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In this study, the photospheric vector magnetograms obtained by Helioseismic and
Magnetic Imager on-board the Solar Dynamics Observatory are used as boundary
conditions for a CESE-MHD model to investigate some photosphere characteristics
around the time of a confined flare in solar active region NOAA AR 11117. We report our
attempt of characterizing a more realistic solar atmosphere by including a plasma with
temperature stratified from the photosphere to the corona in the CESE-MHD model.
The resulted photospheric transverse flow is comparable to the apparent movements
of the magnetic flux features that demonstrates shearing and rotations. We calculated
the relevant parameters such as the magnetic energy flux and helicity flux, and with
analysis of these parameters, we find that magnetic non-potentiality is transported across
the photosphere into the corona in the simulated time interval, which might provide a
favorable condition for producing the flare.

Keywords: sun: corona, flares, magnetic fields, magnetohydrodynamics (MHD)

INTRODUCTION

It is well known that the magnetic evolution of solar active regions (ARs) holds the key to
understanding solar eruptive events such as flares, filament eruptions, and coronal mass ejections.
Particularly, the evolution of the three-dimensional (3D) magnetic configuration should be able to
give us the crucial information for the initiation of solar eruptive events as suggested by Schrijver
(2011). In recent years, many magnetic parameters have been used with the intention to predict the
initiation of solar eruptive events, such as the surface magnetic free energy (Leka and Barnes, 2003;
Falconer et al., 2006; Wu et al., 2009), the unsigned magnetic fluxes and electric currents (Falconer,
2001; Falconer et al., 2003; Schrijver, 2007; Georgoulis and Rust, 2007), as well as magnetic shear
(Falconer, 2001; Falconer et al., 2003). However, all these parameters are directly derived from the
magnetic field measurements confined on the solar surface (i.e., the photosphere). To measure the
3D coronal magnetic field is still beyond our reach, thus it leads us to seek numerical modeling
(simulation) to fulfill the void region of measurements, namely to deduce the magnetic field
topology and strength in the higher layers of solar atmosphere from the measured photospheric
magnetic field.
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Recently, there are studies using nonlinear force-free field
(NLFFF) extrapolations to investigate the structures and
evolution of the coronal magnetic field in solar active regions.
For example, Tadesse et al. (2012) have used a NLFFF code
to investigate NOAA AR 11117 (which is also the target AR
of the present study) to determine the sources of flare activity
and temporal evolution between pre- and post-flare stages
using measured vector magnetic fields from Synoptic Optical
Long-term Investigation on the Sun (SOLIS). We have also
demonstrated that analyses based on NLFFF modeling can
shed important lights for the understanding the physics of
the solar eruptive events (Jiang et al,, 2014). However, in the
NLFFF modeling, the effect due to interaction of magnetic
field with plasma is totally omitted, which seems to be not
realistic because the coronal plasma § (ratio of plasma thermal
pressure to magnetic pressure) is actually larger than what
can be negligible (Peter et al., 2015). Also the photospheric
magnetic field is far from force-free, which conflicts with the
assumption of force-freeness. Consequently, the NLFFF model
regards the bottom of extrapolation as the base of corona rather
than the photosphere, and some kind of pre-processing of the
original magnetogram is required to mitigate the problem. The
limitations of the NLFFF model are also pointed by Wang and
Liu (2015), who have given a comprehensive review concerning
the evolution of the active region magnetic field associated with
solar eruptions. They pointed out that a magnetohydrodynamic
(MHD) model driven by data can provide a step forward in
understanding the evolution of magnetic fields associated with
flares.

We are already on the way of developing such a data-driven
MHD model aimed for studying the dynamics of solar ARs (Wu
et al., 2006; Jiang et al,, 2012, 2013). In our previous CESE-
MHD model (Jiang et al., 2012), we have used the SDO/HMI
vector magnetogram as the bottom boundary conditions to
calculate a time-sequence of 3D MHD equilibria for mimic the
AR evolution. But that model is designed for simulating only
the corona, since the bottom boundary of the model is also
assumed to be the coronal base, similarly as in the NLFFF
models. Here we report our first attempt of characterizing a
more realistic solar atmosphere by including in the model a
plasma with temperature stratified from the photosphere to the
corona. In this way, the solution can be used to simulate the
MHD equilibrium for solar atmosphere of the full domain from
the thin layers of photosphere, chromosphere and transition
region until to the corona. We then apply our new model to AR
11117 in a time interval around a C-class confined flare, and in
particular, here we limit our study at the photosphere surface
while an analysis of the coronal field dynamics will be left for
another paper. We calculated the relevant parameters such as
plasma flow, magnetic energy flux and helicity flux, which are
important information of how the non-potentiality is transported
from below the photosphere into the corona. The paper is
structured as follows: we first describe the mathematical model
and procedures of the simulation in Section The Data-Driven
CESE-MHD Model, then the results of application to AR 11117
in Section Results, and we conclude in Sections Concluding
Remarks.

THE DATA-DRIVEN CESE-MHD MODEL

This model is developed similar to the data-driven active region
evolution MHD model given by Wu et al. (2006) with a different
numerical scheme. We solve a set of 3D, time-dependent,
compressible MHD equations, and take into consideration of
the highly-stratified atmosphere from the photosphere to the
corona in a simplified way. In comparison to our previous
action region evolution model (Wu et al., 2005, 2006), the effects
of differential rotation and meridional flow together with the
higher order transport (i.e., effective diffusion due to random
motion of granules or supergranules, and cyclonic turbulence
effects) are not included. It will improve the efficiency of the
computation and as our focus is on the coronal field evolution
which could lead to eruption, those higher order transport effects
have limited importance on the magnetic field topology and its
related properties for short term evolution study.

The initial setup of the model consists of constructing
hydrostatic equilibrium of solar atmosphere and a potential
field model based on the vertical component (B,) of the vector
magnetogram, and then we input the vector magnetogram
(including the transverse field) at the bottom boundary to driven
the evolution of the model, which can then be regarded as a way
of modeling the realistic and dynamical corona. However, a real
dynamical simulation by continuously inputting a time-series
observed vector magnetograms (for example, Wu et al., 2009) has
not been done here because of the limitations of the numerical
procedure. Instead, we perform on each set of magnetogram via
a relaxation process to a new MHD equilibrium solution which
is then used to approximately represent a single snapshot of
the solar atmosphere evolution, i.e., the physical conditions at
a specific time. In the following we present more details of the
model.

Model Equations
The set of governing equations are the conservation laws and
magnetic induction equation as follows:

ap Dv
§+V~(pV)=0,pE=—Vp+IX B+ pg+ V- (uvpVv),

0B aT

m =Vx(vx B),§+V-(Tv) =Q—-y)TV-v+Q. (1)
In these equations: p, v, B, T denote the plasma density, flow
velocity, magnetic field and temperature, respectively; J is the
electric current; p is the gas pressure given by p = pRT with
the gas constant R = 1.65 x 10* m? s™2%; y is the specific heat
ratio with value of 5/3; g is the solar gravity and is assumed to
be constant as its photospheric value since we simulate from the
photosphere to low corona with height less than 100 Mm. A small
kinematic viscosity v with a value of ~Ax*/At (Ax is the grid
space and At is the time step in the numerical computation) is
added for consideration of numerical stability. In this work we do
not try to incorporate the complicated thermodynamic processes
of the real corona, such as the thermal conduction and radiative
losses [e.g., see numerical works by Abbett (2007), Fang et al.
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(2010)], which are difficult to be simulated directly and is not
our focus. Instead, we simply use an ad-hoc heating function Q
to preserve the highly-stratified temperature structure from the
photosphere to the corona. Following the work of Abbett and
Fisher (2003) and Leake and Arber (2006), this can be done by
simply setting a Newton-cooling equation of the temperature

T—-T(t=0)
-

Q= )

which can force the local temperature back to its pre-defined
value (initial) T(t = 0) when it deviates from T(t = 0) on a
time-scale t. This is also reasonable since we are interested in
only the nonlinear dynamic interactions between the plasma
flow field and magnetic field. We use the typical values of
photospheric parameters to normalize the equations, which are
given in Table 1. Especially the length unit Hy = RTo/g, is the
pressure scale height at the photosphere.

The above equation system (1) is solved by our CESE-
MHD code (Feng et al., 2007; Jiang et al., 2010). The CESE
(Conservation Element and Solution Element) method deals
with three-dimensional governing equations in a substantially
different way that is unlike traditional numerical methods (e.g.,
the finite-difference or finite-volume schemes). The key principle,
also a conceptual leap of the CESE method, is treating space and
time as one entity. By introducing the CESEs as the vehicles for
calculating the space-time flux, the CESE method can enforce
conservation laws both locally and globally in their natural space-
time unity form. Compared with many other numerical schemes,
the CESE method can achieve higher accuracy with the same
mesh resolution and provide simple mathematics and coding free
of any type of Riemann solver or eigen-decomposition. For more
detailed descriptions of the CESE method for MHD simulations
including the multi-method control of the V - B numerical errors,
see our previous work, e.g., Feng et al. (2006, 2007) and (Jiang
etal, 2010, 2011).

Initial Conditions
The initial configuration of the magnetic field simulation consists
of a potential field matching the vertical component of the

TABLE 1 | Reference Values for Nondimensionalization.

Quantity Reference Value
P £0 3 x 10_79 cm=3
T To 5100 K
P Po = poRTo 2.52 x 10%dyn cm—2
r Ho = RTo/gp 307 Km
v vo = /Po/ro = VRTo 9.17 km s~
t To = Holvg 335s
/g

g 9o = ,f,% =g 274ms—2

By = /ioPo 1781 G

9p Is the gravity at the level of photosphere and R is gas constant with value of 1.65x 1 0*
m? s72,

observed magnetogram and temperature-stratified plasma in
hydrostatic equilibrium in the solar gravitational field. The
potential field is obtained by a Green’s function method (Metcalf
et al,, 2008). Because the magnetic field is measured on the
photosphere surface, we also set the simulation volume extending
from this very surface all the way to the corona, which can then
describe self-consistently the behavior of the magnetic field in a
highly stratified plasma with g from > 1 to << 1 (Gary, 2001).
This differs from the NLFFF model. To simulate a continuous
temperature distribution from the photosphere (~ 5000 K) to
the corona (~ 1 MK) in the solar atmosphere, we use a simple
normalized stratified temperature model similar to those given
by Wu et al. (2005),

T(z) =1+ L”’z_ ! [tanh <Z — z”) + 1] 3)

Wtr

where z is the height from the photosphere, e.g., z = 0 represents
the photosphere surface, the coronal temperature Teor = 1 x 10°
K/Ty, and z; and wy represent the height and width of the
transition region with z, = 3.75 Mm/Hp and w, = 0.75
Mm/Hy. The density and gas pressure on the photosphere are
assumed to be uniform. According to the hydrostatic equilibrium
equation

ap _
dz

% (@)

we have

— g 1 2N T(z) 1=1/Tecor
p(z) = exp |:—/0 T(Z/)dz] = |:(T(0)>
T -1 Teor — T (2) 1/ Teor Wir/2 “
<T(z)_1)<Tcor_T(0)> :

Figure 1 shows the typical configuration of the parameters along
a vertical line through the computation volume.

Computation Grid

In order to obtain optimal resolution of the computed physical
properties, a special grid system is adopted. The horizontal grid
is uniform with resolution as that of the magnetogram. In the
vertical direction a non-uniform mesh is designed to both resolve
the large gradient of the plasma parameters near the photosphere
and meanwhile avoid too much computational overhead. We
take advantage of our CESE-MHD code that can deal with
general curvilinear grid by mapping a non-uniform physical grid
onto a uniform reference grid. Here the mapping is defined as
dx/d¢ = dy/dn = Hy, (normalized) and

. k ifer <&
Hyp—k - ;
& ={k+ T[l—cos(%)] ifor <¢ <o +we
H,, if{] <&+ we

(6)
with Hy, is the pixel size of the magnetogram. For the present
work we choose Hy, = 2.4, k = 0.25, {; = 80, w; = 80. In the
reference space we use uniform grid d: = d, = d; = 1. In this
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FIGURE 1 | The typical configuration of the parameters along a vertical
line through the computation volume including the density p, the gas
pressure p, the temperature T, the magnetic field strength B, the Alfvén
speed Vp, the gas sound speed Cs and the plasma 8.

way the photosphere and the whole transition region z € [0,5]
Mm is resolved with a grid spacing of 0.25 times the scale height
Hyj on the photosphere surface.

Besides the setup of spatial grid, we also need careful
consideration for the time step. According to the CESE method,
the numerical viscosity will become very large if the ratio of the
actual time step to the local time step is small, especially when
this ratio is smaller than 0.1 (Zhang et al., 2004). As shown
in Figure 1, the Alfvén speed va increases from several km/s
to 10 km/s within the height of 5 Mm which is covered by
a nearly uniform grid of Az = 0.25H; =~ 70 km. Thus the
sharply increased Alfvén speed gives a sharply decreased local
time step according to the Courant-Friedrichs-Lewy (CFL) stable
condition Atox Az/va. If an uniform time step is used, the ratio
to the local time step near the photosphere, e.g., z < 1 Mm
can be smaller than 0.01. This will result a very large numerical
viscosity to the near-photosphere region, making the information
difficult to pass through the high-p layer to the corona. Thus it
is necessary to use a variable time step algorithm and here we
use the time step directly according to the local time step. The
detailed algorithm of using variable time step proportioned to the
local grid spacing is described in Jiang et al. (2010) and here the
only difference with the previous code is also to allow the time
step variable according to the local wave speed.

Boundary Conditions

The computational domain includes six planes (i.e., four sided
planes, top, and bottom). The boundary conditions used for
the four sides and top plane are non-reflective. In order to
accommodate the observation at the bottom boundary, the

evolutionary boundary conditions must be used; thus, the
method of projected characteristics, originated by Nakagawa
(1981a,b) and implemented by Wu and Wang (1987) is used for
the derivation of such boundary conditions. The briefly described
derivation and its resulting time-dependent boundary conditions
are given in the Appendix of Wu et al. (2006) and thus will not be
repeated here.

RESULTS

Here we apply the model to study AR 11117 around the time
of a small flare. Since a rather full description of AR 11117 has
been given in our previous paper (Jiang et al., 2012), we only
briefly summarize some of the highlights here for completeness.
During the Carrington Rotation (CR) 2101, the HMI on-board
SDO has measured the 3 magnetic field components on the Sun’s
surface from October 20 — November 2, 2010. On the 25th of
October 2010, this region became active with several small B-class
flares being observed and near the end of the day, a C2.3-class
flare occurred. GOES (Geostationary Operational Environmental
Satellite) 15 recorded a soft x-ray event which began at 22:06UT,
reaching a peak at 22:12UT and ending at 22:18UT as shown in
the Figure 2. From observations recorded by AIA/SDO, it shows
that only the central part of the active region is associated with the
flare as shown in Figure 2. It indicates that the flare is confined
to a low altitude without inducing significant changes to cause
eruption of these coronal loops.

We have chosen a sequence of vector magnetograms measured
by HMI/SDO close to the C-class flare. Specifically the sequence
of magnetograms was taken at 21:00, 21:36, 22:00, 22:12, 22:36,
and 23:00 UT. By input of the measured vector magnetograms
for a specific time at the lower boundary of the model, we
obtain the MHD equilibrium solution for each of the input of
vector magnetic field. Those solutions are used to approximately
represent the snapshot of the solar atmosphere at that specific
time.

Figure 3 shows the coronal magnetic field configuration and
its comparison with the AIA-171 observations at 21:00 UT as
an example. Overall the morphology of the simulated magnetic
resembles the EUV observations. Especially, the traced coronal
loops are matched well by the magnetic field lines. When
examining the change of the magnetic field configuration in
the different times, we find it is not easy to recognize. This is
because the flare is a confined flare without eruption and the basic
coronal-loop system as observed from AIA-171 shows very small
changes, but reconnection at a magnetic topology surface might
cause the flare, as suggested by Jiang et al. (2012).

The flaring loop system appears to be connected with the
polarities at the southwest of the AR (see Figure 2). There, the
apparent movement of the photospheric magnetic flux clearly
show shearing and rotation, as can be seen in a movie of the
HMI magnetogram (see the Supplementary Video 1). The small
positive polarity (denoted by P in the movie) moves to the east
(i.e., left of the field of view) with respect to its neighboring
negative polarities. The negative polarity that has a circular shape
(denoted by N in the movie) seems to rotate clockwise, and
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FIGURE 2 | Top left: a full-disk SDO/AIA 171 /Z image showing the location of AR 11117. Top right: AIA-171 image of the post-flare loops about 20 min after
the flare peak time. The contour lines for the photospheric field By of —500 G (blue) and 500 G (red) are overlaid. Supplementary Video 1 shows the evolution of By
from 21:00 to 23:00 UT of the same field of view. The boxed region denotes the field of view shown in Figure 4. Bottom: GOES soft-X ray flux from 20:00 UT to

24:00 UT on 2010 October 25 in the wavelength range of 1-8 ; The horizontal dotted line indicates the C-minor flare class and the vertical dotted line indicates the

peak time of the flux.

at the same time, moves to the west, squeezing the negative
polarities in its west. Such features of photospheric motion is
captured by our model to some extent. As can be seen in the
top left panel of Figure 4, which shows the transverse velocity
field obtained from the simulation at time 22:00 U, shearing of
the polarities is clear, and there is distinctly a clockwise vortex
pattern of the velocity for the circular negative polarity (results
for the other simulated times are similar and are not repeated
here). Thus, both the observation and our simulation indicate a
build-up of magnetic stress, which drives the coronal field further
away from a potential-field state. The results based our previous
model did not reproduce such a plasma flow at its bottom
surface, likely because of its over-simplification of the plasma
model.

To further quantify the transport of magnetic non-potentiality
across the photosphere, we calculated parameters including the
Poynting flux, the magnetic helicity flux, and the current helicity
at the surface, which are defined in the following, respectively:

Poynting flux, i.e., the amount of magnetic energy flux across
the lower boundary (photosphere) to the corona can be expressed
as (Démoulin and Berger, 2003);

dE\ 1 /
dt) 4w photo

1
(Bt - v¢)BdS + —
4

/h B} v,dS (7)
photo

where the By and v; are the transverse magnetic field and velocity,
respectively, and B, and v, are the normal components of
magnetic field and velocity, respectively. On the right side of
Equation (9), the first term represents the surface flow effect and
the second term is due to direct flux emergence from below the
photosphere.

Magnetic helicity flux, i.e., the injection rate of relative helicity
across the photosphere, can be expressed similarly as (Démoulin
and Berger, 2003)

dH
(—) = —2[ (Ap - vi) B,dS + 2/ (Ap-By)
dt photo photo

VudS (8)
where A, is the vector potential of a potential field specified by
the observed flux distribution B, on the surface.
The current helicity is defined as (Bao and Zhang, 1998)
H =B-(VxB)=B,-(VxB),+B:-(VxB) (9
which show that the current helicity can also be separated into
two parts, one related to the parallel component in the direction
of the line of sight to the observer and the other to the vertical
one. From photospheric vector magnetograms, only the first term
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FIGURE 3 | Left: 3D magnetic field lines from the MHD model for time of 21:00 UT. The bottom surfaces show the photospheric magnetic flux distribution (i.e.,
By), with white color as above 1000 G and blue as below —1000 G. Top right: AIA-171 image at the same time of 21:00 UT. Bottom right: comparison of coronal
loop tracers and the magnetic field lines. The coronal loops are traced by a method of Gary et al. (2014) and are shown by the thin curves, and loops are colored
yellow if they appear to be closed field lines, and green if they appear to be open field lines. The magnetic field lines are shown by the thick red curves and they are
generated from the foot points of the coronal loops. The background is shown by the photospheric By .
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100
x[Mm]

100

x[Mm]

shown are mentioned in Figure 2.

FIGURE 4 | Top left: the transverse velocity of plasma with the background shown by the photospheric Br. Top right: Poynting flux through the
photosphere surface. Bottom left: magnetic helicity flux. Bottom right: total current helicity on the photosphere. The time is 22:00 UT, 2010 Oct 25. Field of view as

Vertical Poynting flux (10% erg km?®s™)

00
x[Mm]

x[Mm]

can be inferred, while with the MHD solutions, we can calculate
fully the two terms, so we refer to our results as the total current
helicity.

Again in Figure4, we show the distributions of these
parameters on the surface, at 22:00 UT as an example, since the
changes of these distributions within the modeled time interval
is not significant. The distribution of the flux means that the flux

density is calculated for each pixel on the surface. By examining
these results, we recognize that there is net positive injection
of energy in the studied area (a sum of the total flux density
within the area, see also Figure5), although mixed signs of
flux density can be seen. The results are consistent with the
flow pattern of strong shearing and rotation. Considering that
the magnetic flux content does not changed significantly in the
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FIGURE 5 | Computed different components of magnetic energy flux
across the photosphere for AR 11117, 2010 Oct 25.

studied duration, such injection of energy should mostly go to the
non-potential energy. Figure 5 shows the total magnetic energy
flux as a function of time, and its two components separately
[i.e., the two terms of Equation (9)]. It is clearly seen that the
majority of energy flux results from the first term of Equation
(9), which is caused by transverse flow effect (i.e., shearing and
rotation). Our analysis is further supported by the results of the
relative helicity injection flux, which is directly correlated with
the twisting motion of the flux. The current helicity, as a more
direct indicator of the non-potentiality, again speaks for the same
conclusion.

CONCLUDING REMARKS

In the present study, we present a modified CESE-MHD
model constrained by the SDO/HMI vector magnetograms. By
including a more realistic stratified atmosphere with a suitable
grid design in both space and time, we are able to more closely
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