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ABSTRACT

Solar ares and coronal mass ejections are associated witdprd changes in
eld connectivity and powered by the partial dissipation ofelectrical currents in
the solar atmosphere. A critical unanswered question is wiher the currents
involved are induced by the motion of pre-existing atmospiie magnetic ux
subject to surface plasma ows, or whether these currents erassociated with
the emergence of ux from within the solar convective zone. ®address this
problem by applying state-of-the-art nonlinear force-fre eld (NLFFF) model-
ing to the highest resolution and quality vector-magnetogiphic data observed
by the recently launched Hinode satellite on NOAA Active Reign 10930 around
the time of a powerful X3.4 are. We compute 14 NLFFF models wih 4 di er-
ent codes and a variety of boundary conditions. We nd that te model elds
di er markedly in geometry, energy content, and force-fragess. We discuss the
relative merits of these models in a general critique of pe# abilities to model
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the coronal magnetic eld based on surface vector eld measments. For our
application in particular, we nd a fair agreement of the bet t model eld with

the observed coronal con guration, and argue (1) that strog electrical currents
emerge together with magnetic ux preceding the are, (2) tlat these currents
are carried in an ensemble of thin strands, (3) that the glolbgattern of these
currents and of eld lines are compatible with a large-scaléwisted ux rope
topology, and (4) that the  10°?erg change in energy associated with the coro-
nal electrical currents su ces to power the are and its assoiated coronal mass
ejection.

Subject headingsSun: activity, Sun: magnetic elds, Sun: ares, Sun: corona

1. Introduction

Solar ares and coronal mass ejections derive their energypin electrical currents that
run through the solar outer atmosphere. There is growing edénce that the strong electrical
currents involved in major aring tend to emerge embedded whin magnetic ux after being
generated within the solar convection zone, rather than bagj induced by the displacement of
pre-existing magnetic ux by plasma ows on the surface (e.g.eka et al. 1996; Wheatland
2000; Demoulin et al. 2002b; Demoulin et al. 2002a; Falconeret al. 2002; Leka and Barnes
2003a,b; Schrijveret al. 2005; Wiegelmannet al. 2005; Regnier and Can eld 2006; Jing
et al. 2006; Schrijver 2007). The high-resolution vector-magragraphic capabilities of the
recently launched Hinode satellite, and the advances in cgutational capabilities to model
and analyze the atmospheric magnetic elds based on theserfaice eld measurements,
should enable us to make signi cant advances in addressinigi problem.

Aside from ares and eruptive events, the magnetic eld in tle solar corona evolves
slowly as it responds to changes in the surface eld, implyinthat the electromagnetic
Lorentz forces in this low- environment are relatively weak and that any electrical cuents
that exist must be essentially parallel or anti-parallel tahe magnetic eld wherever the eld
is not negligible. The problem of determining the coronal ke and its embedded electrical
currents thus leads to the problem of reconstructing the 3D agnetic eld from the observed
boundary conditions, without having to deal with the e ectsof plasma forces on that eld.

The vertical component of coronal electrical currents enteng the corona from below
the photosphere can in principle be deduced from the tangéat components of the vector-
magnetic eld at the base of the corona. When combined with # vertical magnetic eld
component and the condition that there are at most small Lor&z forces (i.e., that the eld is
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\force free"), the resulting model for the current-carryirg coronal eld is commonly referred
to as a nonlinear force-free (NLFF) eld. Modeling such a d is in itself a di cult problem
that requires that a number of steps be taken successfullys autlined below (see also, e.g.,
Sakurai 1989; McClymontet al. 1997; Amariet al. 1997).

First, the measured polarization signals need to be inveddo form a vector-magnetogram,
which requires detailed models of radiative transport of parized light through the solar at-
mosphere.

Second, the procedure involves resolving an intrinsic 18@mbiguity in the components
perpendicular to the line of sight, which result from a degemacy of the polarization prop-
erties. As the electrical currents that penetrate the photsphere are carried by compact
ux tubes or potentially by ne structures within sunspots, knowledge of the small-scale
gradients in the eld components tangential to the solar suace is critical. Several proce-
dures have been developed to address this problem (see $&cf for select references), all
of which involve a subjective choice, either on how to deal thi discontinuities interactively,
or on what functional to use in an automated iterative procedre.

Third, the Lorentz forces at the base of the corona (caused tyoyancy forces and drag
forces from surface plasma ows) must be dealt with, becausermally the assumption that
currents and eld are collinear is valid only above the lowechromosphere (Metcalfet al.
1995), where the plasma rapidly lies well below unity at least within the strong- eld core of
active regions. This step, often referred to as preproceasgj also involves subjective choices
about how the eld may be modi ed to remove net forces and torges while smoothing and
tilting the observed vector eld. A parallel study by Wiegelmann et al. (2007) con rms the
expectation by Metcalfet al. (2007) based on a model test case that successful preproicgss
distorts the observed photospheric eld to an approximatiao of the chromospheric eld.

Fourth, the NLFF eld computation requires a numerical codeto determine a coronal
eld that is compatible with the observed boundary condition. This, too, involves choices
about the iteration scheme itself and about the applicationf boundary and initial conditions.
All of these a ect the outcome, even in the case of \perfect lowledge," as shown by the
tests performed by Schrijveret al. (2006) and Metcalfet al. (2007).

In a series of precursor studies, we have addressed the als®teof problems (e.g., Metcalf
1994; Wiegelmanret al. 2006; Schrijveret al. 2006; Amariet al. 2006; Metcalfet al. 2007,
and references therein). We here proceed with an applicatiof the developed methodology
to state-of-the-art solar observations.
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2. Observations

The Solar Optical Telescope (SOT) on board the Hinode spacatt (Kosugi et al. 2007)
observed AR 10930 in the chromospheric CallH channel and ihd near-photospheric G
band, while also obtaining magnetogram sequences for ovemwaek with near-continuous
coverage (see Figs.1l and 2; the region's evolution is alssdéed by, e.g., Zhanget al.
2007). These and other observations show that AR 10930 exitdal only B- and C-class
ares from 2006/12/08 through 2006/12/13, when an X3.4 are peaking in soft X-rays at
2:40 UT, ended this relatively quiet period. At the time of tre are, the region was at 23west
and 5 south of disk center, and thus well positioned for vector-nggetographic observations.

If we look at this earliest phase in the are, the very rst brightenings in the chro-
mosphere (in CallH) are visible at 02:04 UT over a pair of comevging concentrations of
opposite sign in the line-of-sight magnetic eld (at positon A in Fig.2d). Twelve minutes
later, three are ribbons are evident over opposite line-e§ight magnetic polarity (Fig. 1b):
at position E and at the penumbral edges at positions B and D ifig. 2c). Such are rib-
bons are commonly interpreted as the sites where energetiare particles impact the lower
atmosphere, thereby identifying the photospheric end pdis of the eld lines on which these
particles are accelerated during the energization of the ra. Hinode/XRT observed an early
bright soft X-ray feature over the rst chromospheric brigtiening (near E in Fig.2c). The
east-west bright X-ray ridge (below the center in Fig.1a) saddles the emerging ux ends
on the northern early are ribbon near position B in Fig.2c an on the southern one near
position D around 02:15UT. The overlying higher arched logydo not exhibit bright rib-
bons until approximately 2:30UT (at positions C and near D inFig. 2c); conversion of its
excess energy into particle kinetic energy apparently staronly some 25 min after the rst
impulsive energy conversion.

In the days leading up to the X3.4 are, the main changes in ARQ930 comprised a
strong eastward motion of the smaller, southern sunspot eglve to its larger neighbor to the
north. Flux emergence between the two spots, as well as in taeea west of that, continued
strongly from the early hours of 2006/12/10 through the secwl half of 2006/12/14. Towards
the end of that period, the southern spot was moving rapidly astward, while multiple
ridges of both polarities showed up between the northern armgbuthern spots, some even
forming interpenumbral connections. Snapshots of four Hirde magnetograms taken with
the Narrow-band Filter Imager (NFI) are shown in Fig. 2. Notethat the NFI signal is
highly non-linear within the spot umbrae, where the very stong eld causes the signal to
fade back to zero; this does not happen in the spectrum-baseector-magnetographic SP
data (described below) that we use as input for our NLFFF methds. We show a selection
of the NFI images here, because they are part of a movie (sedoag with magnetograms
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taken at a cadence of two minutes, whereas there is an inteha 8 h between the SP maps
before and after the are.

Figure 2 shows only a small area around the sunspots at 4 h intals up to the start of the
X3.4 are. These panels suggest relatively little change evtime. The overall appearance,
in fact, changes so little that we use the lower two panels tdew the detailed positions of
the early are ribbons and the modeled electrical currents escribed in detail below. But
the eld is, in fact, very dynamic: successive generations ddges and concentrations of ux
form and disappear along the region between the spots and imetspots' adjacent penumbrae.
This evolution can be seen in an 8d movie in the electronic aeldda, with 2 min between
successive magnetograms (shown rebinned to a 1,000 by 50&lpmovie at 1/4 of the full
instrumental resolution).t

The evolution of the emerging eld between the spots is chacterized by the frequent
occurrence of opposite-polarity ridges, either next to elmther, o set along their length,
or separated by a strip of weaker line-of-sight eld. Such rely parallel strands are a
characteristic signature of emerging ux bundles that cayr currents along their core (see,
e.g., Fig.2 in Magara 2006, for simulations of an emerging xurope). Such bril electrical
currents cause the magnetic eld to spiral about the axis of aux rope, so that when this
ux rope breaches the solar surface, two ridges are observetiere the spiraling eld points
upward and downward in two mostly parallel ridges in close pximity on either side of the
rope's axis. We return to this point in the discussion of the mdel eld.

In addition to the Itergram sequences, the SOT Spectro-Pakimeter (SP) obtained
maps of the central regions of AR 10930 before and after the X3are. A pre- are map was
obtained between 20:30UT and 21:15UT on 2006/12/12, and alsequent post- are map
between 3:40UT and 4:40UT on the next day; both have 0.3 arcspixels, and span 1024
steps with 512 pixels along the north-south oriented slit.

These Hinode SP data were prepared by the standard \SPREP" (Lites et al. 2007a)
available through SolarSoft, and the resulting polarizatin spectra inverted to a vector mag-
netic eld map using an Unno-Rachkovsky inversion with a Mihe-Eddington atmosphere
(Skumanich and Lites 1987; Lites and Skumanich 1990; Litet al. 1993). Pixels with a
net polarization below the threshold required for full invesion, but still with measureable
StokesV, are treated in the following manner: a longitudinal ux dersity is derived (see, for
example, Liteset al. 2007b), and assuming that the eld in these regions is in factdially
directed, the observing angle allows the azimuths and inohtions to be determined in the

1The movie is also available at http://www.Imsal.com/ schryver/NLFFF/HinodeNFI X3.4.mov. A
smaller version covering a 2h h interval around the are is abo available.



{6{

observer's frame. In this manner, less than 0.5% of the pisein the map are undetermined
and discontinuities due to the thresholds are minimized.

The vector magnetic eld maps are then subjected to an ambiggy resolution approach
which uses simulated annealing to minimize a functional ohé electric current density and
divergence-free condition (Metcalf 1994). The algorithmpgplied includes the enhancements
described in Metcalfet al. (2006), and was the top-performing automated method amorigs
those compared in that same study. The ambiguity resolutioappears to work successfully
for most of the eld of view, and leaves only a few very small pehes where the transverse
eld changes discontinuously. We cannot tell whether theggatches are artifacts or real, and
consequently do not attempt to remove them from the processevector eld. The vertical
components of the SP vector-magnetic eld before and aftené are are shown in Figs. 1c
and 1d, respectively. Maps of the vertical current density;,, are shown in Figs. 1e, andf;
we note that the overall currents are balanced to within 0.7%n the eld of view, while the
currents within each polarity reveal a net current betweenfte eld polarities of approximately
20% for positiveB, and 15% in the negative polarity. The line-of-sight compomgs of the
central area as measured by the NFI are shown enlarged in F2g.We note that the polarity
patterns seen in the Iter-based NFI data match those in the gectrum-based SP vector
magnetograms (the latter are available as addenda to the eteonic edition of this papep),
as expected for subsonic ows a ecting elds observed at 120A away from the line center
position at 6302A.

We embedded the Hinode/SP maps in a much larger, lower-resbbn SOHO/MDI
(Scherreret al. 1995) line-of-sight magnetogram in order to incorporate farmation on ux
outside the SP map, subject to the current-free (potentialppproximation. In order to be
able to apply the NLFF codes with present computational resoces, the data are rebinned
2 2,to0.63arcsec pixels. A Green's function potential eld\letcalf et al. 2007) is computed
for the entire expanded area to serve as initial condition,ra as side- and upper-boundary
conditions (where applicable for the methods; see Metcadt al. (2007)). The central area
of 150 150Mm (203 203 arcsec, or 320 320 pixels) is extracted for modeling, together
with the corresponding potential- eld cube over 256 vertial pixels.

2FITS les are also available at http://www.Imsal.com/  schryver/NLFFF/; the le contents is described
in the FITS header comment eld.
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3. NLFFF modeling

We apply the four NLFF eld algorithms described in Schrijve et al. (2006) and, where
modi ed, by Metcalf et al. (2007): the weighted optimization algorithm by Wiegelmann
(2004), the uniformly weighted optimization model as implmented by McTiernan (Wheat-
land et al. 2000), the magneto-frictional code by Valoret al. (2005), and the current- eld
interaction method by Wheatland (2006, 2007, and refereneg¢herein). For the Wheatland
method, three solutions are computed with di erent bounday conditions on vertical current:
currents are chosen from regions with positive vertical e B,; from regions with negative
vertical eld; and based on an average of those two.

Apart from working with the observed (disambiguated) vecto elds, we also apply
preprocessing to the lower boundary vector eld. This remas net magnetic forces and
torques which should not exist in the model. The preprocessj is performed with a method
devised by Metcalfet al. (2007), which leaveB, unchanged, and one by Wiegelmanat al.
(2006), which allows all eld components to change. Both ofhese are applied with and
without spatial smoothing. The characteristic value of thems di erence between observed
and preprocessed values f@,, are 15% of the standard deviation inBy.,. A summary
of these preprocessing algorithms is included in Metcadt al. (2007).

The work by Metcalf et al. (2007) showed that the additional step of preprocessing
the observed photospheric vector-magnetic data resulted a marked improvement in the
agreement between the resulting NLFFF extrapolations andheir model reference eld. They
argue that this result likely stems from the fact that the prgprocessed photospheric eld is a
good approximation of the corresponding chromospheric @&l where the Lorentz forces are
much weaker. This is con rmed by Wiegelmanret al. (2007) in a detailed evaluation of the
preprocessing process. As in the earlier study, we nd herbdt the best ts are obtained
for preprocessed data. We return to this topic in Section 4.

Using these algorithms, we obtain 14 distinct model elds,usnmarized in Table 1. We
use two di erent measures to identify the model that best tsthe observed corona, and one
that identi es the most internally consistent force-free eld; all to these identify the same
model eld as \best."

A subjective goodness-of-t is provided visually by compang the TRACE and Hin-
ode/XRT images with the computed eld lines, and assessindie match for ve characteristic
signatures of the eld, labeled in Fig. 1a as follows: 1) theheared arcade between the spots,
2) the eastern arch of loops around the southern spot, 3) thew, nearly horizontal eld west
of the southern spot, 4) the arcade high over that horizonta€ld, and 5) the absence of shear
around the emerging ux northwest of the northern spot. Tabé | shows the model elds
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ordered by the resulting metricQ,: each good or poor correspondence contributes a bonus
or penalty to the metric of +1 or 1, respectively, while an ambiguous correspondence is
not weighed in the value ofQn,. Only the Wheatland positive- eld solution (W hy,) applied

to a preprocessed lower boundary (including spatial smoatiy) successfully reproduces all
ve of these features?

A second, objective measure for the goodness of t is based oding eld lines in the
models that best match a set of identi ed coronal loops in thédinode/XRT and TRACE
coronal images, and computing the deviation between these projection against the solar
disk. Coronal observations of AR 10930 were made both with ktide's XRT using its thin-
Be/open Iter wheel setting, and with TRACE (Handy et al. 1999) in its 195A passband,
both with 1 arcsec pixels. In order to increase the signal-taoise level, we use the geometric
mean of sets of exposures, as shown in Fig.la, for loop traginThese loop traces are
then compared to 100 eld lines computed for each of the modealds with starting points
distributed within the modeled volume along the line of sighthrough the midpoint of each
traced loopi. For each of these eld lines, we compute the area containecetveen the
corresponding loop trace and the eld line projected agaihshe plane of the sky; this area
A; is bounded by line segments that connect the ends of the tratéoops to the nearest
points on the projected eld lines. The eld lines with lowes value for A; are selected as the
best-t eld lines for each traced loop. The model eld with the lowest total value ; min(A;)
for the set of traced loops is identi ed as the best model. Forally, the best tting model
eld is again the Why, solution, but Fig. 1a shows that the correspondence betweenodel
eld and corona is far from perfect - we return to this issue irSection 4.

A nal criterion is based on the consistency of the model eldwith the properties of
a truly force-free eld: the Why, solution also has the lowest residual Lorentz forces (as
measured by a current-weighted angle between magnetic elthd electrical current), while
being among the solutions with the lowest average absolutevergence of the model eld
(both of these metrics should equal zero for a perfect eld).Table | lists the values of
these metrics. Note that the metrics for eld divergence araaturally grouped by NLFFF
algorithm type.

In the present study, the WheatlandW h;, model outperforms that of the weighted-
optimization algorithm by Wiegelmann that provided the bes solutions in our earlier two
trial studies (Schrijver et al. 2006; Metcalfet al. 2007). Based on this single application,

3Renderings of seven of the NLFFF models and of the potentialeld extrapolation for the pre-
processed pre-are elds are shown in the electronic addenal These images are also available at
http://www.Imsal.com/  schryver/NLFFF/.



{91

we cannot identify why the WhZ, model performs best. In fact, we note that the current-
eld iteration procedure does not converge to a xed eld forany of the various boundary
conditions, but rather oscillates. The code was run for 20atations in each case, at which
stage the eld is still changing at successive iterations (oaverage by 2% in the vector norm),
although the energy was found to vary only slowly over the nkiterations. We note that this
was also seen for an analysis of test elds for a similar GrdRiubin-based method by Amari
et al. (2006). Despite this, theW hy, model is still the best model eld. We expect that it
performs best among the other Wheatland solutions owing tdhe following property: The
Wheatland code requires that no electrical currents leavéé volume. As the lower-boundary
vector eld over-determines the solution, the code uses theoundary current information
either where B, is positive or where it is negative, and then only where the Id strength
exceeds 5% of the maximum value and where the horizontal elchanges its azimuth by
less than 120 between neighboring pixels (this criterion is intended toirit the spurious
currents associated with incorrect disambiguations of thperpendicular eld component).
The eld lines with B, > 0 primarily emanate from the smaller, southern spot, which ostly
close within the volume without major problems. This allowghe Wh; solution to achieve
a highest- delity representation of the real coronal eld,in marked contrast to the Wh,
solution for B, < 0, in which the eld is highly distorted.

In a comparison with other methods, we note that the Wiegelmman and McTiernan
algorithms attempt to nd a solution by minimizing a functional that includes a non-zero
divergence of the magnetic eld (and thus indirectly a souk for electrical currents). Thus,
magnetic ux and electrical currents can originate within the model's volume, in particular
near the lower boundary where many of the currents of interesun. Similarly, the Valori
code can allow for higher values in the eld's divergence irhé attempt of attain lower
residual Lorentz forces. The Wheatland code makes use of a&teg potential, and thus has
an intrinsically low divergence (compare the values in cabons 5 and 8 in Table I, see also
Wheatland (2007)). Whereas this yields a model eld that bésneets the formal requirement
of being force free, one might have expected that the arti ai sources would provide other
methods additional freedom to nd a better matching eld. But it apparently does not.

We defer further discussion of the relative performance dfi¢ various methods to a later
study, in which the e ects of di erent base vector-magneticelds and instrumental elds of
view need to be compared for a much larger sample of obsergat which, at present, does
not yet exist. We can add one observation on the potential ea of the eld of view. The
Why,, algorithm was also applied to a vector- eld footprint exterled westward to include the
relatively small amount of ux in the leading part of the regon that appears to be involved
in the post-eruption arcade. This extension makes the foatipt twice as wide, and required
lowering the model volume by a factor of two to maintain the d@and on computer memory.
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The Why pre- are model eld for this extended footprint is very simiar to the model eld
discussed above, both in terms of eld lines and in terms ofeddtrical currents, although the
free energy is lower by some 5%. We conclude that our inferesaiscussed below about the
pre- are eld con guration are not a ected signi cantly by our choice of the eld of view.
The Whg, model for the extended post- are con guration did not convege; that aspect will
require substantial further study.

4. Discussion and conclusions

The best-t Why, model NLFF eld suggests that, prior to the are, the strongest
electrical currents run between the main spot groups. Theseirrents connect the penumbrae
through lamentary currents that arch up to h 12 Mm over low-lying current strands that
lie within h 6 Mm over the emerging eld between the spots. Not surprisirg the bulk
of the free energy (i.e., the energy in excess of that of the mmum-energy state given by
the purely potential eld) is associated with these electgal currents (Figs.1c,d, and 2).
The main current strands connect footpoints that are well gg@rated, and that traverse a
substantial distance over and along the region of emergingix between the spots. They
connect the emerged and emerging ux adjacent to the southerspot to the umbra of the
northern spot (Fig. 2c, and the top panels in Fig. 3).

In the best-t Why, model, a low-lying, compact structure of current-carryinggmerging
ux lies below the main current arcade in the region contaimg opposite-polarity ridges of
vertical eld (see the perspective volume renderings in Fi@a, and also Fig. 4c¢). This is the
site at which the energy release in the X3.4 are starts its ipulsive phase (see Fig. 2c, d).

The are appears to tap energy from most of the ux system thathas emerged over the
preceding days: the currents in the relatively high archingrcade are drastically weakened
after the are (Fig. 4a, b), whereas the long bril of concentated current low above the solar
surface completely disappears (Fig. 4c,e). We interpret ¢h are/CME as a cataclysmic en-
ergy drain from a current-carrying ux rope that emerged fran below the photosphere. The
complex eld evolution with many mixed-polarity ridges tha is observed in the Hinode/NFI
magnetogram sequence suggests that the ux rope is either arwlle of smaller strands
wrapped about each other, or a single rope with internal staiure both in terms of eld
strength and current density. The 8 h interval between the SO-SP vector magnetograms is
far too long to address this issue.

With the Whg, NLFFF model in hand, what can we say about the topology of the
pre-eruptive magnetic eld? The eld line plots in Fig. 3 canbe interpreted as a low altitude
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sheared arcade between the spots underneath an essentigbtential eld that is nearly
orthogonal to the arcade; such a con guration has been degmed by, e.g., DeVore and
Antiochos (2000). When considering the counterclockwisetation of the southern, positive-
polarity sunspot evident in the NFI movie (see the electrogiaddenda) one may alternatively
infer an overall twisting of the magnetic eld, as has been @erved, for example, by TRACE
for the corona over some rotating sunspots (see, e.g., Browhal. 2002). Several distinct
conceptual models exist for such ux ropes. One of these ig fincluded" ux ropes which
have strong internal axial elds (that carry at most weak curents) separated from an external
eld by a current layer (this concept was used in the study by Mtcalf et al. (2007). Another
is for \circuit" ux ropes that are produced by (thick or thin ) net currents along their
axes surrounded by eld lines that spiral about the current €.g., Titov and Demoulin 1999;
Terek and Kliem 2007). Then there are \twisted" ux ropes, that either may emerge as
such (e.g., Fan and Gibson 2004; Amast al. 2004) or may form from photospheric vortical
motions (e.g., Amariet al. 1996; Terek and Kliem 2003; Aulanieret al. 2005). These should
show a large-scale bipolar direct current pattern surrourati by external return currents (i.e.,
currents with opposite direction within the same magnetic plarity); the existence of such
patterns continues to be debated (see Wheatland 2000, andeeences therein).

A potential discriminator for the applicability of any of these concepts to AR 10930 is the
distribution of pre-eruptive photospheric and coronal eldric currents as deduced from the
vector magnetograms (Fig. 1e) and the NLFF eld model (Fig. 4, ¢, ande). On the scale of
the entire active region, the current pattern in AR10930 beaa a striking resemblance to that
of \twisted" ux ropes. Comparing the pre- are column of Fig. 4 with those of Figs. 9 and 10
in Aulanier et al. (2005), we see (1) a swirling bipolar pattern i, in and immediately above
the photosphere, with concentrations at the sunspots, andahing around the spots to form
parallel lanes of vertical current located on both sides ohe large-scale neutral line between
the spots; (2) narrower and fainter return currents away frm the main neutral line on the
edges of the current concentrations; (3) an elongated strgrpatch in the coronal currents
right at the neutral line with essentially horizontal currents and eld. In contrast, the current
pattern of AR 10930 does not match that expected for the othdypes of ux ropes: sheared
arcades are associated with parallel lanes of direct and weh currents, \included" ropes
mostly show a single current shell whose photospheric foaipts result in narrow parallel
lanes, and \circuit" ux ropes show unidirectional currents only.

In this picture, the pre-eruptive compact current carryingstructure, at the location of
the strong soft X-ray emission observed before and duringdhare, would simply trace the
shortest twisted eld lines of a large-scale twisted ux rog. This is based on the expectation
that a given end-to-end twist applied to short, low eld lines results in stronger currents than
when the same twist is applied to longer, higher eld lines (Alanier et al. 2005).
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The interesting similarity of our model eld to theoretical models of twisted ux ropes,
while consistent with the evolution seen in the NFI magnetagms, is encouraging, but will
require con rmation beyond this single example. The relate roles of pre-existing twist
below the photosphere and any added twist during the emergem associated with plasma
ows will need to be assessed. Moreover, the current pattegihown in Fig. g:4 clearly shows
a strong degree of lamentation, which might have non-negjible consequences in terms of
eld topology. This lamentation may be a consequence of a jcess that is conducive to
generating smaller scales (including, e.g., the convedaicollapse upon emergence), or may
in fact hold the key to another formation process for the oveil con guration.

The best-t Why solutions for the pre- and post- are observations show a dease in
the free energy from 32% of the potential- eld energy to a pbsare con guration with only
14% in excess of the potential eld model for the post- are stte (Table I). This corresponds
to a drop in free energy of 3 10°?ergs, even as the total eld energy in the potential eld
extrapolation shows an increase by 10°? ergs due to the continuing emergence of ux in the
8 h interval between the SOT-SP maps. This decrease in freeeegy is adequate to power an
X-class are (with energies of 18 32 ergs; Hudson (1991); Bleybett al. (2002)) associated
with a coronal mass ejection (with energies up to about ¥ergs; Hundhausen 1997).

We note that the continuing emergence of ux between the preand post- are SP maps
not only causes the energy in the post- are potential eld tobe larger than the pre- are
potential eld (see last line in Table 1), but also causes masmodel elds to have energy
ratios E=Ep e that increase from before to after the are. Only the best- tWhgp model
shows a drop in energy, likely because its strong pre- are ants lose more energy than
the ux emergence adds in this particular model eld. Note ttat some model elds have
energies below that of the potential eld; causes for this amaly were discussed for a test
eld by Metcalf et al. (2007).

This exercise illustrates several problematic issues withe NLFFF extrapolation pro-
cess. First, the \preprocessing” of the observed vector élyields a marked improvement
in the quality of most of the NLFF eld models. The preprocessg is one way of reducing
the e ect of the Lorentz forces acting in the photosphere; fther studies of how best to
deal with these forces should be undertaken (along the line$ that for a model eld by
Wiegelmannet al. 2007). Second, although provided with the same boundary aditions,
only one among seven model elds based on preprocessed ba@updonditions matches the
observed coronal eld acceptably by visual inspection badeon a limited set of key features
(as measured byQ., in Table I). This reveals the sensitivity to details in modelimplementa-
tion and boundary and initial conditions also seen in our twearlier studies (Schrijveret al.
2006; Metcalfet al. 2007). An integral part of the latter problem is, of course, e resolution
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of the 180 ambiguity intrinsic to the measurement of the eld componenhperpendicular to
the line of sight (see the tests of various methods based ondan model elds described by
Metcalf et al. 2006; Liet al. 2007). It is clear that a systematic study of these di erence
between the algorithms ranging from the observations to thaeal NLFF eld models, and
their relative merits and problems, is needed to identify amor a few of the most successful
strategies.

And, nally, we note that even the best-t Wh;, model provides a rather poor match
to the observed coronal loops. This may be a consequence @ thobal nature of such loops:
even if the eld locally would be modeled to within a few deges, the integration along the
path of a eld line could still lead to a markedly di erent path relative to those in the true
eld and to observed coronal loops. On the other hand, we notdat the poor match may
be a consequence of an intrinsic problem of tracing eld liseby using coronal brightenings:
Aulanier et al. (2005), for example, argue that coronal S-shaped structwessociated with
twisted ux ropes may not trace individual eld lines, but rather are formed by an ensemble
of partially outlined loops subject to line-of-sight integation.

Although we can measure the divergence of the eld line relae to the observed loops,
there is unfortunately no known method that quanti es how sjni cant such path di erences
are in terms of the eld's total energy or helicity. Both of the latter quantities are of interest
to, say, space weather forecasters, but we have yet to learohthe comparison of observed
loops to model eld lines can be used to improve estimates afiergy and helicity.

On the positive side, (1) the best-t Why, model eld compares relatively well with
the observed corona, and (2) the energy estimates and the ficepost are energy di er-
ence suces to power the are. Consequently, we think that tke best available vector-
magnetographic data and NLFFF modeling techniques suppodur main nding:

We conclude that the lamentary electrical currents that energe with the magnetic ux
between the main sunspots in AR 10930 over a period of up to seal days (1) carry enough
energy to power the observed major X3.4 are and associatedronal mass ejection, (2)
are involved in earliest impulsive phase of the are, and (33how a substantial decrease in
magnitude even as their associated eld lines connect ovdraster distances when comparing
pre- and post- are states. Thus, our application of nonlinar force-free eld modeling to
state-of-the art vector- eld data on a complex active regio provides strong evidence in
support of the growing notion that major solar ares are diretly associated with the energy
carried by electrical currents that emerge from below the & surface, and is suggestive, at
least in this case, of an emerging twisted ux rope.

Tom Metcalf died in a skiing accident before this manuscripvas completed; we dedicate
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it to the memory of his friendship and collegiality. Hinodes a Japanese mission developed
and launched by ISAS/JAXA, collaborating with NOAJ as domesic partner, NASA (USA)
and STFC (UK) as international partners. CJS, MLD, TRM, and GB were supported by
by Lockheed Martin Independent Research Funds. The work ofW was supported by
DLR grant 50 OC 0501 and that of JKT by DFG grant WI 3211/1-1. GV was supported
by DFG grant HO1424/9-1. GA and PD gratefully acknowledge rancial support by the
European Commission through the SOLAIRE Network (MTRN-CT2006-035484). MSW
acknowledges generous support provided by the Observatule Paris enabling travel to the
workshop. The team thanks the CIAS of Observatoire de Pari®if hosting the NLFFF4
workshop.
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Table 1. Metrics for the eld extrapolations, in order of qudity Q based on the visual

correspondence to the coronal pre- are image.

pre- are: 2006/12/12

post- are: 2006/12/13

Model Qm % E=Eppre ® CWsin* hffiji 10 °| E=Ep.pe CWsin  hffjji  10°

1 Wh;p 511.32 0.24 3.6 1.19 0.18 2.0
2: Wh;p 31]1.10 0.27 3.9 1.23 0.27 4.6
3: Wieyp 31 1.09 0.35 19, 1.18 0.32 13.
4:V aly, 31]1.10 0.28 230] 1.27 0.31 190.
5: Whgp 211.04 0.28 3.0 1.53 0.27 3.7
6: Wiens 211.04 0.43 22)1.13 0.39 30.
7.V aly 210.88 0.29 220/ 0.99 0.34 210.
8: Wiepp 1/10.95 0.43 24)1.04 0.39 27.
9: Wiep 0] 1.05 0.44 18, 1.15 0.39 21.
10: McTy, 0|1.01 0.61 29, 1.07 0.59 25.
11. Whﬂp -1]1.03 0.27 25 1.12 0.23 2.6
12: Whnp -1]1.04 0.25 29 1.11 0.24 2.9
13:Why, | -1|1.05 0.27 3.2 1.16 0.19 2.2
14: McTy, -2 1 0.95 0.64 26, 1.00 0.61 24.
15: pot'l 31 - 0.8] 1.04 - 0.8

Models: Wh: Wheatland, Wie: Wiegelmann, Val: Valori, McT: M cTiernan; +;

;0: based on positive or

negative B, or both, respectively; np: no preprocessing; ns: preprossed without smoothing, pp: prepro-
cessing including smoothing; wp: Wiegelmann's preprocessy and smoothing.
2Quality of t by visual inspection for ve features: a good/p oor correspondence for each feature adds +1 1,
respectively, to the total value; an ambiguous correspondece adds 0.

3Energy, relative to the energy in the pre- are potential el d model.

4Current-weighted value of sin , where is the angle between the electrical current and the magneticeld in
the model solution.

5The unsigned mean over all pixels in the comparison volume of the absolute fractional ux change jfij =
i(r B)j=(6jBji= x), where x is the grid spacing (compare Wheatlandet al. 2000).
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Fig. 1.| The chromosphere, corona, and magnetic eld of NOAA AR 10930. Panela shows
the 320 320 pixel footprint of the full model volume for the NLFFF coes (itself surrounded
by a much larger skirt of a line-of-sight magnetic map). Thealrgest square is the 224 224
pixel area (with sides of 101 Mm) used for the energy estimateand shown in paneld{d
and in Figs. 3 and4. The smaller square shows the footprint @lvn in Fig. 2. Panels: a)
time-averaged Hinode/XRT soft X-ray image. Individual logs traced on this image or on
a TRACE 195A image (not shown here) are represented in green; the besatthing model
eld lines for the Whg, model eld are shown in purple. Numbers identify the chara@ristic
signatures in the eld that were used in the subjective assesent of the goodness-of- t, as
discussed in Section 3b) Chromospheric CallH image for the onset phase of the arec)
Pre- are Hinode/SOT-SP B, on 2006/12/12 around 21 UT. Contours show the vertically
integrated energy density in theWhg, eld minus that of the potential eld; the white
contour lies near the maximum value and the green contour atalf that. d) Post- are
Hinode/SOT-SP B, on 2006/12/13 around 4 UT. Contours as in pandb. e, f) Maps of the
vertical current density j, corresponding to the pre- and post- are maps shown in panets
and d, respectively. The color scale for the lower four panels rarfrom blue (negative) to
red (positive), saturating into black or white, respectivéy.

Fig. 2.| Time series of magnetograms showing the evolution bthe line-of-sight magnetic
eld as observed by the HINODE Solar Optical Telescope withhte Narrow-Band Filter
Imager (NFI) at 4 h intervals prior to the X3.4 are. Coordinates (with north up and - by
solar-physics convention - west towards the right) are in pels of 0.16 arcsec each; the area
shown covers the central 10% of the footprint of the NLFF eldmodel volume (compare
the smallest square in Fig.1la to its full eld of view). Note hat the NFI magnetograph
signal is non-monotonic, disappearing in the umbrae of thevb spots. Paneld shows in red
the brightest segments of the are ribbons seen in the CallHhannel at 02:16:39 UT (cf.,
Fig. 1d); it also outlines the brightest quiescent kernel irsoft X-rays seen by the Hinode
X-ray telescope at the same time (green contour) and the bhtgst coronal structure (black
contour; cf., Fig. 1a). The latter two are repeated in panes, taken close to the time of the pre-
are vector-magnetogram obtained by the spectro-polarinter. The magnetic information in
that panel has been replaced by the line-of-sight integraf the vector norm of the electrical
currents (cf., Fig. 4a) within the blue contour, which is whee these currents are strongest.

Fig. 3.| Visualizations of the magnetic eld over NOAA Activ e Region 10930 before (top)
and after (bottom) the X3.4 are, shown against the correspiding map ofB,. Sample eld

lines outline the eld; white eld lines close within the NLFF model volume, while colored
eld lines (purple or green for the two polarities ofB, at their base) leave that volume
to connect to more distant regions. The rendered volumes (feshow where the electrical
current densities are highest, using the same threshold &vn both panels (cf., Fig.2c).
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The compact, low current system below the large, high-arahg currents in the top panel
corresponds to the site (position A in Fig.2d) of the initialbrightenings of the X3.4 are
and associated coronal mass ejection.

Fig. 4.| a,b) Vertically integrated electrical currents in theW hg, pre- are (left) and post-
are (right) model elds, on the same color scale. c,d) As panelsa, b, but showing the
horizontal currents integrated over the lowest 6,100 km (1pixels), using the same grey
scale. e, f) As panelsc, d for j,, with white/black for positive/negative j,, respectively.
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