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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 Longcope et al.2010). These models are well suited to quanti-
) i tative analysis because exactly half of the flux from a charge is
According to current understanding, a solar flare results frogyaied above the photosphere. On the other hand, the vertical
the reconnection of magnetic fields, i.e. the magnetic reconn@gimponent of a model magnetogram is nought everywhere ex-
tion. There remains, however, considerable debate on which f@@pt points where charges are located, so a visual comparison

tors make some magne_tic co_nfigurations more likely to flan_a thBBiween an observed magnetogram and a model one is impossi-
others. The exact relationship between flares and CMEs is a8 for this category.

the,iUbésvzr?JlT:c?lyfg\;oa:E;/verin these questions is a tonolod. Démoulin et al. (1994) have developed an automatic algo-
P 9 d POIOFim for positioning sources beneath the photospherefgrdi

ical model, also called the magnetic-charge model. A reviedh depths. In comparison with models where all the sources are

of this topic can be found in Somov (2006). It assumes thaqé':\C . :
g P ated on the same plane, théféiences in the topology are not
real magnetic field is modelled by the one created Ifjetaive crucial; however, such an algorithm takes more computational

” “ ” H r
charges’, or "sources”. This approach allows us to reconstrl{ﬁﬁe and makes the following analysis of the obtained topology
the coronal structure and to distinguisiffdient magnetic fluxes mare complicated. An automatic algorithm for partitioning mag-

and the places where these fluxes interact among themselves 'e?c)grams into charge regions was proposed by Barnes et al.

to study magnetic-field topology. The boundary surfaces of t
fluxes are called the separatrix surfacesseparatrices”. They 005) for the models from the second category.

intersect among themselves along field lines called the limiting 1h€ main aim of our paper is to propose an automatic al-
field lines or‘separators” (Sweet 1969; Syrovatskii 1981).  dorithm for choosing the magnetic charges locaiedeatithe

The charges can be located eitheneaththe photospheric photosphere oonehorlzontal_plane. It will aII_O\_N us to make the
plane oron this plane. The advantage of the models from t odel the cIe_are_st and the simplest and to join the adyantag_es of
first category is a relatively realistic approximation of an og20th categories(i) the model photospheric magnetic field will
served photospheric field. These models are also good at %Bproxmat_e the observed one closely, fi)ca quantitative and
resenting the shapes of flare ribbons observeHdn hard X- st analysis of a large number of magnetograms will be possi-
ray, and EUV ranges (Gorbachev & Somov 1989; Mandrini &€ {00-
al. 1991; Cemoulin et al. 1993; Somov et al. 2005). They have Then we apply the method for modelling a real active re-
allowed us to reveal some causes of the observed magnetic-f@ifen in order to propose a scenario of observed eruptive events.
imbalance in solar active regions (Oreshina & Somov 2006) aMée focus attention on the trigger of flares and CMEs by taking
to interpret drastic changes in the magnetic fields associated wfRological characteristics of the magnetic-field structure into
solar flares (Oreshina & Somov 2008). account.

The models from the second category assume that singular Knowing the location of reconnection is a key to understand-
magnetic sources are locatedthe photospheric plane (Barnesng a flare trigger. According to current understanding, the mag-
et al. 2005; Des Jardins et al. 2009; Kazachenko et al. 20h@tic reconnection mechanism at a separator transforms mag-
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netic energy into thermal and kinetic energy of plasma and Figure 2 presents the line-of-sight magnetogram obtained
accelerated particles. Accelerated electrons follow field linky the Michelson Doppler Imager (MDI) on-board SOHO at
crossing a region of primary energy release and descend to @00 UT. We show the five areas where magnetic field was the
chromosphere where they produce hard X-ray (HXR) radiatiomost intense: two areas of southern (negative) polarity and three
Des Jardins et al. (2009) notice a remarkable visual relaticareas of northern (positive) polarity. The maximal absolute value
ship between the spine lines and HXR footpoint tracks. They the field for both polarities was about 3000 G. We have cho-
also demonstrate that there are spine lines that are not asseeit 200 G as a boundary intensity level for these areas. Since our
ated with HXR footpoints (Fig. 5 in their paper). Restante et aim is to study the magnetic-flux evolution, this threshold allows
(2009) have studied the relations between quasi-separatrix layg ot to analyse the small-scale changes due to variations in at-
(QSLs), which are regions where there is a drastic change in fiebspheric seeing and uncorrelated noise. We also do not con-
line linkage and in skeletons, which are composed of null pointider small areas covering just a few pixels, because small fluxes
spine field lines, and fans. They have shown that spines, as veelém to us unlikely to contribute much to the global topology, so
as specific portions of fans are good predictors for the locatiare study the evolution of these five areas, which include a sig-
of QSL footprints, and therefore of flare ribbons. They also payjficant part of the global (whole AR) magnetic flux and which
attention to the fact that only some portions of the skeleton adetermine its large-scale topology.

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.
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2. Observations of NOAA AR 10501 on 2003
November 18

On 2003 November 18, AR 10501 was located near the cdnd- 2. Magnetogram obtained by M[BOHO at 00:00 UT on 2003
tre of the solar disc (N 03, E 08). Figure 1 shows the tempP©v 18. The white (black) thick lines are 200 G (-200 G) levels. A
ral evolution of the solar X-ray flux observed by Geostationaf§n9th unit corresponds to one MDI pixel45- 10° cm).

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 flar8s Method for choosing charges for topological

were associated with two CMEs, detected by Large Angle and model

Spectrometric Coronagraph (LASCO) on board SOHO. The first

CME was detected in the C2 field-of-view at 08:06 UT and thEhe 3D magnetic field created by charges is described by the
second one was observed at 08:50 UT. Two days later, théganula

CMEs produced the most powerful geomagnetic storm in solar

N
cycle # 23 (Ermolaev et al. 2005; Srivastava et al. 2009; Chan _ & -
et al. 2010). (g?x’y’z)_lz;”—m? [r=ri|’ @)
whereN is the number of charges, their intensities, and; =
4 (%, Yi, z) their radius vectors. The-axis is directed to the west,
10 ¢ M{g M3.9 the y-axis to the north, and theaxis is directed upwards from
. i {\/\ the solar surface. The = 0 plane corresponds to the photo-
é 165L sphere. We assume that all the charges are located beneath the
@ 2 photosphere at the same depth= const= z, for everyi. As
= - proposed in the previous sectidw,= 5 for this AR, so there are
= 10°L 16 unknowns:X;, i), & wherei = 1...5, andz,.
First, we calculate charge positions, ;) as the “centre of
r mass” of every areR:
57 L L L 1 L L L i L L 1
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Fig. 1. Temporal evolution of the solar X-ray flux observed by GOES 12 <R <R
in 1.0-8.0 A bandwidth on 2003 November 18. The flares occurred fifere y is the observed magnetic flux through the area on the
AR 10501 are marked in grey. photosphere that corresponds to MDI pikeandx, andyy are
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the coordinates of this pixel. The summation is over all pixels of
areaR.

Then, we find the charge intensitigsfrom the equality of
the observed and the model magnetic fluxes for eachRarea

N
& @&-2)| ._y.
Z[Z =i Ine—ril | ° =t

kER1 i=1
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Z 2_2 ]-s = P, 20
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HereY; is the observed magnetic flux in the af®as the sur-
face of an MDI pixel:s = 2.1-10% cn?. There are five equations
with six unknowns in this systeng; ... es andz,. We then con- 0
sider depthz, as a free parameter. férent values oty will Y 20 40
correspond to dierent sets of intensities ... es.
Let us choose the set that approximates the global magneiig 3. Model magnetogram corresponding to 00:00 UT.
flux in the best way. In other words, we want to minimise the
difference between model and observed fluxes on the AR scale:
N z = 75 = —4. Solid lines are the intersections of the separatrix
Z Z Lz (2 - ZO)] s =W, = A,; surfaces with this plane. Des Jardins et al. (2009) and Restante et
. IFk = ril® Ire =il al. (2009) conclude that flaring ribbons correspond to some parts
N of these lines. There remains the question of which parts of such
Z[ &  (&- ZO)] S_W_ = A lines correspond to the location where flare ribbons might be
Ire = ril
i=1

i=1

Ir — ril? found. The answer consists in the necessity of searching separa-
tors. Itis here, in the vicinity of the separators, that the magnetic-
field structure makes the reconnection possible. Particles accel-

The summation in the first formula is over all magnetogram pixrated by reconnection come down to the photosphere where

els with positive magnetic field, the one in the second formulatisey produce hard X-ray bremsstrahlung radiation.

over all pixels with negative magnetic field, ai (¥_) is the

observed positive (negative) magnetic fluxes in the whole AR.

ke

Our experience shows that a model magnetogram approxi- ~ °° ‘fii'ii::
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 NI

not take much time. a0 LoZIIIII2T NN
The charge coordinates and intensities for the magnetogram IR AR X2 NN

from Fig. 2 are presented in Table 1. The corresponding model y CRARN

magnetogram is shown in Fig. 3. The output of this model pro- NN

vides the global magnetic flux in agreement with the observa- 201

tional values at about 90% (92% for positive-flux approxima- X

tion and 88% for negative-flux approximation). We process other
magnetograms of the AR keeping the same depthll we need

to recalculate are the coordinates of chargesy() (from for- 0
mula 2) and their intensities (from system3).  pooosoososas

P I S
prAAAAA AR AN ]

-20 0

o))
o

Table 1. Intensities and coordinates of the magnetic-field charges for
modelling the magnetogram obtained at 00:00 UT. Fig. 4. Vector field created by charges in the charge plane. Solid lines
are the intersections of the separatrix surfaces with this planexXand
Xz, X3, andX, are the null points.

i & Xi Yi %

1. -98317 395 469 -4

2. -79537 292 195 -4 As is known, separator endpoints are null points in the mag-
3. 30834 304 396 -4 netic field, i.e. the points where the magnetic field vanishes.
4. 36272 183 210 -4 However not every null point is a separator endpoint. As one can
5. 35496 357 178 4 see in Fig. 4, there are four points where the field is nought in the

charge planeXi, X,, X3, andX,. Fig. 5 demonstrates that there
is a separator connecting the poisand X;. Indeed, there is
o a line connecting these two points (Figure 5, left), and the vec-

4. Magnetic-field topology tor field in the vertical plane perpendicular to the straight seg-
ment Xz, X3) contains arX-type null point (Fig. 5, right). This
is one of structures that enable magnetic reconnection (Oreshina
Determination of the magnetic charges allows the topology &Somov 1998; Hornig & Priest 2003; De Moortel & Galsgaard
be analysed. Figure 4 shows the vector field in the charge pl&@96; Parnell et al. 2010).

4.1. Separators and separatrix surfaces
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Fig. 5. Left Vector field in the vertical plane containing poirXs and Xs; there is a field line connecting these poiright Vector field in the
vertical plane perpendicular to the straight segm#ntXs); there is anX-type null point — a structure making reconnection possible.

Analogically, it is possible to show the existence of the sepaf the characteristics of an arbitrary null pod is the matrix
rator X3 X4, SO pointXs is a common endpoint of both separatorsvith elements (e.g. Somov 2008a)
Point X; does not correspond to any separator. Finally, there are 5
two separators in this AR. The observed flares can be explaingd (Xo) = — 9%¢ (Xo) 4)
by the magnetic reconnection processes on them. i dadB -

Searching separators is still dfttiult problem that needs the .
investigation of a 3D magnetic structure. To develop an autHerea and are indexes that can take valuey, andz, andy

matic and &ective method for this part of the topological analf% the potential of the field (1):
N
€
AR EDY
i=1

ysis is one of the aims of our future studies.
It —rol’

4.2. Topology evolution

. . L . . . As a result, (4) is the matrix of magnetic-field gradients at the
The aim of this section is to investigate the conditions on sepgy point Xo. We are interested in the eigenvalue corresponding

rators in order to answer the question of why one magnetic cqB-the vertical eigenvector of (4), i.e. in the gradient value along
figuration is more likely to reproduce a flare than another onggeparator. If the separator length does not significantly change
Somov & Titov (1985a, 1985b) and Somov (2006, Sect. 6.2.gjth time, the lower the gradient absolute value at separator end-
demonstrated that a strong longitudinal (along the separatgpinis the lower the absolute value of the magnetic field at the
component of the magnetic field can considerable limit ener ¥parator, the better the conditions for reconnection.
_release in a_recpnnecting Cl_Jrre;nt Ia_\yer (RCL). Indeed, decr_e{;\s-we letd, (X0), Az (Xa), 2 (Xs), and., (X4) be the parameters
ing the Iongltudlna}l magnetic field increases the Compress'b@haracterising the point&;, Xo, Xs, and Xa, respectively. We
ity of plasma flowing into the RCL. As a result, the width Ogtudy a set of eight magnetograms of the AR NOAA 10501 ob-
the layer decreases, which leads to increasing the reconnggsaq by MDSOHO on 2003 November 18 between 00:00 UT
tion rate. The procedure aiming to find where the flare ribbons,y 11:12 UT with 96 min intervals. The changes at the null
_might be located should_ therefore co_ntain two steps: (1_) Sear?fﬁnts are presented in Fig. 6, with the moments of the three
ing separators and their footprints in the photospheric plargyas ynder consideration. These are the same flares as in Fig. 1.
(2 ana[ysmg physical conditions on separators (estimation I%rametevlz (Xs) stayed negative during the reporting period;
magnetic-strength value). the figure shows its absolute values.

Oreshina & Somov (2009) proposed a topological-model pa- Qur calculations show that the parameig(X;) remained
rameter that allows the longitudinal magnetic field on a sepa@most constant. There were oscillations of the paramigiet,)
tor to be judged. The lower its value, the better the conditioRgth an amplitude of less than two units. Analogically, the pa-
for magnetic reconnection. As an example, they constructed fagneter, (X4) varied within the limits of 2.5 units. The most
topological models of AR NOAA 9077 for July 12 and 14, i.esjgnificant changes were observed at pMgtHere the param-
two days before the Bastille Day flare and the flare day. Theyer |1, (X3)| decreased by 6.4 units (from 13.0 to 6.6). Note
showed that there were two separators and that the coronal gt X, is a common endpoint of both separators. The first flare
ditions for reconnection on both of them improved significantlyps:25 UT) occurred on the decreasing phase of this parameter.
before the flare. In the present paper, we investigate the ev second and the third flares (07:52 UT and 08:30 UT) coin-
tion of this parameter on the scale of several hours before agide with its deep minimum.
after the flares and CMEs. Figure 7 presents the maximum values of magnetic field at

The parameter under consideratiomjs It is calculated at both separators for each of the eight time points. We have con-
the null points, which are the separator endpoints as follows. Omected the points by two lines to separate the processes on two
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192 4 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
11 4 the separatorX;X; andX3X,, respectively.
[75(%3)| 101 .
o . . .
9 ° o reconnection. It will be faster than searching all the separators of
° an active region.
8 o
71 | 4.3. Topological trigger
bt Syrovatskii & S 1980) showed that sl tions of th
: : T : 12:48 yrovatskii & Somov ( ) showed that slow motions of the
00:00 03:12 06:24 09:36 photospheric field can lead to a rapid change in the coronal mag-
netic structure. The term “topological trigger” was introduced
6 ° ° by Gorbachev et al. (1988). They used the simplest 3D model
of potential magnetic field and pointed out the appearance of a
1z (Xa) S A el new null point in the corona and its fast motion along the sepa-
224 43 ° o f rator above the photosphere. Inverarity & Priest (1999) demon-
strate the theoretical existence of stable coronal nulls, but do
3 not discuss in detail the mechanisms which cause them to be

T T T T T T L]
00:00 03:12 06:24 09:36 12:48 born through a bifurcation. Brown & Priest (2001) explored the
topology of the simplest configuration due to four sources with
Fig. 6. Changing values of the parametaggX,), 1, (X2), [4; (Xs)l, and a coronal null and a bifurcation that causes such a null point to
A2 (X4) with time. The moments of the three flares under consideratigye born or to die.
are marked in grey. These are the same flares as in Fig. 1. 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
separators better. One can see that two flares occurred intihgological trigger #ect should be taken into account when
vicinity of the deepest magnetic field minimum on the separkarge eruptive flares are modelled. This possibility was illus-
tor X3X4. These two events also coincide with a minimum otrated by the example of an extended/¥B flare on 1980
the separatoX; Xz even if not as deep. It allows the stronger erNovember 5 in AR 2776. The 3D topological triggefest is
ergy to be released during flares. Indeed, the first flare was that a resistive instability that leads to changing the topology
of C class, while the second and the third ones were M class.of the field configuration from pre- to post-reconnection state.
Comparing Figs. 6 and 7 shows some similarity between tn the contrary, the topological trigger is a quick change in the
evolution of the parameters and that of the magnetic field val- global topology that dictates the fast reconnection in large erup-
ues on separators. This confirms our suggestion that the lowee flares (Somov 2008b, Oreshina & Somov 2009).
the parametei,, the better the conditions for the reconnection. We now come back to the solar flares under consideration
This similarity is not a perfect correlation because the paramend investigate in detail the magnetic-field structure on the sepa-
tersA, at two endpoints of a separator changéadently. But we rators at 08:00 UT, i.e. between the two last flares. The locations
propose to pay special attention to the separators for which thfeéhe charges and their intensities corresponding to this moment
parameterd, decreases significantly. are presented in Table 2. The comparison with the initial moment
This result can be used to develop a reliable and phy$80:00 UT, Table 1) shows that the charges moved within two
cally justified method for predicting solar flares. A more detailegixels. The intensities of the first four charges increased, while
study of the relationship between parametéssthe magnetic that of the fifth charge decreased. In this section, we demonstrate
field on separators, and flare trigger will be the focus of our fitlhat the magnetic-field configuration became critical so that even
ture work. Parametel, is calculated from a 2D magnetic field inminor changes in the charge characteristics could lead to drastic
the plane of charges. In comparison with those in a 3D magnetitanges in the coronal magnetic field.
structure, such calculations are thus simpler and faster. One canFigure 8 (top) shows the vector field in the plane of the sepa-
first calculate values; at all null points and then search for theatorsX; Xs andXzX,4 at 08:00 UT. If we only move the charge 3
separators connecting those that show the evolution towards &heng thex-axis from the poinikz = 29.3 to the pointxz = 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 (=] X Yi V4]

-101031 395 46.9 -4
-84850 27.7 18.6 -4
32098 29.3 39.2 -4

40712 17.2 20.7 -4
32987 355 17.9 -4

ghrwnE

keeping the coordinates and intensities of other charges, the sign
of the parameten;, (X3) will be changed. It means changing the
magnetic-field direction along both separators at the endpgint
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 poirX; on the separatoX; X3

at the height ok = 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 10~
charge 3 is moved to the points(ys) = (30.0,37.0). The new 8
null point moved up to the height af= 4.5. Here, in the corona, 617
a null point on a separator implies the most favourable conditions ;‘ g

0

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_ th_e photosphere involve drast_ic Changes,:iigl 8. Vector field in the plane of the separatotgXs and XsX,. Top:
the coronal magnetic field on both separators, which can cag&figuration corresponding to the system parameters presented in

CMEs. Table 2.Middle: the same for the case when charge 3 is moved to the
Also the existence of a coronal null point plays a key rolgoint x; = 29.4. X, is a new null pointBottom:the same for the case

in a number of models for eruptive events, for example, breakhen charge 3 is moved to the poing(ys) = (30.0, 37.0).

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 separato¥@s Very close to a critical state. Even minor changes in photo-

i.e., precisely where the magnetic energy is accumulated bef§Ri1€ric magnetic field could lead to rapid changes in the corona
We do not claim that the movement of exactly charge @uld cause two CMEs.

caused the topological mgg.er’ hence CMEs in this AR. We JUR;[:knowledgementhe are grateful to the anonymous referee, whose construc-

demonstrate that some critical state could be reached easily gfacomments have improved this paper. We thank the SOHO team for the

trigger drastic changes in the coronal magnetic-field structureavailability of the satellite data. We took the magnetograms from the web site
the vicinity of two separators. httpy/soi.stanford.eddatd. This work was supported by the RFBR grant num-
ber 11-02-00843-a.
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