in partial-disk observation mode
are used here. SECCHI/EUVI observes the chromosphere and the
low corona in four different wavelengths between 171 A and 304 A
with a field of view (FOV) out to 1.7 solar radii (Wuelser et al. 2004
Howard et al. 2008).

Observational data were selected based on the following criteria.
First, the target region must be located near the disk center in order
to minimize the error in path measurements. Second, the image from
AIA, HMI, and ONSET should be taken roughly simultaneously.
Third, the impact of the emerging small-scale active region AR12453
(Figure 1) on the upper right of the target region on the main structure
of the filament should be as small as possible.

On the basis of these principles, a data set that includes seven AIA
images and an ONSET He image at 09:24 UT on 2015 November
14 was selected for measuring the width of the filament, another
data set that includes an image in AIA 304 A and an HMI vector
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magnetogram at 23:36 UT on 2015 November 14 was selected for
modelling the pre-eruptive magnetic configuration and for the related
analyses.

The background image in Figure 1 displays the composite of the
image of the overall magnetic structure around the region observed
by SDO/AIA in 304 A and the contours of the LOS magnetic field
observed by SDO/HMI. The color curves in the figure describe the
contours of magnetic fields of +100 G (blue/red) and of those of
+500 G (green/yellow). Inset panels near the upper and the lower
edges in Figure 1 display the filtergrams of a local region sur-
rounded by the dashed box in the big image observed in ONSET/He,
AIA/304A, and SECCHI/304 A, respectively, at different times.

The filament appeared over the east limb of the Sun in the AIA
FOV for the first time at 02:00 UT on 2015 November 7. It took 8 days
for the filament to move from east limb to the central meridian on
the solar disk as a result of the solar rotation, and the filament started
eruption at about 21:00 UT on 2015 November 15. Observations of
SECCHI/EUVI of STEREO-A in 304 A (Figure 1) show that the fil-
ament actually existed already on 2015 November 3 four days before
it appeared in the AIA FOV. This suggests that the filament existed
stably for a dozen days before erupting. The position of STEREO-A
in the heliocentric earth ecliptic (HEE) coordinate system is shown
in Figure 2. In addition, small panels in Figure 1 also show that
the filament observed in Ha evolved during the period in which it
passed through the solar disk, but the overall shape of the filament
observed in 304 A showed almost no change. This indicates that the
global magnetic structure of the filament channel is stable and in
the process of a quasi-static evolution. Consequently, a static NLFFF
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Figure 3. Co-aligned ONSET Ha image (a) and AIA 304 A image (b). The white patches in one image denote the features that could be recognized in another

image.

model to construct the magnetic structure of the filament before its
eruption is appropriate here.

From the contours in Figure 1, we realize that the magnetic field in
AR 12452 is weak with very few confined area possessing a magnetic
field of strength up to 500 G. This indicates that AR 12452 was a
decaying and diffuse active region. Therefore, magnetic structures
of the filament in this active region cannot be constructed by using
the traditional NLFFF extrapolation method (Wiegelmann 2004). As
formulated by Titov et al. (2018), the RBSL method generalizes the
approach of Titov et al. (2014) for MFRs of arbitrary shapes and so,
by construction, includes the MFR embedding. Thus we here employ
the method of Titov et al. (2018) to construct the magnetic structure
of the filament in AR 12452. The RBSL code we adopt here was
implemented by Guo et al. (2019).

3 APPROACHES TO RECONSTRUCTING THE
MAGNETIC STRUCTURE OF THE FILAMENT

We use a static NLFFF model to construct the magnetic structure of
the filament before its eruption. The ONSET Ha images show that
the filament has left-bearing barbs extending from its main body. In
addition, it can also be concluded that the filament is sinistral as the
axial component of the magnetic field points to the left when it is
seen by an observer standing on the positive end of the filament.

According to the existing observational results, Martin (1998) con-
cluded that the sinistral/dextral filament always had left/right bear-
ing barbs, and this law seemed true for a couple of decades until
Guo et al. (2010) found that a dextral filament can also feature left-
bearing barbs. Chen et al. (2014) further confirmed the findings of
Guo et al. (2010), namely a filament that follows Martin’s law has a
MEFR configuration, while a filment that fails to follow Martin’s law
has a sheared arcade magnetic configuration. Ouyang et al. (2017)
performed a statistical study to address this issue, and they found that
60% of AF are supported by flux rope, 40% are supported by sheared
arcade. For IF, these two values are 91% and 9%, respectively, while
96% and 4% for QF.

The filament studied here is sinistral and has left-bearing barbs,
so it should possess an MFR configuration according to Guo et al.
(2010) and Chen et al. (2014), and thus we could apply the MFR em-
bedding method to construct the magnetic structure of the filament.

The MFR in our model is calculated by using the RBSL, which is
given by Titov et al. (2018) as

Bumrr = VXA +VXAFR, (D
_ul oy
g =4 [ kRO @
F ) di
are =i [ KR @), G

where R’(I) =dR/dl, r = (x — R(l))/a(l), while C, I, R(I) and a(l)
are axis path, arc length, radius-vector and cross-section radius of a
thin MFR, respectively. C* is the subphotospheric counterpart of C.
The field Ay (x) and its curl represent the axial vector potential and
the azimuthal magnetic field, respectively, which are generated by a
net current I. The field A (x) and its curl represent the azimuthal
vector potential and the axial magnetic field, respectively, which are
generated by a net flux F. Details of kernels Kj(r) and K (r) of
intergrals were given by Titov et al. (2018). Four free parameters are
involved in RBSL, which are the minor radius of the flux rope, a,
the path, C, the net magnetic flux, F, and the net electric current,
1. Hence, we first need to determine these parameters in order to
construct the MFR configuration of the filament with RBSL.

In our model, the value of a is determined by the half-width of the
filament, which could be deduced from images of AIA and Ha im-
ages. However, the images taken by AIA and ONSET are not aligned
to one another, and we need to perform alignment before further
analyses, for which the technique developed by Wang et al. (2022) is
utilized. Figure 3 shows the composite of an ONSET Ha image and
an AIA 304 A image that were taken almost simultaneously. To reveal
the relative locations of the filament seen in different wavelengths,

MNRAS 000, 1-16 (2022)
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Figure 5. Distributions of the brightness in various wavelengths (dots) and the corresponding Gaussian fits (continuous curves) along the white line P1P2 in

Figure 4. All the values of the brightness have been normalized.

we display both original images of He and 304 A in Figures 3(a)
and 3(b), respectively, with those white patches outlining the features
seen in another wavelength. We notice that the global features of the
filament observed in different wavelengths are generally colocated
with one another in space, which implies also that the alignment
conducted here is basically successful.

Based on this result, we are able to measure the width of the fila-
ment. The measurement is performed along the white line as shown
in Figure 4 at a position where the filament looks uniform, avoiding
the location where either the spine has barbs or the filament looks
too thin. Figure 5 plots distributions of the normalized brightness
of the filament along the white line in various wavelengths, as well

MNRAS 000, 1-16 (2022)

as the associated Gauss-fitting-curves. The full widths at half max-
imum (FWHM) of these curves give the corresponding widths of
the filament observed in given wavelengths. Taking the half of the
average of all the FWHMs gives the minor radius, a = 0.026 R, of
the filament, which is one of the free parameters used in RBSL.

The path of MFR in our model is also constrained by observations
of the filament. We use the path of the filament axis as the path of
MFR, which should be a 3D curve. Because STEREO-B has lost
communications since October 2014, the 3D path of the filament
cannot be constructed on the basis of the data from STEREO-A and
-B via the approach of the triangulation developed by Thompson
(2009). Meanwhile, STEREO-A was almost at the opposite side
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Figure 6. The 304 A image observed by SDO/AIA at 23:36 UT on 2015 November 14 with the filament axis marked by a set of open circles.
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Figure 7. SDO/HMI vector magnetic field obtained at 23:36 UT on 2015 November 14 overlaid with the path of the filament axis (blue curve), the red plus and
minus signs indicate the two footprints of the filament axis. The green circles mark the periphery of the filament footprints.

of the Sun relative to SDO (Figure 2), and they cannot observe
the filament simultaneously. So it is not possible to construct the
3D path according to observations of STEREO-A and SDO, either.
Therefore, we have to resort to other ways to determine the 3D path
of the filament, which is described below.

As shown in Figure 6, we first determine the coordinates (X,Y)
in arcsec of the filament path on the AIA 304 A image taken at

23:36 UT on 2015 November 14 when the filament is close to the
solar disk center. Then we use routine "xy2lonlat.pro" in the Solar
SoftWare (SSW) to convert the coordinates on the solar disk into the
heliographic coordinates. At the same time, we select some features
on the filament observed in AIA 304 A when it just entered the FOV
of AIA on the east limb of the Sun, and measure their height away
from the solar surface, which is regarded as the Z component of

MNRAS 000, 1-16 (2022)
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3D path. With the coordinates (X,Y) of all these features (see those
circles in Figure 6) obtained, the 3D coordinates for describing the
path C along the filament axis required in RBSL are collected.

With @ and C being determined, the third free parameter, F', can be
obtained consequently. First of all, after the projection effects have
been corrected, the vector magnetogram in the region of interest is
displayed in Figure 7 with the blue curve tracking the axis of the
filament. The red symbols, "+" and "—" in Figure 7 specify the lo-
cation of the filament footpoints on the photosphere. The location of
the reference point that is the center of the magnetogram in Figure
7 is located at E5°.4 and S10°.8. The magnetogram can cause sig-
nificant errors when it is directly used for extrapolating a force-free
magnetic field because the photospheric magnetic field is far from be-
ing force-free (Metcalf et al. 1995, 2008). Wiegelmann et al. (2006)
found that appropriate preprocessing can greatly reduce these errors.
Thus, the projection-corrected vector magnetic field is also prepro-
cessed to remove the Lorentz force and torque (Wiegelmann et al.
2006; Wiegelmann 2008).

Second, the heliospheric coordinates of the points on the filament
axis are converted into the Cartesian coordinates with the origin
located at the reference point. The axes, x, y, z, in the local Cartesian
coordinate system are westward, northward and radial, respectively,
and plane z = 0 is tangent to the solar surface at the reference point.
The path in the local Cartesian coordinate system is illustrated by the
blue solid line in Figure 7.

Third, with each end of the path as the center, we draw two circles
with a as the radius. The two green circles plotted in Figure 7 present
the regions to which the footprints of the filament anchor. Finally,
we measure the longitudinal magnetic flux within the two circles and
find that Fy = 1.27 x 10?0 Mx and F_ = -2.36 x 10?0 Mx. The
magnetic flux of the MFR here is thus taken as F = (|Fy| + |F_|) /12 =
1.82 x 10?0 Mx.

With the value of F obtained, the fourth physical parameter for
MEFR, I, is evaluated via (see also Titov et al. 2018) F' = +3upla
/ (5V2), where uq is the magnetic permeability of vacuum, and /
could be positive or negative depending on the sign of the magnetic
helicity. In the present case, we already know that the chirality of the
filament is sinistral, which indicates that the magnetic field possesses
a positive magnetic helicity. Hence, the sign of the parameter / is
taken as positive in our model, and the value of / is calculated by
I = (SN/EF) / Bupa) =2.45 x 10! A. So far, four parameters have
been obtained for constructing the magnetic configuration including
an MFR via RBSL approach, and detailed descriptions of how such
a configuration is built up are then given below.

First, a mirror path of C is used to close the electric current circuit
in the whole space as required by RBSL (Titov et al. 2018); then we
deduce the magnetic field of the MFR determined by the above four
free parameters according to the RBSL. Second, a background mag-
netic field of the target region is deduced by the potential field (PF)
extrapolation based on the Green’s function method (Schatten et al.
1969; Sakurai 1982). To keep the longitudinal component of the
magnetic field on the photosphere unchanged after the construction
is performed, the corresponding longitudinal component of the MFR
magnetic field within the two circles, By Fr, shown in Figure 7
needs to be subtracted. Then use B;—B s Fr on the photosphere as
the boundary condition to extrapolate the background PF. Here B,
is given by the observed magnetogram, and the extrapolation is con-
ducted by using the Message Passing Interface Adaptive Mesh Re-
finement Versatile Advection Code (MPI-AMRVAC; Keppens et al.
2012; Porth et al. 2014; Xia et al. 2018; Keppens et al. 2021). Then,
a non-potential magnetic configuration, as shown in Figure 8, is
obtained by linearly combining the MFR and the PF magnetic fields.
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Figure 8. Magnetic configuration including the MFR constructed via MFR
embedding and the potential background field extrapolated via the Green’s
function method according to the data obtained at 23:36 UT on November 15,
2015. This is the topology obtained before a final relaxation step to a more
force-free setup.
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Figure 9. Variations of values of < |f;| > (blue) and oy (red) versus the
iteration number in the process of relaxation via magnetofriction.

The resultant configuration is further relaxed to a more realistic
NLFFF state via a magnetofriction approach (e,g, see also Guo et al.
2016a,b) exploiting MPI-AMRVAC with the configuration in Fig-
ure 8 as the initial condition and the vector magnetic field shown in
Figure 7 as the boundary condition at the bottom.

4 RESULTS

To assess the imposed divergence-free and the force-free constraints
of the constructed magnetic field in the magnetofrictional relaxation,
we evaluate two parameters, < |f;| > and oy, and check how close
they are to zero. In the present work, since the size of the grid is
uniform, < | f;| > is the average of the absolute value of the fractional
magnetic flux change over all the 6 sides of every cubic-grid in 3D
calculations, and o is the current-weighted average of the sine of
the angle between the current and the magnetic field, respectively.
Changes in < | f;| > and oy with respect to the number of iterations
are presented in Figure 9, in which the blue curve is for < | f;| > and
the red curve for oy . It can be seen from Figure 9 that both < | f;| >
and oy decrease eventually in the process of relaxation represented
by the increasing iteration number, and then they asymptotically
approach to a finite value, respectively, such that < |f;| > = 7.1 X
1073 and o = 0.36. This indicates that the divergence-free condition
of the constructed magnetic field reaches an acceptable level, and
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Figure 10. (a) The relaxed magnetic field after a magnetofriction process associated with 65,000 iterations. The axes, x, y and z, are westward, northward and
radial, respectively. Blue curves are magnetic field lines tangling inside the MFR, and white curves are the field lines outside the MFR. The LOS is in the
direction opposite to the z-axis. (b) The same MFR superposed on an AIA 304 A image that was observed at 23:36 UT on 2015 November 14. (c) and (d) Same
as (a) but viewing in y- and —x-directions, respectively. An associated animation is available.

that the force-free condition has largely improved after the relaxation
procedure. The value of oy = 0.36 is already very close to that in the
best case acquired by (Guo et al. 2016a) although smaller o-; could
still be expected.

Figure 10 displays the constructed MFR magnetic configuration
after relaxation seen from the top with some magnetic field lines
around (Figure 10(a)), acomposite of MFR and the background seen
in AIA 304 A (Figure 10(b)), and the configuration seen in y- and
-x-directions, respectively. The difference between the configuration
before relaxation (Figure 8) and that after relaxation (Figure 10(a))
is not apparent, and is not easy to recognize at the first sight. This
can be considered as a significant advantage of the MFR embedding
approach over the MFR inserting method.

We can see that the MFR has a right-helical twist. Comparing
with the initial magnetic configuration (see Figure 8), we realize
that the northern footpoint of the MFR moves to the north, while the
southern footpoint of the MFR moves to the south after the relaxation.
The displacement of the southern footpoint is larger than that of the
northern one, which is due to the fact that the photospheric field at
the northern footpoint region of the filament are stronger than that
at the southern one. It should be stressed that this motion is not a
real evolution scenario, but the rearrangements in field strength and
current which are ensuring that a more force-free field configuration
is established. In addtion, the height of the MFR axis varies with
position along the filament (see Figure 10(c)), in the middle part
of the MFR the height of the MFR axis does not change too much
and almost stays horizontally (see Figure 10(d)), and the highest

point of the MFR is about 7.85 x 10* km above the photosphere and
the average width of the flux rope is about 3.98 x 10* km, which is
slightly larger than the measured FWHM of the filament.

To produce an image of the magnetic structure/configuration seen
by SDO, a back-projection of the above structure created in the
local Cartesian coordinate system needs to be done according to the
view-point of SDO via the rotation matrix Rx(—L)Ry(=L)Rx(L1)
(Guo et al. 2017a), where Ry is the elementary rotation matrix with
respect to the x-axis, Ry is the elementary rotation matrix with respect
to the y-axis, L is the latitude of the disk center in the image obtained
by a specific instrument, L and L are the longitude and latitude of
the reference point in the vector magnetogram, respectively.

In the present case, the coordinates of (L, L, L) for SDO images
are (2.9°,-5.4°,-10.8°). Figure 10(b) displays the composite of
an AIA 304 A image and the MFR that would be seen by SDO at
23:36 UT on 2015 November 14. It can be seen clearly that the overall
morphology of the magnetic structure associated with the constructed
MER is basically consistent with that of the observed filament. The
horse-shoe-like spine is well covered by the field lines of the MFR,
which suggests that the construction of the magnetic configuration
associated with the horse-shoe-like filament is successful although
Figure 10(b) indicates a tiny deviation in the north part of the target
region.

In Figure 11(a), we show the strength of the magnetic field through
different colors with different transparency and notice that, across the
MEFR, three regions of different magnetic field strengths exist. The
first region is the outside of the MFR, outlined as a pink horse-shoe-
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Figure 11. (a) 3D strength contours of the magnetic field in the region surrounding the MFR shown in Figure 10(a) with colors denoting different strengths of
magnetic field. The white line with end points at (-32”.5, —480”.0, 95”.8) and (-32".5, 0.0, 55”.3) is used to mark a plane on which distributions of the
magnetic field and the electric current could be displayed. An associated animation is available. (b) The distribution of the electric currents on the plane denoted
in panel (a). The white line goes through the cross-sections of the MFR and is used to study distributions of the magnetic fields (c) and the electric currents (d)
inside the MFR before (blue curves) and after (green curves) the relaxation, respectively.

like tube, where the field strength lies in the range from 7 to 18 G and
the lateral spatial variation is the most apparent. The second region
is the internal region of the MFR, shaping as a light blue horse-
shoe-like region, in which variation of the magnetic field in space is
smoother than that in the first region, and the field is stronger with
the strength between 19 and 29 G. The third region is not a single
continuous one, but several separate pieces (see those green areas in
Figure 11(a)), in which the strength of magnetic field varies from 30
to 34 G.

The strongest magnetic field inside MFR is not located right at the
axis of the MFR, but somewhere toward the inner edge of the MFR.
This indicates an asymmetric distribution of magnetic field inside
MFR with respect to the axis. We also notice a lateral expansion of
the MFR during the relaxation with the average internal magnetic
field weakening from 26 to 23 G.

The MFR evolution in the relaxation process could also be exhib-
ited by the change in the distribution of the electric current inside the
MEFR. Figure 11(b) shows the current distribution in a plane around
the MFR before the relaxation. The plane is located at X = —32.5"
in the solar coordinates (X,Y) , which intersects the MFR around
the middle part of the MFR, roughly perpendicular to the major axis
of the MFR (see the white line in Figure 11(a)). It can be seen from
Figure 11(b) that the current near the main axis of the MFR is weaker
than that at the edge of the MFR, i.e., the current within the MFR
exhibits a sort of hollow distribution. Similar feature of the current
distribution inside the MFR was also reported by Bobra et al. (2008).
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Evolution of the MFR in the relaxation process could also be
represented by the changes in the magnetic field and the electric
current on a plane, X = —32.5" (see Figure 11(b)), during the
relaxation. The distributions of the magnetic field strength and the
current intensity along the white line shown in Figure 11(b) are
given in Figures 11(c) and 11(d), respectively, in which the blue
curve is for the case before the relaxation, and the green one for
that after relaxation. Two ends of the white line in Figure 11(b)
are located at (—32.5"7,-480.0"",95.8"") and (-32.5"7,0.0”,55.3"),
respectively. Here, the first two values in parentheses correspond to
the solar coordinates (X,Y), and the third one is the height from the
photospheric surface.

Figure 11(c) shows that the strengths of the magnetic field at two
peaks of the blue curve are 31 G and 32 G, respectively, while the two
peaks at the green curve correspond to 28 G and 26 G, respectively.
This indicates that the strength of the magnetic field within the MFR
decreases slightly after relaxation. In addition, the radius of the MFR
outlined by the green curve in Figure 11(c) is slightly larger than
that outlined by the blue curve, which also means that the MFR has
a lateral expansion during relaxation. Two peaks also exist on both
the blue and the green curves for the electric current intensity as
displayed in Figure 11(d). We notice that on each curve, the electric
current intensity at two peaks are almost the same, and that the peak
values of the current intensity before and after the relaxation are 3.33
x 1010 A and 2.85 x 1010 A, respectively. This indicates that the
current within the MFR weakens after relaxation. Moreover, we also
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Figure 12. Panels (a) and (b) are the same as Figures 10(a) and 10(b), but for the distributions of the magnetic dips in the same area. (c) Viewing the same
area as that in panel (a) along an LOS in the zx-plane, and the angle between LOS and the photosphere is 65°. (d) The same as panel (c) but the LOS is in the
yz-plane, and the angle between the LOS and the photosphere is 40°. An associated animation is available.

realize that the distribution of the current intensity within the MFR
tends to be more smooth and monotonous after relaxation, and the
hollow core distribution before relaxation disappears. In addition, the
feature that the overall distribution of the current is concentrated to
the inner edge of the MFR does not change.

With the global coronal magnetic configuration including an MFR
constructed, we are able to locate the magnetic dip in the configura-
tion. A magnetic dip is believed to be the place where the filament
plasma is supposed to concentrate (Kuperus & Raadu 1974). The
standard definition of a magnetic dip is the place where B; = 0
and (B - V)B; > 0 (Titov et al. 1993). For a filament model that is
constructed numerically, however, it is hard, if not impossible, to pin-
point the location where B, exactly vanishes because of numerical
errors (Mackay et al. 2020). Therefore, we replace this strict condi-
tion with | B;| < 0.01. Then we look for the places where |B;| < 0.01
in the relaxed NLFFF model and eventually, the locations of mag-
netic dips could be discovered at the location where (B - V)B, > 0 is
also satisfied.

The distribution of magnetic dips that are found this way is shown
in Figure 12. Figure 12(a) shows the top view of the dip distribution
around the MFR, Figure 12(b) gives a composite of this distribution

and the associated AIA 304 A image, Figures 12(c) and 12(d) show
the other two side views of the same dip distribution. The AIA 304 A
image in Figure 12(b) was obtained at 23:36 UT on 2015 November
14. It can be clearly seen that the distribution of magnetic dips ba-
sically outlines the observed filament with many important features
being well duplicated although tiny deviations exist between the dis-
tribution of dips and the spine around the middle part of the filament.
Important features include the overall horse-shoe-like shape of the
spine, most local features of the spine, as well as distribution and
extension of the left bearing barbs (see those red arrows in Figure
12(a)). The deviation of the deduced dip distribution from the ob-
servation at the north corner of the calculating domain is due to the
effects of the small-scale active region AR12453, which cannot be
included in a static model. Furthermore, we notice that the dip dis-
tributes as well in the region below the MFR axis (van Ballegooijen
2004).

In addition, an interesting question is whether magnetic dips are
already present to some extent in the purely potential magnetic field
derived from the observed magnetogram. To answer this question, we
searched them in the purely potential field. The result indicates that
they do exist in the purely potential field as suggested by Bungey et al.
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Figure 13. (a) Distribution of the QSL in the same region as that in Figure 10(a). Panels (b)-(d) display the MFR too, as well as the viewpoints in (c) and (d)
are the same as those in Figures 10(c) and 10(d). An associated animation is available.

(1996) although they are not as pronounced as those in the corre-
sponding MFR configuration. This implies that the dips in the poten-
tial field are relevant to those existing in the modelled MFR configu-
ration, which may provide a clue to the origin of the horse-shoe-like
MEFR and filament. But this issue is beyond the scope of the present
work, and will be looked into carefully in the future.

The quasi-separatrix layer (QSL) is another crucial structure
in a complex coronal magnetic configuration. It is a thin layer
across which the topological connectivity of magnetic structure
changes dramatically (Priest & Démoulin 1995; Démoulin et al.
1996a; Demoulin et al. 1996b). Such a change could be measured
by the magnetic squashing degree Q proposed by Titov et al. (2002).
Three different methods to compute Q have been suggested and com-
pared by Pariat & Démoulin (2012). Here, we compute Q within the
3D magnetic domain using method 3 proposed by Pariat & Démoulin
(2012) and implemented by Yang et al. (2015). The 3D distribution
of Qis presented in Figure 13, where large Q values (Q > 2) indicate
the location of QSLs. Since a 3D scenario of QSLs is usually difficult
to visualize directly, we highlight the Q values around the MFR by
setting different types of colorful transparency in Figure 13. The top
view of the distribution of Q in the region nearby MFR is shown in
Figure 13(a), which displays the horse-shoe-like feature clearly. In
Figure 13(b), we put magnetic field lines of the MFR and the same
QSL together. Figures 13(c) and 13(d) show the other two side
views of the same structures in Figure 13(b). Information revealed
by comparing details of the magnetic configuration displayed in each
panel in Figure 13 indicates that the filament or MFR is wrapped
by a 3D QSL, but the QSL is not uniform. The component of QSL
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near the middle of the filament is apparently wider than those near the
footpoints of the filament, which implies the existence of an area with
large shearing of magnetic field around the middle of the filament.
Magnetic reconnection may take place in this area, which constitutes
the main cause for the relaxation (van Ballegooijen 2004).

The internal feature of QSL could be further revealed by showing
the QSL distribution on the given plane. In the present work, we
choose two planes of X = —154.1”” and Y = —292.1”. Figures 14(a)
and 14(b) display the global structure of MFR and the corresponding
QSL slices on the planes X = —154.1”” and Y = —292.1”, respec-
tively; and Figures 14(c) and 14(d) show QSL slices only. Figures
14(a) and 14(b) confirm that the MFR is indeed located inside the
QSL. From Figures 14(c) and 14(d), we notice that QSL exhibits
complex internal structures, consisting of different layers separated
by different high Q boundaries, and that the QSL extends to a rela-
tively low altitude. In addition, we do not find the so-called hyperbolic
flux tube (HFT), a special structure where two QSLs intersect, which
usually appears in a quadrupolar configuration (Titov et al. 2002),
instead of a dipolar region.

Since the MFR is surrounded by the QSL that is the region where
a significant change in the magnetic topological connectivity occurs,
we take the inner edge of QSL shown in Figure 14 as the boundary
of MFR. This leads to the magnetic flux inside the relaxed MFR F
=2.26 x 1020 Mx , which is larger than the initial value of 1.82
x 1029 Mx before the relaxation, but is very close to the value of
2 x 1020 Mx given by Suet al. (2010) and Su & van Ballegooijen
(2012). On the other hand, Bobra et al. (2008) apparently got a much
larger value, say 1.4x 102! Mx. Furthermore, the twist and the writhe
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Figure 14. (a) Global configuration including the MFR and the associated background magnetic field (blue curves), as well as contours of the QSL on plane
X = —154".1. (b) Same as panel (a), but for contours of the QSL on plane Y = —292”. Panels (c) and (d) display the same QSL contours as in (a) and (b)
without MFR and the background field in order to reveal detailed features of QSL.

numbers of the relaxed MFR could be evaluated by using the method
of Berger & Prior (2006), and we have on average 4.6 turns and 0.3
turn, respectively. This indicates that the MFR is highly twisted. The
existence of highly twisted MFR has also been reported by Birn et al.
(2006), Wang et al. (2017), Mackay et al. (2020), Guo et al. (2021)
and Duan et al. (2021).

The complexity of the magnetic configuration can also be de-
scribed by the magnetic helicity of the system (Berger & Field 1984)
and it plays an important role in the formation of the axial compo-
nent of the magnetic field inside the filament, and/or in the filament
channel (Mackay & Gaizauskas 2003). So, it is worth looking into
the magnetic helicity associated with the magnetic configuration in-
cluding the MFR in the present work. As we showed earlier that the
writhe of the MFR axis is only 0.3, the contribution to the MFR
helicity from the writhe is negligible. In addition, the modelled MFR
is a single flux tube, in which we only consider the contribution of
twist helicity. Thus the mutual helicity between the MFR and the sur-
rounding magnetic field is also omitted. Therefore, it is appropriate
that we use the twist number method (Guo et al. 2017b) to estimate
the magnetic helicity.

The twist number method gives the magnetic helicity of an MFR
via estimating the twist and the axial magnetic flux. Namely, the mag-
netic helicity, H = 7 F2, where 7~ is the average twist of the MFR and
F is the magnetic flux within the QSL that wraps the MFR. According
to our results obtained earlier, 7~ = 4.6 turns and F = 2.26 x 1020 Mx,
respectively, which gives H = 2.35 x 10*! Mx2. This is consistent
with that of Liu et al. (2018) but lower than that of Thalmann et al.
(2021), which found H = 6.8 x 102 Mx2. The difference may be
reasonable because Liu et al. (2018) and we use the same method

that is different from the method used by Thalmann et al. (2021) to
estimate the helicity.

5 DISCUSSIONS

Detailed properties and fine structures of the magnetic field that
supports the cool and dense solar filament/prominence in the hot and
tenuous solar corona have been an open question for long time. So far,
numerious efforts have been invested in this area, and many models
have been constructed for the filament of medium or small scales in
the region with relatively strong background magnetic field. On the
other hand, for the QF in a region of weak magnetic field or large-
scale IF, very few models (e.g. Aulanier et al. 2000; van Ballegooijen
2004; Su & van Ballegooijen 2012; Mackay et al. 2020) have been
constructed to our knowledge.

We investigated a large-scale horse-shoe-like IF that stably existed
for at least 10 days. Both ground-based and space-borne telescopes
have observed it. Because of the complex configuration of the fila-
ment and the weak background field in the region where the filament
was located, however, the frequently used methods/approaches of ex-
trapolation/construction of filaments do not seem to be suitable for the
case we are studying here. Therefore, we adopt an improved version
of the original MFR insertion method of van Ballegooijen (2004)
and van Ballegooijen et al. (2007), namely the so-called MFR em-
bedding method (Titov et al. 2014), to construct the magnetic struc-
ture of this large-scale horse-shoe-like filament. Comparing with the
original MFR insertion method, the MFR embedding method pos-
sesses several advantages. First, the magnetic field of the MFR is
given in purely analytical form, which is easier to manipulate than
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the numerical form. Second, the axial and azimuthal flux of the MFR
are estimated based on the ambient magnetic field, which seems more
consistent. Third, the resulting MFR is approximately in an NLFFF
equilibrium, rather than requiring multiple trials and iterations to
reach the equilibrium as realized by the MFR insertion method.

However, only the MFR embedding method (Titov et al. 2014)
cannot fully solve our problem. There are three difficulties. First, the
MFR embedding method is not suitable for targets with arbitrary
shapes. Second, it is difficult to accurately determine the path of
the MFR with the method of delineating the PIL since the main
structure of the filament studied here does not completely match the
shape of PIL. Third, the method of triangulation for measuring the
path of filament to determine the location of the MFR in the model
(e.g. Guo et al. 2019) does not work here as a result of the lack of
observational data from multiple viewpoints.

After carefully studying and analyzing the characteristics and na-
ture of these problems, we solved them one by one. For the first
problem, we use the RBSL method developed by Titov et al. (2018),
which removes the geometrical restriction on the MFR and is suit-
able for MFR of arbitrary shape. For the second problem, we use the
information provided by the AIA 304 A image to determine the path
of the MFR required for the model. For the third problem, we utilize
an important technique that differs from other works. We started with
measuring the coordinates (X,Y) of the filament path according to
the SDO/AIA image in 304 A that displays the filament from only
one viewpoint. Then, we measure the height of the filament from the
solar surface as the filament was above the east limb of the Sun, and
use this height as the Z coordinate of the filament path. We note here
that there is a deviation of the value of Z determined this way from
the true value of Z. But this is the best we can do for the time being.
Following the steps described above, we eventually solved the three
problems.

As mentioned before, constructing the MFR model with RBSL
needs to deal with four free parameters, which are the filament path
C, the radius of the MFR cross section, a, the magnetic flux through
the MFR cross-section, F, and the total current flowing through
the MFR, I. To our knowledge, the way dealing with these free
parameters in all the existing models of MFR more or less suffers
from arbitrary factors. To suppress the impact of these factors, the
four parameters were totally determined according to observations,
which allows us to obtain a more realistic filament configuration.

With these four parameters determined, we are able to use the
RBSL method to construct the MFR structure, and embed the MFR
into the coronal background field extrapolated on the basis of the
observed magnetogram. Then, the obtained overall magnetic field
configuration (see Figure 8) is further relaxed to the best NLFFF
state via a magnetofrictional iteration/relaxation. The results indicate
that both the force-free and the divergence-free conditions in the final
configuration are well satisfied (see Figure 9).

So far, the strength of the magnetic field in and around the solar
filaments is still under debate. Table 1 lists the results of previous
works for the range and the average of the magnetic field related to the
solar filaments. The information in Table 1 shows that the magnetic
field intensity of quiescent filament/prominence is in the range of
a few to tens of Gaussians, and the corresponding mean value also
varies among various events. As for the strength of the magnetic
field within and around the filament studied here, the information
and the data we have collected yield a range from 7 G to 34 G, and
an average of 23 G. We notice that the range of the magnetic field
strength deduced here is consistent with those of Athay et al. (1983)
and Kim (1990), and that the average strength is close to that of
Casini et al. (2003).
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We also notice that the distribution of the magnetic field strength
within the MFR is not strictly symmetric about its axis (see Fig-
ure 11(c)). Specifically, the field around its inner edge is stronger
than that around its outer edge. This feature of the magnetic field
strength distribution within the MFR is consistent with the observa-
tional results of Schmieder et al. (2014) and the theoretical results of
Mackay et al. (2020). We suggest that such a feature of the magnetic
field distribution inside the MFR is caused by the curvature of the
MER (Lin et al. 1998). In addition, we also find that a faster variation
of the magnetic field in the transition region exists between the MFR
and the background field.

Our result shows that the maximum height of the MFR is about
78.5 Mm, and the average height is about 55.6 Mm, compared to the
height of most filaments observed between 10 Mm and 100 Mm (see
Aulanier et al. 2000 and Kim 1990). Comparing with the height of
ordinary QF and IF, the height of the horse-shoe-like filament studied
in this work is considered low, which means that the region where
the filament is located has a relatively strong background field that
imposes a strong constraint on the MFR (see Roussev et al. 2003),
and helps the filament stay stable relatively long.

Analyzing the distribution of magnetic dips, especially the left-
bearing barbs, of the MFR reveals the consistency with observations
in He. This indicates that the barbs of the filament are produced by the
deformation of the MFR. In the present case, we suggest that the de-
formation of the MFR is due to the negative fluxes located right below
the barbs, and the deformation is not the kink one. Similar results
have been reported by Aulanier et al. (1999) and van Ballegooijen
(2004). But Filippov (2017) suggested that the deformation of the
MFR was caused by a pair of magnetic elements of opposite polarity
in the network.

At the same time, we notice that the constructed magnetic structure
of the filament is a single MFR structure, only two footpoints of the
MEFR are anchored to the photosphere. Therefore, we conclude that
the barbs produced by the distortion of the MFR are not anchored
to the photosphere. The most recent observations of Ouyang et al.
(2020) found that the evidence exists indeed that the barb of a fila-
ment/prominence is not anchored to the photosphere. The appearance
of barbs without any parasitic polarity in the underlying magnetic
distribution was also reported in the first 3D formation model of a
realistic prominence by Xia et al. (2014).

This is different from the conclusion of Martin & Echols (1994),
who suggested that the barbs extending laterally from the global
structure of the filament are anchored to the photosphere, and that
the fibral structure of barbs is located in the parasitic polarities below
the filament. Wang (2001) compared the 304 A image with the mag-
netogram of the Michelson Doppler Imager (MDI), and found that
some barbs were located in the area where the magnetic elements of
opposite polarities were in mutual contact, and that some barbs were
located in the mutual contact area between the parasitic polarity and
the main polarity.

However, Wang (2001) was unable to determine the specific mag-
netic field polarity in the area where the barbs were located because
of the low resolution. In this regard, we suggest that the magnetic field
configuration of the filament may be a factor affecting the formation
of barbs in the filament. For the filament with an MFR configu-
ration, the filament barbs are a natural consequence of the MFR
deformation and are not anchored to the photosphere. For the fil-
ament with a sheared arcade magnetic configuration, on the other
hand, the filament barbs could be anchored to the photosphere (e.g.
Martin & Echols 1994 and Wang 2001). More high-resolution obser-
vations are needed to identify and discriminate the rooting of barbs
in different magnetic field configurations.



Modelling of large-scale horse-shoe-like filament 15

Table 1. Reported magnetic field strength of prominence/filament

Reference Magnetic Field Strength (G) | Average Field Strength (G) Type
Leroy et al. 1983 5~20 8 Quiescent Prominence
Athay et al. 1983 3~30 15 Quiescent Prominence
Querfeld et al. 1985 6~60 24 Quiescent Prominence
Kim 1990 3~30 15 Quiescent Prominence
Bommier et al. 1994 2~15 8 Quiescent Prominence
Casini et al. 2003 5~70 20 Quiescent Prominence
Schmieder et al. 2014 5~18 9 Quiescent Prominence
This work 7~34 23 Intermediate Filament

In addition, through further analyses of the distribution of mag-
netic dips, we find that the magnetic dips are basically below the
axis of the MFR, and are coincident well in space with the observed
features of the filament in He. The image of the filament in 304 A
indicates a relatively smooth structure with roughly uniform distribu-
tion of plasma. This suggests that the cold and dense plasma mainly
concentrates in the lower area of the filament, and the hot and tenuous
plasma fills the upper volume (e.g., see also Wang et al. 1998).

As we expect, the MFR structure of the horse-shoe-like filament
is wrapped by a QSL with complex internal structures. We use the
QSL to redefine the geometric boundary of the MFR, and calculate
the axial flux in the MFR which is 2.26 x 1020 Mx, close to 2 X
1020 Mx given by Su & van Ballegooijen (2012) for a large-scale
quiet filament. Unlike the results of Su & van Ballegooijen (2012)
that were obtained via several rounds of adjusting the initial con-
figuration in an iterative fashion, our results were obtained using a
single relaxation step that readily relaxed to a topology close to the
observations. Furthermore, we got the twist number of 4.6 turns in
the MFR on average, which is higher than that of Bobra et al. (2008)
and Su & van Ballegooijen (2012) , and close to that reported by
Birn et al. (2006) and Guo et al. (2021), but lower than the value of 6
given by Duan et al. (2021). All of these indicate that a highly twisted
MFR may be exist in real situations.

In addition to the above progress made on the basis of previous
works, the technique for constructing the MFR developed in this
work still has room for further improvement on three aspects. First,
when determining the coordinates (X,Y,Z) of the MFR path, we
took the height measured when the filament appeared above the east
limb of the Sun as the value of Z with an implicit assumption that
the filament height does not change during its passage of the solar
disk. Second, the values of X and Y were determined according
to the SDO/AIA 304 A image of single-viewpoint only. Third, the
model developed here is a static one, which cannot deal with the
configuration that is in apparent evolution. This accounts for the
deviation of the deduced dip distribution from the observation at the
north corner of the calculating domain where new magnetic flux was
emerging.

6 CONCLUSIONS

In this work, we successfully constructed the magnetic field structure
for a large-scale, horse-shoe-like filament. This filament is located
at the edge of a decaying active region and its background magnetic
field is weak and diffuse. Hence, we combined the MFR embed-
ding method (Titov et al. 2014) with the RBSL method (Titov et al.
2018) to obtain the magnetic structure of the filament that is in good
agreement with observations. The main results of this work are sum-
marized below.

(1) Three regions with magnetic structures of different topological

connection exist around the filament. The kernel region nearest to
the filament possesses the strongest magnetic field, the outermost
region has the weakest field, and the field in the middle region has
an intermediate strength.

(2) Distributions of both the magnetic field and the electric cur-
rent inside the filament are asymmetric such that the magnetic field
manifests large gradient in the transition region between the MFR
and the background field, the magnetic field and the electric current
are stronger near the inner edge than those near the outer edge of the
filament.

(3) The barbs appearing in the lower part of the filament are
a natural consequence of the deformation of the MFR, and are not
anchored to the photosphere. The cold plasma is usually concentrated
in the barb, which suggests that barbs are only seen in the wavelength
of low temperature.

(4) Similar to the barbs, magnetic dips in the configuration appear
also in the lower part of the filament with the distribution matching
to the features observed in Ha well. Different from barbs and dips,
features observed in 304 A tend to fill the upper part of the filament.
This outlines a picture of the filament with the hot plasma located
higher up in the corona than the cold plasma.
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The SDO data used in this study can be freely requested
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ter http://jsoc.stanford.edu/ using the information given
in the main text. The STEREO data can be freely downloaded
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