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Abstract

We study the extremely complex active region (AR) NOAA 10314, that was observed from March 13-19, 2003. This AR was the
source of several energetic events, among them two major (X class) flares, along a few days. We follow the evolution of this AR since
the very first stages of its emergence. From the photospheric evolution of the magnetic polarities observed with SOHO/MDI we infer the
morphology of the flux tube that originates the AR. Using a computation technique that combines Local Correlation Tracking with
magnetic induction constrains, we compute the rate of magnetic helicity injection at the photosphere during the observed evolution.
From our results we conclude that the AR originated by the emergence of a severely deformed magnetic flux tube having a dominantly

positive magnetic helicity.
© 2012 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

It is widely recognized that magnetically complex solar
active regions (ARs) are the most productive in terms of
number and intensity of flares and coronal mass ejections
(CMEs) (Liu et al., 2005). In this context magnetic com-
plexity means distribution of photospheric magnetic flux
that departs from the usual bipolar configuration expected
according to Hale’s law (Hale and Nicholson, 1938). ARs
with magnetic flux distributions that form o-spots at the
photospheric level are among these cases. This kind of
structures are generally interpreted as the emergence of
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magnetic flux tubes that have been distorted from the nor-
mal Q-loop shape, commonly associated to bipolar ARs
(Schrijver and Zwaan, 2000, Chapter 5).

The axis of the magnetic bipoles that form normal ARs
tend to have a small inclination, called tilt angle, with
respect to the east-west direction. This characteristic of
the ARs is known as the Joy’s law (Hale et al., 1919).
The presence of a tilt angle is thought to be due to the Cori-
olis force acting on the emerging flux tubes (D’Silva and
Choudhuri, 1993) and the observed statistical dispersion
around the mean has been associated to the buffeting pro-
duced by turbulence in the convection zone (Longcope and
Choudhuri, 2002).

Although the origin of extreme flux tube deformations is
still a matter of investigation (Fan, 2009), both observa-
tions and models agree that the magnetic structures, that
form peculiarly complex ARs, emerge torsionally stressed
and with high contents of magnetic helicity. These
emerging sheared fields inject and accumulate in the solar
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atmosphere large amounts of free magnetic energy that is
released, under the proper conditions, by reconnection,
restructuring of the field, and eventually ejecting matter
and magnetic structures to interplanetary space.

Here, we study AR NOAA 10314, observed from emer-
gence on March 13, 2003 to disappearance on the West
limb around March 20, 2003 (see Morita and Mclntosh,
2005). At the maximum of its magnetic strength this AR
presented a complex quadrupolar configuration with a -
spot in its central region. In Section 2 we describe the
observed photospheric and coronal evolution of the AR
and the production of a series of very intense flares. In Sec-
tion 3 we compute and analyze the evolution of the tilt
angle of the o-spot and the magnetic helicity injected in
the AR. In Section 4 we discuss and interpret the studied
evolution in terms of the emergence of a very distorted
magnetic flux tube. We present our concluding remarks
in Section 5.

2. Description of the observations
2.1. AR 10314 photospheric evolution

To study the photospheric magnetic evolution of AR
10314 we used a set of 163 full disk longitudinal magneto-
grams taken with the Michelson Doppler Imager (MDI,
Scherrer et al., 1995) on board the Solar and Heliospheric
Observatory (SOHO), between March 13 and 19, 2003.
The time between two consecutive magnetograms is
96 min. In Fig. 1 we present a subset of magnetograms
showing the AR for selected dates during the studied evo-
lution. The first emergence of the AR occurs close to the
east side of the central meridian (~E15 S15). It begins with
the appearance of a series of small bipoles that rapidly coa-
lesce to form two larger bipolar structures that we identify
with the labels E1 and E2 in Fig. 1 upper left panel. The
indexes (1 and 2) indicate the order of formation of the
bipoles. Both of them have negative preceding polarities
corresponding to the expected orientation according to
Hale’s law for Solar Cycle 23. By March 14 and 15 emer-
gence continues and the positive polarity of El and the
negative polarity of E2 pack together to form a J-spot
observed in white light. In the central left panel of Fig. 1
we indicate the area corresponding to the 6 configuration.
The d6-spot continues to be present during the full observed
evolution of the AR. A feature that is of particular interest
in this work is the constant rotation of the inversion line of
the J-spot (see panels 3-6 in Fig. 1).

In Fig. 2 we plot the magnetic flux of the positive and
negative polarities of bipoles E1 and E2 versus time. To
avoid the spurious contribution of low disperse magnetic
flux, for the computation we only considered magnetic
strengths above 200 G. It can be noticed that although
fluxes are relatively comparable, bipoles EI and E2 seem
to have different magnetic flux evolutions. Bipole El is
the first one to emerge and reaches its maximum flux by
mid March 16, while E2 begins its emergence later and

continues to increase its flux until March 18. It is also
worth noting that the flux of both polarities within each
bipole evolve in a consistent manner.

There is no available vector magnetogram data for the
full evolution of this AR. Only a single vector magneto-
gram from the Mees Observatory Imaging Vector Magne-
tograph (MSO/IVM) was obtained on March 18. Although
due to projection effects this magnetogram is not recom-
mended for quantitative analysis (the AR is located at
W45 on March 18), visual inspection of the direction of
the transverse field indicates a strong shear close and
around the polarity inversion line of the J-spot. As we
describe in the following sections, this magnetic shear has
important consequences in relation with the high level of
activity observed in the region, and also with our interpre-
tation of the magnetic structure of the flux tube that gave
origin to the AR.

2.2. AR 10314 coronal structure and activity

To study the coronal structure and evolution of
AR10314 we used a set of 773 images obtained in the
195Aband with the Extreme Ultraviolet Imaging Telescope
(EIT, Delaboudiniere et al., 1995) on board SOHO. In
Fig. 3 we show selected EIT images. In the upper panels,
corresponding to March 14 and 15, it is possible to identify
the two main arcades that connect the polarities of bipoles
E1 and E2 (see Fig. 1). As the polarities of the d-spot rotate
one around the other during March 16 and 17 (Fig. 3, mid-
dle panels) the coronal structure of the AR becomes more
complex. As a consequence of the increasing complexity
and the related magnetic energy accumulation, by the end
of March 17 the AR begins to produce a series of major
flares that continue during the following 2 or 3 days. A
total of 37 flares have been identify as being produced by
this AR. In Table 1 we present a list of the flares with their
corresponding durations and GOES (Geostationary Oper-
ational Environmental Satellite) X-ray classification
obtained from Solar Geophysical Data. In that period 2
X-class flares and 7 M-class flares occurred in the region.

In Fig. 4 we plot the EUV flux of AR 10314 versus time
computed from the set of EIT images. We indicate with
labels the 4 most energetic flares produced by the AR.
The identification was made comparing the times of the
EUV peaks with X-ray data from GOES. It is noticeable
the change of slope of the lightcurve around the last third
of March 17, that is almost coincident with the occurrence
of the first X class flare produced by the AR.

During the major flares a complete restructuring of the
coronal organization can be observed. The lower panels
of Fig. 3 correspond to EUV images of the AR taken a
few hours, respectively, before and after the X1.5 flare that
occurred around 12:00UT on March 18. Before the flare the
coronal configuration is clearly sigmoidal with a remark-
able shear in the area coinciding with the inversion line of
the d-spot. As we describe in the previous section, vector
magnetogram data also show a pronounced magnetic shear
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Fig. 1. Selected SOHO/MDI magnetograms for the evolution AR 10314. The AR was observed from its first emergence on March 13, 2003 to its
disappearance on the west limb around March 20, 2003. In the upper left panel we identify the emergence of the two main bipoles (E1 and E2) that form
the quadrupolar structure of the AR. In the middle left panel we indicate with a square the location of the d-spot formed at the center of the AR. The
opposite polarities of the d-spot are observed to rotate one around the other during the studied evolution.
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Fig. 2. Magnetic flux evolution of the 4 main polarities that form the
quadrupolar structure of AR 10314. We group the polarities in bipoles E1
and E2 as shown in Fig. 1. Bipole El emerges first and reaches its
maximum flux by mid March 16. Bipole E2 continues to emerge reaching a
higher maximum flux by March 18.

in the proximities of the inversion line. After the flare (see
Fig. 3, lower right panel) the loop configuration is more
potential, indicating a relaxation of the magnetic stress

present in the region before the event. This reconfiguration
of the coronal magnetic structure is usually observed in ARs
producing major flares (Benz, 2008). In Section 4 we discuss
and interpret the peculiar evolution of AR 10314 and relate
it with the observed high level of activity.

3. Analysis
3.1. Evolution of the d-spot tilt

As described in Section 2.1, the d-spot that forms in the
center of AR 10314 by the apparent coalescence of polari-
ties from bipoles E1 and E2 has a fast and continuous rota-
tion during most of the AR evolution. In order to compute
this rotation quantitatively we define the tilt of the mag-
netic configuration as the vector joining the mean flux
centers of the positive and negative polarities that form
the d-spot. We determine the position of the positive (+)
and negative (—) flux centers using:

Xizzz’ff, izzzy;f, (1)
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Fig. 3. Evolution of the coronal structure of AR 10314 observed in SOHO/EIT images obtained in the 195 Aband. Overlayed white and black contours
correspond to positive and negative photospheric magnetic fields of 200 G strength. These images show how the complex evolution of the AR magnetic
distribution determines the coronal configuration. In the two lower panels it can be appreciated the change in the coronal structure before and after one of

the major flares produced in the AR (see Section 2.2).

where x and y are the coordinates of each pixel on the
magnetogram and B is the corresponding normal magnetic
field component (computed from the longitudinal compo-
nent supposing that the photospheric magnetic field is
radial). For the sum, only magnetic field strengths above
a chosen threshold are considered. From the above expres-
sion we can compute the module of the tilt vector using:

S= (X —X (- Y. 2)

and the tilt angle with respect to the east-west direction as:

Y. -Y
= arctan( +)

X —x) 3)

W
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Table 1

List of flares produced by AR 10314. The indicated times correspond to the peaks of X-ray emission. Data obtained from GOES observations and Solar
Geophysical Data.

Date and time Duration X-ray class Date and time Duration X-ray class
(UT) (min) (GOES) (UT) (min) (GOES)
15-Mar 03:36 35 BS8.1 18-Mar 12:08 344 X1.5
15-Mar 15:30 50 C3.7 18-Mar 16:20 44 C2.8
15-Mar 20:16 82 C8.4 18-Mar 19:03 78 C5.9
16-Mar 04:15 115 C3.0 18-Mar 23:28 111 C5.1
16-Mar 11:29 35 Cl1.0 19-Mar 02:44 38 C34
16-Mar 13:12 34 Cl.2 19-Mar 03:07 238 M1.5
16-Mar 21:35 129 Cl.1 19-Mar 06:46 92 MI1.6
17-Mar 01:03 60 C3.1 19-Mar 09:53 70 M3.7
17-Mar 02:47 55 B9.1 19-Mar 11:25 23 C5.8
17-Mar 16:50 86 C7.7 19-Mar 13:32 26 Ml14
17-Mar 19:05 356 X1.5 19-Mar 16:48 49 C3.2
17-Mar 20:21 73 C6.9 19-Mar 18:54 40 C6.3
18-Mar 00:37 67 M1.6 19-Mar 21:04 25 Cl1.8
18-Mar 01:53 95 C4.7 19-Mar 21:28 39 C2.2
18-Mar 04:05 153 C7.5 19-Mar 22:00 13 C3.5
18-Mar 06:00 37 M2.5 19-Mar 23:15 28 C2.0
18-Mar 06:45 69 C2.1 20-Mar 02:31 42 9.1
18-Mar 07:42 97 C2.8 20-Mar 11:31 97 M1.5
18-Mar 10:23 87 C24
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Fig. 4. EUV flux versus time obtained from the set of SOHO/EIT images
in the 195Aband used to study the coronal evolution of AR 10314. The
sudden increases of intensity due to the 4 major flares produced in the AR
are identified with labels.

In the polar plot of Fig. 5 we show the evolution of the
d-spot tilt computed from SOHO/MDI magnetograms.
The center of the plot corresponds to the position of the
positive polarity, while the head of the arrows and the line
indicate the relative position of the negative one. For clar-
ity, we only draw arrows for the initial and final dates.
With the chosen convention, the direction of the tilt vector
coincides with the local orientation of the magnetic field.
The results shown in Fig. 5 clearly confirm the pronounced
counter-clockwise rotation of the J-spot region observed
by visual inspection of the magnetograms. The total rota-
tion of the tilt angle obtained from the computations is
approximately 150 deg. This correspond to an approximate
mean angular velocity of 30 deg/day. Although the rota-
tion is continuous during most of the observed evolution,
there is a small backward motion around the beginning

180

270

Fig. 5. Polar plot showing the evolution of the tilt vector of the J-spot.
The center of the plot corresponds to the position of the center of positive
polarity and the black line indicates the relative position of the negative
one. Therefore, the radial coordinate corresponds to the module of the tilt
vector S computed according to Eq. (2), and the angular coordinate
represents the tilt angle  defined by Eq. (3). The arrows represent the tilt
vector for the initial and final dates of the studied data set. Radial units are
in Mm.

of March 17. This apparent short-term counter-rotation
is due to a brief new flux emergence in the eastern part of
the J-spot negative polarity.

In Fig. 5, one observes that the distance S between both
polarity centers is roughly constant during the full
evolution. As we discuss in Section 4 this suggests the
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existence of a sub-photospheric magnetic link between the
polarities of the 6 configuration.

3.2. Magnetic helicity injection

In this Section we compute the magnetic helicity injected
in AR 10314 during the studied evolution. To do so we use
the Differential Affine Velocity Estimator (DAVE) method
developed by Schuck (2005, 2006), (see also Démoulin and
Pariat, 2009). The window size used was of 11 pixels
~21 arcsec as suggested in the references. Basically, the
procedure consists in the computation of the magnetic
helicity injection rate given by the expression:

dH, 1 do N
p __%/s /s’ EBn(r)Bn(r )dSdS (4)

where H., is the relative magnetic helicity with respect to the
potential field (Berger and Field, 1984) and % is the rate of
mutual rotation between features at locations r and » hav-
ing magnetic strengths B, (r) and B, (#’), respectively. The
velocities used to obtain 4 are determined using a LCT
technique. We use a numerical code that computes from
the studied SOHO/MDI magnetograms the magnetic helic-
ity density defined by:

_B"(r) /S/ de(r B rl) B,,(r’)dS/. (5)

Golr) = 2n dt

The helicity density maps obtained from the above pro-
cedure show that, although there are contributions of both
signs of helicity in different areas of the AR, there is a clear
predominance of positive sign helicity. Analyzing the distri-
bution of the magnetic helicity density throughout the AR
we find that most of the positive injection is due to the rota-
tion of the J-spot.

In Fig. 6 upper panel we plot the total magnetic helicity
flux versus time obtained integrating the helicity injection
density in the whole AR. The positive and negative helicity
contributions are plotted with dashed lines and the contin-
uous line corresponds to the total injection. The plot con-
firms the positive helicity predominance. It is noticeable
not only the marked fluctuations of the positive component
with respect to the negative, but also the presence of a sud-
den decrease of the positive injection by the beginning of
March 17, followed by a rapid increase in the following
few hours. Visually inspecting the MDI magnetograms for
the corresponding date and times we found that there is a
small area within the negative polarity of the d-spot where
pixels have abnormally low field values. We think that these
pixels have wrong values possibly due to the high field
strength associated to the ¢ region. The reason why these
defective pixels affect the computation of the helicity injec-
tion rate can be understood from Eq. (5). There, it can be
seen that the injection depends on both the rate of rotation
between features and their corresponding magnetic
strengths. Therefore, the sudden appearance of low field
pixels in locations where high magnetic strength was present
artificially decreases the computed magnetic helicity flux.
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Fig. 6. Upper panel: rate of magnetic helicity injection in function of time
computed using the technique described in Section 3.2. Broken lines
correspond to positive and negative helicity contributions and the solid
line indicates the net injected helicity. The origin of the sudden decrease in
the positive helicity injection observed on the beginning of March 17 is
explained in Section 3.2. Lower panel: ratio of the total accumulated
helicity to the square of the AR magnetic flux versus time. Both plots
indicate a clear predominance of positive helicity injection.

We integrate the injection rate computed above to
obtain the accumulated magnetic helicity in function of
time. In the lower panel of Fig. 6 we plot the evolution
of the accumulated helicity divided the square of the total
unsigned flux of the AR. The curve further confirms the
overwhelming predominance of positive magnetic helicity
in AR 10314. The ratio of the accumulated helicity to the
square of the AR flux is within the range obtained by
(Démoulin and Pariat (2009), see their Section 3.2.3). The
total accumulated helicity by the end of the analyzed
evolution is 21 x 10* Mx>, which is comparable to values
from similar ARs studied in previous works (see e.g. Tian
and Alexander, 2008).

As it is the case in other very complex ARs, the high
magnetic helicity flux is related to the high level of activity
produced by the AR. The influx of magnetic helicity driven
by photospheric motions and the emergence of twisted
magnetic fields imply the accumulation of free magnetic
energy that is eventually released during flares and CMEs.
In the next Section, we propose an interpretation of the
described evolution in terms of the emergence of a
deformed magnetic flux tube.

4. Discussion
The results described in the previous sections allow us to

infer a possible structure for the magnetic flux tube that
gave origin to AR 10314. In Fig. 7 we show a drawing of
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Fig. 7. Inferred structure of the magnetic flux tube that produced AR
10314. The planes indicate the relative position of the photosphere during
the flux tube emergence, the arrows show the global direction of the
magnetic field along the tube, and the circles with signs correspond to the
location of the polarities observed at the photospheric plane for different
stages of the evolution.

the proposed flux tube configuration, consisting in a Q loop
whose top has been bended and curled downwards. In the
figure the arrows indicate the main direction of the flux
tube magnetic field, the planes correspond to the relative
position of the photosphere during the emergence (the
evolution of the photospheric plane must be followed from
top to bottom), and the circles with pluses and minuses
represent the polarities and their corresponding signs at
photospheric level. In what follows we discuss the argu-
ments that led us to conclude the consistency of the scheme
shown in Fig. 7 with the observed AR characteristics and
evolution.

The main bipoles that form the AR emerge almost
simultaneously. Although there is a possibility that the
bipoles are due to two independent flux tubes emerging
together (e.g. if they belong to the same flux nest, see
Gaizauskas, 2008), the coincidence in time suggests the
presence of a single global structure. It is worth to note that
the evolution of the bipoles magnetic fluxes are somewhat
different, E2 reaches a higher maximum than El. This
could be an argument in favor of independent magnetic
flux tubes, however, since E1 emerges before E2, it is pos-
sible that by the time their fluxes are similar E2 begins to
disperse resulting in an underestimation of the computed
flux. In the scheme proposed in Fig. 7 the delay between
the emergence of bipoles E1 and E2 is explained consider-
ing that one of the flux tube “tops” is higher than the other,
and therefore crosses the photosphere first.

As we began to discuss in Section 3.1, the evolution of
the tilt vector is consistent with the presence of a strong
subphotospheric link between the two polarities of the
o-spot. The distance between the main polarity centers
remains approximately constant during the full observed
evolution, demonstrating that both polarities are actually
rotating one around the other. The persistence of both
polarities to remain packed together strongly suggest that

they belong to the same structure. This behavior would
not be expected in the case of polarities produced by inde-
pendent flux tubes. It is also worth to mention that the
observed rotation is much higher and opposes the expected
relative motion produced by solar differential rotation. The
AR is in the south hemisphere, so if the rotation was just
due to differential rotation one would expect the northern
polarity of the J region to travel faster to the west than
the southern one, not the opposite case, as it is observed.
The persistence of the é configuration during the evolution
of the AR and the observed fast rate of rotation are strong
arguments in favor of a single magnetic flux system.

It is expected that the configuration proposed in Fig. 7
produces a particular magnetic geometry at and around
the inversion line of the J-spot. To be consistent with the
global structure, magnetic field lines right above the inver-
sion line should have their concavity facing upwards, form-
ing what is known as bald patches (Bungey et al., 1996) at
the photospheric level. This kind of magnetic field distribu-
tion is propitious for the formation of a filament above the
inversion line. We analyze a set of Hx images obtained with
the Ha Solar Telescope for Argentina (HASTA) for the
studied dates and we confirm the presence of a filament
in that location. A further support for the described local
magnetic geometry could be determined from the analysis
of vector magnetogram data. As we discussed in Section
2.1 we could only obtain one vector magnetogram from
MSO/IVM for March 18. Unfortunately, in that date the
region was too far from central meridian and projection
effects make the quality of the data insufficient for a
detailed analysis of the local magnetic structure. However,
as we state in Section 2.1, the vector magnetogram data
show a strong shear in and around the inversion line.
The magnetic field deformation associated to the observed
shear is consistent with the injected positive helicity com-
puted in Section 3.2. The presence of shear in the vicinity
of the neutral line indicates the accumulation of free mag-
netic energy in the AR and is a very well known precursor
of strong flaring activity.

If it was possible to observe the long term evolution of
AR 10314, the continuous emergence followed by photo-
spheric dispersion would clearly produce different patterns
in the cases of single versus double flux tube configurations
discussed above. After the decay phase, two independent
magnetic flux tubes are expected to evolve to form two
identifiable extended bipoles at the photospheric level,
while a single flux tube would eventually appear as a single
extended bipole. Although the photospheric magnetic
appearance of AR 10314 becomes unobservable around
March 20 when it reaches the west solar limb, we studied
MDI magnetograms corresponding to the expected loca-
tion of the region in the next solar rotation. Visual inspec-
tion of these magnetograms show a single extended bipole
as it would be the case of the evolved state of a single mag-
netic flux tube. The presence of this flux configuration at
the expected location of the AR is another argument in
favor of a single distorted magnetic flux tube.
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The magnetic helicity of a flux tube, as the one repre-
sented in Fig. 7, can be separated in two components. The
so called twist is the helicity due to the rotation of the mag-
netic field lines around the main axis of the tube, while the
deformation of the axis (the flux tube as a whole) is called
writhe. According to the scheme shown in Fig. 7 the sign
of writhe for the proposed structure is positive (the defor-
mation follows the rule of the right hand). As we described
in Section 3.2 the helicity injected in the AR during the ana-
lyzed evolution has an overwhelming predominance of posi-
tive sign. The fact that both twist and writhe have the same
sign suggests a particular physical mechanism as the origin
of the flux tube deformation. It has been proposed that
o-spots could be the manifestation of the emergence of
magnetic flux tubes that have been deformed by the
development of a kink instability (see e.g. Fan et al.,
1999). Since the kink instability implies an internal transfer
of magnetic helicity from twist to writhe, the theory predicts
that kinked flux tubes must have the same sign for both
helicity components. Considering the magnetic helicity
computed in Section 3.2 and assuming the tube structure
presented in Fig. 7, the case studied here is consistent with
this kind of mechanism. It is worth to note however, that
other processes, such as the interaction of the flux tube with
external plasma motions during its emergence through the
convective zone cannot be ruled out as the cause of the
inferred deformation (see Lopez Fuentes et al., 2003).

5. Conclusions

We studied the photospheric and coronal evolution of
AR NOAA 10314 using SOHO/MDI and EIT observa-
tions. This AR was characterized for being particularly
active, producing two X-class flares and several less ener-
getic events during a few days. From our analysis we con-
clude that the origin of the observed high level of activity is
the fast accumulation of free magnetic energy that is
injected into the corona during the emergence of the
severely twisted and writhed magnetic flux tube that forms
the AR. The computation of the tilt vector and the mag-
netic helicity show that the injected helicity is of positive
sign and is mainly produced by the fast rotation of the J-
spot at the center of the magnetic configuration. From
our results we propose a possible morphology for the mag-
netic flux tube that gave origin to AR 10314 and discuss the
plausibility of the kink instability as the physical mecha-
nisms behind the inferred deformation.
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