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ABSTRACT

Context. NOAA AR 10501 produced three flares on 2003 November 18. Two of them were associated with coronal mass ejections
(CMEs).
Aims. We model the magnetic-field structure of the active region, study the magnetic-topology evolution, and propose a scenario of
the observed events.
Methods. The coronal magnetic field is reconstructed using a topological model (also called magnetic-charge model). We present an
automatic method of choosing the magnetic charges for the case where the charges are located beneath the photosphere. The new
method improves quantitative analysis of magnetograms and makes processing faster.
Results. We demonstrate that coronal conditions became more favourable for magnetic reconnection before the flaring events. It is
also shown that the magnetic-field configuration at the time of both CMEs was critical, close to what is called “topological trigger”.
We assume that the topological trigger played a key role in the initiation of these CMEs.
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1. Introduction

According to current understanding, a solar flare results from
the reconnection of magnetic fields, i.e. the magnetic reconnec-
tion. There remains, however, considerable debate on which fac-
tors make some magnetic configurations more likely to flare than
others. The exact relationship between flares and CMEs is also
the subject of many works.

A powerful tool for answering these questions is a topolog-
ical model, also called the magnetic-charge model. A review
of this topic can be found in Somov (2006). It assumes that a
real magnetic field is modelled by the one created by “effective
charges”, or “sources”. This approach allows us to reconstruct
the coronal structure and to distinguish different magnetic fluxes
and the places where these fluxes interact among themselves, i.e.
to study magnetic-field topology. The boundary surfaces of the
fluxes are called the separatrix surfaces or“separatrices”. They
intersect among themselves along field lines called the limiting
field lines or“separators” (Sweet 1969; Syrovatskii 1981).

The charges can be located eitherbeneaththe photospheric
plane oron this plane. The advantage of the models from the
first category is a relatively realistic approximation of an ob-
served photospheric field. These models are also good at rep-
resenting the shapes of flare ribbons observed inHα, hard X-
ray, and EUV ranges (Gorbachev & Somov 1989; Mandrini et
al. 1991; D́emoulin et al. 1993; Somov et al. 2005). They have
allowed us to reveal some causes of the observed magnetic-field
imbalance in solar active regions (Oreshina & Somov 2006) and
to interpret drastic changes in the magnetic fields associated with
solar flares (Oreshina & Somov 2008).

The models from the second category assume that singular
magnetic sources are locatedon the photospheric plane (Barnes
et al. 2005; Des Jardins et al. 2009; Kazachenko et al. 2010;

Longcope et al.2010). These models are well suited to quanti-
tative analysis because exactly half of the flux from a charge is
located above the photosphere. On the other hand, the vertical
component of a model magnetogram is nought everywhere ex-
cept points where charges are located, so a visual comparison
between an observed magnetogram and a model one is impossi-
ble for this category.

Démoulin et al. (1994) have developed an automatic algo-
rithm for positioning sources beneath the photosphere at differ-
ent depths. In comparison with models where all the sources are
located on the same plane, the differences in the topology are not
crucial; however, such an algorithm takes more computational
time and makes the following analysis of the obtained topology
more complicated. An automatic algorithm for partitioning mag-
netograms into charge regions was proposed by Barnes et al.
(2005) for the models from the second category.

The main aim of our paper is to propose an automatic al-
gorithm for choosing the magnetic charges locatedbeneaththe
photosphere ononehorizontal plane. It will allow us to make the
model the clearest and the simplest and to join the advantages of
both categories:(i) the model photospheric magnetic field will
approximate the observed one closely, and(ii) a quantitative and
fast analysis of a large number of magnetograms will be possi-
ble, too.

Then we apply the method for modelling a real active re-
gion in order to propose a scenario of observed eruptive events.
We focus attention on the trigger of flares and CMEs by taking
topological characteristics of the magnetic-field structure into
account.

Knowing the location of reconnection is a key to understand-
ing a flare trigger. According to current understanding, the mag-
netic reconnection mechanism at a separator transforms mag-
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netic energy into thermal and kinetic energy of plasma and
accelerated particles. Accelerated electrons follow field lines
crossing a region of primary energy release and descend to the
chromosphere where they produce hard X-ray (HXR) radiation.
Des Jardins et al. (2009) notice a remarkable visual relation-
ship between the spine lines and HXR footpoint tracks. They
also demonstrate that there are spine lines that are not associ-
ated with HXR footpoints (Fig. 5 in their paper). Restante et al.
(2009) have studied the relations between quasi-separatrix layers
(QSLs), which are regions where there is a drastic change in field
line linkage and in skeletons, which are composed of null points,
spine field lines, and fans. They have shown that spines, as well
as specific portions of fans are good predictors for the location
of QSL footprints, and therefore of flare ribbons. They also pay
attention to the fact that only some portions of the skeleton are
found to be related to flare ribbons. In our paper we propose an
explanation of these results using active region NOAA 10501, as
an example. Moreover, we focus our attention on the trigger of
flares and CMEs taking topological characteristics of magnetic-
field structure and evolution into account.

The paper is organised as follows. In Sect. 2, we describe the
observational data of AR NOAA 10501. Then, in Sect. 3, a new
automatic method is presented for choosing magnetic charges; it
is applied to constructing the topological model of the AR under
consideration. In Sect. 4, the changes in the magnetic field are
analysed from 00:00 UT to 11:12 UT. The results are discussed
in Sect. 5. In the last section, we formulate our conclusions.

2. Observations of NOAA AR 10501 on 2003
November 18

On 2003 November 18, AR 10501 was located near the cen-
tre of the solar disc (N 03, E 08). Figure 1 shows the tempo-
ral evolution of the solar X-ray flux observed by Geostationary
Operational Environmental Satellite (GOES). Five flares oc-
curred on that day. Three of them were observed to originate
in the AR under consideration: C3.8 at 05:25 UT, M3.2 at
07:52 UT, and M3.9 at 08:30 UT. The second and the third flares
were associated with two CMEs, detected by Large Angle and
Spectrometric Coronagraph (LASCO) on board SOHO. The first
CME was detected in the C2 field-of-view at 08:06 UT and the
second one was observed at 08:50 UT. Two days later, these
CMEs produced the most powerful geomagnetic storm in solar
cycle # 23 (Ermolaev et al. 2005; Srivastava et al. 2009; Chandra
et al. 2010).

-
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Fig. 1.Temporal evolution of the solar X-ray flux observed by GOES 12
in 1.0-8.0 Å bandwidth on 2003 November 18. The flares occurred in
AR 10501 are marked in grey.

Figure 2 presents the line-of-sight magnetogram obtained
by the Michelson Doppler Imager (MDI) on-board SOHO at
00:00 UT. We show the five areas where magnetic field was the
most intense: two areas of southern (negative) polarity and three
areas of northern (positive) polarity. The maximal absolute value
of the field for both polarities was about 3000 G. We have cho-
sen 200 G as a boundary intensity level for these areas. Since our
aim is to study the magnetic-flux evolution, this threshold allows
us not to analyse the small-scale changes due to variations in at-
mospheric seeing and uncorrelated noise. We also do not con-
sider small areas covering just a few pixels, because small fluxes
seem to us unlikely to contribute much to the global topology, so
we study the evolution of these five areas, which include a sig-
nificant part of the global (whole AR) magnetic flux and which
determine its large-scale topology.
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Fig. 2. Magnetogram obtained by MDI/SOHO at 00:00 UT on 2003
Nov 18. The white (black) thick lines are 200 G (-200 G) levels. A
length unit corresponds to one MDI pixel (1.45 · 108 cm).

3. Method for choosing charges for topological
model

The 3D magnetic field created by charges is described by the
formula

B (x, y, z) =

N∑

i=1

ei

| r − r i |2 ·
r − r i

| r − r i | , (1)

whereN is the number of charges,ei their intensities, andr i =
(xi , yi , zi) their radius vectors. Thex-axis is directed to the west,
the y-axis to the north, and thez-axis is directed upwards from
the solar surface. Thez = 0 plane corresponds to the photo-
sphere. We assume that all the charges are located beneath the
photosphere at the same depth:zi = const= z0 for every i. As
proposed in the previous section,N = 5 for this AR, so there are
16 unknowns: (xi , yi), ei wherei = 1 ...5, andz0.

First, we calculate charge positions (xi , yi) as the “centre of
mass” of every areaRi :

xi =

∑
k∈Ri

xkψk

∑
k∈Ri

ψk
, yi =

∑
k∈Ri

ykψk

∑
k∈Ri

ψk
. (2)

Hereψk is the observed magnetic flux through the area on the
photosphere that corresponds to MDI pixelk, andxk andyk are
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the coordinates of this pixel. The summation is over all pixels of
areaRi .

Then, we find the charge intensitiesei from the equality of
the observed and the model magnetic fluxes for each areaRi :


∑

k∈R1


N∑

i=1

ei

|r k − r i |2
(zk − z0)
|r k − r i |

 · s = Ψ1;

...
∑

k∈R5


N∑

i=1

ei

|r k − r i |2
(zk − z0)
|r k − r i |

 · s = Ψ5.

(3)

HereΨi is the observed magnetic flux in the areaRi , s the sur-
face of an MDI pixel:s = 2.1·1016 cm2. There are five equations
with six unknowns in this system:e1 ...e5 andz0. We then con-
sider depthz0 as a free parameter. Different values ofz0 will
correspond to different sets of intensitiese1 ...e5.

Let us choose the set that approximates the global magnetic
flux in the best way. In other words, we want to minimise the
difference between model and observed fluxes on the AR scale:

∑

k+


N∑

i=1

ei

|r k − r i |2
(zk − z0)
|r k − r i |

 · s − Ψ+ = ∆+;

∑

k−


N∑

i=1

ei

|r k − r i |2
(zk − z0)
|r k − r i |

 · s − Ψ− = ∆−.

The summation in the first formula is over all magnetogram pix-
els with positive magnetic field, the one in the second formula is
over all pixels with negative magnetic field, andΨ+(Ψ−) is the
observed positive (negative) magnetic fluxes in the whole AR.

Our experience shows that a model magnetogram approxi-
mates an observed one well if the charges are located at the depth
of several units, not more than ten. This part of the method does
not take much time.

The charge coordinates and intensities for the magnetogram
from Fig. 2 are presented in Table 1. The corresponding model
magnetogram is shown in Fig. 3. The output of this model pro-
vides the global magnetic flux in agreement with the observa-
tional values at about 90% (92% for positive-flux approxima-
tion and 88% for negative-flux approximation). We process other
magnetograms of the AR keeping the same depthz0. All we need
to recalculate are the coordinates of charges (xi , yi) (from for-
mula 2) and their intensities (from system 3).

Table 1. Intensities and coordinates of the magnetic-field charges for
modelling the magnetogram obtained at 00:00 UT.

i ei xi yi z0

1. -98317 39.5 46,9 -4
2. -79537 29.2 19.5 -4
3. 30834 30.4 39.6 -4
4. 36272 18.3 21.0 -4
5. 35496 35.7 17.8 -4

4. Magnetic-field topology

4.1. Separators and separatrix surfaces

Determination of the magnetic charges allows the topology to
be analysed. Figure 4 shows the vector field in the charge plane
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Fig. 3. Model magnetogram corresponding to 00:00 UT.

z = z0 = −4. Solid lines are the intersections of the separatrix
surfaces with this plane. Des Jardins et al. (2009) and Restante et
al. (2009) conclude that flaring ribbons correspond to some parts
of these lines. There remains the question of which parts of such
lines correspond to the location where flare ribbons might be
found. The answer consists in the necessity of searching separa-
tors. It is here, in the vicinity of the separators, that the magnetic-
field structure makes the reconnection possible. Particles accel-
erated by reconnection come down to the photosphere where
they produce hard X-ray bremsstrahlung radiation.
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Fig. 4. Vector field created by charges in the charge plane. Solid lines
are the intersections of the separatrix surfaces with this plane, andX1,
X2, X3, andX4 are the null points.

As is known, separator endpoints are null points in the mag-
netic field, i.e. the points where the magnetic field vanishes.
However not every null point is a separator endpoint. As one can
see in Fig. 4, there are four points where the field is nought in the
charge plane:X1, X2, X3, andX4. Fig. 5 demonstrates that there
is a separator connecting the pointsX2 andX3. Indeed, there is
a line connecting these two points (Figure 5, left), and the vec-
tor field in the vertical plane perpendicular to the straight seg-
ment (X2,X3) contains anX-type null point (Fig. 5, right). This
is one of structures that enable magnetic reconnection (Oreshina
& Somov 1998; Hornig & Priest 2003; De Moortel & Galsgaard
2006; Parnell et al. 2010).
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Fig. 5. Left: Vector field in the vertical plane containing pointsX2 andX3; there is a field line connecting these points.Right: Vector field in the
vertical plane perpendicular to the straight segment (X2,X3); there is anX-type null point – a structure making reconnection possible.

Analogically, it is possible to show the existence of the sepa-
ratorX3X4, so pointX3 is a common endpoint of both separators.
PointX1 does not correspond to any separator. Finally, there are
two separators in this AR. The observed flares can be explained
by the magnetic reconnection processes on them.

Searching separators is still a difficult problem that needs the
investigation of a 3D magnetic structure. To develop an auto-
matic and effective method for this part of the topological anal-
ysis is one of the aims of our future studies.

4.2. Topology evolution

The aim of this section is to investigate the conditions on sepa-
rators in order to answer the question of why one magnetic con-
figuration is more likely to reproduce a flare than another one.
Somov & Titov (1985a, 1985b) and Somov (2006, Sect. 6.2.2)
demonstrated that a strong longitudinal (along the separator)
component of the magnetic field can considerable limit energy
release in a reconnecting current layer (RCL). Indeed, decreas-
ing the longitudinal magnetic field increases the compressibil-
ity of plasma flowing into the RCL. As a result, the width of
the layer decreases, which leads to increasing the reconnec-
tion rate. The procedure aiming to find where the flare ribbons
might be located should therefore contain two steps: (1) search-
ing separators and their footprints in the photospheric plane,
(2) analysing physical conditions on separators (estimation of
magnetic-strength value).

Oreshina & Somov (2009) proposed a topological-model pa-
rameter that allows the longitudinal magnetic field on a separa-
tor to be judged. The lower its value, the better the conditions
for magnetic reconnection. As an example, they constructed the
topological models of AR NOAA 9077 for July 12 and 14, i.e.
two days before the Bastille Day flare and the flare day. They
showed that there were two separators and that the coronal con-
ditions for reconnection on both of them improved significantly
before the flare. In the present paper, we investigate the evolu-
tion of this parameter on the scale of several hours before and
after the flares and CMEs.

The parameter under consideration isλz. It is calculated at
the null points, which are the separator endpoints as follows. One

of the characteristics of an arbitrary null pointX0 is the matrix
with elements (e.g. Somov 2008a)

Mαβ(X0) = − ∂
2ϕ (X0)
∂α ∂β

. (4)

Hereα andβ are indexes that can take valuesx, y, andz, andϕ
is the potential of the field (1):

ϕ(x, y, z) =

N∑

i=1

ei

| r − r0| .

As a result, (4) is the matrix of magnetic-field gradients at the
null point X0. We are interested in the eigenvalue corresponding
to the vertical eigenvector of (4), i.e. in the gradient value along
a separator. If the separator length does not significantly change
with time, the lower the gradient absolute value at separator end-
points, the lower the absolute value of the magnetic field at the
separator, the better the conditions for reconnection.

We letλz (X1), λz (X2), λz (X3), andλz (X4) be the parameters
characterising the pointsX1, X2, X3, and X4, respectively. We
study a set of eight magnetograms of the AR NOAA 10501 ob-
tained by MDI/SOHO on 2003 November 18 between 00:00 UT
and 11:12 UT with 96 min intervals. The changes at the null
points are presented in Fig. 6, with the moments of the three
flares under consideration. These are the same flares as in Fig. 1.
Parameterλz (X3) stayed negative during the reporting period;
the figure shows its absolute values.

Our calculations show that the parameterλz (X1) remained
almost constant. There were oscillations of the parameterλz (X2)
with an amplitude of less than two units. Analogically, the pa-
rameterλz (X4) varied within the limits of 2.5 units. The most
significant changes were observed at pointX3. Here the param-
eter |λz (X3)| decreased by 6.4 units (from 13.0 to 6.6). Note
that X3 is a common endpoint of both separators. The first flare
(05:25 UT) occurred on the decreasing phase of this parameter.
The second and the third flares (07:52 UT and 08:30 UT) coin-
cide with its deep minimum.

Figure 7 presents the maximum values of magnetic field at
both separators for each of the eight time points. We have con-
nected the points by two lines to separate the processes on two
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Fig. 6. Changing values of the parametersλz (X1), λz (X2), |λz (X3)|, and
λz (X4) with time. The moments of the three flares under consideration
are marked in grey. These are the same flares as in Fig. 1.

separators better. One can see that two flares occurred in the
vicinity of the deepest magnetic field minimum on the separa-
tor X3X4. These two events also coincide with a minimum on
the separatorX2X3 even if not as deep. It allows the stronger en-
ergy to be released during flares. Indeed, the first flare was that
of C class, while the second and the third ones were M class.

Comparing Figs. 6 and 7 shows some similarity between the
evolution of the parametersλz and that of the magnetic field val-
ues on separators. This confirms our suggestion that the lower
the parameterλz, the better the conditions for the reconnection.
This similarity is not a perfect correlation because the parame-
tersλz at two endpoints of a separator change differently. But we
propose to pay special attention to the separators for which the
parametersλz decreases significantly.

This result can be used to develop a reliable and physi-
cally justified method for predicting solar flares. A more detailed
study of the relationship between parametersλz, the magnetic
field on separators, and flare trigger will be the focus of our fu-
ture work. Parameterλz is calculated from a 2D magnetic field in
the plane of charges. In comparison with those in a 3D magnetic
structure, such calculations are thus simpler and faster. One can
first calculate valuesλz at all null points and then search for the
separators connecting those that show the evolution towards the

115

  120

125

130
135

140

145

150

00:00 03:12 06:24 09:36 12:48

Bmax

time UT
Fig. 7.Maximum values of magnetic field (in Gauss) on both separators
for each of the eight time points. Black and white circles correspond to
the separatorsX2X3 andX3X4, respectively.

reconnection. It will be faster than searching all the separators of
an active region.

4.3. Topological trigger

Syrovatskii & Somov (1980) showed that slow motions of the
photospheric field can lead to a rapid change in the coronal mag-
netic structure. The term “topological trigger” was introduced
by Gorbachev et al. (1988). They used the simplest 3D model
of potential magnetic field and pointed out the appearance of a
new null point in the corona and its fast motion along the sepa-
rator above the photosphere. Inverarity & Priest (1999) demon-
strate the theoretical existence of stable coronal nulls, but do
not discuss in detail the mechanisms which cause them to be
born through a bifurcation. Brown & Priest (2001) explored the
topology of the simplest configuration due to four sources with
a coronal null and a bifurcation that causes such a null point to
be born or to die.

Meanwhile, the question of precisely how the topological
trigger materialises under actual conditions in solar active re-
gions remained unclear. Somov (2008a, 2008b) showed that the
topological trigger effect should be taken into account when
large eruptive flares are modelled. This possibility was illus-
trated by the example of an extended 1B/M4 flare on 1980
November 5 in AR 2776. The 3D topological trigger effect is
not a resistive instability that leads to changing the topology
of the field configuration from pre- to post-reconnection state.
On the contrary, the topological trigger is a quick change in the
global topology that dictates the fast reconnection in large erup-
tive flares (Somov 2008b, Oreshina & Somov 2009).

We now come back to the solar flares under consideration
and investigate in detail the magnetic-field structure on the sepa-
rators at 08:00 UT, i.e. between the two last flares. The locations
of the charges and their intensities corresponding to this moment
are presented in Table 2. The comparison with the initial moment
(00:00 UT, Table 1) shows that the charges moved within two
pixels. The intensities of the first four charges increased, while
that of the fifth charge decreased. In this section, we demonstrate
that the magnetic-field configuration became critical so that even
minor changes in the charge characteristics could lead to drastic
changes in the coronal magnetic field.

Figure 8 (top) shows the vector field in the plane of the sepa-
ratorsX2X3 andX3X4 at 08:00 UT. If we only move the charge 3
along thex-axis from the pointx3 = 29.3 to the pointx3 = 29.4,
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Table 2. Intensities and coordinates of the magnetic-field charges for
modelling the magnetogram obtained at 08:00 UT.

i ei xi yi z0

1. -101031 39.5 46.9 -4
2. -84850 27.7 18.6 -4
3. 32098 29.3 39.2 -4
4. 40712 17.2 20.7 -4
5. 32987 35.5 17.9 -4

keeping the coordinates and intensities of other charges, the sign
of the parameterλz (X3) will be changed. It means changing the
magnetic-field direction along both separators at the endpointX3
and, therefore, changing the magnetic structure in the vicinity of
both separators. These changes are presented in Fig. 8 (middle).
A new null point is born from the pointX3 on the separatorX2X3
at the height ofz = 0.06, i.e. at the photospheric level.

Possible changes in charge characteristics, even the most mi-
nor ones, lead to the fast motion of this null point along the sep-
arator. As an example, Fig. 8 (bottom) presents the magnetic-
field configuration in the vicinity of separators for the case when
charge 3 is moved to the point (x3, y3) = (30.0,37.0). The new
null point moved up to the height ofz = 4.5. Here, in the corona,
a null point on a separator implies the most favourable conditions
for magnetic-field reconnection and makes this process the most
powerful (Somov 2006). However, this is not the whole story.
As seen from Fig. 8, the presence of a coronal null point makes
the magnetic-field structure instable. Even small variations in
the magnetic field in the photosphere involve drastic changes in
the coronal magnetic field on both separators, which can cause
CMEs.

Also the existence of a coronal null point plays a key role
in a number of models for eruptive events, for example, break-
out model for CMEs (Antiochos et al 1999). Our method for
analysing the topology of the large-scale magnetic field of an
AR allows us to find coronal null points situated on separators,
i.e., precisely where the magnetic energy is accumulated before
a flare, and is converted into the particle energy during a flare.

We do not claim that the movement of exactly charge 3
caused the topological trigger, hence CMEs in this AR. We just
demonstrate that some critical state could be reached easily and
trigger drastic changes in the coronal magnetic-field structure in
the vicinity of two separators.

5. Conclusions

A method was proposed for automatically choosing the magnetic
charges for topological modelling solar ARs. It improves quan-
titative analysis of magnetograms and makes processing faster,
which in turn allows the magnetic-field evolution to be analysed
on small timescales.

The method is applied to NOAA AR 10501, which produced
three flares and two CMEs on 2003 November 18. Our model
suggests the following possible scenario for these events. The
magnetic field structure was characterised by the presence of
two separators. The conditions on them became more favourable
for magnetic reconnection between 00:00 UT and 08:00 UT,
which caused three flares. The longitudinal magnetic field de-
creased significantly along both separators at about 08:00 UT
when two flares occurred. As a consequence, the second and the
third flares were more powerful than the first one (M-class in
contrast with C-class). At 08:00 UT, the magnetic-field structure
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Fig. 8. Vector field in the plane of the separatorsX2X3 andX3X4. Top:
Configuration corresponding to the system parameters presented in
Table 2.Middle: the same for the case when charge 3 is moved to the
point x3 = 29.4. Xc is a new null point.Bottom:the same for the case
when charge 3 is moved to the point (x3, y3) = (30.0, 37.0).

was very close to a critical state. Even minor changes in photo-
spheric magnetic field could lead to rapid changes in the corona
in the vicinity of both separators, i.e. to a topological trigger that
could cause two CMEs.
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