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ABSTRACT

Context. Direct magnetic field measurements in solar prominences occur infrequently and are difficult to make and interpret. As a
consequence, alternative methods are needed to derive the main properties of the magnetic field that supports the prominence mass.
This is important for our understanding of solar prominences, but also for understanding how eruptive prominences may affect space
weather.

Aims. We present the first direct comparison of the magnetic field strength derived from spectro-polarimetric observations of a solar
prominence, with corresponding results from a theoretical flux rope model constructed from on-disc normal component magne-
tograms.

Methods. We first used spectro-polarimetric observations of a prominence obtained with the magnetograph THEMIS operating in the
Canary Islands to derive the magnetic field of the observed prominence by inverting the Stokes parameters measured in the He D3
line. Next, we constructed two data-constrained non-linear force-free field (NLFFF) models of the same prominence. In one model
we assumed a strongly twisted flux rope solution, and in the other a weakly twisted flux rope solution.

Results. The physical extent of the prominence at the limb (height and length) is best reproduced with the strongly twisted flux rope
solution. The line-of-sight average of the magnetic field for the strongly twisted solution results in a magnetic field that has a magni-
tude of within a factor of 1-2 of the observed magnetic field strength. For the peak field strength along the line of sight, an agreement
to within 20% of the observations is obtained for the strongly twisted solution. The weakly twisted solution produces significantly
lower magnetic field strengths and gives a poor agreement with the observations.

Conclusions. The results of this first comparison are promising. We found that the flux rope insertion method of producing a NLFFF
is able to deduce the overall properties of the magnetic field in an observed prominence.
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1. Introduction

Solar prominences (as observed on the limb) or filaments (on
the disc) are cool dense plasma structures that exhibit a wide
variety of morphologies (Tandberg-Hanssen 1995; Labrosse
et al. 2010; Engvold 2015). The importance of magnetic fields
for the existence of solar prominences or filaments was first
noted from the on-disc photospheric magnetic field observa-
tions of Babcock & Babcock (1955). These observations showed
that solar filaments always formed above polarity inversion lines
(PILs) of the normal magnetic field component at the photo-
sphere. This means that filaments formed at locations where
the coronal magnetic field was inferred to be mainly horizon-
tal. It is now known that magnetic fields are fundamental to
the existence and structure of solar prominences. They support
the dense prominence plasma against gravity and also insulate
it from the surrounding hotter IMK coronal plasma. Following
the observations of Babcock & Babcock (1955), an idealised

Article published by EDP Sciences

magnetic field model of solar prominences was developed
by Kippenhahn & Schliiter (1957; see also Kuperus & Raadu
1974).

The first direct measurements of the magnetic field in promi-
nences using the Hanle effect occurred in the 1970s at the Pic
du Midi observatory (Leroy 1977; Sahal-Brechot et al. 1977).
These and subsequent studies showed that (i) quiescent promi-
nences have a field strength of 3—15G, (ii) the field is mostly
horizontal, (iii) the horizontal field makes an acute angle of about
36° to the long axis of the prominence (Bommier et al. 1994;
Bommier & Leroy 1998), (iv) within the prominence, the field
strength increases slightly with height, and (v) the majority of
prominences have inverse polarity. Full details of these studies
along with further references can be found in the reviews of
Leroy (1989) and Paletou & Aulanier (2003). In recent years
these early observations have been verified through a number of
studies using the He D3 line (Casini et al. 2003; Lépez Ariste
& Casini 2002, 2003; Lépez Ariste & Aulanier 2007) along
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with the production of full vector magnetic field maps within
prominences. Since 2012, the French telescope, Télescope Héli-
ographique pour I’Etude du Magnétisme et des Instabilités
Solaires (THEMIS), in the Canary Islands has observed promi-
nences during international campaigns using the MTR (multi
raies) mode. More than 200 prominences have been observed in
He D3, from which statistical results have been presented during
the TAU S300 symposium (Lopez Ariste 2014; Schmieder et al.
2015), and case studies have been published (Schmieder et al.
2013, 2014; Levens et al. 2016a,b). These maps have shown that
the strength of the magnetic field in prominences can vary sig-
nificantly over short distances. This is challenging to explain for
theoretical models.

The observations above provided the impetus for a wide
range of theoretical models for explaining the magnetic struc-
ture of filaments and prominences. A full review of these mod-
els can be found in Tandberg-Hanssen (1995) and Mackay et al.
(2010). Early modelling attempts mainly considered idealised
magnetic field configurations, but in recent years, a wide range of
data-constrained and data-driven models have been developed.
In these data-constrained models, observed normal component
magnetograms are applied as a photospheric boundary condi-
tion from which a static coronal magnetic field is extrapolated.
The extrapolated field is normally made using the linear force-
free (LFF), linear magnetohydrostatic (LMHS), or the non-linear
force-free (NLFF) field approximation. One of the most success-
ful static extrapolation models is that of Aulanier & Démoulin
(1998; see also Aulanier & Démoulin 2003; Dudik et al. 2008).
It has reproduced many of the observed features of individual
solar prominences, such as the feet or barbs, along with breaks
in the filament body. This has mainly been carried out through
considering the location and distribution of dips in the magnetic
field lines (see also Mackay & van Ballegooijen 2009 for a non-
static model).

van Ballegooijen (2004) put forward an alternative method
for the construction of NLFF fields called the flux rope insertion
model. This model is again data constrained where an observed
photospheric magnetogram is used to construct an initial poten-
tial field. To reproduce the non-potential structure of a filament,
a magnetic flux rope with specified axial and poloidal flux is
inserted. Following the insertion, the coronal field is relaxed
to an equilibrium state using magneto-frictional relaxation, dur-
ing which the photospheric boundary is held fixed. Within this
approach the amount of axial and poloidal flux may be varied
until a good fit with observations is found. This method was suc-
cessfully applied to a U-shaped filament with a barb, observed
by the Swedish Solar Telescope (SST). Further applications of
this technique have been used to study filament eruptions and
flare ribbons (Su et al. 2009, 2018). Luna et al. (2017) showed
that the magnetic field strength and the radius of curvature of an
observed filament, deduced from the flux rope insertion method,
fitted the same quantities obtained by seismology techniques
applied to the filament.

One common feature of the above models is that the com-
parison between the models and the observed filaments is carried
out through plotting dips in magnetic field lines to approximately
1 pressure scale height to deduce the portion of the field that may
contain cool plasma. More recently, a new technique for the visu-
alisation of cool plasma in Ha in magnetic dips, using radiative
transfer techniques applied to magnetic dips filled with plasma,
has been developed and applied by Gunir & Mackay (2015a,b,
2016). Gunar et al. (2018) successfully compared this visualisa-
tion technique along with field lines deduced from a magnetohy-
drodynamic extrapolation model to an observed filament.
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With the data-constrained magnetic field models described
above, it is now possible to attempt a direct comparison between
the magnetic field distribution in an observed prominence with
that of a theoretical model. Therefore we here carry out the first
direct comparison between dedicated magnetic field observa-
tions within a prominence with the properties of the magnetic
field deduced from a novel data-constrained theoretical model.
Through this comparison, we aim to obtain a greater insight into
the nature of the magnetic fields in solar prominences and stim-
ulate a new generation of theoretical models. At first glance,
this comparison should be straightforward. The main difficulty
in the comparison is that magnetic field observations of promi-
nences can only be carried out at the limb, while the photo-
spheric magnetic fields required for theoretical modelling can
only be made on the disc close to central meridian. Thus the dif-
ference between the photospheric data used in the model and the
underlying magnetic field of the prominence at the limb taken
up to 7days later may be significant. To minimise these dif-
ferences, the data-constrained NLFFF modelling technique of
Su & van Ballegooijen (2012) and Su et al. (2015) is applied.
This technique has produced highly realistic representations of
mid- to high-latitude prominences. After the field is constructed,
the configuration is rotated to the limb and compared with the
observations. We here carry out a basic comparison as a proof-
of-concept study.

The paper is structured as follows. Section 2 describes the
evolution and properties of the prominence under considera-
tion during its disc-to-limb transition between September 2024,
2013. Along with this spectro-polametric observations of the
prominence taken by THEMIS/MTR and histograms of the dis-
tribution of the field strength and inclination of the prominences
magnetic field are discussed. Section 3 describes the technique
applied to construct the NLFF magnetic field configurations that
represent the prominence. Two configurations are considered,
one with strong poloidal flux and another with weak poloidal
flux. We carry out a detailed analysis of these configurations. In
Sect. 4 both a qualitative and quantitative comparison between
the observations and model are carried out. Finally, the discus-
sion and conclusions are given in Sect. 5 along with suggestions
for possible future studies.

2. Overview of the prominence observations

Using multi-instrument observations from both ground and
space, Schmieder et al. (2014) studied in detail the dynamics
and magnetic field of a prominence that was observed on the
limb on September 24, 2013. These observations compared the
fine-scale structures of a prominence as seen across multiple
wavelengths and showed that parts of the prominence exhib-
ited highly disorganised motions that the authors related to mag-
netohydrodynamic (MHD) turbulence. In addition to studying
plasma motions, Schmieder et al. (2014) also considered the
nature of the magnetic field of the prominence as deduced from
THEMIS/MTR observations. The results from Schmieder et al.
(2014) are discussed below, where the THEMIS/MTR observa-
tions relevant to the present study are described in detail.

2.1. Transition of filament to prominence

Figure 1 shows a time sequence of Ha images provided by
Climso at Pic du Midi of the transition of a filament on the
solar disc to a prominence above the limb taken over a 5 day
period between September 20-24, 2013. On September 20,
2013, a large inverse U-shaped filament lies between latitudes of
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Fig. 1. Evolution of the dark filament viewed in Ha absorption observed on September 20, 2013, by Climso at Pic du Midi. It progressively
develops into a bright prominence viewed in Ha emission between September 21-24, 2013.

N20-38 degrees and extends over 35° in longitude (W35-70)
according to the Meudon spectroheliograms!. The northern
section is mainly extended east-west, where the part of the fil-
ament that is closest to central meridian extends from north
to south. The filament shape lies along a switchback of the
underlying PIL. Over the next four days, the rotation of the
Sun gradually transitioned the filament into a prominence on the
limb, where the prominence appears approximately between a
position angle (PA) =290-308° by September 24, 2013.

Figure 2 shows the prominence on September 24, 2013,
at 12:22UT as seen by the Atmospheric Imaging Assembly
(AIA; Lemen et al. 2012 on board the Solar Dynamic Observa-
tory (SDO)) in (a) 193 A where the arcade visibility has been
enhanced, (b) 304 A, and (c) a composite 193 and 304 A image.
In each panel the prominence, the prominence cavity, and the
corona loops are identified as appropriate for each wavelength.
The white box in panel (b), which is orientated parallel to the local
limb, denotes the much smaller field of view of the THEMIS/MTR
observations (see Sect. 2.2 and Fig. 3). Figure 2a shows that a
series of almost concentric coronal loops lies above the promi-
nence at the limb, where the prominence is seen as the dark
absorption structure. Previous studies (Schmieder et al. 2004)
have shown that the dark area in 193 A (or 171 10%) closely corre-
sponds to the shape of the prominence observed in He (see Fig. 2
or 3 of Schmieder et al. 2014 for the prominence used in this
study). The reason for this agreement is that the coronal radiation
in 193 A (and 171 A) is absorbed by the cool prominence plasma
by photoionisation, where by chance the optical thickness in both
of these wavelengths is equal to the optical thickness of Ha (Anzer
& Heinzel 2005). In contrast, the bright prominence in 304 Aand
He Dj3 is produced by emission of He as a result of incident radia-
tion. Correspondingly, the shapes of the prominence in 304 Aand
He Dj are similar to one another, but both are different from the
Ha prominence (Schmieder et al. 2014).

2.2. THEMIS/MTR observations

Figure 3 shows THEMIS/MTR observations of the prominence
taken between 12:26 and 14:31 UT on September 24, 2013 in
the He Dj line. Figure 3a shows the intensity of the He D3
line, where the northern and southern end of the observations are
denoted by “N” and “S”, respectively. The strongest intensity in
He D3 is found at the northern end, where the limb view extends
down the axis of the prominence, which is oriented from east to
west. The THEMIS/MTR He D3 observations include the Stokes
parameters from which the strength, inclination, and azimuth of
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Fig. 2. Prominence observed on September 24, 2013 at 12:22 UT with
AIA in (a) 193 A, where the arcade visibility has been enhanced, (b)
304 A, and (c) a composite 193 and 304 A image. Panel c: relation-
ship between the prominence, its cavity, and the overlying arcades.
The white box in panel b denotes the THEMIS/MTR field of view for
observing in the He Dj line (see Fig. 3).
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the prominence magnetic field can be determined (Schmieder
et al. 2014). To determine these values, the Stokes profiles are
fed into an inversion code based on a principal component anal-
ysis (PCA; Lopez Ariste & Casini 2003; Casini et al. 2003). This
compares the observed profile with a database of theoretical pro-
files produced from the polarised radiative transfer equations of
He Dj3. The best-fit profile from the database, containing over
90000 profiles, is kept as the solution, while the parameters used
to construct the best-fit profile give the inferred vector magnetic
field. Error bars are determined for these parameters, as is a sta-
tistical analysis on all other model profiles which are sufficiently
similar but not as accurate as the best-fit profile. Full details of
the MTR data reduction for the prominence in Fig. 3 are given
in Schmieder et al. (2013).

We are here mostly interested in the properties of the mag-
netic field within the prominence, where the magnitude of the
magnetic field is given in Fig. 3b. This panel shows that the
field strength across the prominence, after line-of-sight integra-
tion, varies significantly; most values lie in the range 5-15G.
Interestingly, across the prominence two distinct regions can be
identified in which the magnetic field strength varies. In the first
region, denoted by the dashed oval, the field strength mainly lies
in the range 8—11 G and the spatial variation is relatively small.
In contrast, outside of the oval the spatial variation of the field
strength is much stronger: higher values in the range of 11-18 G
occur. Figure 3c shows the inclination angle of the field, where
the inclination angle is defined to be the angle of the magnetic
field to the local vertical. Because this prominence lies near to
or at the limb, an inclination angle of 90° indicates that the field
is horizontal. Two distinct regions of the prominence can again
be identified. The area covered by the oval includes an extended
region around the centre of the oval, where the inclination angle
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(deq)

Fig. 3. Prominence observed on Septem-
ber 24, 2013, by THEMIS/MTR showing
(a) the intensity of He D3 line, (b) the
magnetic field strength in Gauss (G), and
(c) the inclination angle of the field to the
local vertical. The northern and southern
end of the THEMIS/MTR field of view is
indicated by “N” and “S” in panel a.

lination

ne

is relatively uniform and around 90°, indicating horizontal fields.
While this is the case for the majority of the oval, nearer to the
upper parts, a stronger spatial variation of the inclination angle
is found. The inclination angle outside of the oval also varies
strongly spatially, where values typically in the range 40—150°
are found. We also note that panels b and ¢ of Fig. 3 show
non-zero values at the top of the THEMIS/MTR field of view
between the ranges of 30—70”, while outside this range, zero
values are obtained. One possible reason for this is that within
this range, the prominence extends beyond the THEMIS/MTR
field of view. We discuss this further in Sect. 3.

More quantitative information on the properties of the line-
of-sight integrated magnetic field in the prominence is shown in
Fig. 4, which provides histograms of (a) the field strength and
(b) the inclination of the field. In these plots, the red curve and
blue histograms are individually normalised such that the inte-
gral over each data set is 1. To fully understand the nature of the
magnetic field of the prominence, care must be taken in inter-
preting the data given by the blue histograms and red curve. The
blue histograms represent locations where the error (determined
as the variance among the models in the database that best fit
the observed profiles, where the best fit is kept as the solution) is
smaller than 10%. For these points the errors are consistent with
instrumental noise and the finite size of the database used in the
fitting. All points for this sample have a high confidence level for
the measurement of the magnetic field and thus may be regarded
as reliable measurements. For these measurements, most values
of the field strength (Fig. 4a) are in the range of approximately
12—-15 G. However, measurements can lie anywhere in the range
8—19 G. The distribution also has two clear gaps where no values
are present, below 8 G and between 9—11.5 G. The reason for the
absence of any measurements within the latter band is unclear.
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Fig. 4. THEMIS/MTR observations taken on September 24, 2013,
showing (a) the histogram of the magnetic strength for the full data
set, and (b) the histogram of the inclination angle of the magnetic field
of the prominence.
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It is interesting to note that for the inclination angle (Fig. 4b),
these measurements have a peak around 85-90°, indicating that
the field at these locations is mainly horizontal. There is however
a wide scatter in the data.

In contrast, the red curves denote fits where the error in
fitting the observed and model profiles exceeds 30%, and the
observed profiles therefore give a poor fit to the profiles of the
model database. Consequently, the observed profile cannot be
explained based on the model radiative transfer equations, which
use a single unique magnetic field vector. For these data points
the field strengths (Fig. 4a) lie in the range of 4-20 G. Through-
out this range, the distribution is continuous, where fields in the
range 12—20 G occur with approximately equal probability. It is
interesting to note that for these data points, the inclination angle
(Fig. 4b) exhibits two peaks, one at about 50° and the other at
130°. This shows that the deduced angle is not consistent with a
horizontal field.

As discussed in Schmieder et al. (2014), the points with
large error bars are not consistent with a single magnetic field
value integrated along the line of sight. They are instead con-
sistent with a more complex magnetic field configuration com-
posed of a large-scale field along with a stochastic component.
Such a stochastic component may be due to a number of phys-
ical reasons, and we note that stochastic does not necessarily

mean turbulence. One possibility is that many small-scale unre-
solved plasma and magnetic field structures lie along the line of
sight. When these structures are integrated over, they produce the
observed data. Alternatively, another viable option is the pres-
ence of MHD turbulence. However, it is currently impossible to
confirm whether either of these cases result in the observed pro-
files, or if a third physical mechanism is responsible.

Using the arguments presented above, Schmieder et al.
(2014) concluded that the measured prominence fields were con-
sistent with (i) a relatively weak but horizontal field in the range
5—-15 G, which would represent the quasi-static large-scale field
of the prominence (low error fits), and (ii) an additional region
of stronger fields that include the background field along with
a stochastic component (large error fits). It is important to note
that the latter region existed at locations within the prominence
where the most highly disorganised plasma motions occurred.
For the present study, which considers the comparison of a static
model with observations, we aim to determine whether the theo-
retical model can reproduce the inferred quasi-static background
field alone (blue points with low error bars).

3. Modelling

To directly compare the observed magnetic field strengths in
the prominence with the magnetic field deduced from a theo-
retical model, we chose to use the NLFF modelling technique
of van Ballegooijen (2004). This technique was chosen because
it uses photospheric magnetic field observations to construct
the NLFF magnetic field configuration and thus can be directly
compared to the limb observations. In addition, previous studies
have shown that it can produce highly realistic representations of
mid- to high-latitude filaments and prominences (see Su & van
Ballegooijen 2012; Su et al. 2015). Below we provide a brief
description of the modelling technique (Sect. 3.1), followed
by an analysis of the constructed magnetic field configuration
(Sect. 3.2).

3.1. NLFF modelling technique

The NLFF field modelling technique applied within this
paper is based on the technique that was first developed by van
Ballegooijen (2004). Full details along with the development and
successful application of this technique can be found in Bobra
et al. (2008), Su & van Ballegooijen (2012), and Su et al. (2015)
and a brief description of the method is given below.

The NLFF magnetic field analysed in this paper was con-
structed in a spherical domain ranging from ¢ = [-5°, 82.96°],
A = [-9.35°,61.52°], and r = [1R,, 1.333 R,], where ¢ is the
longitude, A is the latitude, and r is the radius (measured in units
of solar radii). Within this spherical domain, a uniform grid res-
olution of 0.115° was used, where the number of grid points in
longitude, latitude, and radial direction are 769, 769, and 145. To
produce an accurate model of the solar prominence observed on
September 24, 2013 at the west limb, an accurate representation
of the line-of-sight photospheric magnetic field underlying the
filament on this date is required. Unfortunately, no direct obser-
vations of the photospheric field underlying the prominence exist
on this date because photospheric magnetic field observations
are currently only made along the Sun-Earth line. Beyond +60°
from central meridian, the measurement of the photospheric field
rapidly loses accuracy. A proxy line-of-sight photospheric mag-
netogram was therefore constructed corresponding to the date of
September 20, 2013, 12:00 UT. This is approximately four days
before the passage of the filament across the limb. The model
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was constructed at this date and time because it provides the best
balance between constructing the model as close as possible to
the filament limb passage while maintaining the accuracy of the
underlying line-of-sight photospheric field. Within the simula-
tion domain, (¢ = 0°, 4 = 0°) corresponds to disc centre on
September 20, 2013 at 12:00 UT.

To directly compare this with the observed field strength
determined from the Stokes parameters and PCA inversion code
described in the previous section, the magnetic field config-
uration constructed on September 20, 2013 at 12:00 UT was
then rotated to the limb to match the observation date. We note
that while the model is constructed on September 20, 2013 at
12:00 UT, the line-of-sight magnetogram we used is a composite
of four SDO/HMI magnetograms. Each individual magnetogram
of which the composite consists was taken at 12:00 UT between
September 17-20, 2013. This is required in order to accurately
represent the field near the limb, which cannot be observed.
The magnetograms corresponding to September 17-19, 2013
were rotated to their corresponding longitudes on September 20,
2013 before they were combined with the observation taken on
September 20, 2013. In the composite magnetogram the portions
nearer the limb are dominated by the on-disc observations from
September 17, 2013, (rotated to be at the limb), while the por-
tions near central meridian are dominated by the SDO/HMI mag-
netogram from September 20, 2013. The composite line-of-sight
magnetogram is shown in Figs. 5a and c. Previous studies such
as those by Su & van Ballegooijen (2012) and Su et al. (2015)
have shown that the construction and use of a composite mag-
netogram as described above is the most advanced and effective
way to minimise errors that are due to projection effects in the
normal component magnetograms.

After we specified the line-of-sight field at the photosphere,
we constructed the NLFF model of the filament and coronal
field. Within the computational domain, the magnetic field B is
expressed in terms of the vector potential A, where B = V X A.
To produce the NLFF model, a number of stages were applied as
listed below.

1. A global Potential Field Source Surface (PFSS) model was
constructed using the high-resolution composite SDO/HMI
magnetogram for the region of interest, along with a low-
resolution synoptic magnetogram for the remaining Sun.

2. The length, height, and path of the filament and its associated
filament channel were determined by considering multiple
observations, including Ha, ATA 304, 171, 193 A, and the
HMI composite magnetogram.

3. From this, a 3D field-free cavity was created along this path
by modifying the vector potentials of the potential field.
After the cavity was produced, the coronal field was no
longer potential and was no longer in force balance.

4. Axial flux @,; of a flux rope was inserted into the cavity
along the observed path of the filament, which produced
a thin flux bundle within the cavity. In addition, poloidal
flux Fpe may also be added to produce a twisted flux rope
structure.

When this process was completed, the coronal field was no
longer in equilibrium. To produce a new NLFF equilibrium, an
iterative relaxation process was carried out for 70 000 steps using
the magneto-frictional relaxation technique (van Ballegooijen
2004). During this relaxation process, the line-of-sight photo-
spheric field was held fixed, but reconnection was allowed to
occur within the coronal volume as the inserted flux rope and
overlying arcades interacted. This relaxation process continued
until the magnetic pressure of the inserted flux rope balanced the
tension of the overlying arcade. In general, we find that the final
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relaxed magnetic field configuration is not sensitive to the length
or height of the 3D field-free cavity as long as appropriate values
were used for quiescent and active region prominences (Bobra
et al. 2008; Su & van Ballegooijen 2012; Su et al. 2015). The
final magnetic field configuration is instead more sensitive to the
inserted axial and poloidal flux. In particular, the inserted flux
rope rises and reconnects with the surrounding fields to reach an
appropriate equilibrium. During this process, the flux rope may
increase or decrease in length and change its shape.

Two separate model representations were constructed that
we call model 1 and model 2, where the axial and poloidal
fluxes were chosen to give stable magnetic field configurations.
Model 1, which is shown in Fig. 5a, was constructed with @,y =
2x10?°Mx and Fyo = 2x 10" Mx cm™" and results in a twisted
flux rope structure low down along the path of the filament,
with overlying coronal arcades. In contrast, model 2, which is
shown in Fig. Sc, was constructed with ®,,; = 2 x 10?° Mx and
Fpo = OMx cm™! and produces sheared arcades low down at
the height of the filament. The two models represent the two
distinct types of magnetic field configurations that are typically
used in theoretical prominence models. In both cases, the fila-
ments have a sinistral orientation that is of minority chirality to
that of the northern hemisphere. For the remainder of the paper,
our analysis is applied to the high-resolution domain covered by
the composite HMI magnetograms.

3.2. Analysis of field configurations

In Figs. 5a and ¢ we show representative field lines for the flux
rope and the overlying arcade for (a) model 1 and (c) model 2 on
September 20, 2013 12:00 UT. The magnetic field lines repre-
senting the filament take the form of an arc, where positive flux
is located on the inner side of the arc and negative flux dominates
around the outer edges. In general, the magnetic fields underly-
ing the filament are weak. Figures 5b and d show the same field
lines for (b) model 1 and (d) model 2, where the entire magnetic
field configuration has undergone a solid-body rotation to the
date of September 24, 2013, 12:00 UT. This is close to the time
where the prominence was observed at the limb. The solid-body
rotation maintains the photospheric and coronal field distribu-
tions and was carried out using the rotation rate from Snodgrass
(1983) calculated at 2 = 35°, which corresponds to the middle
latitude of the filament. In principle, a more complex differential
rotation profile could have been applied, but because this first
comparison is simple, the additional complexity involved is not
necessary. From the limb view, the flux rope structure of model
1 (Fig. 5b) compared to the sheared arcade structure of model 2
(Fig. 5d) is very apparent.

In Fig. 6 we directly compare models 1 and 2 with
AIA 193 A images. Panel (a) shows the AIA 193 A images on
September 20, 2013 (left panel) and September 24, 2013 (right
panel). The left-hand panel clearly shows the dark absorption
feature of the filament on September 20, 2013, but it is diffi-
cult to identify any overlying arcades on this date. In contrast,
when the prominence is at the limb on September 24, 2013, a
series of almost concentric arcades lies above the prominence
(see also Fig. 2a). In panel (b) the corresponding results are
shown for model 1, which is the strongly twisted flux rope solu-
tion. The left-hand panel clearly shows that on September 20,
2013, a twisted flux rope structure lies at the spatial location of
the AIA 193 A filament. Within this panel, a series of arcade field
lines is also plotted lying above the flux rope. In the right-hand
image of panel (b) the field is rotated to September 24, 2013,
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where the arcade field lines produce a series of concentric field
lines above the flux rope structure. These field lines match the
height and width of the loops in AIA 193 A well. Finally, panel
(c) shows the same results, but for model 2, the sheared arcade
solution. When the results for September 20, 2013 (left panel)
are compared with those of model 1, model 2 produces a slightly
poorer agreement with the path of the AIA 193 A filament. While
this is the case, the differences are small. The right-hand image
of panel (c) shows that model 2 also has a series of concentric
field lines lying above the sheared arcade, which again match the
AIA 193 A coronal loops well. This clearly shows that models 1
and 2 produce a good agreement with the path of the filament
and the overlying AIA 193 A coronal loops. Because both mod-
els compare equally well to the overlying loops, the loops cannot
be used to distinguish between the models. We now compare this
with the HeD5 observation from THEMIS/MTR.

Care must be taken when observations of the magnetic
field in solar prominences are compared to the magnetic fields
obtained in the computational models. Direct measurements of
the observed prominence magnetic field are carried out in the
He D; line, which originates in the prominence plasma. Because

(b)

Fig. 5.  Illustration of the NLFFF
from the flux rope insertion model of van
Ballegooijen (2004). Magnetic field con-
structed on September 20, 2013, 12:00 UT
for (a) model 1 and (¢) model 2. The solid-
body rotation of the constructed NLFFF to
September 24, 2013, 12:00 UT is shown
for (b) model 1 and (d) model 2. In each
plot the thin black lines denote the solar
limb and the area of the high-resolution
computational box, and the thick black
lines denote field lines. The colour image
illustrates the photospheric magnetic field
distribution. Red and blue denote positive
and negative flux.

(d)

the constructed NLFF models do not contain any plasma, we
need to determine in principle which locations within the con-
structed field may support cool plasma against gravity. To deter-
mine these locations, we considered dips in the magnetic field
lines. To identify dips in the spherical coordinate system, the
strict mathematical condition is

B, =0 ))]
and
B.VB, > 0. 2)

While this is the strict condition, it is unlikely because of the
nature of the finite discretisation of the computational model that
any grid points identically satisfy Eq. (1). We therefore replace
Eq. (1) with the condition

B,

— <0.15, 3
B, = (3)
where By = /B + By is the local horizontal field in the spher-

ical coordinate system. Equation (3) identifies all grid points
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where the local field vector makes an angle smaller than 8.5°
to the local horizontal. This relaxed condition (combined with
Eq. (2)) is used because in Fig. 4 the low error bar points (blue
bars) do not take the form of a delta function located at 90°, but
rather a distribution around it. In Eq. (3) the condition has been
varied from 0.1 to 0.25 without any significant change in the
results.

Only grid points that satisfied conditions (2) and (3) in the
spherical coordinate system were retained in models 1 and 2,
where any grid points that did not satisfy these conditions had
their field strength set to zero (B = 0). We assumed for our com-
parison that each identified dipped grid point contributed equally
to the line-of-sight integration of the magnetic field. This is sim-
ilar to assuming that each dip has the same density weighting
in the low plasma-f approximation along with an optically thin
assumption. The low plasma-f condition means that the plasma
does not alter the field strength or shape of the magnetic field. In
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Fig. 6. Comparison of (a) AIA 193 A images with
(b) model 1 and (c) model 2 for September 20,
2013 (left column) and September 24, 2013 (right
column). In each image the red line denotes the
solar limb, and the black line denotes the compu-
tational domain. In all of the images the underly-
ing photospheric magnetic field is shown as the red
and green contours.

principle, a more advanced form of modelling could mass-load
field lines and then compute the emission in He D3, to recon-
struct the field strengths. However, if these calculations were
carried out using an optically thin assumption where the same
density weighting is applied to each dip, it would just repro-
duce the field values that are already identified at each dip. This
approach may only produce different results if either statistical
filling of dips with varying plasma density or optically thick
radiative transfer models are applied. Approaches like this are
far beyond the scope of the present paper because they would
require the development of an optically thick radiative transfer
model for He D3. For the following analysis, we therefore anal-
yse the field strengths in the identified dipped grid points where
each dipped grid point is given an equal weighting.

The distribution of the dips as a function of longitude and
latitude is shown in Fig. 7 at various radii for (a)—(c) model 1 and
(d)—(f) model 2. The longitude coordinates in this plot are given
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Fig. 7. Locations of dips for model 1 (a)—(c) and model 2 (d)—(e), shown at radial distances of (a) and (d) 1.02 R, (b) and (e) 1.04 R, and (c)
and (f) 1.06 Ro. In each plot the red contour denotes the location of the dips, and the green contour shows the location of the PIL at each radial
distance. The longitude and latitude are expressed in terms of the rotated values of the model for 12:00 UT on September 24, 2013.

in terms of the rotated coordinates corresponding to September
24, 2013, 12:00 UT. The plots are shown for (a) and (d) r =
1.02 R, (b) and (e) r = 1.04 R, and (c) and (f) r = 1.06 R,, where
in each case the green lines denote the PIL at the respective radial
distance and the red contour denotes the location enclosed by
dips in the field.

In models 1 and 2, the dips show a very fragmented structure
below r = 1.01 R (not shown) that is due to weak mixed polarity
fields that lie close to the PIL. Figure 7 clearly shows that model
1 with the stronger poloidal flux produces a much more coherent
large-scale pattern of dips at each of the radii. In particular, the
dips form a continuous band along the full arc of the PIL from
¢ =80° to ¢=120°. In contrast, model 2 shows a much more
fragmented form. In models 1 and 2 the extent of the dips along
the PIL decreases with height. However, in models 1 and 2 the
dips extend to a similar height of 1.083 R, (58 000 km).

At this point in the analysis, it is important to recognise that
filaments and prominences may look very different and extend
over different spatial scales depending on the wavelength used
and whether they are viewed as a filament or prominence. This
can be due to the specific emission or absorption properties of
the spectral line in addition to the dependence of the intensity of
the line on the plasma density and the line-of-sight integration.
Within the model the height of the dips extends to 58 000 km.
However, the observed prominence in He and He D3 extends
to just over 26 000 km when seen on the limb. The difference in
physical extent may be due to a number of reasons. One possibil-
ity is that the dips become shallower with height, which results
in less dense plasma and correspondingly less emission. Gunar
et al. (2014) and Gunar & Mackay (2015a,b) have shown that
when mass-loaded dips are viewed either in absorption or emis-
sion, this can lead to a different physical extent and morphol-
ogy of the dips. Moreover, at any single time, not all of the dips
within the theoretical model need to contain plasma.

Figures 8a and b show filled contour plots for the number of
grid points that are classified as dipped along the line of sight.
The transition from black to white corresponds to 1-60 data
points, where the exact colour coding is given by the bar on
the right-hand side. No units are given because the quantity is
dimensionless. In each of the plots the solar limb is shown by the

dashed line, and the dotted lines give the position angles at 290°
and 312°, respectively. The black dashed box denotes the field of
view of the THEMIS/MTR observations. For models 1 and 2 it
is clear that the radial and latitudinal extend of the dips exceeds
the THEMIS/MTR field of view. Models 1 and 2 have a continu-
ous series of dips throughout the THEMIS/MTR field of view. A
common feature of both models is that more dipped grid points
are found in the northern half of the THEMIS/MTR field of view,
where the line of sight direction is along the east-west extension
of the prominence. Correspondingly, as the prominence transi-
tions to north-south near the southern end of the THEMIS/MTR
field of view, the number of dipped grid points along the line of
sight decreases rapidly as we look perpendicular to the promi-
nence axis. It is interesting to note that the spatial location of
maximum intensity in He D3 corresponds to the upper range in
the number of grid points summed along the line of sight. For
models 1 and 2 the isolated region of dips close to the position
angle of 285° is present as a result of the underlying field config-
uration that naturally produces dips in the initial potential field.
It is not a consequence of the injected axial or poloidal flux.

4. Comparison of observations and models
4.1. Qualitative comparison

Figures 9a and b show the line-of-sight average of | B | deter-
mined from the grid points that are classified as dipped for (a)
model 1 and (b) model 2. We calculated the line-of-sight aver-
age by considering only points that are within +£10° of the limb
to take the portions of the prominence into account that would
be visible above the limb as a result of the curvature of the Sun.
This simple approach to the average was taken because this first
attempt at a direct comparison has many sources of error, which
are discussed in Sect. 5. For both cases, a filled contour plot of
the line-of-sight average of | B | is shown for 1-11 G, where the
colour scale is given by the bar on the right-hand side. The scale
transition from black to white denotes increasing field strengths.
For the plots in Fig. 9 a zoomed-in view compared to Fig. 8 is
shown such that the area enclosed by the white dashed box can
be seen. This box represents the THEMIS/MTR field of view.
Once again the black dashed line denotes the limb of the Sun. In
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Fig. 8. Filled contour plots for the number of dipped grid points along the line of sight for (@) model 1 and (b) model 2. In each plot the solar limb
is shown by the dashed line, where the dotted lines denote the position angles at 290° and 312°. The black dashed box denotes the THEMIS/MTR
field of view. For each of the contour plots the colour bar at the right-hand side gives the contour levels for the number of grid points.
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Fig. 9. Properties of the dipped magnetic field regions for model 1 (left column) and model 2 (right column). In each plot the solar limb is shown
by the dashed line. a and b: filled contour plots for the line-of-sight average of | B |. ¢ and d: filled contour plots for the peak value of the magnetic
field along the line of sight. For each of the contour plots the colour bar at the right-hand side gives the contour levels.
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each plot the dipped region clearly extends to nearly twice the
radial extent of the THEMIS/MTR field of view. In addition, the
dipped region is nearly twice the latitudinal extent. It is inter-
esting to note that in Fig. 3b over the full extent of the box, the
computed field values do not drop to zero at the top of the box.
This indicates that the THEMIS/MTR field of view does not cap-
ture the full radial extent of the filament channel or prominence.
Therefore any theoretical model that yields an extended region of
dips beyond the THEMIS/MTR field of view is not inconsistent
with the THEMIS/MTR observations. We list the key similari-
ties and differences from a comparison of models 1 and 2 with
Fig. 3b below.

— Model 1 exhibits much higher line-of-sight averaged field
strengths than model 2. In model 1 the dipped field extends
over a much wider range of latitudes.

— The highest value for the line-of-sight averaged field strength
in model 2 is below 5 G, which is far too low to match the
values found in Fig. 3b. There is also weak spatial variation
throughout the length of the prominence.

— Model 1 exhibits line-of-sight averaged field strengths over
the full range of values. The largest variation is found with
radial distance across the prominence. An increasing mag-
nitude with radial distance is required for the presence of
magnetic dips.

— Models 1 and 2 produce a smooth variation of the field
strengths with much less small-scale variation than the obser-
vations.

— Near the northern end, field strengths of 7-9 G are found
in model 1. This location is consistent with the region
denoted by the oval in Fig. 3b, where relatively uniform field
strengths of 8—10 G were observed.

— In the middle to southern end of model 1 the field strengths
lie in the range 5—7 G. These values are too low by a factor
of about 2 to match those found in Fig. 3b.

The itemised points clearly show that when the line-of-sight aver-
age of | B | is considered, model 1 produces a much better match
than model 2. However, this match is not perfect: a difference of
a factor of 2 in the field strengths occurs at the southern end of
the prominence. It is interesting to note that at the northern end
of model 1, which produces field strengths consistent with those
found in Fig. 3a, the highest number of grid points is used to con-
struct the average. This is also the spatial location where the obser-
vations show the least spatial variation in field strength.

As an alternative way of representing the properties of the
prominences magnetic field, Figs. 9c and d show a similar plot,
but now for the peak field strength along the line-of-sight. It is
important to note that the filled contour plot is now shown for
higher values of the field strength, where the values range from
1-15G. The bar at the right-hand side again gives the values.
The key results are listed below.

— Model 2 again produces field strengths that are too low to
match the observations.

— At the northern end of model 1, field strengths of 7-9 G are
again obtained. This is consistent with those found in the
oval region in Fig. 3a.

— In model 1, as the prominence transitions southward, the
peak field strength increases. This is consistent with the
observations. At the southern end, an extended region of
around 11-13 G occurs. These values are consistent with the
values found outside of the oval in Fig. 3, but they occur at a
larger radial height in the model.

This discussion shows that model 1 again produces a much better
match than model 2. This time the results are more consistent
with the observations.

When we compare the results from Figs. 9a and c, it is
interesting to note that the peak and average values give similar
results when we look along the prominence axis (east-west por-
tion of the filament) where the average is calculated over a large
number of data points. Both representations of the field in this
portion of the prominence produce field strengths that are con-
sistent with the observations. In contrast, when we look perpen-
dicular to the prominence axis (north-south portion), the average
values along the line of sight are much lower and less consistent
with the observations. In contrast, the peak values along the line
of sight produce results that are more consistent with the obser-
vations. At these locations, the average is taken over the fewest
data points. While it needs further investigation for a conclu-
sive answer, this suggests that the observed profiles in He D3
might illustrate different properties of the field depending on the
depth of integration across the prominence: for small depths of
the line-of-sight integration, peak values of the magnetic field
may dominate along the line of sight.

4.2. Quantitative comparison

We now consider a quantitative comparison of the strength of the
magnetic field obtained from the observations with that deduced
from model 1 and model 2. In carrying out the comparison,
it should be noted that the spatial resolution of the theoret-
ical model is much higher than that of the observations. As
a consequence, the theoretical data are expected to produce a
smoother and more continuous distribution. Figure 10 shows the
probability distribution of the field strengths at the dipped loca-
tions for (a) and (c) model 1 and (b) and (d) model 2, where
Figs. 10a and b give the results for the average value of the
magnetic field along the line-of-sight and Figs. 10c and d for
the peak value along the line-of-sight. The distributions of the
field strength were only computed for locations that lie within
the THEMIS/MTR field of view. In line with Fig. 4, the plots
were normalised such that the area below each curve was set to
one. Because the observational data we compared our result to
have a less continuous distribution and the cut-off values are dif-
ferent, care must be taken in comparing the distributions because
each distribution is normalised. We therefore chose to compare
the peak locations in the distributions and not their size or rel-
ative size because the size may be influenced by the continu-
ous or non-continuous nature of each data set, and cut-offs when
present.

Figure 10 shows that model 1, which has the higher poloidal
flux, exhibits higher field strengths and a wider range of values
than model 2. When we compare Figs. 10a and b with the blue
bars in Fig. 4a, model 1 clearly produces a better agreement with
the observations than model 2. The dominant peak of the field
strength in model 2 lies at about 4 G, which is too low by about a
factor of 4 compared to that found in the observations. Model 2
also contains a negligible number of data points where the field
strength is greater than 5 G. In contrast, the dominant peak for
model 1 is at around 7 G, which is only a factor of 2 too low to
match the observations.

A much better agreement with the observed probability dis-
tribution occurs when we consider the peak value of the field
strength along the line-of-sight (Figs. 10c and d). The distribu-
tion of the field values in model 1 covers a much wider range
than in model 2. In model 1 non-negligible values occur up to
13 G, while this value is much lower at 8.5 G, for model 2. Model
2 again produces field strengths that are too low. Model 1 shows
a clear peak at 8.5 G with non-negligible values up to 13 G. It
is also interesting to note that model 1 produces a lower cut-off
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Fig. 10. Normalised distributions for the magnetic field in magnetic dips for model 1 (left column) and model 2 (right column). The distributions
are shown for (a) and (b) the line-of-sight average of | B |, (¢) and (d) for the peak value of | B |.

just below 7 G, where very few data points have values below
this. This cut-off level matches that found in the observations,
where the cut-off in model 2 is much lower. This discussion
clearly shows that the distribution obtained from model 1 for
the peak field strengths produces the best match to the observa-
tions. Distributions of the inclination angle for the dipped field
lines in models 1 and 2 were not included: as a result of the iden-
tification and selection criteria for the dips that are described in
Sect. 3.2, they both produce a distribution centred at 90° with all
inclinations within +8.5°.

5. Conclusion

We have carried out the first direct comparison of magnetic
field measurements taken in a prominence with those deduced
from a theoretical model. Understanding the nature and prop-
erties of the magnetic field that threads through a prominence
is key to understanding how prominences may erupt and sub-
sequently influence space weather. High resolution magnetic
field measurements within filaments or prominences are not rou-
tinely made, therefore it is important to test whether models can
produce realistic results and in which parameter regimes these
results occur. If quick and efficient data -constrained models are
found to produce a realistic representation of the strength and
distribution of magnetic fields in prominences, such tools will
be a powerful technique for operational space weather warnings.
In particular, they will provide valuable information on the cores
of coronal mass ejections, which are often related to filaments
or prominences. As a first step, we tested the NLFFF model of
van Ballegooijen (2004) with the magnetic field deduced from
THEMIS/MTR He D5 observations.
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From September 20—-24, 2013, the transition of a large U-
shaped filament on the solar disc in the northern hemisphere to
a prominence at the west limb of the Sun was followed. The fil-
ament was composed of two distinct parts: an east-west section
lying at nearly constant latitude, and a north-south section span-
ning a range of latitudes. Schmieder et al. (2014) discussed the
dynamics and magnetic field of the prominence on September 24,
2013 in detail. The THEMIS/MTR observations in the He D3 line
that we used to determine the observed properties of the mag-
netic field of the prominence (Figs. 3 and 4) produced two dis-
tinct data sets. The first data set with error bars lower than 10%
(blue distribution in Fig. 4) represents a good fit to the theoreti-
cal profiles produced from the He D3 polarised radiative transfer
equations. For these points, the deduced magnetic field proper-
ties can be regarded as reliable; magnetic field strengths in the
range 8—19 G were obtained where the field was mainly horizon-
tal. In contrast, for the second data set, the error was greater than
30% (red distribution in Fig. 4). For this data set, the observed pro-
files in He D3 did not fit the database of theoretical profiles, and
the values were therefore deemed unreliable. It is interesting to
note that these data points did not produce a horizontal field.
Because the interpretation of the latter data set with large errors is
unclear, the data set was excluded from the comparison with the
quasi-static model. The spatial distribution of the magnetic field
shown in Fig. 3 also produced two distinct areas. At the northern
end of the prominence, denoted by the oval, the field was mainly
between 8 and 10 G and had a weak spatial variation. In contrast,
stronger fields (15 G) with a stronger spatial variation were found
within the southern projection of the filament.

A major difficulty to overcome in order to carry out the
comparison was that direct magnetic field measurements of
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prominences only occur at the limb of the Sun. In contrast,
data-constrained theoretical models require photospheric mag-
netograms that can currently only be taken along the Sun-Earth
line. This means that we have no direct observations of the dis-
tribution of the photospheric magnetic field that underlies the
prominence at the time when its magnetic field is measured. To
overcome this problem, we chose to use the data-constrained
non-linear force-free model of Su & van Ballegooijen (2012) and
Su et al. (2014). In this approach a composite normal component
magnetogram was constructed from daily SDO/HMI magne-
tograms covering September 17—-20, 2013 to minimise the errors
due to projection effects in the normal component magnetogams
near the limb. This composite magnetogram is regarded as the
most advanced and best possible representation of the underly-
ing photospheric field at the time that the THEMIS/MTR obser-
vations were made.

To construct the composite normal component magnetogram
for the lower boundary condition in the NLFF field model, four
daily SDO/HMI magnetograms were taken between Septem-
ber 17-20, 2013. Portions that were not significantly affected
by fore-shortening were extracted, and a composite produced
corresponding to the time and date of 12:00 UT on September
20, 2013. Within this composite magnetogram (Fig. 5), portions
closer to central meridian are dominated by the SDO/HMI mag-
netogram taken on September 20, 2013, while those closer to the
limb were dominated by the on-disc magnetogram of September
17, 2013, rotated to the correct longitudes closer to the limb cor-
responding to September 20, 2013. From this composite normal
component magnetogram, a potential field was constructed into
which a magnetic flux rope was inserted following the procedure
of van Ballegooijen (2004). The physical dimensions (length and
height) of the inserted flux rope were deduced from studying
a combination of He, AIA 304, 171, 193 A, and magnetogram
observations. Two separate NLFF field solutions were then con-
structed for which the axial and poloidal flux of the inserted
flux rope were chosen to give stable non-eruptive solutions after
relaxation to a NLFF field. For the two computed magnetic
fields, which we called model 1 and model 2, the axial and
poloidal flux of the inserted flux ropes was ®@,,; = 2 x 10%° Mx,
and Fpo = 2% 10'°Mx cm™" for model 1 and @, = 2x 10%° Mx
and Fyo = 0Mx cm™! for model 2. Both models produced a
good representation of the path of the observed Ha filament on
September 20, 2013 (Fig. 5). The key difference between these
two solutions was that model 1 produced a twisted flux rope
structure along the path of the observed filament, while model 2
resulted in a sheared arcade structure. Thus the two models rep-
resented the two types of magnetic field configurations that are
commonly used to represent filaments or prominences (Mackay
et al. 2010). While these models were constructed on Septem-
ber 20, 2013, when the prominence was still a filament on the
solar disc, this was 4 days before the THEMIS/MTR magnetic
field measurements were made at the limb. To place the mag-
netic field configuration at the limb, a solid-body rotation was
applied. This may have introduced a source of error that is dis-
cussed below.

To compare the theoretical models to the observations, grid
points within the theoretical models that contained dips were
identified and the magnitude of the field determined. We deter-
mined a line-of-sight average of the magnetic field strength and
its peak value along the line of sight. These two quantities
were then compared to the observations. This comparison clearly
showed that model 2, which was the sheared arcade structure
with less twist, gave a poor agreement to the observations. The

line-of-sight average produced field strengths that were more
than four times to low, while for the peak value, the results were
too low by about a factor of 2. In contrast, model 1, the twisted
flux rope solution, produced a much better agreement. For its
line-of-sight average, the results were now too low by a factor
of 2. However, poor agreement was only found for the region
outside of the oval in Fig. 3b. This corresponded to the north-
south extension of the filament, where the integration was across,
rather than along, the filaments axis. Inside the area denoted
by the oval, where the integration was along the filaments axis,
an average field strength of 7-9 G was found. This agreed well
with the observations. The comparison between model 1 and the
observations significantly improved when the peak value along
the line of sight was considered. Good agreement was again
found at the location of the oval, where the peak values and the
line-of-sight integration gave approximately the same values, but
now at the southern extension of the prominence, model 1 pro-
duced field values in the range 11-13 G, which is only a few
Gauss lower than those found in the observations, ~13—15G.
Because model 1 produced the best comparison with the obser-
vations, we conclude that the observed magnetic field configura-
tion of the prominence is that of a flux rope. This result is consis-
tent with the study of Ouyang et al. (2017), who found that 96%
and 60% of quiescent and active region filaments are supported
by flux ropes. While model 1 clearly produced results that were
far more consistent with the observations, models 1 and 2 both
produced field configurations that were much smoother than the
configuration found in the observations. However, because of
the potential errors in the comparison, this difference is to be
expected. It is interesting to note that for the line-of-sight aver-
age and the peak values along the line of sight, the best agree-
ment between model 1 and the observations is found when the
comparison is made along the flux rope axis.

Several sources of potential error in our comparison are
related to the use of the theoretical model and the observations.
For the theoretical model, key sources of error are related to
the NLFF field modelling approach, the construction of a com-
posite magnetogram, and the fact that the model is constructed
four days prior to limb passage and the THEMIS/MTR observa-
tions. The latter two sources of error, which correspond to a time
difference between the model and observations, are currently
difficult to overcome without a magnetograph placed either at
the L4 or the L5 point (Mackay et al. 2016). While there will
have been a number of changes to the small-scale photospheric
field along the PIL during the four days because of the mid- to
high latitude location of the filament and because the filament
structure remained relatively stable, these will probably not have
had a significant effect on the magnitude of the field obtained
in the model. Moreover, limb observations did not indicate
any large-scale flux emergence or the appearance of new loop
structures. Finally, from the modelling perspective, to consider
any potential errors from the NLFF field modelling approach,
future studies should consider alternative MHD approximations.
These might include magnetohydrostatic models (Aulanier &
Démoulin 2003) or full MHD solutions (Lionello et al. 2002).
Another source of error in the modelling arises from the assump-
tion that each grid point that contains a dip has an equal weight-
ing for the magnetic field strength along the line of sight. To
remove this approximation, statistical filling of dips with varying
plasma density would be required along with developing a cross
field plasma structure. However, such an approach would only
produce significantly different results if an optically thick radia-
tive transfer model for He D3 were applied. The development of
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such a model is far beyond the scope of the present paper but
should be considered in the future.

Several sources of error also lie within the observations and
the process we used to reduce the data and infer magnetic field
properties. However, it should be recognised that the inversion
process is a very difficult problem and that the currently devel-
oped techniques are the best at the moment. Possible errors
are related to the use of a finite-sized database for fitting the
observed data, along with the assumption that each observed pro-
file corresponds to a unique magnetic field vector. The latter may
cause a problem if a number of small-scale plasma and mag-
netic field structures with varying field strengths lie along the
integrated line of sight. Theoretical studies using the polarised
radiative transfer equations similar to that used in the whole
prominence fine structure model of Gunar & Mackay (2015a,b)
for Ha should be undertaken to consider this. In this approach,
magnetic dips with a realistic plasma loading are used to derive
the observed profiles instead of considering the magnetic field as
a proxy for visible structures.

We have considered the first direct comparison of the
observed magnetic field of a prominence with that deduced from
a theoretical model. The results show that the observed mag-
netic field is best represented when the magnetic field of the
prominence is represented by a twisted flux rope and not by a
sheared arcade. We therefore conclude that the observed mag-
netic field configuration of the prominence is that of a flux rope.
Future studies should expand on these initial studies to consider
a variety of prominences across a range of latitudes, along with
a wider range of model parameter space.
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