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ABSTRACT

Aims. The goal is to employ a 3D magnetohydrodynamics (MHD) model including spectral synthesis to model the corona in an
observed solar active region. This will allow us to judge the merits of the coronal heating mechanism built into the 3D model.
Methods. Photospheric observations of the magnetic field and horizontal velocities in an active region are used to drive our coronal
simulation from the bottom. The currents induced by this heat the corona through Ohmic dissipation. Heat conduction redistributes the
energy that is lost in the end through optically thin radiation. Based on the MHD model, we synthesized profiles of coronal emission
lines which can be directly compared to actual coronal observations of the very same active region.

Results. In the synthesized model data we find hot coronal loops which host siphon flows or which expand and lose mass through
draining. These synthesized loops are at the same location as and show similar dynamics in terms of Doppler shifts to the observed
structures. This match is shown through a comparison with Hinode data as well as with 3D stereoscopic reconstructions of data from
STEREO.

Conclusions. The considerable match to the actual observations shows that the field-line braiding mechanism leading to the energy
input in our corona provides the proper distribution of heat input in space and time. From this we conclude that in an active region the

field-line braiding is the dominant heating process, at least at the spatial scales available to current observations.
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1. Introduction

Many processes have been identified that are able to deliver a
sufficient amount of energy at the base of the corona to heat the
plasma to more than 10°K (e.g., Klimchuk 2006; MclIntosh et al.
2011; Wedemeyer-Bohm et al. 2012). One of them is Ohmic dis-
sipation of currents that are induced by the braiding of magnetic
field lines rooted in the photosphere (Parker 1972), which we
use in this work. Recently, Cirtain et al. (2013) claimed to have
directly observed this braiding. The goal of the present study is
to investigate the coronal structure and dynamics resulting from
this process by means of a forward model. We synthesize emis-
sion line profiles from a numerical 3D magnetohydrodynamics
(MHD) model that allows a direct comparison to actual observa-
tions. This provides a crucial test for the distribution of the heat
input in space and time through the field-line braiding process.
Previous studies modeled the global magnetic structure of
the Sun and reproduced actual observations with a prescribed
coronal heating function (e.g., Lionello et al. 2005). The first
proper implementation of Parker’s field-line braiding process
was achieved by Gudiksen & Nordlund (2002, 2005a,b). To fit
the active region into the computational box, they had to down-
scale the domains side-length by a factor of five. This reduces
the total magnetic flux and, more importantly, this eliminates
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the magnetic-field patches of the network by averaging in space.
Thus, the magnetic connections from the core of the active re-
gion to the surrounding network are not included. Nonetheless,
with this model Gudiksen & Nordlund (2002, 2005a,b) found
a loop-dominated corona, where synthesized emission line pro-
files reproduced observations in a statistical sense (Peter et al.
2004, 2006), in particular concerning the persistent redshifts in
the transition region (Peter & Judge 1999; Peter 1999). In these
and in later studies (cf. Sect. 3.1) the comparison to observations
is done statistically or by comparing typical structures. These
models were not compared directly with observations by match-
ing the magnetic field at the lower boundary in the photosphere
and at the same time reproducing the observed coronal emission.

In this new study we aim at a one-to-one comparison be-
tween a 3D MHD model and observations to test the field-line
braiding mechanism. For the first time we have done this for
a full active region at the correct spatial scale in a large nu-
merical experiment matching the observable spatial resolution.
Therefore, this is a major step towards a realistic description of
the corona in a 3D model.

While the 3D model cannot resolve the actual dissipation
length scales that go down to the meter scale and below, it does
provide a self-consistent treatment of the energy input, redistri-
bution, and radiative losses to get a proper coronal energy bal-
ance. This redistribution of energy, in particular the heat con-
duction along the magnetic field, is essential to self-consistently
set the coronal plasma pressure, which is a prerequisite when
synthesizing coronal emission that is to be compared to actual
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Fig. 1. Active region observed by the Hinode satellite on 14 Nov. 2007. The left panel shows the X-ray emission observed by XRT together with
the field-of-view of EIS (green dash-dotted square) and SOT-NFI (red dashed rectangle). The right panel displays a line-of-sight magnetogram
(saturation level: +300 G) of the active region that is smoothly embedded in a quiet Sun carpet (see Sect. 3.2). We use only the co-aligned AR core
area (blue solid square) for our analyses. The circles and lines indicating various loop structures are co-spatial with those in Fig. 2.

observations. Because of the limitations of the spatial resolution
our model as well as previous 3D MHD models do not resolve
the individual nanoflare reconnection events proposed by Parker
(1988). The process actually described in the numerical models
might be better characterized as magnetic diffusion.

We first discuss the general model strategy (Sect. 2) before
giving some details on the model setup (Sect. 3) and presenting
our results (Sect. 4 and 5).

2. Model strategy

The central idea behind this study is to compare synthesized
emission from a forward 3D MHD coronal model driven by pho-
tospheric observations to actual coronal observations. For this
we use observations of the magnetic field and horizontal veloc-
ities in the photosphere to prescribe the lower boundary of the
3D MHD model. From the model we synthesize emission line
spectra which are observable with current extreme UV spectro-
graphs, and are thus directly comparable to coronal observations.

For our study we select an active region (AR) for which ob-
servations have been taken simultaneously in the photosphere
and in the corona (Fig. 1). We use a data set from the Hinode
solar space observatory (Kosugi et al. 2007), which includes ob-
servations from the X-ray telescope XRT, spectra of Fe X1 and
Fe XV from the extreme UV imaging spectrometer (EIS, Culhane
et al. 2007), and the spectro-polarimeter (SP) and narrowband
filter imager (NFI) of the solar optical telescope (SOT, Tsuneta
etal. 2008). The SP and the NFI provide vector- and line-of-sight
magnetograms, and horizontal velocities in the photosphere.

The active region under investigation did not show sunspots,
but a set of hot loops is visible in X-rays (Fig. 1a). These con-
nect two extended regions of strong magnetic field with opposite
polarity (Fig. 1b). We use a time series of magnetograms to de-
fine the magnetic field and horizontal velocities at the bottom
boundary of the computational domain (see Sect. 3.2).

Data from Hinode/EIS provide a raster map of the active re-
gion, including the Fe X11 (195 A) and Fe xv (284 A) emission
lines. From these we derive the intensity and Doppler shifts
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(Fig. 2a,b). After a careful spatial alignment (Sect. 3.3) we can
then compare the coronal observations to the synthetic model
data (Sect. 4).

The coronal model is powered by the observed photospheric
magnetic field that is advected by the observed photospheric hor-
izontal velocities. This leads to field-line braiding and induces
currents in the corona that are dissipated and heat the plasma.
The 3D MHD model provides the temperature, density, and ve-
locity at each grid point of the computational domain. Following
the approach of Peter et al. (2004, 2006) we use the atomic data
base CHIANTI (Dere et al. 1997; Young et al. 2003) to synthe-
size emission lines. This provides maps of intensity and Doppler
shift that can be compared directly to the coronal observations.

This strategy enables us to test our model and the underlying
theoretical assumptions for the coronal energy input, i.e., braid-
ing of magnetic field lines and the subsequent Ohmic dissipation
of induced currents. The aim is to check if the model description
is sufficient to reproduce realistic coronal structures and their
dynamics.

3. 3D MHD model and alignment with observations

3.1. Coronal model

The basic setup of our numerical experiments follows the phi-
losophy of Gudiksen & Nordlund (2002, 2005a,b) and Bingert
& Peter (2011). The initial condition of our model consists of
a stratified atmosphere in hydrostatic equilibrium. We initialize
the magnetic field configuration with a potential field extrapola-
tion from the observed photospheric magnetogram.

For the temporal evolution of the model we employ the com-
pressible resistive MHD equations to compute the temperature,
velocity, density, and the magnetic vector potential inside the
computational domain. The photospheric driving advects the
magnetic field, which induces currents j in the upper atmosphere
that lead to Ohmic heating uon;*. For the magnetic diffusivity n
and also for the kinematic viscosity we use a constant value
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Fig. 2. Direct comparison between obser-

vations and the 3D MHD forward model.
The left column shows the active region
as observed by EIS on 14 Nov.2007.
Panel a) displays the intensity map in
FeXVv (284 A) on a linear inverse scale
normalized to the peak intensity. For
plotting we set a threshold of 1/6 of
the peak intensity, which is well above
the noise level. In panel ¢) we plot the
Doppler map in Fe X11 (195 A). The scale
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shows the corresponding quantities syn-
thesized from the 3D MHD model with
the same color coding. A short loop sys-
tem can be seen spanning from one of
the two main polarities to the network
of the quiet Sun (SL 1-3), as well as a
loop (system) in the core of the AR be-
tween the two main polarities (CL 1). In
the model we traced two magnetic field
lines, rooted in the centers of CL 1 and 2,
that are overplotted in green. The circles
are located at the same positions in all
panels. The alignment between the ob-
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of 10'° m%/s in the corona. For details of the model the reader
is referred to Bingert & Peter (2011).

As outlined by Bingert & Peter (2011) we choose 7 so that
the current sheets that form have a finite width still resolved by
our numerical scheme; in other words, we choose 7 so that the
magnetic Reynolds number is of the order of unity when choos-
ing the grid spacing as a length scale. Therefore our heating
term wonj> should be considered a parameterization of the true
heating mechanism. A full model, including the actual dissipa-
tion process and covering a macroscopic structure observable on
the Sun (e.g. a whole active region) is beyond current capabili-
ties. Some steps of models in the context of solar flares going
beyond the MHD picture including kinetic processes, for exam-
ple, can be found in Cargill et al. (2012).

In contrast to our approach, Lionello et al. (2005) use a
prescribed heating function in their 3D MHD model. There mag-
netic energy is dissipated through an explicit term in the equa-
tions or by numerical diffusion, but this is not consistent with
the chosen heating function. In our approach, the magnetic en-
ergy actually dissipated (in the induction equation) is converted
into heat (through ponj* in the energy equation). We consider
our treatment to be more consistent than simply prescribing a
heating function.

Our model includes gravity, heat conduction parallel to the
magnetic field following Spitzer (1962), and optically thin radia-
tive losses based on Cook et al. (1989). The heat conduction is
of pivotal importance because it sets the pressure in the corona,
and thus is essential if one wants to compare the synthesized
emission to actual observations.

Solar-X [arcsec]

. . servations and synthesized images is ac-
200 250 curate within about 3 arcsec correspond-
ing to the diameter of the circles.

Summing up, we have a self-consistent description of the
thermal structure of the plasma and of the magnetic field in the
coronal structures. With a spatial resolution of down to 100 km
this 3D MHD model cannot match the resolution possible in
1D loop models, of course. Still, the implementation of the field-
aligned heat conduction together with the optically thin radiative
losses allows us to properly describe the energy cycle between
the chromosphere and the corona. Here the Ohmic heating of
the corona leads to heat conduction back to the chromosphere,
which together with the local heat input there leads to evapora-
tion of material that then expands into the corona. The descrip-
tion of this cycle is important because it basically sets the pres-
sure of the coronal structure (Withbroe 1988). With the limits of
the spatial resolution in a 3D model the temperature gradients
are less steep than in a 1D loop model, but still the energy cycle
between the chromosphere and corona is accounted for.

Models similar to the one presented here were able to pro-
duce a loop-dominated corona (Gudiksen & Nordlund 2002,
2005a,b) where synthesized average quantities matched observ-
ables such as the differential emission measure and the transition
region Doppler shifts (Peter et al. 2004, 2006; Hansteen et al.
2010; Zacharias et al. 2011). Furthermore, these models pro-
vided a new way to understand loops with constant cross sec-
tion (Peter & Bingert 2012) and provided insight in the spatio-
temporal distribution of the heat input into the corona (Bingert
& Peter 2011, 2013).

To run the numerical experiments, we use the Pencil
Code (Brandenburg & Dobler 2002)'. The parameters of

I http://Pencil-Code.Nordita.org/
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the simulation are available at the Centre de Données as-
tronomiques de Strasbourg (CDS). The computational domain
covers 235 x 235 Mm? horizontally and 156 Mm vertically
with 1024 x 1024 x 256 grid points. The horizontal grid spacing
is 230 km, which is roughly the spatial resolution of the magne-
tograms employed for the photospheric driving of our model. In
the vertical direction we use a non-equidistant grid to resolve the
strong gradients in temperature and density with a resolution of
about 100 km up to the transition region.

We advanced the model in total for about 65 min solar time.
After about 50 min, the model reaches a state independent of its
initial condition. During the last 15 min, strong Ohmic heating
sets in and the peak temperature in the box rises from 0.5 MK
to about 1.4 MK, where the rapid increase comes to a halt. The
system reaches a quasi-stationary state and individual structures
develop.

3.2. Lower boundary condition from observations

The observed magnetogram time-series has a cadence of 90 s.
From that we deduce horizontal motions of the magnetic patches
by local correlation tracking. The typical spatial scale of these
patches is 15 Mm (about 10 granules) and their velocity dis-
tribution peaks at 100 m/s. With this method the solar granu-
lation on a scale of 1 Mm remains unresolved. Therefore, we
generate a horizontal velocity field by using a method described
in (Gudiksen & Nordlund 2002) that matches statistical proper-
ties of observed granulation and that we have used before (e.g.,
Bingert & Peter 2011). The velocity field we use as a driver in
our simulation is the superposition of the observed flow field and
the generated field on smaller scales.

The field-of-view of the NFI data covers just the active re-
gion magnetic field concentration (see Fig. 1b). Therefore, it is
not large enough for our simulation, because this would cause
problems with the side boundary conditions, which are in our
case periodic. Therefore we smoothly embed the observed AR
inside a periodic carpet of mirrored quiet Sun (QS) magne-
togram patches that we also took from observations (see Fig. 1b).
In this process we ensure that the magnetogram at the bottom
is periodic. This additional QS area isolates the main magnetic
patches in the periodic setup. This ensures a more realistic mag-
netic field topology and allows field lines to connect from the
main polarities into the QS network. For the calibration of the
magnetograms we use several snapshots of the AR core that are
available as spectro-polarimetric SOT/SP level-1 data. This pro-
cedure provides a magnetogram time-series that we interpolate
in time to update the lower boundary during the simulation.

The magnetogram time-series together with both large- and
small-scale velocity fields prescribe the lower boundary of our
model. This drives our simulation from the bottom by shifting
the footpoints of the magnetic field lines, a process often called
braiding. Through this a net upward Poynting flux carries en-
ergy into the corona. Induced currents lead to heating in the
corona by Ohmic dissipation, be it through field-line braiding
(Parker 1972) or through current sheets formed by coronal tec-
tonics (Priest et al. 2002).

3.3. Alignment between observations and simulation

To compare the observations with our simulation results, we
need to align the observations spatially, in particular the mag-
netogram that drives our model and the EIS raster maps which
we want to compare with the synthesized coronal emission. We
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use the magnetogram in the middle of the time series as a ref-
erence and align all magnetograms to it. By this we can correct
for solar rotation as well as for the proper motion of the AR. To
align these photospheric magnetograms with coronal observa-
tions, we first align co-temporal snapshots of NFI magnetograms
with chromospheric He II emission recorded by EIS (B-band).
Because Fe XI1 is recorded on the A-band, we also have to correct
for the constant spatial shift between the two EIS bands (Kamio
et al. 2010). We do this by aligning maps in Si VII (A-band) and
Fe v1i1 (B-band), which form at similar temperatures. As a final
step, we align the map in Fe XV recorded by EIS to the X-ray
maps taken by XRT with the Ti-poly filter.

Most of the aligned images differ slightly in shape and con-
trast, and we estimate the alignment in each step to be accurate
within about 1.5 arcsec. The spatial sampling of EIS and XRT
are 1 and 2 arcsec, respectively. Because the alignment between
any two instruments consists of several steps, and considering
the correction for rotation and the AR proper motion, we esti-
mate the overall accuracy to be about 3 arcsec. Based on the
loop footpoints of the short loop system (SL 1-3 in Fig. 2) we
find an alignment residual of 3.5 arcsec towards north-west. We
subtracted it to make Fig. 2 clearer. The circles in Fig. 2 have a
diameter of 3 arcsec, indicating the accuracy of the alignment.

4. Hot loops in the core of the active region

Based on the temperatures, densities and velocities in the
3D MHD model we synthesize profiles of coronal emission lines
observable with EIS (following Peter et al. 2006). In Fig. 2 we
show the observations (left column) and the synthesized maps
(right column). In both observation and synthesized model data
we can identify a system of short loops (SL 1-3) and longer core
loops (CL 1, 2) in the active region core.

The short loops are identifiable as separate loops in both the
observed and synthesized Fe XV emission — their length, width,
and footpoint location coincides within the given accuracy of the
alignment. Loops SL 1 and 2 are brighter than SL 3 in both syn-
thetic emission and the observation, so that our model matches
the observation of this short loop system very well. The different
curvature of these short loops could indicate a projection effect
in the observation due to an inclination of the loops.

For the longer loops there is good agreement between obser-
vation and model in the position and shape of CL 1, even though
the synthetic emission is not as strong as the observed emission.
A much weaker (and cooler) loop CL 2 can only be identified
in the model data. Both CL 1 and 2 are visible in the simula-
tion only since a few solar minutes. The temperature of CL 1 is
still rising, which indicates that the heating in the system of field
lines around CL 1 is getting stronger. Therefore, we expect CL 1
to develop into a brighter and broader structure in time. This
should improve the similarity of the synthesized emission to the
observation.

From this comparison of the observed and synthesized emis-
sion we can conclude that the model has a distribution of the
energy input in space and time to create the actually observed
structures. We now turn to the flows resulting from the dynam-
ics in the active region.

To investigate the dynamics in the AR, we compare the ob-
served line-of-sight integrated Doppler line-shifts with the syn-
thetic ones (bottom row in Fig. 2). Here we use the Fe XII line,
because in the observation this line provides a clearer, less noisy
Doppler map than does Fe Xv. The synthesized Doppler maps
in Fe XIT and Fe XV are quite similar, however. In general, the
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Fig. 3. Direct comparison of the model inten-
sity structures with the STEREO 3D recon-
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synthetic Doppler shifts along the hot loops in the corona corre-
spond well to their observed counterparts (Fig. 2¢,d). The north-
ern footpoints of the short loops SL 1 and 2 are located in a
region with magnetic cancellation (see Fig. 1b) and so experi-
ence increased heating. Here we find upflows (blue-shifts). The
resulting siphon-flows along SL 1 and 2 towards the southern
footpoints are driven by the asymmetric heating. Rooted farther
away from the flux cancellation region we also see a cooler loop
(SL 3) with material draining all along the loop as a result of
cooling.

In the AR core we see downflows in both loop legs of CL 1
together with a rising loop-top. This is consistent with an emerg-
ing loop, where plasma is pushed up (blueshift at apex) and
then falls down the legs (redshift at footpoints). The synthetic
Doppler shift at the loop-top corresponds to a vertical velocity
of about 2 kms™!, which was also deduced from observations of
young loops in an emerging AR (e.g., Solanki et al. 2003).

5. STEREO 3D reconstruction

Besides the Hinode observations, the investigated AR was also
observed simultaneously by the STEREO satellites, which al-
lows us to reconstruct the 3D shape of the coronal loops. At
the observation time, the two satellites had a viewing angle
of 40° between them. We traced the Fe XV intensity structures
observed in the 284 A channel of STEREO A and B by first
locating both loop legs, then the loop-top in the middle, and
finally determining co-spatial points inbetween. We used the
function “scc_measure” version 1.15 availabe in the SolarSoft
library?. The reconstruction is accurate to several pixels, corre-
sponding to the width of the traced structures that we estimate to
about 5 arcsec, resulting in uncertainties of several Mm.

A comparison of the loop trajectories reconstructed from
the STEREO observations with the loops synthesized from the
model is shown in Fig. 3. For this we plot the magnetic field line
that passes through the point of maximum emission of the syn-
thesized loop in the 3D domain for one of the core loops (CL 1)
and one of the short loops (SL 1). In the left panel of Fig. 3 we
show the view from the top (along with the magnetogram at the
bottom boundary as the background), and in the right panel we
plot the projection of the field lines when looking at the compu-
tational domain from the side, now together with the synthesized

2 http://www.lmsal.com/solarsoft/

Solar-Y [arcsec]

100 The dashed white lines in panel a) indicate the

range of solar-Y displayed in panel b).

emission of the loops integrated horizontally through the box
(along solar-X). The reconstruction of the trajectories of the
loops observed by STEREO are overplotted as a sequence of
circles, the diameter of the circles indicating the uncertainty of
reconstructed position. We find that the synthetic emission from
loops CL 1 and SL 1 are located within the 3D reconstruction,
both in the horizontal and in the vertical direction. Most impor-
tantly, the reconstructed loops also reach similar heights as the
synthesized model loops. This implies that the model (in gen-
eral) reproduces the observations also in its 3D structure. In the
observation we still find a slight inclination of the SL 1 loop that
is not found in the model.

6. Conclusions

We have presented a 3D MHD model of the corona that is driven
by observations of the solar photosphere. The synthesized pro-
files of coronal emission lines show strong similarities to the ac-
tual observations of the same region on the Sun. This applies to
the line intensities and the Doppler shifts that reflect the dynam-
ics within the coronal loops. Even the spatial distribution of the
synthetic emission within the 3D computational domain occurs
roughly at the same location as reconstructed from stereoscopic
observations.

In our model all coronal loops examined are heated predom-
inantly by Ohmic heating, which is induced by the braiding of
field lines through the (horizontal) photospheric motions. The
average Poynting flux into our model corona roughly matches
the predicted value of about 300 W/m?. Other processes, such as
viscous heating of material draining from the corona, also play
arole, albeit not the dominant one. Because the hot structures in
the simulation develop at the same locations found in observa-
tions, we conclude that the heat in the simulation is deposited in
the same places as on the real Sun. The (asymmetric) heating of
the loops and the rise of magnetic field lines leads to flows in the
loops that are, again, similar to those found in the observation.

This good match is found even though we cannot resolve
the small scales on which the actual dissipation of magnetic en-
ergy occurs. At least the energy deposition at scales accessible
to our model, as well as to current coronal observations (above
about 500 km), is well represented by our proxy for the Ohmic
heating yon /. Certainly, on smaller scales many other processes
will operate, and we conclude that a heating proportional to the
square of the currents provides a good proxy for these sub-grid
processes.
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The substantial match to the observation shows that the field-
line braiding originally proposed by Parker (1972) provides suf-
ficient energy with the proper distribution in space and time to
reproduce characteristic features such as hot coronal loops and
their dynamics in an active region.
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