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Abstract We study the flux emergence process in NOAA active region 11024, between 29
June and 7 July 2009, by means of multi-wavelength observations and nonlinear force-free
extrapolation. The main aim is to extend previous investigations by combining, as much
as possible, high spatial resolution observations to test our present understanding of small-
scale (undulatory) flux emergence, whilst putting these small-scale events in the context of
the global evolution of the active region. The combination of these techniques allows us
to follow the whole process, from the first appearance of the bipolar axial field on the east
limb, until the buoyancy instability could set in and raise the main body of the twisted flux
tube through the photosphere, forming magnetic tongues and signatures of serpentine field,
until the simplification of the magnetic structure into a main bipole by the time the active
region reaches the west limb. At the crucial time of the main emergence phase high spa-
tial resolution spectropolarimetric measurements of the photospheric field are employed to
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reconstruct the three-dimensional structure of the nonlinear force-free coronal field, which
is then used to test the current understanding of flux emergence processes. In particular,
knowledge of the coronal connectivity confirms the identity of the magnetic tongues as seen
in their photospheric signatures, and it exemplifies how the twisted flux, which is emerging
on small scales in the form of a sea-serpent, is subsequently rearranged by reconnection
into the large-scale field of the active region. In this way, the multi-wavelength observa-
tions combined with a nonlinear force-free extrapolation provide a coherent picture of the
emergence process of small-scale magnetic bipoles, which subsequently reconnect to form
a large-scale structure in the corona.

Keywords Active regions, magnetic fields - Magnetic field, photosphere, corona

1. Introduction

Flux emergence into the solar atmosphere occurs on varying size scales, with the largest
events forming active regions (hereafter ARs) with a flux range of 5 x 10?! to 4 x 10?> Mx
(maxwell) (Schrijver and Harvey, 1994). The emerging flux carries with it the signatures of
the dynamo process where the flux was created, of the convection zone through which it
travelled, and of the conditions immediately below the photosphere where the flux accumu-
lated and fragmented before emergence into the atmosphere became possible.

Initial descriptions of the flux emergence process involved the rise of a coherent -
shaped flux tube from the base of the convection zone, through the photosphere and into the
corona (Zwaan, 1985). Observations have shown that emerging flux carries currents, which
indicates that the flux must be twisted (Leka et al., 1996). Indeed, a flux tube travelling
through the convective zone must be twisted to some degree to prevent it being torn apart
by vortices that develop in its wake (Schiissler, 1979; Longcope, Fisher, and Arendt, 1996;
Moreno-Insertis and Emonet, 1996). Therefore, the rise of a coherent and monolithic twisted
flux tube from the convection zone up to the lower photospheric layers was described as
the buoyant emergence of a flux rope. Though a twisted emerging flux tube is a three-
dimensional structure, the presence of magnetic twist can be recognised in longitudinal mag-
netograms due to the contribution of the azimuthal component. The twist is characterised by
the presence of elongated polarities, called “magnetic tongues”. These patterns reflect the
global twist of the flux rope as its apex crosses the photosphere (Lépez Fuentes et al., 2000;
Luoni et al., 2011), and reveal the sign of the twist (i.e., whether it is left- or right-handed,
negative or positive, respectively). The magnetic tongue patterns have also been success-
fully reproduced in magneto-hydrodynamics (MHD) simulations of twisted flux emergence
(Archontis and Hood, 2010).

The current understanding of the structure of the emerging field is a slight modifi-
cation of the above, based on observations of fine structure in the emerging regions,
which suggest the presence of undulating “serpentine” field whilst the flux rope is break-
ing through the photosphere. Observationally, the serpentine field is seen as many small
bipolar fragments in between the main, diverging, polarities (Strous and Zwaan, 1999;
Bernasconi et al., 2002). Physically, the serpentine field is related to the difficulties that
the flux has in crossing the photospheric region. The rise of the flux rope slows and its up-
per part flattens as it approaches the photosphere. This is due to a rapid outward decrease
in plasma pressure in the atmosphere, on a scale-height smaller than the flux rope cross-
section size, so that the top part of the flux rope would become much denser than the sur-
rounding atmosphere if it would continue to rise. As a result of the gravitational force there
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is a pile-up of flux under the photosphere and a deformation of the upper part of the flux
rope resulting in a serpentine shape (Pariat et al., 2004). In order for the serpentine flux to
emerge, reconnection must take place to remove the U-loop sections of the field which trap
dense plasma and act to inhibit the emergence. The role of the sea-serpent in the emergence
process was described using the linear force-free approximation (Schmieder ez al., 2000;
Pariat et al., 2004) and data-driven numerical simulations (Pariat, Masson, and Aulanier,
2009).

Once the serpentine field lines have emerged, they interact with the pre-existing, larger-
scale flux system of the AR (Harra et al., 2010). In this way, the emerging flux is thought to
be merged by reconnection into the ambient coronal field.

The fragmentation and small-scale emergence processes that take place at the photo-
sphere implies that the flux rope, which crossed the convective zone, is not emerging as one
entity. Modern numerical simulations show that the flux rope axis is unable to emerge into
the upper layers unless it is initially bent upward. Otherwise, the flux rope is destroyed and
re-formed above the photosphere by reconnection (see the review of Hood, Archontis, and
MacTaggart, 2011 and references therein). In the following we focus on the parts of the flux
rope that have emerged.

In this paper we test the above picture of emergence for the NOAA AR 11024 by combin-
ing multi-wavelength observations and a nonlinear force-free field (NLFFF) extrapolation.
The favourable position of this region on the disk and the excellent observational cover-
age allow us to follow the magnetic field evolution from the initial emergence of the AR,
through the appearance of serpentine field lines, until their conversion from short field lines
to large-scale coronal field. Similarly to other works, we study these processes using their
photospheric and coronal signatures. However, we then proceed to verify that the three-
dimensional coronal magnetic field, computed by NLFFF extrapolation, is indeed compat-
ible with the current interpretation of such signatures. We perform the comparison at all
scales, from AR-wide, through the intermediate scales of the magnetic tongues, down to the
scale at which the serpentine field lines emerge. In this way we are able to attain a synthe-
sis between observations on the one hand, and the associated coronal field topology on the
other, which covers within a single frame all the relevant scales involved in the emergence
and formation of the AR. Complementary studies of this AR discussed the emergence pro-
cess of elementary flux tubes at the granular scale (Vargas Dominguez, van Driel-Gesztelyi,
and Bellot Rubio, 2010), and the formation of the sunspot and its penumbra (Schlichenmaier
et al., 2010).

The paper is organised as follows: in Section 2 the data and their preparation details are
given; in Section 3 the nonlinear magneto-frictional extrapolation method is briefly sum-
marised; in Section 4 the observed evolution of the AR is discussed; in Section 5 the global
quantities of the extrapolated field are analysed, whilst in Section 6 we combine the obser-
vations with the magnetic extrapolation to study the emergence processes; and finally, in
Section 7, our conclusions are presented.

2. Instrumentation and Data Handling

The evolution of the magnetic field is studied using data of SOHO/MDI (Scherrer et al.,
1995), which measures the line-of-sight (LOS) magnetic field in the mid-photosphere, and
data of the Hinode/SOT spectropolarimeter (Tsuneta et al., 2008, hereafter SOT/SP), which
measures the full Stokes profiles in the photosphere. The SOHO/MDI data are also used to
determine the time evolution of flux in the region. For this purpose, the data are corrected
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for the area foreshortening that occurs away from central meridian, and the radial field com-
ponent is estimated using the IDL Solar Software routine zradialise.

To study the horizontal flows of photospheric magnetic features we employ local correla-
tion tracking techniques (November and Simon, 1988, hereafter LCT). By using a Gaussian
tracking window of full width at half maximum (FWHM) appropriate to the scale being
examined (1” or 3”), we compute the proper motions of magnetic elements over the Hin-
ode/Narrow Filter Imager (hereafter SOT/NFI) sequence of magnetograms. The time series
used for this analysis starts at 12:00 UT on 4 July 2009 and is composed by 28 images with
a cadence of 2 min.! Prior to applying LCT the sequence of images is aligned to elimi-
nate possible jittering and rotation of the observing target within the field of view (hereafter
FOV). Taking the first image as reference, the following images were aligned to it by cor-
relating pairs of subsequent images and accumulating their apparent motions. A correlation
window framing the entire AR was employed for this process. Images were finally trimmed
to include only the area of the FOV that was present in all frames.

The corona is observed using the Hinode/EUV Imaging Spectrometer (hereafter EIS,
Culhane et al., 2007). EIS rasters from west to east and captures both spatial and spec-
tral information simultaneously across multiple wavelengths. Images are processed using
the IDL Solar Software routine eis_prep to perform dark current subtraction, removal
of cosmic rays, hot, warm, saturated and dusty pixels and unit conversion to intensity per
second. To extract the velocities in the slit data the spectrum was fitted with a Gaussian
profile, and the Doppler velocity relative to a patch of quiet Sun was calculated for each
pixel. Besides rastering, the 40” slot mode was used to obtain images in several emis-
sion lines for the entire AR. In the slot images, due to line blending, spectral velocities
are not readily available. All EIS images are co-aligned with respect to the SOHO/MDI
data.

Similarly, Hinode/X-Ray Telescope (hereafter XRT, Golub et al., 2007) data obtained
with the Ti-poly filter were preprocessed using the xrt_prep routine of IDL Solar Soft-
ware, and co-aligned to the Hinode/SOT magnetogram data. The Ti-poly filter images
plasma between 2 to 5 MK.

For the extrapolation we employed the vector magnetogram (provided by the Hinode
team as level 2 data) obtained by inverting the spectropolarimetric measurements taken with
SOT/SP on 4 July 2009, between 11:58 UT and 12:34 UT. The grid of level 2 data is com-
posed of 312 x 384 nodes with constant resolution equal to 0.30” and 0.32”, in x and vy,
respectively. The ambiguity in the orientation of the transverse component was removed us-
ing a recent implementation (Leka et al., 2009) of the Minimum Energy method (see e.g.,
Metcalf et al. (2006) and reference therein). Since the region is relatively far from Sun cen-
tre, strong projection effects, resulting in mixing of vertical and horizontal field components
into the LOS and transverse components, occur. In order to reduce projection effects, the
measured field was transformed into heliographic projection prior to extrapolation, follow-
ing the method by Gary and Hagyard (1990). This transformation stretches, mostly in the y
direction, the grid on which the level 2 data are provided. The vector field is then re-sampled
onto a uniform, Cartesian grid of 293 x 424 of resolution 0.32” in both directions, on a plane
that is tangent to the Sun at the central pixel of the SOT/SP FOV, located at (— 107", —488")
in heliocentric coordinates.

Nonlinear force-free extrapolation of vector magnetograms may lead to ill-defined mag-
netic fields with an energy that is smaller than the energy of the potential field having the

IThe corresponding movie is provided as attached electronic material.
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Figure 1 Vector magnetogram used as the boundary condition for the extrapolation, in the heliographic
plane. The vertical field, ranging from —2409 G to 2965 G, is given in grey scale and the transverse compo-
nent is indicated by arrows, with the longest arrow corresponding to 2018 G. Only values of the transverse
field above 100 G are depicted. The main polarities involved in the analysis are numbered. (Even and odd
numbers are used for positive and negative polarities, respectively. The polarity pairs are associated both by
the photospheric field evolution and by the magnetic field extrapolation in Section 6, and they have consecu-
tive numbers.) The photospheric field is derived from the SOT/SP scan on 4 July 2009 from 11:58 UT until
12:34 UT. The heliographic plane is tangent to the Sun at the central pixel of SOT/SP FOV, located at (—107”,
—488"") in heliocentric coordinates, where the Cartesian reference system employed in the extrapolation is
centred. In these coordinates, the uniform spatial resolution of the extrapolated vector magnetogram is 0.32"
in both directions.

same distribution for the normal field component at the boundaries (see, e.g., Metcalf et al.,
2008). Broadly speaking, this is due to non-magnetic forces at photospheric levels, although
a clear understanding of how this eventually affects the total energy of the extrapolated field
has not yet been reached. One possibility to improve the compatibility between the force-
free assumption (that is used in extrapolation methods) and the non-force-free nature of
the measurements (that are used as boundary conditions) is to modify the measurements.
This operation, called preprocessing, changes the local values of the vector magnetogram
in order to better fulfil some global, necessary constraints that a force-free field must obey
(Molodenskii, 1969; Aly, 1989). The preprocessing method that we used (Fuhrmann, See-
hafer, and Valori, 2007; Fuhrmann et al., 2011) keeps the modifications of measured values
within given limits, ideally of the order of local measurements’ errors. In the application
described in this paper, preprocessing was allowed to change the value of the magnetic field
in each pixel of at most & 150 G (gauss) on B, and By, and of 50 G on B; (horizontal and
vertical field components, respectively). The latter is a relatively modest value, especially
considering the large component-mixing at such latitudes (around —27°). As a result of pre-
processing, the three components of the normalised net force on the magnetogram (Metcalf
et al., 2008) are decreased from (0.02, —0.03, 0.39) to (0.007, —0.008, 0.017).

The resulting vector magnetogram employed as the boundary condition for the extrapo-
lation is shown in Figure 1. We note that the FOV of SOT/SP did not cover the whole AR,
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as can be seen in Figure 4b, where the LOS component of the SOT/SP vector magnetogram
is overlaid on the LOS magnetogram of MDI. In particular, some of the negative flux con-
centrations on the east side, as well as a compact positive one in the south are excluded from
the vector magnetogram.

3. Extrapolation Methodology and its Application to AR 11024

The magneto-frictional method is a numerical technique to find solutions of the nonlinear
force-free equations,

VxB=aB withV-B=0, (€))

for a given distribution of magnetic field at the boundaries of the extrapolation volume. Our
implementation of the method consists of a pseudo-temporal evolution that diffuses out of
the computation box Lorentz forces and errors in V - B, until a force-free state is reached that
matches the required vector field at its bottom boundary (Valori, Kliem, and Keppens, 2005;
Valori, Kliem, and Fuhrmann, 2007; Valori et al., 2010). Typically, the employed informa-
tion on the bottom boundary consists of the vector magnetogram that is either measured or
extracted from a three-dimensional numerical solution of Equation (1) in the case of test
fields. The field on the lateral and top boundaries is prescribed implicitly so to allow flux
and electric currents through them.

In a series of previous papers we have shown that, if the magnetic field on the bottom
boundary is compatible with a force-free solution, then the magneto-frictional method re-
constructs accurately the sought solution of Equation (1) both in its integral (energy, mag-
netic helicity, etc.) as in its local properties (like, e.g., current sheets). In particular, we exam-
ined configurations containing a flux rope with an average twist of &~ 2z (Valori, Kliem, and
Keppens, 2005; Valori et al., 2010), and found that the reconstructed flux rope reproduces
the average twist to within 97% to 99% accuracy, depending on the particular equilibrium
considered (see, e.g., Table 3 in Valori et al., 2010). Similarly, the magnetic helicity of the
extrapolated field is reproduced with a 5% error at most, and the magnetic energy within
just 1%. It is also worth noticing that the complexity of the magnetic field structure was
found not to be an obstacle for extrapolation. For instance, the two complementary exam-
ples in Valori, Kliem, and Keppens (2005) and Valori et al. (2010) dealt with flux ropes with
and without return currents, respectively, and were successfully reconstructed in both cases
(see also Valori, Kliem, and Fuhrmann (2007) for an example of extrapolation of a topo-
logically simpler field). Also the presence of specific magnetic structures, like bald patches
(Titov, Priest, and Demoulin, 1993) and hyperbolic flux tubes, were reproduced with success
(within, e.g., an error of at most 2% in the height of an hyperbolic flux tube). Applications
of our code to measured magnetograms are included in Metcalf et al. (2008), Schrijver et al.
(2008), and DeRosa et al. (2009).

In the application presented in this paper, the extrapolation grid is given by
293 x 424 x 321 nodes, with a uniform resolution of 0.32”. The analysis volume, V), used
for the computation of global metrics, like magnetic helicity and energy, is given by the
whole grid including the photospheric layer, but excluding the outer twelve grid layers on
each of the non-photospheric (i.e., lateral and top) sides (see Valori, Kliem, and Fuhrmann
(2007) for details on the method).
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Figure 2 Time evolution of the LOS magnetogram from MDI, saturated at 300 G, with positive/negative po-
larities represented in white/black. See the attached electronic material for a movie of the evolution (saturated
at 500 G).
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4. Observations

NOAA AR 11024 was a southern hemisphere region, at about —27° of latitude, with positive
leading polarity, and it was globally bipolar both in its emergence and decay phases (see
Figure 2 and the supplementary electronic material for a movie of the whole evolution). In
the previous rotation, no sign of activity was present at that latitude. When it rotated over
the east limb on 29 June 2009, the emerging AR was a tiny bipole, oriented in the same way
as at the end of its growing phase, close to the western limb, when the field was essentially
axial again (as inferred from the absence of magnetic tongues). Therefore, the early phase
of emergence was likely to be formed by the top of axial field of the emerging flux tube.
The AR remained relatively quiet until, at the end of 3 July 2009, suddenly the main
phase of emergence occurred (Figure 3). At this time, the region was close to the central
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Figure 4 (a) Overlay of the intensities in Fe XII line of EIS raster on the EIS slot image (the SOT/SP FOV is
outlined with a red square). (b) Overlay of the SOT/SP (LOS component, bordered by the red square) on the
MDI LOS magnetogram. Intensity isocontours of EIS raster are overplotted with dark brown lines. (c) and
(d) are EIS images in the Si VII and Fe XI1 lines from an EIS 40" slot raster captured between 11:52:26 and
11:55:52 UT, overlaid on image (b). In both cases the EIS scan is displayed using a reversed colour scale with
the strongest emission appearing dark and the weakest emission bright. The contrast of both images has been
adjusted so that the strong emitting feature is enhanced.

meridian. The rapidly emerging flux had the same magnetic configuration as the pre-existing
AR, i.e., a positive leading polarity. However, the tilt of the new bipolar flux emergence
was significantly higher than in the pre-existing region, which implies that an important az-
imuthal field component was emerging at this time. As a result, clear magnetic tongues were
formed: The leading (positive) polarity of the emerging flux was observed to extend along
the northern side of the following (negative) polarity, indicating that the flux had negative
helicity (see the bottom two panels of Figure 2 and Lépez Fuentes et al., 2000). In between
the main accumulations of the leading and following polarities, small bipolar flux regions
were observed to emerge (see Figure 4b), which are believed to be a photospheric signature
of the so-called serpentine field (see Section 1). The emerged polarities either cancelled with
the pre-existing field of opposite sign, or underwent coalescence with the like-polarity. The
emergence of bipoles in the core of the AR lasted until 7 July 2009, when also the magnetic
tongues were completely retracted. After the retraction of the magnetic tongues, the AR had
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Q 20 40 60 80 100 ] 20 40 60 80 100

arcsecs arcsecs

Figure 5 Photospheric flow horizontal velocities on negative (left) and positive (right) polarities. Red arrows
represent velocities up to 3 km s~1 with the background being the average image with positive (white) and
negative (black) polarities (saturated at £2500 G). The flow maps were derived from LCT analysis in the
interval 12:00 to 13:00 UT employing a FWHM correlation window of 3”.

again the structure of a large-scale bipole which got progressively dispersed by losing flux
(observed as moving magnetic features almost all around the sunspots).

Quantitatively, the emergence history is summarised by Figure 3, where the flux evo-
lution over four days around the major flux emergence event is shown. Central meridian
passage of the AR occurred by the end of 4 July. The main flux emergence begins when
the region is in the eastern hemisphere (end of 3 July) and the polarities are imbalanced
with more negative than positive flux detected. This is due to a projection effect produced
by the presence of a significant horizontal field component, which in the eastern (western)
hemisphere results in the following (leading) polarity of the AR dominating the flux bud-
get (Green et al., 2003).

At the time of the main emergence, the AR was observed also by Hinode/SOT. Figures 4c
and 4d show images of the EIS/Si vII and EIS/Fe XII lines, probing the plasma at transition-
region and coronal temperatures, on 4 July 2009. Several features are visible, among which
the western connection of the leading polarity 1 with the negative polarity 2 (cf. Figure 1),
and a strong emission in the core of the AR at about x >~ —110”, well visible in the Si VII line
of Figure 4c. We also notice a feature with strong emission on the south, approximately at
(—100”, —520") in Figure 4d, located in correspondence to a positive polarity concentration
(visible in the MDI LOS magnetogram but outside the SOT/SP FOV). This feature appears
to be disconnected from the leading polarity, and is probably a transient microflare occurring
at the time of rastering.

Associated with the main phase of the emergence there is a global flow that pushes south-
wards the negative polarity, and westwards the positive one. This AR-wide pattern in the
flow is clearly shown by the LCT flow map in Figure 5. At smaller spatial scales, it also
shows the motions of the emerging bipoles (see also the attached online SOT/NFI movie).
These motions are related to the magnetic configuration described in Section 6.

Finally, the flare spectrum reconstructed by the Reuven Ramaty High Energy Solar Spec-
troscopic Imager (RHESSI) shows several peaks in the considered emergence phase, all in
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the thermal range.? In particular, three peaks in the 3—6 and 6—12 keV ranges are found,
all approximately located at (—100”, —445") in heliographic coordinates, which are co-
temporal with the SOT/SP scan (at 12:09, 12:13, and 12:24 UT). The location of the HXR
emission is again in the region of the strong emission in the Si VII image of Figure 4c noted
above.

The observations presented in this section describe the emergence process of the AR
in its photospheric and low-coronal signatures. We can now turn to nonlinear force-free
extrapolation, which provides a snapshot of the three-dimensional magnetic field at the time
of the main emergence, in order to put these observations in the context of the magnetic field
structure.

5. Global Analysis of the Reconstructed Field

The magneto-frictional code described in Section 3 was applied to the vector magnetogram
obtained as reported in Section 2. In this section we proceed to the analysis of the recon-
structed coronal field and its interpretation in the context of flux emergence.

5.1. Solution Consistency

The extrapolated field is an approximate solution of the force-free equation. A wide-spread
measure of the degree of force-freeness of numerical solutions in a volume V is the fraction
of the electric current in the volume that is perpendicular to the magnetic field:

_ Jydviayl _ X il

o or o where 0; = i > Bil
LA DS A

P = (@)
Ji 1B |

where the second expression is the equivalent traditional definition of o, as current-

weighted, average sine-angle between current and magnetic field (Wheatland, Sturrock, and

Roumeliotis, 2000; sometimes the same quantity is referred to as CWsin). The solenoidal

property is quantified by the average, (| f;|), over the grid nodes of the fractional flux,

J,dvV -B; 3)
TSIl
through the surface dv of a small volume v including the node i. Equation (3) tests the
integral form of the magnetic flux conservation in the vicinity of the grid node i. We note
that, even at a null point, f; is finite: f; = (A; +A2+2A3)/(JA1]+|A2] +[A3]), where Ay, Az, A3
are the eigenvalues for the Jacobian matrix of the magnetic field.

The reconstruction of the coronal field discussed here has o; = 0.11 and (| f;|) =7 x
1073 (in the analysis volume V that includes the photosphere). Such figures are considered
to be small in applications to measured vector magnetograms; therefore, the reconstruction
is sufficiently force- and divergence-free.

2The quicklook of RHESSI data is available at the web-address http://sprg.ssl.berkeley.edu/ tohban/browser;.
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5.2. Helicity and Free Magnetic Energy

We compute the relative magnetic helicity following the works of Berger and Field (1984)
and Finn and Antonsen (1985), where the helicity of the NLFFF is defined with respect to
that of the potential one having the same distribution of normal field at the boundaries of the
considered volume. The latter condition is necessary in order to obtain a relative magnetic
helicity that is gauge-independent. In the application to the extrapolated field we need to
consider that the computational volume is not large enough to neglect fluxes through lateral
and top boundaries. Besides the size of the numerical domain, there are complications due to
the fact that strong flux concentrations are present also close to the edges of the vector mag-
netogram, that the magnetogram is flux unbalanced (with 15% excess of positive flux within
the SOT/SP FOV), and that open boundary conditions are employed on the lateral and top
boundaries during the extrapolation which allow fluxes to go through them. Therefore, we
compute the reference potential field, B, = —V ¢, to be employed in the helicity computa-
tion by solving numerically the Laplace equation for the scalar potential, ¢, with Neumann
boundary conditions (given by the normal components of the extrapolated magnetic field
on all six boundaries of the analysis volume). In this way we ensure that the obtained value
of helicity is indeed gauge-independent, and that the energy of the potential field can be
meaningfully compared with the energy of the NLFFF.

The practical computation of the helicity value follows DeVore (2000). He proposed to
use a gauge for the vector potential, A, that is different from the one traditionally used
(divA = 0). This is permitted, as the employed expression for the relative helicity is gauge
invariant. This gauge simply corresponds to the vanishing of the vertical component of the
vector potential, which greatly simplifies its computation. The main difference with De-
Vore’s work is that we extend his method to a finite volume (with non-vanishing magnetic
field on the lateral and top boundaries). The vector potentials of the potential field and of
the NLFFF are affected by the lateral and top boundaries. Since the tangential components
of the vector potentials on these boundaries are not equal, the complete formula of relative
helicity (Finn and Antonsen, 1985) needs to be computed. The explicit formulae used in the
computation are derived in the Appendix.

With this method we find a relative helicity value of about —1.1 x 10*> Mx?, hence
opposite in sign to the statistical hemispheric rule, but in agreement with the observed mag-
netic tongues. In units normalised by the magnetic flux (or equivalent number of turns for a
flux rope), the helicity value is —0.05, which is in the range of values found in other ARs
by summing the photospheric helicity flux (see, e.g., Démoulin and Pariat (2009) and ref-
erences therein). We finally notice that the extension to finite volumes is essential in the
considered case, since a direct application of the formulae by DeVore (2000) would lead to
a positive value of the relative magnetic helicity, i.e., would be in contradiction with the sign
of helicity as deduced from the observed tongue structure and from the negative magnetic
shear (see, e.g., Figures 6 and 7).

The total magnetic energy in the considered volume, defined as [, dV B*/2,is 2.1 x 10%
erg, corresponding to 13% more energy than in the potential field with the same distribution
of normal field at the boundaries. Therefore, the extrapolation estimates in 2.8 x 1032 erg the
free energy available in the considered volume to power coronal activity. This is comparable
to the energy liberated in an X-class flare. Still, the observed activity level of the AR showed
only B-class flares (with a C-class flare the following day).
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Figure 6 Field lines starting inside the umbra of the leading polarity (1), in three-dimensional view (left)
and in projection on the plane of the sky (right). The photospheric vertical magnetic field B; is shown in grey
scale on the bottom plane (black: negative; white: positive).

6. Structure of the Three-Dimensional Magnetic Field

In this section the structure of the extrapolated magnetic field is analysed, proceeding from
larger to smaller scale.

6.1. Large Scale: The External Part of the Emerged Flux System

Figure 6 shows how the leading polarity (1) is connected with the southern negative one
(2) with field lines travelling high up in the corona. This connection forms the external
connectivity envelope which corresponds to the first emerged sunspot pair. This group of
field lines, viewed in projection on the plane of the sky, correspond to the south-west loops in
the EIS/Si viI and EIS/Fe X11 images shown in Figures 4c and d (of course, only for that part
of the AR which is actually covered by SOT/SP measurements and, hence, extrapolated).

Next, if the total flux in the whole area is considered in the computation of the tilt angle,
then a value of about 25° is found (Schlichenmaier ez al., 2010). However, taking as tilt angle
of the AR the angle formed by the equator with the line connecting the leading polarity (1)
to the negative polarity (2), we find a value of about 45° (Figure 6), a huge value, about six
times larger than what is expected from Joy’s law (Dasi-Espuig et al., 2010). The large tilt
of the sunspot group as a whole is reflected in the flow patterns derived by LCT (Figure 5):
The flow pattern associated with the leading polarity is globally in the west direction, whilst
that on the following polarity is clearly pointing southwards. Referring to the history of the
AR as shown by the MDI movie (see Section 4 and the attached electronic material), this
organised flow belongs to the main phase of the emergence (after the blue vertical line in
Figure 3). Such a flow pattern, together with the associated tilt of the sunspot axis, might be
the result of the emergence of a non-planar flux tube.

6.2. Intermediate Scale: Connection Between Magnetic Tongues
The complex polarity distribution in the core of the AR makes it difficult to guess the mag-

netic connectivity of the emerged flux from the MDI and SOT/NFI time series only. Extrap-
olation can in this case provide the missing information. As an example, let us consider the
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Figure 7 Connectivity of the negative polarity 4. Top row: Selected field lines (yellow) connecting the po-
larity 4 with the emergence region, in (a) three-dimensional view, and (b) orthogonal projection. Bottom row:
Field lines starting at the northern part of polarity 3 (red) connected with the southern polarity 4, in (c) three-
-dimensional view, and (d) in projection on the plane of the sky. In all four panels, the blue field lines are
potential field lines drawn from the same locations as the red and yellow ones determined from a NLFFF
extrapolation.

magnetic connectivities of the compact negative polarity 4 (labelled in Figure 7d). Despite
its proximity to polarity 2 (southward of polarity 4), Figures 7a and b show that the magnetic
connectivity of polarity 4 is almost entirely disconnected from the leading polarity 1, and
it spreads over a relatively wide area on the positive polarity with an extension up to about
10 Mm in height. These field lines connect to the area of more dispersed polarity in the core
of the AR (polarity 5, mostly), extending up to the periphery of the leading polarity 1 (in
particular polarity 7), with clearly dipped, relatively low-lying field lines. These dips are
partly overlying the area of flux emergence, and they are the first indication of a sea-serpent
configuration.

Such an indication is entirely absent in the potential extrapolation. Here field lines start-
ing from polarity 4 (starting at the same locations as the yellow lines and shown in blue in
Figures 7a and b) form a compact bundle connecting to the northern large positive polar-
ity (3).

In the proximity of the polarity 4, a second group of field lines, best visible if drawn
from the northern part of the positive polarity 3 (Figures 7c and d), connects to the negative
polarity 4 with a moderately negative twisted configuration overlaying the photospheric in-
version line (hereafter: PIL). Projected on the plane of the sky, this group of field lines has
approximately the same location and shape of the bright loop (dark in reversed colour table)
visible in the EIS/Si viI image of Figure 4c at x ~ —110” and extending from y ~ —470"
to y ~ —440".

Compared to the corresponding potential field lines (shown in blue in Figures 7c and d),
field lines in the nonlinear force-free extrapolation (in red) are more compact. The departure
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from the potential ones in azimuth is an indication of their shear. An even larger magnetic
shear is present for the yellow field lines (Figures 7a and b). Both indicate a negative mag-
netic helicity.

The elongation of the positive polarity extending from the positive sunspot along the PIL
recalls the formation of magnetic tongues during the late stage of a flux rope emergence
(Démoulin and Pariat, 2009; Archontis and Hood, 2010). On the other hand, the fact that
such a relatively wide extension of positive flux is largely connected with a compact negative
one implies an asymmetry of the magnetic tongues (whilst only symmetric cases have been
analysed in models and simulations so far). Still, the magnetic connectivity that we find at
this scale confirms the nature of the magnetic tongues as was argued in Section 4 on the
ground of photospheric observations only.

6.3. Sea-Serpent Emergence

Previous works have concluded that during the emergence the flux rope acquires a serpentine
shape that, at a given time, is still partly below the photosphere, whilst the higher coils have
already emerged (e.g., Pariat et al. (2004) and references therein). Here we want to further
test this model by combining information from the horizontal flow and the structure of the
NLFFF.

The photospheric signature on the vertical field of a sea-serpent type of emergence is
given by a series of magnetic flux concentrations of alternating polarity (see Figure 8 in
Strous and Zwaan (1999) and Figure 12 in Vargas Dominguez, van Driel-Gesztelyi, and
Bellot Rubio (2010) for cartoons of the process). Associated with them, a very specific flow
pattern is present: an emerged segment of the flux rope arches as sheared 2-loops over an
inversion line from where the flow is divergent; on the contrary, where the flux rope is still
below the photosphere, the photospheric flux concentrations are separated by an inversion
line where the flow is convergent, and above which U-loops are formed (depending on the
stage of emergence, bald patches may be present where the field lines are tangent to the
photosphere). We call PILg, the first type of — portions of — inversion lines, and PILy the
second ones. Therefore, in order to prove that we are indeed in the presence of a sea-serpent
emergence, this peculiar alternation of polarities with specific flow patterns around inversion
lines and its associated connectivity must be verified.

As an example, we consider the sub-domain of the emergence area shown in Figure 8§,
where the labelling of the inversion lines was done in accordance to the flow direction in
their neighbourhood, as deduced from the LCT analysis. In the first place, we note the pres-
ence of alternating types of PIL which separate the polarities involved in the emergence, as
follows. Both PILgs in Figure 8 are surrounded by diverging motions if we exclude a small
converging region located on the negative polarity of the right PILg (close to the PILg sym-
bol), whilst the PILy is surrounded by converging motions if we exclude some diverging
motions also on the same negative polarity. Indeed, in both cases, the excluded motions are
located in weak magnetic fields, which are likely to be unresolved and where the LCT has
difficulties to follow the flux tube motions. The attached SOT/NFI movie visually supports
the calculated diverging/converging motions at the PILq y.

Which types of field line do we find close to them? Starting from the leading polarity 1
and proceeding eastward, we meet first an emerged segment of the flux rope (rightmost
group of yellow field lines in Figure 9) arching over a PILg, inversion line separating polar-
ities 8 and 7, and where divergent flows are present. Similarly, the next PILg curve, again
characterised by diverging flows, is also located below a dome of emerging field lines (the
left group of yellow field lines connecting polarities 6 and 5 in Figure 9).
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Figure 8 Vertical magnetic field component in the sea-serpent region (in grey scale, cf: Figure 1) with arrows
representing the LCT flow map obtained with a 1”7 FWHM correlation window. The length of the arrows is
proportional to the magnitude of the horizontal velocities, ranging between 0.2 and 3.9 kms~!. The average
velocity in x and y directions within the FOV (equal to 0.24 and 0.13 km s—1, respectively) are subtracted
from the flow map in order to enhance motions relative to the PILs. PILg and PILy indicate the inversion
line parts which have Q- and U-loops above them, respectively. The red circle is the projected approximate
position of the null point discussed in Section 6.4.

Figure 9 (a) The emerging sea-serpent above the PILgs of Figure 8 imaged with yellow field lines, in
orthogonal projection. The vertical field B is shown in grey scale in the background, together with the PIL
(in white). The green circle indicates the portion of the PILyy where bald patches are found, and from where
the green field lines of the right panel start. (b) Perspective from a southern point of view of the magnetic
configuration above the PILs. Green field lines are computed from points lying 0.5” above the bald patch at
the PILy (cf. Figure 8), whilst the yellow lines are the same than in the left panel. (c) As for panel (a) but for
the potential field. (d) As panel (b) but for the potential field and a larger field of view.
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In between these two PILg segments lays a PILy one, i.e., characterised by converging
flows, which separates polarities 5 and 8 that are not directly connected by field lines. In-
stead, the field lines starting right above the PILy connect the external polarities of the two
emerging flux regions at its sides as shown by the green field lines in Figure 9b. These field
lines start from the northern segment of the PILy where bald patches are present (indicated
in Figure 9a by a green circle). Together with their associated separatrices, bald patches
are preferred locations for the formation of current layers, so there reconnection can occur
(Pariat, Masson, and Aulanier, 2009; Archontis and Hood, 2009).

In summary, we find confirmation of the sea-serpent emergence picture: as a result of
the converging motions associated with the emergence on both PIL sides, field lines are
dragged toward the PILy inversion line, where they reconnect. The photospheric signature
of this process is the mutual cancellation of magnetic features of opposite sign at PILy,
corresponding to submerging small reconnected loops (see the attached online SOT/NFI
movie). Conversely, the reconnected field lines above the PILy encompass with longer con-
nectivity both domains of emergence at its sides.

The corresponding field lines in the potential field are shown in Figure 9c, d. The field
lines shown in Figure 9c are similar to those in the nonlinear force-free extrapolation, with
the only exception that the eastern 2-loops in the NLFFF are more inclined with respect
to the PIL, showing a finite left-hand shear of the emerging magnetic field. Hence, this
comparison shows that also at the serpentine scales we find the same helicity signature as
on larger scales, confirming the conjecture that small-scale emergence within an AR is the
result of the fragmentation of a single, sub-photospheric structure.

In summary, we recognise the emergence process in the core of the AR as a sea-serpent
emergence. We recall that what we have described above is only one example of an emer-
gence process inside the AR, since this type of process happens at several locations at a
given time (see the online attached SOT/NFI and MDI movies).

6.4. An Example of Interaction Between the Sea-Serpent and the Large-Scale Fields

The easternmost PIL in Figure 8 (between polarities 3 and 6, cf. also Figures 10d and 11d)
divides opposite polarities which are magnetically connected with each other. This leftmost
positive polarity was already recognised in Section 6.2 to be part of the magnetic tongues,
and it does not belong to the emerging sea-serpent any more (see the red field lines in
Figures 10a and 11a, which are the same as in Figures 7c and d). Flux is emerging at its
right side (yellow field lines in Figures 10a and 11a, similar as in Figure 9).

In between the emerging flux and the tongue structure, a null point is found with four
types of connectivity in its surroundings (Figures 10b and 11b), at a height of ~1.6”. A null
point is known to be a preferred location for reconnection and so for magnetic energy re-
lease. Indeed, the location of the null point in projection, marked by a red circle in Figure 8§,
lies inside the area of the strongest thermal emission registered by RHESSI at the time of
the SOT/SP spectropolarimetric scan as mentioned in Section 4.

No null point is found in the potential field extrapolation. Indeed, the position of
a null point is affected by the magnetic field created by the coronal currents. In some
cases, especially if it is located at low heights, a null point can simply cross the
lower boundary as the coronal currents are modified. An example, where the null point
is present only for coronal currents that are large enough, is shown in Figure 4a of
Démoulin, Hénoux, and Mandrini (1994). Still, potential field lines have a quadrupolar
set of connections (Figures 10c and d), showing that the magnetic connectivity is sim-
ilar in both cases (the main difference being the amount of magnetic shear). Indeed,
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Figure 10 (a) Sheared field lines connecting the newly emerged polarities (yellow) and magnetic tongues
(red; the associated potential field lines are shown in Figure 7c, d). (b) Reconnecting field lines in the prox-
imity of a null point (close-up), where the colour code indicates the magnitude of the magnetic field along the
field lines. (c) Reconnected field lines, south of the null point (green) and their counterpart in the potential
field (blue). (d) Reconnected field lines, north of the null point (green) and their counterpart in the potential
field (blue). By considering that the magnetic extrapolation provides approximately the magnetic configura-
tion at the corresponding time of the magnetic evolution, the four panels depict the evolution of the new flux
from its emergence to its reconnection to the large-scale field: field lines of the emerging flux connecting
polarities 5 and 6 (in yellow in (a)) are pushed toward the pre-existing field lines connecting polarities 3 and 4
(in red in (a)). Reconnection takes place at the null point (b), forming an upper system of long-range and un-
dulating field lines (c, green) linking polarities 4 and 5, and shorter connections (d, green) linking polarities 3
and 6.

the separatrices associated to the null point for the NLFFF are no longer present in
the associated potential field, but quasi-separatrix layers remain (Démoulin et al., 1996;
Masson et al., 2009). Still similar physics is thought to be operating in both cases, i.e., the
formation of a current layer where reconnection occurs.

Assuming that our NLFFF extrapolation provides a time-slice of the magnetic evolution,
our interpretation of the flow pattern and magnetic connectivity in this area is the following.
The emerging magnetic flux, connecting polarities 6 and 5 and associated with the sea-
serpent configuration (yellow lines in Figures 10a and 11a), drags the emerged $2-loops
toward the null point (cf. flows in the proximity of the red circle in Figure 8), where they
reconnect with the tongue field lines (in red in Figures 10a and 11a). A first group of field
lines formed by the reconnection process at the null point connects the adjacent polarities 3
and 6 (green lines in Figures 10d and 11d). The reconnection process also transforms field
lines from the tongue structure (in red in Figures 10a and 11a) into field lines connecting
the sea-serpent polarity 5 to the negative polarity 4 of the tongue (green lines in Figures 10c
and 11c). They have connectivity similar to the yellow field lines shown in Figures 7a and b.
Indeed, the above reconnected field lines may later extend up to the leading polarity due to

@ Springer



90 G. Valori et al.

Figure 11 The same group of field lines as of Figure 10a—d, viewed in orthogonal projection.

a second reconnection process at the PILy, described in Section 6.3 (i.e., by reconnecting
with the western emerging bipole 8-7).

The reconnection scenario that we propose is confirmed by observations with SOT/XRT.
The left panel in Figure 12 shows intense emission from a structure with a shape that is sim-
ilar to the two groups of reconnected green field lines in the right panel of the same figure
(the latter are the same field lines as in Figure 11c and d seen together). The strongest emis-
sion is found in the vicinity of the null point location. Note that the same structure is visible
in SOT/XRT images at different times in the following hours,? confirming our assumption
that the magnetic field structure, obtained from NLFFF extrapolation at one single time,
manages to reasonably reproduce the field’s connectivity and topology for several hours.

This interpretation describes how the relatively short emerging serpentine field lines are
transformed by successive reconnections into long-range field lines connecting the main
polarity concentrations of the AR, and thus progressively re-build in the corona a presumed
similar connectivity as was present below the photosphere before the emergence. The whole
process is basically driven by the advection and compression of the field along the inversion
lines generated by the emerging sea-serpent.

Finally, Figures 10d and 11d show the potential field lines corresponding to the recon-
nected field lines north of the null point. The difference between blue and green field lines
indicates the non-potentiality of the field in this area. Note that the LCT flow map of Fig-
ure 5 does not support the idea that the green field lines in Figures 10d and 11d are formed
by shearing flows, which is in favour of our interpretation involving reconnection at the
null point. Similarly, a difference between potential and NLFFF field lines can be seen in
Figures 10c and 11c.

3See in the attached electronic material the two XRT movies, spanning the time intervals 11:50—12:29 and
12:33-23:59 UT on 4 July 2009.
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Figure 12 Left: XRT image obtained with the Ti poly filter on 4 July 2009 at 11:52 UT, aligned on the
SOT/SP LOS image of 4 July 2009 at 11:58 UT, in reversed colour scale. Right: Same reconnected field lines
as the green field lines in Figure 10c, d, projected on the plane of the sky.

The above process is expected to occur at several locations in the emerging flux region as
the SOT/NFI time series show emergence and flux cancellation at several locations (see the
attached electronic material). For example, emergence is also present southward of polarity
6 (see the attached online SOT/NFI movie). This multipolar photospheric configuration is
creating a complex coronal magnetic field with the presence of a null point and separatrices,
or more generally, of quasi-separatrix layers (Démoulin et al., 1996). The evolution of such
a complex magnetic field implies the formation of current layers, followed by reconnection
when a layer is thin enough (Aulanier et al., 2006; Effenberger et al., 2011). Then the above
successive reconnections are expected to form the green field lines in Figures 10c and 11c.

As a second example of interaction, the sea-serpent emergence is also present at the
inner edge of the leading polarity 1. In Schlichenmaier et al. (2010) it is documented that
the penumbra, which is still in the formation phase in the morning of 4 July, has a peculiar
asymmetric structure, being practically absent on the side of the following polarity. In that
paper it is argued that such an asymmetry could be due to flux emergence in the proximities
of the eastern side of the sunspot. Our interpretation of the extrapolated field, and of the
sea-serpent emergence in particular, confirms their speculation. We also refer the reader to
Vargas Dominguez, van Driel-Gesztelyi, and Bellot Rubio (2010) for a detailed analysis of
the sea-serpent emergence in this AR at scales comparable with the granulation scale.

6.5. Signatures of Reconnection in Dopplergrams

The EIS raster, starting 21 minutes after the slot image (Figure 4a) and 15 minutes after the
SOT magnetogram (Figure 4b), reveals a complex Doppler velocity pattern in the central
part of the AR, including dual red- and blue-shifted patterns (marked by dashed contours in
Figure 13b). The flows that we measure at the dual patterns are of the order of £20 kms™!.
The bulk of the error is a result of Gaussian fitting/centroid position. We derive a maximum
error of 5.8 kms™! on this dual pattern (see Del Zanna (2008) for a discussion of errors in
EIS data). This complex flow pattern is in contrast with that of mature ARs where flows are
simple: in the AR interior field lines are all red shifted, indicating cooling downflows (Del
Zanna, 2008), and at the AR periphery steady outflows are present, interpreted as recon-
nection between AR field lines and large-scale ones (Baker et al., 2009). These large-scale
red-shifts are also present in the core of the studied AR as well as blue-shifts in its northern
part (Figure 13b), whilst dual red/blue-shifted patterns stand out from the velocity map (Fig-
ure 13b). The large spectral line width visible in Figure 13a at the location of the southern
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Figure 13 (a) EIS raster, taken between 12:13:55-12:29:44 UT, showing spectral line width in the Fe XII
spectral line. (b) Corresponding EIS raster for Doppler velocity. (c) Corresponding EIS intensity raster im-
age. (d) SOT magnetogram with EIS intensity isocontours overlaid (blue arrows show the relationship with
panel (c)). In panel (b) the dashed contours indicates the two dual red/blue-shifted patterns discussed in Sec-
tion 6.5. In panels (a—c) the location of the southern dual red/blue-shifted pattern is pointed out with an
arrow. In panels (c, d) the expected post- and pre-reconnection loops are indicated with different colours (see
legend at the panel bottom). Field lines in those panels are drawn by hand on the basis of the field lines in the
actual extrapolated field (see Figure 14), in order to isolate only the most relevant features.

Figure 14 Selected field lines
starting at the null point of
Figure 10 (yellow field lines), and
at a second null point discussed
in Section 6.5 (red field lines).

dual velocity feature (marked by a thick arrow in Figure 13a—c) indicates strong turbulence
and/or unresolved flows.

These complex dual patterns are present in the region where field lines connecting the
tongues and serpentine field lines co-exist. In particular, a null point is found in the magnetic
extrapolation in the vicinity of the southern dual red/blue-shifted pattern (red field lines in
Figure 14), at a height of ~ 1”. We propose that the dual velocity feature results from mag-
netic reconnection between field lines connecting the tongues and long serpentine field lines.
A couple of such field lines, supported by the NLFFF extrapolation, are shown with sim-
plified shapes in Figure 13d. Other similar field lines are shown by the easternmost yellow
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field line in Figure 7b, by the green field lines in Figures 10c and 11c, and more specifically
by the red field lines drawn in the vicinity of the null point in Figure 14. The dual velocity
feature is interpreted as outflows from the reconnection region located between these field
lines. Up/down flows (Figure 13b) are present in the large/small-scale reconnected field lines
(Figure 13c), as typically expected in a reconnecting configuration.

A second magnetic null point, whose associated field lines are already shown in Fig-
ure 10b and also in yellow in Figure 14, is present in the extrapolation. In correspondence
of the second null point, another dual velocity feature is indeed present in EIS data (the
northern area marked by dashes in Figure 13b), whilst it has no significant signature in the
line-width map (Figure 13a). Figure 14 shows that both nulls are magnetically linked, so
both dual velocity features are likely to be related to the same separator-type reconnection.

Although our extrapolation provides a static field, all the connectivity types are present
since they are mostly defined by the photospheric magnetogram and the related electric
currents. In the specific case of a separator linking two null points, analytical works, con-
firmed by MHD simulations, demonstrate that boundary motions induce magnetic recon-
nection at the separator (see, e.g., Longcope and Magara (2004) and references therein).
Moreover the magnetic topology deduced from the extrapolated magnetic field permits
one to understand the location of flare ribbons (see, e.g., Masson et al. (2009) and ref-
erences therein). An MHD simulation confirms the reconnection at the expected loca-
tion (null point) as well as the role of quasi-separatrix layers in the temporal evolution
of the flare ribbons. More generally, it is the connectivity pattern (quasi-separatrix lay-
ers, including separatrices) that determine where current layers and, hence, reconnection
will occur when boundary motions are applied (Aulanier, Pariat, and Démoulin, 2005;
Effenberger et al., 2011). The summary of all these studies is that the organisation of con-
nectivities in the initial configuration is crucial in determining the location of reconnec-
tion, so that magnetic extrapolation is a key tool to understand where reconnection is ex-
pected to occur. The more realistic is the magnetic extrapolation of the coronal field, the
better the prediction of the reconnection region is expected to be. On the other hand, our
NLFFF extrapolation provides a connectivity that is qualitatively matching direct observa-
tions from different instruments (slot images from SOT/EIS and XRT) that is compatible
with LCT reconstructions of photospheric flow maps (based on SOT/NFI time series) and of
a LOS velocity map (from an SOT/EIS Dopplergram). Since observational constraints are,
at present, the only test for NLFFF extrapolations of measured vector magnetograms, we
have reasonable hopes that the locations of magnetic reconnection, identified above using
the extrapolation, are correct.

7. Conclusions

NOAA AR 11024 was observed to emerge as a simple bipole in the quiet Sun at the east
limb, underwent the main phase of emergence when it was close to the central meridian, and
it had reached a mature bipolar stage by the time it approached the west limb. Therefore, it
provides a perfect case study for flux emergence processes. Observations of the line of sight
magnetic field show photospheric signatures of the rapid formation of magnetic tongues,
indicating a negative helicity configuration, and the emergence of flux in the form known
as “sea-serpent”’. The serpentine emergence is supported by flow maps obtained by local
correlation tracking techniques. On the other hand, EUV observations provide insight in the
global structure of the coronal magnetic field (in projection on the plane of the sky).

This interpretation of the photospheric signatures of emergence is confirmed by the
reconstruction of the force-free coronal magnetic field above the AR, obtained using the
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magneto-frictional nonlinear extrapolation method. The main result of our investigation is
the validation, at all the relevant scales, of the current understanding of the flux emergence
process. This synthesis is obtained using a reconstruction of the coronal field at a crucial
time during the main phase of emergence. In particular we are able to identify the original
connections of the sunspot pair, as well as those between the magnetic tongues, and to relate
them to EIS multi-temperature observations. At smaller scales, we find evidence that the
emergence has indeed the structure of a sea-serpent, and we can relate the serpentine mag-
netic field to the emergence and flux cancellation processes that are observed in the motion
of small magnetic polarities. We identify some of the locations where reconnection occurs
in the corona. These successive reconnections transform the short serpentine field lines into
long-range connectivity across the whole AR. The signature of such reconnection processes
is observed by XRT and by an EIS scan showing localised dual blue- and red-shifted ve-
locity features (with large non-thermal line broadening in one case). All these successive
reconnection events eventually lead to the simplified bipolar structure that is observed when
the AR reaches the west limb.

Finally, at the time when the main emergence takes place on 4 July 2009, the relative
magnetic helicity in a volume about 100” high above the measured vector magnetogram
is found to be —1.1 x 10* Mx? (—0.05 in units of magnetic flux), which is in the ex-
pected range of values obtained before in other ARs (see, e.g., Démoulin and Pariat (2009)
and references therein). The estimated free energy in the same volume is 2.8 x 1032 erg,
which could power an X-class flare, whilst only B-class flares were registered in the hours
following the measurement of the vector field. In other words, our magnetic extrapolation
reconstructs the coronal field during a quiet-time period of the active region.

In conclusion, from a detailed investigation we find agreement between the current in-
terpretation of observed photospheric signatures of the emergence process and the snapshot
of the three-dimensional magnetic field structure that is obtained by nonlinear force-free
extrapolation. This helps us to obtain a coherent picture of the emergence and evolution of
AR 11024 both on large (active-region) and on small (serpentine) scales.
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Appendix: Computation of the Relative Magnetic Helicity in a Finite Rectangular
Volume

The helicity of a field B=V x A with respect to that of a reference field B, =V x A;,ina
volume V, is given by Finn and Antonsen (1985)

H :/ dV(A+Ap) - (B—B,). @
v
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Since B and B, are solenoidal, the value of H is gauge invariant if
(- B)lyy = (1 - Bp)lov, (&)

i.e., provided that B and B, have the same distribution of normal field at the boundaries of
the volume V (71 is the oriented normal to the surface 3V of the volume V). Note that the
invariance of the gauge under the above conditions is true for any pair of scalar field ®, ¥
such that A=A — V@ and A, = A, — V¥, i.e., the gauge does not need to be the same for
the two scalar potentials.

Choosing the potential field as the reference one, Equation (5) can be satisfied by B, =
—V ¢, where the scalar potential ¢ (x, y, z) is the solution of the Laplace equation

Ap=0;

. (6)
—(3¢/0n)[yy = (1 - By)[yy,

and 9V represents all boundaries, not just the photospheric one.

In order to compute H from Equation (4), the vector potentials A and A, must be con-
structed. We follow the method by DeVore (2000), but we apply it to computations in a finite
rectangular volume V = (x1, x3) X (y1, y2) X (21, 22). Using the freedom in the choice of the
gauge, we fix

A, =2-A=0 )

in V. Let us consider the vector potential for the potential field first. A direct integration of
the x and y components of V x A, =B, in the interval (z;; z) leads to

4

Apy(x,y,2) =cx +/ dz’ By y(x,y,2);
71
Z

Ap‘y(x,y,z)zcy—/ dz' By« (x,y,2),

z
1

which can be used in the z component to obtain

0cCy — 0yCy — / d7 (0xBpx + 0, Bpy) = By . (x,y,2). (8)

1

Using V - B, = 0 in Equation (8) we derive a condition on the integration vector ¢ =
(ex(x,y,2=21),¢y(x,y,2=21),0),

0=20,c, — dycx — By . (x,y,z2=21). )

A possible choice for c¢ that satisfies Equation (9) is

1 y
cx:__/ dy/Bp,z(%y/,Z:Zl);
2 y
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z z
Ap:c—ﬁxf dz'Bp:c—VX<2f dZ'¢> (10)
2] <1

:d—i—Vx(i/zzdz'qb), (11)

where d obeys the same expression as ¢, but it is computed at z = z,. Equation (11) has the
same form as Equation (4) in DeVore (2000).

With exactly the same integration procedure we can also construct the vector potential
for B with the gauge fixed by Equation (7), obtaining

which leads to

A=Ap<x,y,z=zl)—zx/'dz/3, (12)

z
<1

where the integration constant is fixed by requiring that the transverse components of the
two vector potentials at z = z; are equal, which implies that Equation (5) is satisfied.*

The relative magnetic helicity in the finite rectangular volume V can then directly be
computed from Equation (4), using the potential field derived from the scalar potential sat-
isfying Equation (6), one of the equivalent forms in Equations (10), (11), and (12).
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