NON-LINEAR FORCE-FREE MAGNETIC FIELD MODELLING FOR VIM ON SO.

T. Wiegelmann, S. K. Solanki, L. Yelles, and A. Lagg

Max-Planck-Institut fiir Sonnensystemforschung, 37191 Katlenburg-Lindau, Germany

ABSTRACT

The aim of this work is to investigate how photon noise
and errors in the retrieval of solar magnetic parameters
from measured Stokes profiles influences the extrapola-
tion of nonlinear force-free coronal magnetic fields from
photospheric vector magnetograms. To do so we use a
nonlinear force-free extrapolation code based on an op-
timization principle. The extrapolation method has been
extensively tested and applied to data from various tele-
scopes. Here we apply the code to artificial vector magne-
tograms obtained from 3-D radiation-MHD simulations.
As a reference case we compute the coronal magnetic
field from an ideal magnetogram and compare the result
with more realistic magnetograms based on simulated
Solar Orbiter/VIM-measurements. We investigate the ef-
fect of noise, ambiguities, spatial resolution, inversion
mechanism of Stokes profiles etc. We rate the quality of
the reconstructed coronal magnetic field qualitatively by
magnetic field line plots and quantitatively by a number
of comparision metrices, e.g., the vector correlation with
the exact solution and how accurate the free magnetic en-
ergy is computed. Not surprisingly, instrument effects
and noise influence the quality of the nonlinear force-free
coronal magnetic field model. The extrapolations from
realistic vector magnetograms show a reasonable agree-
ment with the ideal reconstruction, however, and are in
particular significantly better than extrapolations based
on line-of-sight magnetograms only. High quality VIM
data will thus allow reasonably accurate extrapolations
that can serve as the basis for magnetic coupling science
through a comparison with observations from EUS and
EUL
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nonlinear force-free.

1. INTRODUCTION

Except for a few individual cases, e.g., in a newly devel-
oped Active Region by Solanki et al. (2003), we cannot
measure the magnetic field in the solar corona at high
resolution directly and we have to rely on extrapolations
from photospheric measurements. Recently Wiegelmann
et al. (2005b) compared the direct magnetic field mea-

surements by Solanki et al. (2003) with extrapolations
from the photosphere. This work revealed the importance
of field aligned electric currents for an accurate magnetic
field reconstruction and the need for photospheric vector
magnetograms as boundary data. A well known problem
is that the noise level of the transversal magnetic field
measurements is typically more than one order of magni-
tude higher than for the line-of-sight component. He we
investigate, how the extrapolated coronal magnetic field
is influenced by instrument effects and noise, which in-
fluence the inversion of the measured Stokes profiles.

To do so we use the results of 3D radiation MHD simu-
lations (see Vogler et al. (2005) for details). The partic-
ular snapshot considered here her harbour equal amounts
of magnetic flux with both polarities. The correspond-
ing artificial Stokes spectra have been previously used by
Khomenko et al. (2005b) for the investigation of mag-
netoconvection of mixed-polarity quiet-Sun regions and
compared with measured Stokes profiles in Khomenko
et al. (2005a). We compute synthetic lines from these
images, add noise and apply VIM-like filters (see Yelles
et al. in this volume). Finally we invert these artificial
measurements to derive synthetic vector magnetograms,
which are then used as boundary conditions for a nonlin-
ear force-free magnetic field extrapolation. We compare
the reconstruction from ideal data, taken directly from the
MHD simulations, with extrapolations starting from data
containing instrument effects and noise.

2. METHOD

We consider different instrument effects within the inver-
sion process of the Stokes profiles.

e Reference (case 1): Data from MHD simulations.

e Casc 2: Inversion from ideal Stokes profiles.

e Case 3: Inversion of Stokes profiles after applying a
Fabry-Perrot filter with 100m A width.

e Case 4: In addition to the filter effects noise with a
level 10~21.. is added. After inversion this result has
significantly (order of magnitude) larger uncertain-
ties in the transverse field.
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An additional instrument effect for cases three and four
is a four times reduced spatial resolution.

For the MHD reference case we get B, By, B. in the
photosphere. For the cases (2-4) we get the total magnetic
field strength B = |B|, the inclination angle # and the
azimuth ¢.

To compute a nonlinear force-free coronal magnetic field
from this data we do the following steps:

e Transform B, 8 and ¢ to B, By, B. on the photo-
sphere.
o Preprocess the vector magnetogram (B, B, B.).

e Compute a nonlinear force-free coronal magnetic
field from the preprocessed vector magnetogram.

o Compare the result with the reference field.

We explain these steps in the following.

2.1. Transformation of B, 8, ¢ to (B, B,, B.) onthe
photosphere.

Transformation equations:

B, = Bsinfcos¢ ¢))
B, = DBsinfsing (2)
B. = Becosf 3)

The inclination angle is in the range # = 0...180 and
the azimuth is —90 . ..90. The azimuth still contains the
180° ambiguity which has to be removed before we pro-
ceed. The 1807 ambiguity has been removed by minimiz-
ing the angle to the exact solution. This possibility does,
of course, not exist for real data and we try also to remove
the ambiguity by minimizing the angle to a correspond-
ing potential field. The minimum energy method Metcalf
(1994) is more sophisticated, but it is outside the scope
of this paper to deal with methods of removing the 180°
ambiguity in detail.

In Table 1 we provide the linear Pearson correlation coef-
ficient of the inverted vector magnetogram with the origi-
nal MHD result. We provide the correlation coefficient
for different methods of ambiguity removal (minimize
angle to reference field, minimize angle to potential field,
not remove the ambiguity). As one can see in Table 1 the
performance for the second and third possibility is very
poor and we proceed further only with the first choice.
We show the resulting vector magnetograms in Figure 1,
where the reference case is at the top and the inversion
cases 2-4 are in rows 2-4. Figure 1 and Table 1 show that
the line-of-sight photospheric magnetic field B . is much
closer to the original than the transversal components of
the photospheric magnetic field.

2.2. Preprocessing

The preprocessing routine has been described in detail in
Wiegelmann et al. (2006) and we outline only the main
features here. The reason why preprocessing of mea-
sured photospheric vector magnetograms is necessary is
the following. A problem is that measurements of the
photospheric magnetic vector field contain inconsisten-
cies and noise. In particular the transversal components
(say Bx and By) of current vector magnetographs have
their uncertainties, as seen, e.g., in the bottom panel of
Figure 1 and in Table 1. Furthermore the magnetic ficld
in the photosphere is not necessarily force-free and often
not consistent with the assumption of a force-free field
above. Aly (1989) provided criteria that photospheric
boundary data have to fulfill in order to be suitable for
a force-free extrapolation of the coronal magnetic field
above the magnetogram. We developed a preprocessing
procedure to drive the observed non force-free data to-
wards suitable boundary conditions for a force-free ex-
trapolation.

To do so we minimize a 2D functional:

L =1Ly + paLy + pzLg + paLy 4)
where
L = (Z BIB;) + (Z ByB;)
P P
+ (Z B? - B? - B;)
P
L, = (Zr (B? - B2 - Bj))
P
2
(S -n-m)
P
2
+ (Z yB,B. — :z:ByB;)
P
L3 = lz (B:r - Ba.’abs)g + Z (By - B-yobs)2
P i
+ Z (B:. - B:obs)2
P
Ly = |Y_ (AB.)*+(AB,)” + (AB.)? (5)
b

The surface integrals are here replaced by a summation
3 , over all grid nodes p of the bottom surface grid
and the differentiation in the smoothing term is achieved
by the usual 5-point stencil for the 2D-Laplace opera-
tor. Each constraint L, is weighted by a yet undeter-
mined factor p,. The first term (n=1) corresponds to
the force-balance condition, the next (n=2) to the torque-
free condition. The following term (n=3) ensures that the



optimized boundary condition agrees with the measured
photospheric data and the last terms (n=4) controls the
smoothing. The 2D-Laplace operator is designated by A.

The aim of our preprocessing procedure is to minimize L
so that all terms L, if possible are made small simulta-
neously. As result of the preprocessing we get a data set
which is consistent with the assumption of a force-free
magnetic field in the corona but also as close as possible
to the measured data within the noise level.

2.3. Extrapolation of nonlinear force-free fields.

Force-free coronal magnetic fields have to obey the equa-
tions

(VxB)xB = 0, (6)
V.-B = 0. 0

Wheatland et al. (2000) proposed an optimization princi-

ple to solve these equations, which has been generalized

by Wiegelmann (2004). We define the functional
B7%|(Vx B) x B> +wy |V - B|*] d*z

- / [wa
v
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where w, and w; arc weighting functions. It is obvious
that (for w,,w, > 0) the force-free equations (6-7) are
fulfilled when L equals zero. We minimize the functional
(8) numerically as explained in detail in Wiegelmann
(2004). The program is written in C and has been paral-
lelized with OpenMP. The code has been applied to vec-
tor magnetograph data from the German Vacuum Tower
Telescope (VTT) in Wiegelmann et al. (2005b,a) and to
data from the Solar Flare Telescope (SFT) in Wiegelmann
et al. (2006)

3. RESULTS

3.1. Qualitative comparison

Here we concentrate on the results of the 3D magnetic
field reconstruction. Figure 2 shows some magnetic field
lines for the reference field and the three inversion cases.
First we see that magnetic field lines with footpoints close
to the boundary of the magnetogram are not well recon-
structed for the cases 2-4. Some near-boundary closed
loops in the reference case even occur as open field lines
in the reconstructed cases. The poor quality of any mag-
netic field reconstruction method close to the boundaries
of a magnetogram is well known, see, e.g., Wiegelmann
et al. (2005b). The reason is, that the unknown mag-
netic field outside the field-of-view influences the mag-
netic field in the computational domain. Any assumption
regarding these fields are a mere guess and a meaning-
ful magnetic field reconstruction, which is not biased by
assumptions regarding the lateral boundary conditions,
is only possible for regions far from the boundaries of
the computational domain. In other words, the measured

photospheric magnetic field vector should include a suf-
ficiently large field-of-view, which includes a reasonably
large skirt around the region of interest.

Field lines with both footpoints well inside the magne-
togram seem to be reasonably reconstructed for the ideal
inversion case 2. The overall magnetic field topology is
visible as well for cases 3 and 4, which contain instru-
ment effects due to limited wavelength sampling of the
spectral line and for case 4 also noise. A visual inspec-
tion of figure 2 shows a larger deviation from the original
reference field, however. In the following we introduce
several figures of merit to evaluate the performance of
the reconstruction quantitatively.

3.2. Figures of merit

Table 2 contains different measures which compare our
reconstructed field for cases 2-4 with the reference field.
These measures have been introduced by Schrijver et al.
(2006) to compare a vector field b with a reference field
B.

e Column 2: Vector correlation:

2

1/
ZB bi/ (ZlBll Zlbl) , 9

¢ Column 3: Cauchy-Schwarz inequality

=X Xm0

where IV is the number of vectors in the field.

e Column 4: Normalized vector error

Ex = Z|bi —Bi|/Z|Bi|; (11)

e Column 5: mean vector error
|bi — Bi|
. (12
Z B )

e Column 6: total magnetic energy of the recon-
structed field normalized with the energy of the ref-
erence field )

_ Z.s. |bi|2

=&t 13
S, [BiP (3)

The two vector fields agree perfectly if Cyec, Cos and €
are unity and if E'y and E,; are zero.

3.3. Quantitative comparison

Table 2 contains the quantitative comparison measures as
introduced in section 3.2. We compare the reference field
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Figure 1. Top: Original magnetogram from the MHD simulations. Row 2-4: Inversions for Cases 2, 3, 4. Please note that
the data have been rebinned for cases 3 and 4 for a belter comparison.



Table 1. We compare the linear Pearson correlation coefficient of the reference vector magnetogram with the inversion.
We removed the 180° ambiguity by minimizing the angle to the reference field (column 2-4), a potential field (column 5-7)
and without removing the ambiguity (column 8-10). The ambiguity removal does of course not influence the line-of-sight
magnetic field component B ..

Ambi ref Ambi pot not removed
Model B, B, B. |B, B, B. |B B, B.
Reference | 1 1 1 1 1 1 1 1 1

Potential 0.34 0.12 097
Case 2 0.89 0.88 097|040 0.17 097 | -0.07 0.05 0.97
Case 3 0.79 0.69 085030 0.04 0.8 | —-006 0.09 0.85
Case 4 0.67 0.53 0.85]0.22 0.02 0.85| —-0.02 000 0.85

Reference

Figure 2. Magnetic field line plots for the reference field and the three inversion cases. The color coding corresponds to
the magnetic field strength on the photosphere.



Table 2. We compare different figures of merit of the 3D
reconstruction for different cases.
Cvec C( 'S En En €
Reference 1 1 0 0 1
Potential 0.68 092 051 026 0.64
Ideal 0.95 098 0.22 0.16 1.05
Filter 0.88 097 0.34 0.22 0.88
Filter+Noise | 0.84 0.97 0.36 0.22 0.78

with a potential field and the results of cases 2-4. The
reconstruction from ideal Stokes profiles give the best
agreement with the original reference field for all com-
parison metrics. A reconstruction from Stokes-profiles
taken with a Fabry-Perrot filter (Case 3, forth row in ta-
ble 2) is less accurate. In particular the values for the
vector correlation and the magnetic energy content are
significantly worse than for an ideal inversion. For Stokes
profiles with noise (Case 4, fifth row in table 2) the com-
parison figures indicate a further quality loss of the re-
constructed coronal magnetic field. We have also to keep
in mind, that the inversion of the Stokes profiles for cases
3 and 4 has been carried out with a four times lower spa-
tial resolution, which was comparable with the expected
resolution of the VIM-instrument. In particular the de-
viation (too low) of the magnetic energy for these cases
might well be significantly influenced by the resolution
effects, as small scale magnetic fields and electric cur-
rents are not resolved. We are planning to investigate the
influence of resolution effects, different filters and noise
levels in more detail in a future work. Despite the cumu-
lative error sources of instrument effects, noise and low
resolution for cases 3 and 4, a corresponding nonlinear
force-free reconstruction provides a much better agree-
ment with the reference field than a potential field recon-
struction.

4. CONCLUSIONS

Our investigations revealed by which amount instrument
effects, noise and a limited spatial resolution influence
the quality o a nonlinear force-free reconstruction of the
coronal magnetic field vector. But even for very noisy
data a nonlinear force-free extrapolation is way more
accurate than a potential field reconstruction. Potential
fields can be reconstructed from the photospheric line-
of-sight component alone and do not require knowledge
regarding the transversal photospheric magnetic field at
all. Nonlinear force-free models require the transversal
photospheric magnetic field and lead to an improved re-
construction result, even if the measurement error of this
component is relatively high.
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