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ABSTRACT

We present a striking filament pattern in the nonlinear force-free (NLFF) chromospheric magnetic field of the active
region NOAA 10956. The NLFF chromospheric field is extrapolated from the Hinode high-resolution photospheric
vector magnetogram using the weighted optimization method. The modeled structure is characterized by a highly
sheared field with strong horizontal magnetic components and has a virtually identical shape and location as the
filament seen in Hor. The modeled field strength agrees with the recent He1 10830 A observations by Kuckein et al..
The unequivocal resemblance between the NLFF extrapolation and the Ho observation not only demonstrates the
ability of the NLFF field to reproduce chromospheric features, but also provides a valuable diagnostic tool for the

filament magnetic fields.
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1. INTRODUCTION

Magnetic diagnostics of solar filaments in the chromosphere
are crucial for our understanding of their formation, mainte-
nance, and final eruption. However, due to the intrinsically weak
chromospheric magnetic field (Solanki et al. 2006), direct spec-
tropolarimetric measurements of magnetic field vectors in fil-
aments had been extremely rare, difficult, and unreliable for a
long time.

The situation has changed with recent advances in near-
infrared spectropolarimetric instrumentation. For instance, the
Tenerife Infrared Polarimeter (TIP) of the German Vacuum
Tower Telescope (VTT, Tenerife, Spain) provides full Stokes
spectropolarimetric measurements using the He1l multiplet
at 10830 A, which is sensitive to both Hanle and Zeeman effects
and opens a new diagnostic window for the study of filament
magnetic fields (Casini et al. 2009). In a recent paper by Kuckein
et al. (2009), the analysis of TIP He1 10830 A polarimetry in-
dicates that the magnetic field strengths in an active-region fila-
ment range between 600 and 700 G with transverse components
of 500-600 G. The result of Kuckein et al. (2009) is one or-
der of magnitude larger than most previous measurements (e.g.,
Trujillo Bueno et al. 2002; Casini et al. 2003; Merenda et al.
2006). Kuckein et al. (2009) ascribed low values in early mea-
surements to the lack of full Stokes polarimetry and proposed
that strong magnetic fields (on the order of magnitude of a few
hundred Gauss) might be commonly present in active-region
filaments.

On the other hand, sophisticated nonlinear force-free (NLFF)
field reconstruction techniques and high-resolution photo-
spheric magnetic field measurements have become available
in the last few years; these enable us to extrapolate the chromo-
spheric and coronal magnetic fields from the lower, observable
photospheric field. Assuming that the field is free of the Lorentz
force (a condition that is generally met without an eruption in
progress), the NLFF field is regarded as a fair approximation
of chromospheric and coronal magnetic fields (Gary 2001). As
a good complement to the He1 10830 A spectropolarimetric
measurements, which are made at one single layer of the so-
lar atmosphere, the NLFF field provides a three-dimensional
perspective of magnetic structures in an active region.
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In this Letter, we employ an advanced NLFF field modeling
method to extrapolate the chromospheric field. We then compare
the extrapolation with the simultaneous Ho observation in
order to identify vector magnetic fields in the filament. Strong
magnetic fields on the order of magnitude of a few hundred
Gauss are found in the filament, which is consistent with the
recent measurements by Kuckein et al. (2009).

2. He OBSERVATION AND NLFF FIELD
EXTRAPOLATION

The filament studied in this Letter was located to the south
of the active region NOAA 10956. Figure 1(g) shows the Ha
image of the active region taken on 2007 May 18 at 05:52 UT by
the Solar Optical Telescope (SOT) on board Hinode. The target
filament is indicated by the arrow.

The Spectro-Polarimeter (SP) instrument of the SOT obtains
Stokes profiles of two magnetically sensitive Fe lines at 6301.5
and 6302.5 A with a sampling of 21.6 mA. The Hinode/SOT-
SP scan of this active region began at 06:06 UT, 2007 May 18
(~14 minutes later than the Ho observation). The polarization
spectra were inverted to the photospheric vector magnetogram
using an Unno—Rachkovsky inversion based on the assumption
of the Milne—Eddington atmosphere (e.g., Lites & Skumanich
1990; Klimchuk et al. 1992). The vector magnetogram was
rebinned to 0”6 pixel !

Before supplying the photospheric vector magnetogram to
the extrapolation code, we (1) resolved the 180° azimuthal
ambiguity in the transverse field using the “minimum energy”
method (Metcalf 1994); (2) removed the projection effects by
transforming the vector magnetogram from an observational-
plane to a heliographic-Cartesian coordinate. The target was
near the solar disk center (2°N, 18°E), so this correction is
insignificant; and (3) preprocessed the vector magnetogram
(Wiegelmann et al. 2006) so that the photospheric boundary is
consistent with the force-free condition. Finally, we applied the
“weighted optimization” method (Wiegelmann 2004), one of the
best-performing NLFF field modeling methods (Schrijver et al.
2006; Metcalf et al. 2008), to the preprocessed photospheric
vector magnetogram to extrapolate the magnetic field toward
progressively higher layers.
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Figure 1. Magnetic fields and Ha observation of the filament of the active region NOAA 10956. Panels ((a)—(c)): the photospheric horizontal field strength, azimuthal
angle, and vertical field strength. Panels ((d)—(f)): the chromospheric horizontal field strength, azimuth angle, and vertical field strength at a height of 4350 km. Panels
((g)—(1)): the Ho image of the active region, the same Ha image with overplotted horizontal vectors, and the magnetic PIL at the height of 4350 km. The arrows in
panels (d) and (g) indicate the filament structure seen in the extrapolated chromospheric field and Ha observation. The green arrows in panel (h) show the horizontal
field vectors. The yellow contours show the magnetic polarity inversion lines (PILs). The red contours mark the location and shape of the filament. The rectangular

box in panel (h) is defined for the close-up view displayed in Figures 2 and 3.

The dimensions of the computational domain in this case are
~104x 115 x44 Mm?, with a vertical interval of 435 km between
layers. The layer at a height of z = 4350 km was compared with
the Ho observation, as the typical formation height of the Hx
line is ~4300-4400 km (Johannesson & Zirin 1996).

3. RESULTS

Figure 1 compares the photospheric/chromospheric magnetic
fields (the left/middle columns) with the Ho observation (the
right column). A visual inspection immediately reveals a striking
filament pattern in the chromosphere (z = 4350 km). The pattern
(indicated by the arrow in Figure 1(d)) is characterized by
strong horizontal magnetic components and has almost the same
overall shape and location as the He filament. In contrast, the
directly observed photosphere (z = 0 km) bears no resemblance
to the Ho observation. The filament pattern in the chromospheric

magnetic field demonstrates (at least in this case) the ability of
the NLFF field to successfully reproduce the chromospheric
features and allows for further quantitative analysis of the
filament magnetic fields.

Figure 2(a) presents a clearer, close-up view of the horizontal
field vectors at a height of 4350 km. Evidently, the filament is
located along the magnetic polarity inversion line (PIL). The
horizontal field vectors within the filament are almost aligned
with the magnetic PIL. Here, we define a magnetic shear angle
as the angle between the NLFF field and the potential field.
Figure 2(b) shows the map of a magnetic shear angle at a height
of 4350 km. The filament pattern is highly sheared: the mean
shear angle within the filament is 71°.

We further use the extrapolated NLFF field to get the height
and field strength information of the filament. The top four
panels in Figure 3 show the NLFF horizontal field at different
heights. Although the field fades away with an increasing height,
the filament pattern can easily be identified at these heights and
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Figure 2. Highly sheared filament magnetic field at a height of 4350 km. Panel
(a): a close-up view of the horizontal field vectors (shown as arrows). The
length of the arrows is proportional to the strength of the vectors. The direction
of the arrows agrees with the direction of the vectors. The black solid and red
dotted contours indicate the magnetic PIL and the He filament, respectively.
The vectors inside the filament contour are highlighted with the green color.
Panel (b): the map of a magnetic shear angle. The dotted contour indicates the
He filament. The FOV of two panels is defined by the box in Figure 1(h).

always resides along the magnetic PIL. The mean horizontal
field within the filament pattern (as averaged within the polygons
shown in the top four panels) as a function of height is plotted in
the bottom panel (the dotted curve). The mean horizontal field
over the field of view (FOV) as a function of height is also plotted
(the gray curve) as areference. Despite the continued weakening
of the overall horizontal field with height in this active region,
the horizontal field in the filament pattern actually increases at
first, reaches a maximum at ~5000 km, and then decreases. As a
result, we see that the filament pattern first appears vaguely at a
height of 2610 km, becomes most noticeable at 3480-6090 km,
and then gradually fades away.

In a height range of 3480-6090 km, the magnetic field within
the filament structure is of ~200—400 G (with a mean of 320 G),
dominated by a horizontal component of ~100-390 G (with
a mean of 270 G). Our results are comparable to (although
slightly lower than) what Kuckein et al. (2009) measured for an
active-region filament, which is of 600-700 G with a horizontal
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Figure 3. Top four panels: the NLFF horizontal field at different heights, i.e.,
7z =2610, 5220, 7830, and 10,440 km, respectively. The polygon in each panel
marks a region of interest (ROI). The FOV of the panels is defined by the box
in Figure 1(h). Bottom panel: the mean horizontal field in the ROI (black dots)
and the mean horizontal field over the FOV (gray curve) as a function of height.
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component of 500-600 G. Considering that the filament studied
here was located in the periphery of the active region, one should
not expect a field as strong as that in Kuckein et al (2009).

With the NLFF field in hand, the electrical current density |J|
(J) = t |V x B|, where 1 is the magnetic constant and B is
the vector magnetic field) and the magnetic configuration of the
filament are readily deduced. The background image of Figure 4
shows the current density map that was integrated vertically
through the computational domain. The filament pattern is also
evident on the current density map. We see the presence of a
flux-rope configuration in the extrapolated NLFF field. The flux
rope, shown as the colored field lines overlaid on the current
density map, is generally aligned with the filament and has
~1.5 turns. Such a structure may be critical to understand the
eruption of filaments.

4. SUMMARY

To summarize, our application of the NLFF field extrapolation
to an active region shows an unequivocal filament pattern in the
chromospheric magnetic field. The pattern is virtually identical
to the Hoe filament in shape and location, and is characterized
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Figure 4. Vertically integrated electrical current density |J| map with the
overplotted flux rope (colored field lines). The integration of the |J| map is
throughout the computational domain. The white/black areas in the map show
where |]J| are highest/lowest.

by a highly sheared field with strong horizontal magnetic
components.

The particularly good match between observation and extrap-
olation validates the NLFF field extrapolation and allows for the
quantitative analysis of the filament magnetic field. It is found
that the filament field can be described as a twisted flux rope.
The magnetic field strengths in the filament are ~200—400 G,
significantly larger than most early measurements, but compa-
rable to the recent measurement of Kuckein et al. (2009). Our
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study provides evidence of the existence of strong magnetic
fields (on the order of magnitude of a few hundred Gauss) in
active-region filaments.
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