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Abstract

Many models aim to reproduce the non-linear force free fields in the solar corona; in this particular
study, the magnetofrictional relaxation method is used. This method produces non-linear force free fields
in and around an active region filament. The method is based on line-of-sight magnetograms and ground-
based Ha images to define the location of a filament, which is represented by a flux rope.

In this paper, we describe one such model that qualitatively reproduces Hinode X-Ray Telescope (XRT)
observations of highly sheared, non-potential loop structures in NOAA Active Region 10930, which occured
on 12 December 2006. We find that a flux rope with an axial flux of 102" Maxwells is needed to reproduce
the observed loops. We also derive estimates of the current, torsion parameter o, and quasi-separatrix

layer distribution, as well as the relative magnetic helicity and magnetic free energy.
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1. Introduction

It is generally agreed that solar flares represent the re-
lease of magnetic free energy stored in the corona prior to
the flare (Priest & Forbes 2002). The study of solar flares
and other eruptive phenomena requires that we under-
stand the 3D structure of the pre-flare coronal magnetic
field configuration and the physical processes that cause
the field to become unstable. At present, the details of
the configuration are not well understood, so it is difficult
to determine the causes of instability. Twisted or sheared
magnetic fields are often visible in the solar corona before
solar flares erupt (Rust & Kumar 1996; Canfield et al.
1999; Sterling et al. 2000) but it is unclear exactly what
triggers their eruption.

An example of highly sheared field is the region in
and around active region filaments. The mass of the
plasma contained in filaments may be supported by a
highly sheared, weakly twisted flux rope lying horizon-
tally above the polarity inversion line (PIL) (Kuperus
& Raadu 1974; Pneuman 1983; Priest et al. 1989; van
Ballegooijen & Martens 1989; Rust & Kumar 1994; Low
& Hundhausen 1995; Chae et al. 2001). In this study,
we aim to model such twisted field lines in and around
the filament in NOAA Active Region 10930 in order to
understand the causes of the ensuing X-Class flare.

We compare the results of our model with the highly
sheared field visible in Hinode XRT data. XRT is an ideal
instrument for this study because it can resolve individual
sheared loops in hot plasmas, where shear is most likely to
occur, thus putting stronger observational constraints on
magnetic field models than EUV data (Bobra et al. 2007).

2. Model

The magnetic pressure in the corona is generally much
larger than the gas pressure (8 = 8mp/B? < 1), so mag-
netic forces are dominant. Therefore, except during an
eruption, the magnetic field B(r) is nearly force free; i.e.
jxB =0, where j(r) is the electric current density. There
are two classes of solutions for the equation j x B =0, or
(VxB)xB=0. A linear force free field solution satis-
fies V x B = aB, where « is constant. A non-linear force
free solution satisfies V x B = a(r)B, where the value of
« varies among different field lines yet is constant for any
particular field line.

While linear force free solutions are analytic and re-
quire little computing time, the constant-a prevents such
solutions from accurately modeling sheared fields. In ad-
dition, since sheared fields store free energy, linear force
free models cannot produce accurate estimates of helic-
ity and free energy. To accurately model sheared fields
and obtain reasonable helicity and free energy estimates,
one must use a non-linear force free field (NLFFF) model
(van Ballegooijen 2004). In addition, the value of o in
and around such a flux rope varies greatly with position.
Therefore, to accurately model active region filaments,
one must use NLFFF models.

In this study, a non-linear force-free field (NLFFF)
model of AR 10930 was constructed on the basis of a longi-
tudinal magnetogram. The method involves computing a
potential field model and inserting a (non-force-free) mag-
netic flux rope at the location of an observed Ha filament.
Finally magneto-frictional relaxation is applied by solving
the ideal MHD induction equation
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where v is the plasma velocity. In the magneto-frictional
method, the velocity is assumed to be proportional to the
Lorentz force, v =v"'j x B/B?, where v is the friction
coefficient. The boundary conditions are such that the
horizontal components of A(r) on the photosphere are
held fixed during the iteration process, so the radial mag-
netic field at the photosphere remains unchanged. We
also use periodic boundary conditions in longitude, closed
boundaries in latitude, and open boundary conditions at
the top, where the field is assumed to be radial.

The latest version of the code takes into account devi-
ations from force-free conditions in the photosphere (see
Metcalf et al. 2007), and includes hyper-diffusion in the
corona to suppress artifacts in the coronal current distri-
bution (for details see Bobra et al. (2007)). The final con-
figuration is compared with both Ha observations of the
filament and XRT observations of the surrounding corona.

=vx B, (1)

3. Observations

Three sets of observational data were used in this study
(dates and times of each observation are listed in Table 1):
The line-of-sight component from a magnetogram taken
by the Kitt Peak SOLIS Vector Spectromagnetograph,
full-disk Ha image from Kanzelhéhe Observatory, and
Soft X-Ray images taken by the Hinode X-Ray Telescope,
which has 1" pixels or an angular resolution of 2" (Golub
et al. 2007). These data represent the solar magnetic
field configuration at the photosphere, chromosphere, and
corona, respectively.

The X-Ray image is shown in the top panel of Figure
1. Soft X-Ray images observed by Yohkoh SXT showed
S-shaped structures called sigmoids; Hinode XRT obser-
vations resolve such sigmoids into multiple, thin sheared
loops that display both continuous and discontinuous S-
structures.

4. Results

Figure 1 shows a model constructed with a flux rope
that has an axial flux of 102! Mx and a poloidal flux of
—10™ Mx/cm (left-helical twist) from two angles sepa-
rated by 90°. Such a flux rope qualitatively reproduces
the individual S-shaped sheared loops seen in the active
region core as seen by XRT.

The model parameters are listed in Table 1. The ax-
ial flux, free energy, ratio of free energy and potential
field energy, and helicity indicate values that will produce
a solution that matches observations. The twist angle
0 = |2m(Fpoi L)(Pazi) ™" |, where L is the length of the flux
rope.

Canfield et al. (1999) found that active regions contain-
ing sigmoids are likely to erupt. Our non-linear force-
free model of multiple sigmoidal loops produces ~ 1032
ergs of free energy, which is ~60% of the potential field
energy. Such a result suggests that multiple sigmoidal
loops as observed by XRT contain a significant amount
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Table 1. Flux Rope Parameters. *Below, these coordinates
are given in(Latitude, Central Meridian Distance).? The com-
putational domain is represented in spherical coordinates;
above, these coordinates have been translated into average
z and y values in arcseconds.

XRT Data Time
Ha Data Time
SOLIS Data Time

12-12-2006 16:12:57 UT
12-12-2006 07:49:45 UT
12-12-2006 16:13:00 UT

Active Region Number NOAA 10930
Domain center® (20.1, -6.7)
Resolution d¢ 0.0015 radians
Domain Size(”)? 512x512

Flux Imbalance -2.20 Gauss
Length of Flux Rope 218,000 km
Poloidal Flux -10™ Mx/cm
Potential field (PF) energy | 5.04 x 10°% erg
Axial Flux 10?1 Mx

Twist angle 0 13.7 radians

Free Energy 2.93 x 10%% erg
Free Energy (% of PF) 58

Relative Helicity —1.77 x 108 (Mx?)

of energy, which is consistent with eruptive behavior. In
addition, our model finds the associated flux rope has a
twist of 13.7 radians, which is far above the threshold for
eruption, commonly believed to be ~ 27 radians (Hood &
Priest 1981; To6rok et al. 2004).

We determined the 3-D current distribution from j =
V x B. A plot of the vertical component of the current
density at a height of z = 4, which corresponds to the cen-
ter of the flux rope, is shown in the top panel of Figure 2.
The yellow line represents the z-axis of the image below,
which shows the current distribution along a cross-section
of the flux rope, looking towards the West. White lines
represent selected magnetic field lines from the model’s re-
sult. It is worth noting that the right-most magnetic field
line, which looks like it is looping over itself, is actually
a sheared line traveling along the axis of the flux rope.
We find that this magnetic field configuration is consis-
tent with those described in Karpen et al. (2005), whom
suggest that such long, horizontal field lines can support
the weight of a filament.

The current distribution is zero throughout most of the
domain and peaks at the location of the flux rope. This
is to be expected, due to the formation of current sheets
during the flux rope insertion process. However the pres-
ence of a flux rope in the solar atmosphere will likely have
associated current sheets and thus the distribution is re-
alistic.

Figure 3 shows the quasi-separatrix layers (QSL) for a
potential field model of AR 10930 (top panel) and for the
non-linear force free model (bottom panel). Each figure
shows the plane z =4 of the computational volume divided
into three areas. Magnetic field lines in the blue area
have both footpoints in the computational volume. The
brightness in the blue area is proportional to the function
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Fig. 1. Top: An XRT image taken on 12 December 2006 at
16:12:54 with the Aluminum-Poly filter. Middle: The XRT
image and photospheric flux distribution overlaid with se-
lected field lines from our model. Bottom: The same field
lines rotated by 90°.
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Fig. 2. Top: A plot of the current distribution at a height
of z = 4, in the z-y plane. Bottom: The same current distri-
bution in an s-z plane, where s is the yellow line in the top

image.
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where (z,y) is the starting point of a field line, (2',y’)
and (z",y"") are the two end points, and {X;, X>} define
a vector {z" —z',y" —y'} (Titov & Démoulin 1999). Field
lines in the brown area intersect the sides of the computa-
tional volume. Field lines in the green area intersect the
top of the computational volume. The QSL calculation
was performed only in the blue area.

The QSL map is plotted at a height of 4 grid cells, or 5.5
Mm, above the photosphere. We chose this height because
it corresponds to the center of the flux rope. Computing
the quasi-separatrix layers at a height above the photo-
sphere, instead of the photosphere itself, also ensures that
solution is less sensitive to boundary conditions.

Note that the QSL structure of the non-linear force free
field differs significantly from that of the potential field.
These differences occur not only in regions where strong
electric currents are present (compare with Figure 2), but
also in regions with weaker currents near the ends of the
flux rope (e.g., in lower-left quadrant of Figure 3). The key
point is that the presence of a coronal flux rope can dras-
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Fig. 3. Top: Quasi-separatrix layers calculated from a po-
tential field model of AR 10930; Bottom: Quasi-separatrix
layers calculated from a non-linear force-free field model of
AR 10930.

tically alter the topology of the coronal field and therefore
the structure of the quasi-separatrix layers.

5. Conclusion

In general, we find energies on the order of 3 x 1032 ergs
and helicities on the order of 10*3 Maxwells?, somewhat
larger than the values found by Gary et al. (1987); Bleybel
et al. (2002); Régnier et al. (2002) and Mandrini et al.
(2004).

We observe magnetic fields with a complex topology:
there are many quasi-separatrix surfaces within the flux
rope. Electric currents, that are not resolved in the
present models, likely build along these quasi-separatrix
layers. Magnetic reconnection and plasma heating may
take place at the quasi-separatrix layers, explaining some
of the observed coronal heating in the active regions.

In the future, we plan to construct such models for sev-
eral Hinode XRT-observed active regions to create a sta-
tistically significant sample of models to analyze.
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