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ABSTRACT

Filaments are special plasma phenomena embedded in the solar atmosphere, char-
acterized by unique thermodynamic properties and magnetic structures. Magnetohy-
drodynamic (MHD) simulations are useful to investigate the eruption mechanisms of

flaments. We conciENIGOIS GO DS Ao S HeHeAGo0NE
nates to investigate a C3.5 class flare triggered by an eruptive filament on 2022 Aug -1

15 in a decaying weak active region 13079. We reconstruct the three-dimensional coronal
magnetic field using vector magnetograms and synoptic maps from the Solar Dynamics
Observatory /Helioseismic and Magnetic Imager (SDO/HMI). We transform vector mag-
netic field into Stonyhurst heliographic spherical coordinates combined with a synoptic
map and constructed a potential field source surface (PFSS) model with a magnetic flux
rope (MFR) embedded using the Regularized Biot—Savart Laws (RBSL). Subsequently,
we conduct a spherical zero-f MHD simulation using the Message Passing Interface
Adaptive Mesh Refinement Versatile Advection Code (MPI-AMRVAC) and replicated
the entire dynamic process of the filament eruption consistent with observations. With
the calculation of time-distance profile, Qusai-Separatrix Layers (QSL), and synthetic

radiation from simulated current density, we [[lKIIEooUEEIcoNCIPEEcCHCIEE
i ) o o s 5 s e o o SRR
o & el method of advaroe! dates constrained simulation of weAk VS FeHion
NSPHEHEANE0dil tos. Scientifically, the model allows us to quantitatively describe
and diagnose the entire process of filament eruption.

1. INTRODUCTION

Solar filaments are one of the most special phenomena embedded in the solar atmosphere. They
exhibit unique structures and thermodynamic properties. To balance the gravity of dense plasma
material, magnetic structures of filaments are required (Wang & Muglach 2007). Two common types
of filament magnetic field channels are twisted magnetic flux ropes (MFRs) and sheared magnetic
arcades (Ouyang et al. 2017). Moreover, filaments are not always stable, and their eruptions are
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related to various solar activities including flares and coronal mass ejections (CMEs; Chen 2011;
McCauley et al. 2015; Cheng et al. 2017). According to the classification of filament eruptions in
Gilbert et al. (2007), a successful or partial filament eruption can lead to CMEs and flare events,
ejecting energy and plasma into interplanetary space, and modulating the space weather.

Magnetohydrodynamic (MHD) numerical simulations are effective to study the formation, evolu-
tion, triggering, and eruption mechanisms of filaments, which can help to precisely diagnose the
coronal magnetic field structure, study the dynamics, topology and thermodynamic properties of fil-
aments, and forecast space weather (Chen et al. 2020). Many studies revealed two main mechanisms
in forming filament channels by numerical simulations, including direct emergence of flux ropes from
the convection zone (Fan 2001; Okamoto et al. 2008), or the formation through magnetic reconnection
between shear arcades (van Ballegooijen & Martens 1989). Patsourakos et al. (2020) classified the
formation mechanisms of MFRs into three categories: flux emergence, flux cancellation and helicity
condensation. These mechanisms might interact with each other and form MFRs through joint effects.
For the filament material, it is believed that there is insufficient plasma in the corona to condense into
the filaments. Therefore, plasma material is transported from the chromosphere (Song et al. 2017),
which can be achieved through mechanisms including injection from footpoints (An 1985), lifting up
with magnetic field evolution (Okamoto et al. 2008; Zhao et al. 2017), and evaporation-condensation
process (Antiochos & Klimchuk 1991). Among them, the evaporation-condensation model has been
extensively verified by numerical simulations (Xia & Keppens 2016; Zhou et al. 2020; Guo et al.
2021a). For eruption mechanisms, Zhong et al. (2021) reproduced a confined eruption with MHD
simulations and found that the Lorentz force components from the non-axisymmetry of the MFR
constrained the eruption. Additionally, radiative magnetohydrodynamic (rMHD) simulations, which
utilize more sophisticated energy equations, facilitate a direct comparison between model-generated
observables and actual observational data. Chen et al. (2022) and Wang et al. (2022, 2023) con-
ducted detailed rMHD simulations of flux emergence in an active-region scale from the convection
zone to the corona and analyzed plasma thermodynamics, magnetic topology, and force evolution of
the confined MFR eruption.

We use data-driven or data-constrained MHD simulations, where observed magnetic field is used
as the initial and/or boundary conditions, to study the evolution of material density, velocity, and
magnetic topology of filaments. Since coronal magnetic field measurements are difficult, we often
use indirect methods such as Non-Linear Force Free Field (NLFFF) extrapolation (Low & Lou 1990;
Titov & Démoulin 1999; Guo et al. 2016b,a) to search for MFRs. However, NLFFF techniques usually
fail to produce MFRs for filaments in decaying or quiescent regions, whose magnetic field is relatively
weak and MFRs sometimes detach from the photosphere (Guo et al. 2023b). Therefore, constructing
and embedding MFRs using numerical methods such as arcade flux rope insertion (Malanushenko
et al. 2014; Dalmasse et al. 2019) and Regularized Biot—Savart Laws (RBSL; Titov et al. 2014, 2018),
are more flexible and reliable. These methods can be combined with multi-perspective observations
and three-dimensional path reconstruction (Torok et al. 2010; Guo et al. 2019; Xu et al. 2020) with
detailed information of the radius, axis path, magnetic flux, and electric current of the embedded
MFR.

Aforementioned techniques are suitable for filaments in decaying active regions. Guo et al. (2023b)
have implemented a RBSL method in spherical coordinates in the Message Passing Interface Adaptive
Mesh Refinement Versatile Advection Code (MPI-AMRVAC; Keppens et al. 2003; Porth et al. 2014;
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Xia et al. 2018; Keppens et al. 2021; Keppens et al. 2023). Based on the RBSL method and Potential
Field Source Surface (PFSS) model, we conduct a data-constrained zero-f MHD simulation in the
spherical coordinate system to study a filament eruption event in active region 13079. Section 2
describes the observation of this event. Section 3 presents the magnetic field reconstruction process
using numerical methods. Our data-constrained MHD simulation and result analysis are displayed
in Section 4. A summary and discussions are given in Section 5.

2. OBSERVATION

In the present investigation, we concentrate on a C3.5 flare that commenced at 04:25 UT on 2022
August 15, in NOAA active region 13079. This event is special for two main reasons. First, the posi-
tion of 13079 was close to the solar limb as observed by the Solar Dynamics Observatory (SDO) when
this flare happened. It occupied a large area, where the curvature of the region cannot be ignored.
Consequently, using conventional simulation methods in Cartesian coordinates may introduce larger
computation errors, which requires to use numerical methods in spherical coordinates. Secondly,
this flare was triggered by a filament, distinctly visible in multiple wavebands from the Atmospheric
Imaging Assembly (AIA) on board SDO. This facilitates the feasibility of embedding magnetic flux
ropes (MFRs) and conducting MHD simulations in spherical coordinates.

We primarily use magnetic field data from the Helioseismic and Magnetic Imager (HMI; Scherrer
et al. 2012; Schou et al. 2012)) on board SDO. The cadence of line-of-sight full-disk magnetograms is
45 s, and it is 720 s for vector magnetograms, and the pixel size is 0.5". SDO/AIA provides multiple
extreme-ultraviolet (EUV) wavebands of full-disk coronal images with a pixel size of 0".6, a temporal
cadence of 12 s and a field of view of 1.3R.

The filament was suspended above a polarity inversion line (PIL) of the magnetic field from 03:30
UT. Its limbs lightened at around 04:16 UT, after which the filament began to lift up radially with
brightening flare ribbons. A CME starting at 05:00 UT is observed in Large Angle and Spectrometric
Coronagraph (LASCO) C2 on board Solar and Heliospheric Observatory (SOHO). Therefore, this
is a successful filament eruption. We present the evolution process of the filament in 94 A, 171 A,
193 A and 304 A in Figures 1. The 171 A band corresponds to a coronal temperature at ~ 0.63
MK, displaying static coronal structures including coronal loops at 04:10, 04:21, 04:28, and 04:41 UT
(Figures 1a, 1d, 1g, and 1j). The 304 A band corresponds to ~ 0.05 MK, revealing low-temperature
structures from chromosphere and the transition region (Figures 1b, le, 1h, and 1k). Additionally,
we display a three-color composite image synthesized from 94 A (~ 6.3 MK), 193 A (~ 1.25 MK)
and 304 A, where the eruptive filament is visible in these three wavebands (Figures 1c, 1f, 1i, and
11). The three-color images reveal multi-temperature structures.

We summarize observational characteristics of this filament during the eruption as follows. Before
the flare happened, brightening appeared within the active region. Subsequently, it gradually uplifted
and plasma was ejected. The filament that triggered the flare is suspended above the PIL. Its left
footpoint is located in a decaying and weak positive magnetic field region, while the right footpoint
resides in a more active and strong negative field region. The spine of the filament is nearly parallel
to the PIL, and the filament exhibits positive helicity. During the eruption of this filament, its uplift
direction is almost radial without significant deviations towards the east or west side.

3. MAGNETIC FIELD RECONSTRUCTION IN SPHERICAL COORDINATES
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Figure 1. Evolution of the filament in active region 13079 on 2022 August 15 in multiple SDO/AIA
wavelengths. (a, d, g, j) 171 A images at 04:10, 04:21, 04:28, and 04:41 UT respectively. (b, e, h, k) 304 A
images. (c, f, i, 1) Composite images constructed by 94, 193, and 304 A observations in the red, green, and
blue channels, respectively. An animation showing the evolution of the observation from 04:00 to 04:59 UT

is available online.
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We first employ the RBSL model in MPI-AMRVAC to embed an MFR in the filament channel based
on the measured filament axis and magnetic flux from observations. Then, we use MPI-AMRVAC to
construct a PFSS model with a SDO/HMI synoptic map of Carrington rotation 2260. The synoptic
map is combined with an instantaneous vector magnetic field in active region 13079, which makes it
a synoptic frame. The magnetic field generated by the RBSL flux rope on the bottom boundary is
also subtracted from the synoptic frame (Figure 2a). The PFSS field is finally computed by such a
RBSL field subtracted synoptic frame. When we add the PFSS field and the RBSL field together, the
radial magnetic field of the synoptic frame is restored. Finally, we use the magneto-frictional method
to relax the PFSS+RBSL field to a nearly NLFFF state. In doing so, we make use of MPI-AMRVAC
(Porth et al. 2014; Xia et al. 2018; Keppens et al. 2023), the Solar SoftWare (SSW) package in IDL,
and the Magnetic Modeling Codes (MMC!; Guo et al. 2017).

3.1. Observational Data Pre-processing

We use magnetic field data from SDO/HMI, including a vector magnetogram and a synoptic map,
as boundary conditions for magnetic field reconstruction. Multi-step preprocessings are performed
as follows. We select data series ”hmi.B.720s”, the vector magnetogram of active region 13079 at
04:00 UT on 2022 August 15. Sequential processing steps include removing the 180° ambiguity of the
transverse components of the vector magnetogram, correcting projection effects using the rotation
matrix in Guo et al. (2017), and eliminating Lorentz forces and torques on the photosphere (Wiegel-
mann et al. 2006). The projection correction converts the vector field firstly to a local Cartesian
coordinates and then to the StonyHurst Heliographic coordinates, transforming (B,, B,, B,) to
(B,, By, B;). We note that 0 is the complementary angle of the latitude, and ¢ is the longitude
measured from the central meridian on the backside of the Sun. The detailed transformation method
is described in Guo et al. (2023b).

3.2. Regularized Biot-Savart Laws

Titov et al. (2018) proposed a new method to construct an MFR using regularized Biot—Savart
laws (RBSL). The embedded MFR is in a force-free state, possessing an axis of arbitrary shape and
different current distribution profiles in a circular cross-section. It has four adjustable parameters,
including the minor radius a, the three-dimensional axis path C, magnetic flux F', and electric current
I. Tt was originally proposed in Cartesian coordinates and has been implemented in the spherical
coordinate system (Guo et al. 2023b).

The minor radius a can be constrained with measurements of the filament width in SDO/AIA
observations. More accurately, a is usually 1 to 3 times larger than the filament width (Guo et al. 2019;
Kang et al. 2023). Guo et al. (2022) indicates that the filament material occupies the lower quarter
of the radial cross-section of the MFR from a theoretical estimate. Considering aforementioned
relations, we measure the filament width from observations of SDO/AIA in 193 A, 211 A, and 304
A wavebands. It is approximately (1.75-2.10)x10° cm. Within a reasonable range, multiple values
of a are tested and we choose a = 2.0 x 10° cm with the consideration that positions of footpoints of
the embedded MFR should be consistent with observations.

For the axis path C, we use a parameter R, the major radius of the MFR, to limit the maximum
height of it. With this major radius, we can control the morphology of the main axis curve with

! https://github.com/njuguoyang/magnetic_modeling_codes
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simple geometric methods described in details in Xu et al. (2020). The path is calculated with the
same method as Xu et al. (2020) with Equations (5)—(8) and 6 = 0. We select different major radius
R to construct the three-dimensional axis path of the MFR, repeat the measurements by trial-and-
error, and compare the constructed MFR with the observed filament to determine the best matched
path. Eventually, we set R = 90 Mm for the following reasons. First, the observed filament is in
a weak and decaying active region, keeping stable for days before eruption. The major radius of
the filament may approach the empirical height of intermediate filaments. Secondly, we find that
constructed MFRs with major radii lower than 70 Mm poorly match the observed filament, and
even show a tendency to sink below the photosphere during MHD simulations. The selected path
projected on photospheric radial magnetic field and the SDO/AIA 304 A image is shown in Figures
2b and 2c¢. Note that the path is a projection of the three-dimensional filament on the photosphere,
so it does not entirely match with the observed filament spine because of this projection as shown in
Figure 2c.

For the magnetic flux F' of the MFR, we over-plot the two footpoints on the radial magnetic
field as shown in Figure 2b and derive fluxes at two footpoints, namely F; and F;. Then, we
calculate the average flux Fy of the absolute values of F; and F,, and find that Fy = (|Fy| +
|F3])/2 = 5.03 x 102° Mx. The flux of the embedded MFR is varied with different values as fol-
lows: F = Fy, 2Fy, 4Fy, 8Fy, 10Fy, 12F,, 20F,. Considering the consistency of MHD simula-
tions with observations, we choose F' = 12Fj as the optimal flux. As for lower fluxes including
F =F,, 2F,, 4F,, 8Fy, 10Fy, the embedded MFR would sink below the photosphere surface with a
low major radius R or simply unwind with a higher R, indicating am inconsistency with the observed
filament eruption. For higher fluxes including 20 and etc., the twist of the MFR is excessively
large and, due to kink instability, significant entanglement arises in MHD simulations, which is also
unreasonable. For the electric current I of the MFR is computed as F' = £+3/(5v/2)ula (Titov et al.
2018) to satisfy the internal equilibrium of the MFR, and a positive sign is selected because of the
filament exhibits positive magnetic helicity referring to methods in Chen et al. (2014) and Ouyang
et al. (2015). The results of the magnetic field reconstruction is shown in Figure 2d with the bot-
tom boundary displaying the radial magnetic field on r = 1.01 R plane of the PFSS+RBSL model.
The footpoints of the MFR exhibit relatively high magnetic field intensity because it shows coronal
magnetic field instead of that on photosphere.

This completely determines the initial MFR using the RBSL method. We now detail how to
initialize the surrounding field by PFSS (Section 3.3), and the total configuration is then relaxed to
an NLFFF configuration (Section 3.4).

3.3. Potential Field Source Surface Model

PFSS model is generally used to describe the large-scale magnetic field of the solar corona in the
spherical coordinate system (Schatten et al. 1969; Wang & Sheeley 1992). It provides a simple but
efficient approximation of global magnetic field. We assume that small current sheets in high corona
would not significantly affect the global magnetic structure and the magnetic field is in a force-free
and current-free state.

We use two boundary conditions for the PFSS model, one is the radial magnetic field data on
the solar surface r = Rs, and the other one is an assumption that the magnetic field is purely
radial at the source surface r = 2.5R,. To construct the boundary on the solar surface, we use
a synoptic map of Carrington rotation 2260 from SDO/HMI. We note that the synoptic map is
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calculated based on line-of-sight (LOS) photospheric magnetograms along the central meridian over
27 days, which is approximately one rotation period. However, at the time of the C3.5 flare, active
region 13079 already moved close to the right limb of the solar disk with non-negligible changes of
photospheric magnetogram. Therefore, using the synoptic map as boundary condition is inadequate.
We incorporate the preprocessed vector magnetic field of active region 13079 into the synoptic map
at corresponding positions to obtain the radial magnetic field boundary that simultaneously contains
global information and the local high resolution map of the active region. The combined radial
magnetic field is called a synoptic frame shown in Figure 2a. We use it as the inner boundary
condition at r = 1R, for the PFSS model.

Moreover, according to the design of the RBSL method, B, only has values at two circular footpoints
of the MFR. If the two footpoints are not too far apart, the radial magnetic field B, at photosphere
of the MFR will also be concentrated at footpoints in spherical coordinates (Guo et al. 2023b). To
ensure the accuracy of the photospheric magnetic field and prepare the final boundary conditions
for the PFSS model, it is necessary to remove the strong radial magnetic field at the footpoints of
the inserted flux rope. After aforementioned preparations, we calculate the PFSS model in MPI-
AMRVAC with the module that was first demonstrated in Porth et al. (2014). The next step is
to relax the overall magnetic field (PFSS+RBSL) to an NLFFF field, using the magneto-frictional
technique.

3.4. NLFFF Relazxation Using Magneto-frictional Method

After reconstructing the initial coronal magnetic field with the RBSL and PFSS models, the ob-
tained magnetic field is still insufficient for MHD simulations. First, the large-scale magnetic field
constructed by the PFSS model only utilizes the radial magnetic field B,., while in MHD simulations,
By and B, are also required as boundary conditions. Secondly, the embedded MFR can sponta-
neously maintain internal equilibrium, but with the background field, it generally does not satisfy an
overall external equilibrium.

Therefore, we need to relax the combined magnetic field to a nearly NLFFF state, which is often
used to describe the coronal magnetic field in active regions. We use the magneto-frictional method
(Guo et al. 2016b,a) in MPI-AMRVAC to relax the NLFFF field. The bottom boundary is the vector
magnetic field transformed to the StonyHurst Heliographic coordinates B,, By and By at r = 1R,
We set the two factors ¢, and ¢, to 0.3 and 0.5, respectively, which control the relaxation speed of the
magneto-frictional method defined in Guo et al. (2016b). Additionally, the factor ¢4, which controls
speed to clean the divergence, is set to 0.01. After 3 x 10° steps of iteration, the force-free and
divergence-free metrics, oy and (| f;|), defined in Wheatland et al. (2000), are 0.343 and 1.10 x 107°.
These two parameters are comparable to other previous models. Guo et al. (2016a) showed that after
10° steps of iterations, o fell within the range of [0.2, 0.5] for multiple events, and (| f;|) was within
[1.0 x 107°, 9 x 107*]. Empirically, the magnetic field configurations approximate the force-free field
relatively well with similar or smaller metrics, and are suitable for MHD simulations (Guo et al.
2023a). Compared with the original embedded MFR in Figure 2d, the twist of the relaxed MFR
is significantly reduced, which can be seen in Figure 3a, and is more consistent with the observed
filament.

4. ZERO- MHD SIMULATIONS
4.1. Modeling Setup
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Figure 2. Synoptic frame, filament axis path overlaid on magnetic field and 304 A image, and the recon-
structed coronal magnetic field. (a) B, of SDO/HMI vector magnetic field map embedded in the SDO/HMI
synoptic map of Carrington rotation 2260, serving as the boundary condition for the PFSS model. (b)
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The plasma [, which is the ratio between the gas pressure to the magnetic pressure, is defined as
B = p/(B?%/2up). The solar corona in active regions can be approximated as in a low-3 condition.
Therefore, a zero-f MHD model is adopted to simulate the dynamics and topology of the coronal
magnetic field. The zero-5 MHD model omits the gas pressure, gravity, and the energy equation.
There is only the Lorentz force to change the momentum. The zero-5 MHD equations are expressed
in a dimensionless form as follows:

dp

5 TV (v) =0, (1)
%L:+V.(pVV_BB+B7QI):0, (2)
aa_]?+v.(vB—Bv) — V% (pJ), (3)

J=V xB, (4)

where p, v and B are density, speed, and magnetic field, n is the resistivity, and J is the
electric current density. The computation domain iS [Fmin, Tmaz] X [@min, Omaz] X [Pmin, Pmaz] =
[1.001Re, 1.801Rs] x [71.08°,137.58°] x [180.57°,256.81°]. Note that since we transform the vec-
tor magnetic field to the StonyHurst Heliographic coordinates, 6 is the complementary angle of the
latitude and ¢ is the longitude measured from the central meridian on the back side of the Sun.
The domain is resolved by 400 x 280 x 320 cells, where the grids along r-, #-, and ¢-directions are
uniform. The initial magnetic field is the RBSL+PFSS model after NLFFF relaxation using the
magneto-frictional method.

For the initial density distribution of MHD simulations, we first define a piecewise function for
temperature 7'(r):

TO Tmin §T§r0>
T = kT(T—Ro)—i-TO T0§T§7’1, (5)
Tl 1 Srgrmaxa

where Ty = 8.5 x 10 K, T} = 1.0 x 10% K, 7y = 1.001Rg), Tmae = 1.801Rg, 1o = 1.005Rs, 11 =
1.014 R, and kr is a linear coefficient. We use this distribution to compute the initial density p;nit(7)
based on the hydrostatic condition % = —@Pinit Where p = p;iT. The density distribution p;,;(r) is
then derived combined with Equations (5). The normalized density unit py = 2.34 x 107 g cm™3,
and the density on the solar surface r = 1Ry is p(Rg) = 1.9 x 10%ps. To keep the embedded
MFR in a steady state as observed during the early evolution phase, we modify the density within
the computational domain during the first 28 minutes of the simulation, from 04:00 to 04:28 UT.
We apply a similar manipulation as in Guo et al. (2021b, 2023b). It is well accepted that filament
drainage can result in the non-equilibrium and thereby triggering its onset (Jenkins et al. 2019).
Based on such a scenario, the filament eruption is triggered by adjusting the density distribution to
mikic the filament drainage. The initial density p(r) is increased to 1.0 x 10°py where the density
is smaller than this value, namely p(r) = max(piit, 10°pg). From 04:29 to 04:53 UT, the initial
density at 04:29 UT is reset to the stratified coronal density profile p;,;; to simulate the drainage
of the filament. This adjustment of the density is aimed to reproduce typical characteristics (rise
time, eruption behavior, etc) in the evolution process of the filament with the zero-5 MHD model.
Moreover, the initial velocity in the computational domain is zero everywhere.
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For the boundary condition of the density and velocity, we adopt the data-constrained case described
in Guo et al. (2019) with 2 ghost layers. As for the magnetic field, the inner ghost layer near the
physical domain is fixed to the initial magnetic field data, while the outer ghost layer farther from
the physical domain employs a one-sided 2nd order constant value extrapolation. Moreover, we set
an artificial resistivity 7 in the last 7 minutes of the high-density evolution, namely 04:21-04:28 UT.
This is to better dissipate the twist of the MFR and to control magnetic reconnection, which can
mitigate the kink instability and non-radial rotation of the MFR, and makes the simulation more
consistent with the observed radial ejection. The artificial resistivity 7 is:

n= UO[(J - Jc)/‘]c]27 (6)

where J > J,, and we set 79 = 8.099 x 103 cm? s7!, J. = 1.029 x 1072 A - cm 2. It is turned off at
later times to keep the coherent shape of the MFR.

For the numerical methods of the simulation, we employ the Strong Stability Preserving Runge-
Kutta 3rd order (SSPRK3) method (Gottlieb & Shu 1998) for a three-step time integration, which
satisfies the Total Variation Diminishing (TVD) condition and allows the Courant-Friedrichs-Lewy
(CFL) condition to reach 1. We use the Harten-Lax-van Leer (HLL) solver and the Koren limiter as
the slope limiter.

4.2. Results and Analysis
4.2.1. Simulation Results

The zero-5 MHD simulation shows that the MFR remains stable during 04:00-04:21 UT with no
significant variations in shape, height, and positions of footpoints, which is similar to observations.
After we set the artificial resistivity at 04:21 UT, magnetic diffusion happens in regions with strong
currents and magnetic reconnections increase numerical dissipation. The embedded MFR becomes
more consistent with the filament in a decaying weak active region. At 04:29 UT, as the filament
drainage happens, the axis of the MFR begins to rise, while the body of the MFR expands radially
outward. Then at 04:53 UT, the MFR has widely expanded and risen up to a height that is close
to the top boundary in the computation domain. We show three different times at 04:29, 04:36, and
04:52 UT both at the SDO view and a side view in Figure 3 to show this acceleration phase. The
MFR from RBSL+PFSS+NLFFF further relaxed through artificial resistivity is shown in Figures
3a, 3b. Then it starts to rise up and accelerate as in Figures 3c, 3d, 3e, and 3f. It is noted that the
bottom plane in Figure 3 displays B, on r = 1.05R surface, which exhibits dissipation
and evolution through the simulation process.

We also compare simulation results with SDO/AIA 304 A observations in Figure 4. We align the
MFR field lines with 304 A images and six different evolution times are shown. The white dotted line
in every panel indicates the shape of the observed filament, with big white dots displaying positions
of footpoints. At 04:29 UT shown in Figure 4a, the initial MFR coincides with the filament in
morphology. After that at 04:34, 04:27, and 04:42 UT as shown in Figures 4b, 4c, and 4d, both the
simulated MFR and observed filament begin to lift up and expand radially. Their eruption direction
and lifting height show a good alignment. At 04:47 UT in Figure 4e, the MFR begins to rotate. One
possible rotation mechanism is that the high twist number of the MFR in the RBSL model might
trigger the kink instability, which forces the rotation. The filament has risen close to the upper
boundary of the computation box with clear brightened flare ribbons. At 04:51 UT in Figure 4f, the
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MHD Model SDO View MHD Model Side View
(a) 2022-08-15 04:29 UT (b) 2022-08-1504:29 UT

(c) 04:36 UT (d) 04:36 UT

(e) 04:52UT

I \ '
-40 -30 -20 -10 0O 10 20 30 40
B, (G)

Figure 3. Evolution process of the MFR during the MHD simulation. (a), (c), and (e) SDO view at 04:29
UT, 04:36 UT, and 04:52 UT, with B, on r = 1.05R; plane. (b), (d), and (f) Side view. An animation
showing the evolution of the simulation from 04:29 to 04:52 UT is available online.
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MHD Model and SDO/AIA 304 A
(a) 2022-08-15 04:29 UT (b) 04:34 UT

t

filament

(c) 04:37UT (d) 04:42 UT

(€) 04:47 UT (f) 04:51 UT

0 2 10 50 200 1000 5000
SDO/AIA 304 A

Figure 4. MHD simulation overlaid on SDO/AIA 304 A images. (a)—(f) The evolution of the MFR and
corresponding 304 A observation at 04:29, 04:34, 04:37, 04:42, 04:47, and 04:51 UT. The white dotted lines

represent the path of the filament in 304 A,

simulated MFR gets close to the upper boundary while the observed filament has risen outside the
field of view.
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From the comparison between simulation results and observations, we can conclude two key points.
First, the embedded MFR after magneto-frictional relaxation is highly consistent with the observed
filament, indicating that the parameters for the RBSL model, including the path C, minor radius a,
and flux F', such that they recover well the observational evolution. Secondly, the MFR matches the
filament in the early phase of the eruption. Therefore, it is possible to reproduce the triggering and
eruption of the filament with zero-g MHD simulations in spherical coordinates.

4.2.2. Kinematics

We analyze the kinematics in our simulations to compare the results quantitatively with observa-
tions. The time-distance profiles are shown in Figure 5. We select a slice path both for SDO/ATA
304 A images and simulation snapshots, which is displayed as the white dashed line in Figures 5a
and 5b. This path is tracked along the highest position of the filament material frame by frame on
running difference images of SDO/AIA 304 A images. Then, we measure axis positions of the ejected
filament and the MFR during the eruption, which is repeated five times to decrease the measurement
errors. Time-distance profiles are displayed in Figure 5c. We find that they both have a stable phase
with no large changes in position and shape, and a rapid-rise phase with a fast lifting speed. In the
rapid-rise phase, the observed ejection velocity of the filament is 306.0 & 13.8 km s~!, while that of
the MFR is 302.5 & 15.1 km s™'. They are consistent within the error range, indicating that our
simulation reproduces the kinematics of the filament eruption. It is noted that in the late stage
of simulations, the MFR cannot continue to rise as observed due to the MFR lifting to the upper
boundary and the limitations of the RBSL method and zero-f MHD model. Actually, the ejection
velocity of the simulated MFR is slower than the observed one after ~ 04:38 UT.

Moreover, to perform a more accurate quantitative comparison, we read the simulation data in
Python with the astrophysical data visualization open-source package Python.yt (Turk et al. 2011),
and resample it from spherical coordinates to Cartesian coordinates using the Radiation Synthesis
Tools? (RST), which is a visualization code able to analyze data simulated by MPI-AMRVAC with
high computational efficiency, also applicable to other relevant data. Due to limitations of zero-f3
MHD model, which has no information on temperatures, we perform pseudo-radiation synthesis with
the LOS integral of current density with the RST code. This approach is similar to other published
works. For example, Warnecke & Peter (2019) proposed Ohmic dissipation as a major heating source
during coronal structure formation, which indicates that we can use current density for synthesized
pseudo-radiation. Jarolim et al. (2023) also employed a similar method to compare observations with
force-free field models containing only magnetic field information. Here, we integrate the current
density along the line of sight in SDO view and synthesized pseudo-radiation images are shown in
Figure 6. We select the same region and slice path as Figure 5 and measure the eruption velocity of the
most intense current area around the MFR, which can denote the lifting of the observed filament spine.
Figures 6a—6f display six different times during the simulation at 04:29, 04:34, 04:37, 04:42, 04:47, and
04:51 UT. The MFR has expanded and lifted up, with a clearly visible expanded current contour and
an uplift axis exhibiting strong current. Figure 6g is the time-distance profile of the pseudo-radiation.
It can be seen that the rise velocity of the axis during the eruption phase is 292.92 4+ 13.27 km s,
which is consistent with the eruption velocity of the observed filament and that obtained from slicing
the magnetic field lines of the MFR, within the error range. Furthermore, in order to quantitatively

2 https://github.com/gychen-NJU /radsyn_tools



14

O

AIA 304 A 2022-08-15 04:00:05

-200"

-400"

-600"

Helioprojective Latitude (Solar-Y)

nnnnnn

200" 400" 600" 800"
Helioprojective Longitude (Solar-X)

Start Date: 2022-08-15T04:11:29.130

250

[\
S
(=]

—_
W
(=]

Distance (Mm)

// 306.0+13.8 km/s

100

50

04:15 04:25 04:35 04:45
Universal Time

Figure 5. Kinematics of the filament in observation and the MFR in MHD simulation. (a) The MFR from
MHD simulation overlaid on the SDO/AIA 304 A image at 04:00 UT. The yellow square shows the domain
that we choose to analyze the time-distance profile of the filament. The white dashed line shows the slice
path that we choose to measure the velocity of both the filament from observations and the erupting MFR
from simulations. (b) The enlarged 304 A image shown in the yellow square in panel (a). (c) Time-distance
diagram of the 304 A images and height-time profiles derived from both observations and simulations.
Orange dots and vertical line segments represent the positions and errors measured from the observation
of SDO/AIA 304 A waveband. Blue dots and vertical line segments represent the positions and errors
measured from the MHD simulation. The orange dashed line is a linear fitting to the eruption velocity of
the observed filament, deriving a velocity of 306.0 km s~!. The blue dashed line represents similar results
from simulations, deriving a velocity of 302.5 km s~!.
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Figure 6. LOS current intensity synthesized from simulation results in SDO view and the time-distance
profile calculated from the synthetic intensity. (a)—(f) LOS current intensity at 04:29, 04:34, 04:37, 04:42,
04:47, and 04:51 UT. (a) The blue square indicates the area selected for slicing, and the red dashed line
represents the slice path. (g) Time-distance profile of the LOS current density. Blue dots and vertical line
segments represent the positions and errors. The blue line is a linear fitting to the eruption velocity of the
most intense current density, deriving a velocity of 292.9 km s~!.

analyze the density adjustment in the simulation, specifically the triggering effect of filament drainage
on the eruption of magnetic flux ropes, we calculate the acceleration exerted by the radial Lorentz
force, namely ar = [(J x B),|/p, on the MFR both before and after the occurrence of filament
drainage, which is relatively a; = 0.6141 m/s* at 04:28 UT and a; = 861.4 m/s? at 04:29 UT,
calculating by averaging 50 magnetic field lines of the MFR. This suggests that under the influence
of radial Lorentz forces of approximately equal magnitude, the drainage of filament material leads to
a larger radial acceleration of the MFR, leading it to lose equilibrium and erupt.
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4.2.3. Magnetic Topology

Qusai-Separatrix Layers (QSLs) represent regions where the magnetic field line linkages change
rapidly. QSLs are defined by the squashing factor @ > 2 (Demoulin et al. 1996; Titov et al.
2002), and possess complex magnetic field characteristics, where small disturbances can lead to
considerable changes in magnetic topology. These regions are also where magnetic reconnection is
likely to happen. There are multiple methods to compute QSLs (Titov 2007; Pariat & Démoulin
2012; Tassev & Savcheva 2017; Scott et al. 2017). We calculate QSLs for both bottom surface at
r = 1.001 R and the vertical plane intersecting the axis of the MFR at ¢ = 222.52° using the K-QSL
code in spherical coordinates (Yang et al. 2024), illustrated in Figure 7, which displays log(Q) at
04:29, 04:36, and 04:52 UT.

With QSLs on the bottom surface overlaid on SDO/AIA 304 A images, we find that MFR. footpoint
positions have relative high ) values. Moreover, there are QSLs coinciding with the flare ribbon at
304 A images. This indicates multiple magnetic reconnections occur inside the eruption MFR and at
the hyperbolic flux tube below the MFR. During the period of 04:42-04:52 UT, QSLs near the flare
ribbon display a stripe-like separation, consistent with the observed separation of the observed flare
ribbons. With QSLs on the vertical plane as shown in Figures 7b, 7d, and 7f, we find that strong
log(Q) values appear in the cross-section of the MFR, which gradually lifts and expands.

Moreover, to further investigate the triggering mechanism of the MFR, we calculate the distribu-
tion of the twist rate a = J - B/B? and the decay index of the external horizontal potential field
d(InPy)/d(Inh) in the cross-section plane cross the middle position of the MFR axis at the start time
of the eruption, 04:29 UT, shown in Figure 8. This analytical approach is based on Fan (2022); Fan
et al. (2024). It can be seen that the MFR axis exhibits a large twist rate and that the majority of the
MFR axis are located below the contour of a decay index of 1.5. We also calculate the total twist by
integrating the twist rate along the selected field lines and it is found that the average total twist of
the field lines between the footpoints reaches approximately 2 winds, which exceeds the critical total
twist of 1.25 winds, indicating the onset of kink instability. However, as indicated by the eruption
direction of the magnetic flux rope axis marked in Figure 8, during the subsequent eruption process,
the MFR continues to rise above the contour of a decay index of 1.5, suggesting that torus instability
is likely to also participate in and influence its eruption. Therefore, it indicates that the initial lifting
of the MFR is primarily driven by kink instability, with the torus instability involving in its later
stages.

5. SUMMARY AND DISCUSSION

Combining the RBSL and PFSS models, we reconstruct the coronal magnetic field of AR 13079 in
spherical coordinates, which experienced a C3.5 flare triggered by a filament eruption on 2022 August
15. After using a magneto-frictional method to relax the three-dimensional magnetic field, we conduct
a zero-3 MHD simulation in spherical coordinates and successfully reproduced the filament eruption,
consistent with SDO/ATA observations in morphology, eruption timing, lifting velocity, and eruption
direction.

To analyze simulation results and compare them with observations, we first directly compare the
morphology of the MFR with the observed filament and find a good agreement in positions of foot-
points and shape as shown in Figures 3 and 4. With the prescribed bottom boundary condi-
tions, the radial magnetic field in the inner ghost layer is fixed to the observed magnetic
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QSL and SDO/AIA 304 A, Top View QSL Side View on a constant ¢ surface
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Figure 7. Distribution of QSLs calculated from simulation results. (a), (c), and (e) Distribution of log(Q)
at the r = 1.001 R; bottom boundary at 04:29 UT, 04:36 UT, and 04:52 UT, overlaid on observations from
SDO/AIA 304 A. (b), (d), and (f) Distribution of log(Q) on the ¢ = 222.52° plane.
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Figure 8. Twist rate o in the cross-section of the MFR axis midpoint, over-plotted with contours of the

decay index of the horizontal potential field. The cross-section center is marked by a green star, with a green
arrow indicating its position. The orange dashed line denotes the MFR lift direction.

field, thereby satisfying the line-tied condition on the bottom boundary. Therefore,
it is noteworthy that a distinct evolution of B, at the surface r = 1.05R; in Figure
3 demonstrates that pronounced current layers appear during the eruptive phase. In
the future, we can attempt to detect such current layers, which would imply that the
line-tying effects remain valid in photosphere. Secondly, we calculate time-distance profiles
of SDO/AIA 304 A observations, integrate magnetic field lines and synthesize pseudo-radiation im-
ages. The eruption timings and velocities in rapid-rise phase from these plots are highly consistent
and our simulations reproduce the eruption speed of 302.5 & 15.1 km s~! in Figure 5c¢. Thirdly, we
calculate the QSLs on the bottom plane and the ¢ = 222.52° plane. By quantitatively analyz-
ing the eruption process, we find that the high-Q lines at the bottom surface denote
the footpoint positions of those field lines where the magnetic reconnection can likely
occur from Figures 7(a), 7(c), and 7(e). On the vertical plane, the expansion and lifting of
QSLs around the MFR indicates the evolution of the filament from Figures 7(b), 7(d), and 7(f).
Therefore, our simulations faithfully reproduce the triggering and eruption of this eruptive filament.

We find a good agreement between our simulation and observations in kinematics and magnetic
topology, indicating that the RBSL+PFSS model after magneto-frictional extrapolation is an appli-
cable method to reconstruct the three-dimensional coronal magnetic field of filaments in weak and
decaying active regions in spherical coordinate system. With the RBSL method, we can qualitatively
identify the most important parameters of the embedded MFR with the eruption mechanism. First,
the toroidal flux of the MFR is a key factor for the eruption. If the flux F' is too small, i.e., Fp,
2Fy, 4Fy, 6Fy, etc., the MFR will sink below the solar surface instead of successfully erupting. If
the flux is too large, the MFR will rise with large rotation in MHD simulations because of the large
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twist number. We ultimately determine an appropriate flux that ensures the initial configuration of
the MFR is consistent with observations while maintaining an accurate eruption velocity and other
dynamic characteristics in subsequent simulations. Secondly, the MFR tends to erupt successfully
without significant rotation with a minor radius a ranging in 4-5 times of the observed filament radius
and a suitable flux, which confirms conclusions in Guo et al. (2022). Moreover, although the zero-f
model does not have temperature and pressure variations, it can be used to simulate the filament
eruption in a large region in spherical coordinates.

However, our methods have limitations. First, we employ zero-5 MHD simulations, which save
computational resources but neglect thermal pressure, gravity, and the energy equation. While these
effects are assumed to be not dominant for this event, zero-5 MHD models neglect certain physical
mechanism, such as the fact that the filament itself is cool and dense, embedded in the bottom of
a hot coronal MFR. There are studies implementing full MHD simulations in spherical coordinates
(Fan 2017, 2022). What is noted that gravity and the weight of the filament material is important
in realistic physical scenarios. Due to the high density of the filament relative to surroundings, its
material may also fall back during the eruption process and trigger solar eruptions (Jenkins et al.
2018, 2019), which also delay the occurrence of some eruptions. Secondly, our simulation grids are
uniform, and we should perform future follow-up studies with adaptive mesh refinement to capture
important dynamical details near the erupting MFR. Furthermore, due to the weak magnetic field,
the high twist of the RBSL model has a more pronounced impact compared to typical active regions.
The embedding of the MFR has a greater effect on the background field, and the impact of adjusting
the flux is also more significant. Additionally, we set the top boundary in r direction at 1.801 R, and
employ a second order zero-gradient extrapolation for the boundary condition. Therefore, during the
later stage of the MFR eruption, the simulated MFR experiences an unreasonable deceleration phase
in kinematics at the top boundary seen in Figures 5¢c and 6g, which is inconsistent with observations.
This can be remedied in future work by implementing certain absorbing boundary treatment that
avoids wave reflections, or by doing the simulation in even larger radial domains.

Guo et al. (2023b) also conducted a zero-5 MHD simulation in spherical coordinates to reproduce
a filament eruption. This work presents further innovations and improvements in the technical ap-
proach. First, active region 13079 covers a large region, which makes the prepocessing of the vector
magnetic field data more complicated. We convert the data from the local Cartesian coordinates to
the Stonyhurst Heliographic coordinates and thus construct a more reliable synoptic frame. Secondly,
a large active region results in a lower simulation resolution, such that our fixed grid simulation does
experience significant numerical dissipation. To remedy this, we experiment with the choices offered
in MPI-AMRVAC to vary numerical schemes and parameters to make the simulation more reliable.
Thirdly, this active region is decaying with relatively weak magnetic field intensity, which makes it
more difficult to reproduce the filament eruption, particularly in ensuring that the MFR remains
consistent with observations in its initial static configuration while also matching its consequent dy-
namic evolution. Consequently, both the magnetic field reconstruction and MHD simulations require
multiple parameter testings to achieve a more realistic and accurate eruption. Fourthly, compared to
Guo et al. (2023b), the setting of artificial resistivity and density distribution is different in this study.
In order to perform a more realistic MHD relaxation, we test a set of different parameters that control
our anomalous resistivity, namely 7o, J., and relaxation time and finally determine parameters which
match this weak decaying active region. Moreover, the MHD relaxation with high resistivity is im-
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plemented after the high-density evolution, which makes the timing of magnetic reconnections more
physically accurate. Finally, in this work, a more comprehensive approach is adopted for the analysis
of simulation results. We combine the time-distance profiles, QSLs distributions, and the pseudo-
radiation synthesis with the simulated current density to conduct a quantitative analysis in terms of
morphology and kinematics. In combination, this approach allows reconstructing, simulating, and
analyzing filament eruptions in decaying active regions.

Recent studies have successfully integrated MFR eruptions with global coronal magnetic field, solar
wind models, and space weather effects (Verbeke et al. 2022; Perri et al. 2022; Lionello et al. 2023).
In the future, we can further extend to even more global domains, and realize fully space-weather
relevant global coronal magnetic field simulation.
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