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Abstract. Through coordinated observations made during the Max'91 campaign in June 1989 in 
Potsdam (magnetograms), Debrecen (white light and Hc~), and Meudon (MSDP), we follow the 
evolution of the sunspot group in active region NOAA 5555 for 6 days. The topology of the coronal 
magnetic field is investigated by using a method based on the concept of separatrices - applied 
previously (Mandrini et al., 1991) to a magnetic region slightly distorted by field-aligned currents. 
The present active region differs by having significant magnetic shear. We find that the Hc~ flare 
kernels and the main photospheric electric current cells are located close to the intersection of the 
separatrices with the chromosphere, in a linear force-free field configuration adapted to the observed 
shear. Sunspot motions, strong currents, isolated polarities, or intersecting separatrices are not in 
themselves sufficient to produce a flare. A combination of them all is required. This supports the 
idea that flares are due to magnetic reconnection, when flux tubes with field-aligned currents move 
towards the separatrix locations. 

1. Introduction 

In the highly conductive solar atmosphere the magnetic field is believed to be 
stressed at the photospheric level by convective motions. They induce field aligned 
currents in the tenuous corona above, which are stored there as free magnetic 
energy which can be released rapidly while keeping the photospheric boundary 
unchanged. When strong enough electric currents are present in the corona, they 
can cause an ideal instability of the whole magnetic configuration, leading to release 
of stored energy in form of flares or surges (see, e.g., Somov, 1986; Drmoulin, 
Priest, and Ferreira, 1991; Abramenko, Gopasyuk, and Ogir, 1991). It is possible 
to infer current densities from photospheric vector magnetic field measurements. 
Current densities indicate places where large-scale flux bundles leave or enter 
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the photosphere with a non-potential character, i.e., places with stored magnetic 
energy. 

In this paper we attempt to identify locations of stored energy in a solar active 
region which delimit the current cells in the photosphere. The white-light, Ha, and 
magnetic observations used are described in Section 2. We compare the proper 
motion of sunspots (Section 3), which represent the footpoints of the magnetic 
loops in the active region, with the development of strong photospheric currents in 
space and time (Section 4). 

Abramenko, Gopasyuk, and Ogir (1991) found that flare kernels tend to appear 
in places where strong electric current is flowing upward, from the photosphere 
towards the chromosphere. This result is surprising, since it suggests some morpho- 
logical difference should exist between flare activity in the two hemispheres, where 
the magnetic polarities, and therefore the direction of the currents, are reversed. 
In the present paper we analyse the locations of strong photospheric currents and 
different kinds of chromospheric activity in order to find out if they are related to 
each other (Section 5). 

Recent development in MHD theory shows that magnetic release of energy takes 
place on singular surfaces (called separatrices), which separate magnetic fluxes of 
different connectivities (see, e.g., Priest, 1991, and references therein). Because of 
the frozen-in condition, current sheets are naturally created on the separatrix sur- 
faces, when a magnetic configuration is deformed, e.g., as a result of photospheric 
motions (see Vekstein, Priest, and Amari, 1991, and references therein). On these 
surfaces finite resistivity must be taken into account and reconnection should occur. 
A favourable site for energy release is at the intersection of separatrices (namely 
at the separator), where magnetic field lines of four velocity regions can exchange 
their photospheric link in a dynamical process. 

Various flare observations suggest the qualitative picture that solar flares are 
caused by interaction of large-scale structures and that the process of energy re- 
lease cannot be considered separately of the evolution of the entire active region 
(Schmieder et al., 1991; Gaizauskas, 1989). Some attempts have been made to ap- 
ply these ideas to observations by calculating the positions of the separatrices in the 
extrapolated potential field (Gorbachev and Somov, 1988; Mandrini et al., 1991, 
1993, D6moulin et al., 1993). The positions of the flare kernels and of the current 
concentrations have been found close to the intersection of the separatrices with 
the photosphere. It is interesting to go further by analysing an active region which 
has a significant amount of shear. A summary of the present results is presented in 
Section 7. 

2. Observations 

2.1. WHITE-LIGHT AND Hol OBSERVATIONS IN DEBRECEN 

Several series of white-light full disk photoheliograms and Hc~ frames obtained 
at Heliophysical Observatory of the Hungarian Academy of Sciences in Debrecen 
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TABLE I 
Observations of the AR 5555 

Date White-light MSDP Magnetograph Flares (Hc0 X-ray 
1989 Hc~ B Meudon/Debrecen 

22 June 13:16-13:51 

23 June 06:44-06:51 15:11-15:55 11:58-13:02 
13:37-14:05 

24 June 12:57-13:03 06:52-07:53 
08:22-08:46 
08:50-09:30 
13:02-15:03 
15:41-15:25 

25 June 07:51-07:57 06:40 06:15-07:10 
06:48-12:07 09:02-09:55 
12:10-17:17 

26 June 07:50-08:37 08:15-14:51 05:20 
07:07 
08:30 

27 June 07:26-07:32 

12:49 (SN) 
13:30 (SN) 
14:21 (SN) 
15:06 (SF) 
07:48 (SF) 

13:46 (SF) 
15:38 (SF) 
07:20 (SF) 
09:43 (SF) 
16:31 

08:50 (SN) 

I3:29 (surge) 

C4.1 
C7.6 

C 1.8 

and its Gyula Observing Station are used for a study of the motion and evolution of 
the sunspot group in the period of 22-27 June, 1989. The observations are listed in 
Table I. The positions of the sunspots are determined from the full-disk heliograms 
by procedures described in detail by Dezs6, Gerlei, and Kov~ics (1988). 

Ha  filtergrams are obtained in Debrecen with a 53-cm Nikolsky-type corona- 
graph, equipped with a 0.5 A Halle filter. The diameter of the solar disc at the Coud6 
focus is 12.5 cm. A portion of this disc is photographed on 35-ram Kodak Solar 
Patrol film. The observational procedure consists of taking Ha  ± 1 A, Ha 4- 0.5 ,~, 
and Ha  sequences of frames. 

2.2. VECTOR MAGNETIC FIELD OBSERVATIONS IN POTSDAM 

The photospheric vector magnetic field of active regions is measured by a step- 
modulated vector magnetograph of the Einsteinturm Solar Observatory at Potsdam 
in the wings of the line Fe I 5250.20 A. A total polariser and a A/4 plate in 
front of the first coelostat mirror are used to calibrate the instrument before and 
after each scan. During the measurement an inclined glass plate compensates for 
the main contribution of linear polarization caused by the telescope itself. The 
Stokes vectors measured during the scanning of the active region are corrected by 
taking into account the time variation of the instrumental calibration matrix as well 
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as influences of stray light. The corrected Stokes vectors (i.e., polarizations) are 
transformed into magnetic vectors by means of Staude's (1970a, b) calibrational 
functions, using different model atmospheres for umbrae and for the photosphere, 
and taking into account the true slit dimensions and the Faraday effect. The r.m.s. 
noise level corresponds to about 10 G for the longitudinal, and to 100 G for the 
transverse fields. 

2.3. Hoe OBSERVATIONS IN M E U D O N  - SPECTROHELIOGRAPH AND MSDP 

The Multi-channel Subtractive Double Pass spectrograph (MSDP) operates on the 
Solar Tower at Meudon (Mein, 1977). The MSDP records an 8 / x 11 area of the 
solar surface with spatial and temporal resolutions of ~-,2" and 10 s, respectively. 
Observations of the same region are obtained simultaneously at 9 wavelengths in 
the Hoe line, from which a two-dimensional set of profiles is reconstructed. Maps 
of the intensity fluctuations and Doppler-shifts are derived using a standard method 
(Mein, 1977). A larger field of view (5 ~ x 8 I) is obtained by adding five elementary 
fields taken within 60 s. 

The intervals of Hoe (MSDP) observations in Meudon, the magnetograph ob- 
servations in Potsdam, and the list of flares observed at Meudon and Debrecen are 
given in Table I. 

3. Proper Motion of Sunspots in the Active Region 

AR NOAA 5555 was first observed on 20 June, 1989 (N25, E77, Solar Geophysical 
Data) as a small active region. One day before it was just at the east limb, and 
one rotation earlier two small active regions were present at the same location. On 
21 June, AR 5555 was a developed bipolar sunspot group. On 22 June it appears 
(see Figure 1) as a bipolar region in a developed stage with a big preceding spot (S1) 
and smaller following spots. The entire region is situated at a high latitude between 
24.5 ° and 29 ° , where the effect of differential rotation is quite strong. The mean 
rotation velocity of the sunspots is considerably lower than the Carrington rate and 
there is even a strong shear between the low and the high latitude boundaries of 
the active region, as shown in Figure 2. 

The proper motions observed in a sunspot group usually characterize the stage 
of development of the group. Between 22 and 23 June the principal preceding 
spot S1 still moves faster than the mean differential rotation speed at this latitude 
(Newton and Nunn, 1951), which indicates that the sunspot group is probably not 
older than 3-5 days, only formed behind the eastern limb and therefore the initial 
divergence of its principal spots is not over yet (in Figure 2 we compare the daily 
displacement of spots to the expected displacement caused by differential rotation). 
Between 23 and 26 June this divergence stops and spot S1 starts to move with the 
differential rotation speed at this latitude, while between 26 and 27 June it moves 
even slower than that. The motions clearly show that after 26 June the sunspot 
group passes its stage of maximum development and starts disintegrating. This can 
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Fig. 1. Drawings based on white-light observations (Debrecen) of AR 5555 between 22 and 27 June, 
1989. Note that the drawings are neither corrected for perspective effects due to the position of the 
AR on the solar disc, nor are they centered on the same Carrington coordinates. North and south 
magnetic polarities are labeled by N and S, respectively. In all figures north is up, east is left. 

also be seen comparing the panels of 25 and 27 June in Figure 1. 
B ased on the evolution pattern (Figure 1), the relative proper motions (Figure 2), 

and photospheric magnetic fields (Figures 3 and 4) we simplify the description of 
the region by associating the spots in groups (see Table II). Besides the main bipole 
formed by SI, N1, N2, N3, N4, and other small spots (1, 2 + 2 ~) there are three 
other bipoles: $2, N14 (3, 4), $4, $5, NS, N6, Nll  (5, 6), and from 25 June $3, N9 
(7, 8). The orientation of the bipole (7, 8) is parallel to the main bipole, while (5, 6) 
is almost perpendicular to it. The orientation of (3, 4) is the most peculiar: it is 
reversed, disobeying Hale's law. Moreover, the strongest shear of sunspot motions 
in the AR appears between bipoles (1, 2 + 2 ~) and (3, 4) (Figure 2); thus they play 
a very important role in the activity of the region. 

4. Current Analysis in the Active Region 

4.1. ANALYSIS OF MAGNETOGRAMS 

The observed region is relatively far from the disk center (N29 °, E50 °, and E26 ° 
on 23 and 25 June, respectively), and therefore the longitudinal component of 
the magnetic fields has a non-negligible contribution coming from the horizontal 
field component, which introduces false polarities in the longitudinal map with 
intensities up to 100 G. From the position of the active region on the solar disc and 
a presumed degree of divergence of field lines above spots, we deduce qualitatively 
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Fig. 2. Proper motions of sunspots in AR 5555 in Carrington coordinates between 22 and 27 June, 
1989. Small numbers indicate days of the month. Note that the Carrington network rotates rigidly, 
while sunspots rotate differentially, which causes an apparent eastward motion of these high-latitude 
spots in the Carrington coordinates. Arrows in the upper and lower left corners of the panel indicate 
the displacement caused by differential rotation at 30 ° and 25" latitude, respectively, during a 5-day 
period, following Newton and Nunn (1951). For denotations of spots see Figure 1. 

TABLE II 
Definition of the spot groups used in the separatrix com- 
putations 

Group 23 June 25 June 

1 SI S1 
2 N3, N4, N7, N8, N9 N3, N4, N8, NIO, NI7 
21 N1, N2, N15, N16 N1, N2 

3 $2 $2 
4 N14 N14 

5 $4 $4,$5 
6 N5, N6 N5, N6, N11 

7 $3 
8 N9 
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Fig. 3. Potsdam magnetic mapon23 June, 1989 transformed tolocal solar coordinates: (a) white-light 
spot contours with horizontal magnetic field direction (the three lengths of the segment represent the 
field strength Bh = 300, 600, 900 G), (b) vertical magnetic field contours (isocontours level are for 
B ,  = -t-40, 80, 160, 320, 640, 960, 1280 G), (c) vertical current density (isocontours level are for 
Jz = -t-0.3, 0.5, 0.7, 1, 1.2 x 10 -2 A m -2, the lowest isocontour being the first significant level). 
The dotted-hatched lines show the neutral lines statistically of the observed vertical field, B~. 
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Fig. 4. Same as Figure 3 for the magnetic field on 25 June, 1989. 
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that these false polarities are located to the north and the east of the strong field 
concentrations. After removing the sign ambiguity in the observed transverse field 
component, taking the closest solution to the potential field, we transform the 
observed field to the horizontal and vertical local solar coordinates (Figures 3 and 4). 
This transformation only partially removes the false polarities, because the noise 
level in the transverse field is of order 100 G. The false polarities can be recognized 
quantitatively by comparing the observed and transformed magnetograms: after 
transformation the field component decreases in them and only field intensities 
up to 50 G remain, which can be attributed to the noise in the transverse field. 
A confirmation can be made by comparing the magnetograms of several days at 
places where no sign of flux emergence is seen in Ha. From this analysis we 
deduce that the negative polarities to the east of N5, in between N3, N14, and N 16, 
and the positive polarity to the north of S 1 are false polarities. They are therefore 
discarded from the model (Section 6). In the same way, the current cells found in 
these regions are quite doubtful (Section 4.3). 

4.2. COMPUTATION OF CURRENT DENSITY 

The method of inferring current densities from photospheric vector magnetic field 
measurements are described in earlier papers (see, e.g., Hofmann, RuEdjak, and 
Vr~nak, 1989; Hofmann and Kfilmfin, 1991). The calculation and handling of 
currents are still quite problematic, so there are relatively few attempts to carry out 
such analysis (see Hagyard, 1988; Canfield, de La Beaujardi~re, and Leka, 1991; 
Wilkinson, Emslie, and Gary, 1992, and references therein). 

To infer current densities from photospheric vector magnetic field data one has 
to calculate derivatives, meaning that only large-scale currents, which are extended 
over an area of more than two pixels in both directions, can be derived. Therefore 
the small-scale currents, which can also play an important role in the activity of 
the region, cannot be traced. Taking derivatives increases the noise in the already 
noisy transverse field, and/33_ is reliable only if it is larger than ~100 G. Therefore 
only currents flowing in strong magnetic fields can be obtained and currents loops 
connecting places of strong and weak magnetic fields (e.g., from a sunspot region 
to a facular region) appear unbalanced in the current density maps. 

In the understanding of the current maps, the Ha  fibrils and the computed 
field lines are of great help to find which currents are connected. The derived 
current density and the total net current detected are given in Tables III and IV, 
respectively. The errors given in the tables include the noise in the measurements 
and are calculated following Hagyard (1988). 

The majority of the inferred current cells (cf. Figures 3(c) and 4(c)) can be 
identified and followed for several days, which shows their relative stability and 
reliability. Their development also follows the same pattern of evolution deduced 
from spot and magnetic field observations. But we also have to keep the systematic 
errors in mind: since the global magnetic configuration is nearly the same from 
day to day, the same systematic errors can persist. Thus, we base our conclusions 
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TABLE III 
Current densities in AR 5555 in 10 .2 in A m -2 

Date Denotation of current cells 

June 1 2 3 4 5 6 7 

1989 

23 -30 .7  4- 12.2 6.5 4- 5.8 7.6 4- 5.8 ( -5 .3  4- 5.8) 4.4 -t- 3.8 2.7 4- 0.8 
25 - 1 8 . 8 : t : 6 . 0  11.6-1-6.5 12.7-t-9.1 - 3 . 5 4 - 3 . 0  2.1 + 1.6 2.1 4-0.9 -4 .4 - t -3 . (  
26 - 1 1 . 2 4 - 4 . 8  12.94-7.1 4 .24-3 .0  ( - I . 0 - t -  1.2) 2.1 + 1.3 2.9-t- 1.3 -4.7-1-3.2 

27 -9 .1  4-4.4 4 .74-3 .2  ( I .04-  1.2) ( - I .6-1-  it8) (1.1 4- 1.2) 3.24- 1.6 -4.54-3._" 

TABLE IV 
Net currents in AR 5555 in 1011 A 

Date Denotation of  current cells 

June 1 2 3 4 5 6 7 

1989 ? ? ? 

23 -12 .3 - t -4 .9  2 .64-2 .3  3.0-1-2.3 ( -2 .1- t -2 .3)  .1.8:t :1.5 1.1-t-0.3 

25 - 7 . 5 4 - 2 . 4  4.6-1-2.6 5.1 4-3.6 -1 .4- t -  1.2 0 .84-0 .6  0 .84-0 .4  - 2 . 0 4 - 0 . 8  

26 - 4 . 5  4- 1.9 5.2 4- 2.8 1.7 4- 1.2 ( - 0 . 4  4- 0.5) 0.8 4- 0.4 1.2 4- 0.5 - 1.9 4- 1.3 

27 - 3 . 6  4- 1.8 1.9 4- 1.3 (0.4 4- 0.5) ( - 0 . 6  :t: 0.8) (0.4 4- 0.5) 1.3 4- 0.6 - 1.8 4- 1.4 

'? '  indicates doubtful current cells. 

mainly on the strongest cells (cells 1, 2, and 3), and the discussion of the other 
current cells in the following subsection needs to be regarded with some caution. 

4.3. OBSERVED CURRENTS 

On 23 June (Figure 3) the main currents observed occur in the western part of the 
big leader spot $1 (current cell 1) and in spot N1 (current cell 3). In this system a 
current ]31 flOWS from current cell 3 to the western part of current cell 1, parallel 
to the magnetic field lines. This loop system appears to extend quite high into the 
corona (~15 Mm), as suggested by the field-line computations (Figures 9(c) and 
9(d)). A second system of currents I21 is found between the following-polarity 
spots N5, N6 (current cell 2) to spot $1 (south part of current cell 1). This current 
system does ot seem to influence the flare activity of 23 and 25 June (see Section 6). 
No other current cells can be related to current cell 1 of the leader spot. 

We will now consider the current balance between the preceding and following 
polarities. The N polarity areas, where the currents I31 and I21 leave the photo- 
sphere, are situated in less concentrated field regions than the S polarity current 
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cell 1, and as a result of this I/2 +/31 < I I l [  (cf. explanations in Section 4.2). 
Considering the different field strengths and concentrations in the current cells 1, 
2, and 3, the currents I21 and I31 are both estimated to be about 5 x 1011 A. 

Several authors (Lin and Gaizauskas, 1987; Ding et al., 1987; Hagyard, 1988; 
Romanov and Tsap, 1990; Canfield, de La Beaujardi~re, and Leka, 1991) have 
found Hc~ flare kernels located close to, or at the position of current concentrations. 
Our results confirm these earlier works since we find that the current cells 1 and 
3 are at the border of the flare kernels (see Figures 8(a), 8(b), 10(c), 10(d), and 
Section 5.2). 

In the next few days current 1 weakens (Table IV) and the predominant twist 
of the transverse field observed on 23 June also becomes less pronounced (Fig- 
ure 4(a)). The current cells 2, 3 do not follow this evolution: they grow respectively 
until 26 June and 25 June, then they decrease. On 25 June a new current (cell 7 in 
Figure 4(c)) appears in the vicinity of the current cell 2 together with new polarities. 

The other current ceils (4, 5, 6) are weak, and their existence is questionable. 
Current cell 4 is related to the spot $2, which belongs to the reversed bipole 
(3, 4). Current cell 5 is in a region where the projection effect is important (see 
Section 4.1), and it should therefore be discarded. Current cell 6 in the main leader 
spot has no counterpart in the following polarity (current cell 4 is the only candidate 
but it disappears on 26 June while current cell 6 remains) and we therefore discard 
it. 

5. Filament and Flare Activity 

5.1. FILAMENT EVOLUTION 

On 23 June we see two filaments around the sunspot group (Figures 6 and 7): one 
(F1) located to the north of the main following polarity, between spots N5, N6, and 
$4 (close to current cell 2), runs mainly north-eastward; the other (F2) is located 
north of the leader spot S1. In both cases the filaments are at the periphery of the 
active region in low fieldstrength regions (where the magnetic field falls below our 
threshold of sensitivity). The eastern end of the filament F1 remains connected to 
the group at the polarity inversion line between spots $5 and N5. The new current 
cell 7 and the growing current cell 2 are possibly related to the filament activity 
(strong turbulent motions) observed in the region on 25 and 26 June. The filaments 
and the connecting filament channel expand around the sunspot group. In the period 
of 23 and 27 June they move away (to the north-east) from the sunspot group with 
decreasing speed (see Table V). As filaments are formed along the inversion line 
of the magnetic fields, the expanding motion of the filament channel is merely an 
indicator of the general expansion of the magnetic fields around the evolving active 
region. 
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TABLE V 
Expansion velocities of the filaments around the sunspot 
group (in km s-  1 ). F1 and F2 are, respectively, the filaments 
located to the north-east and north of the active region. 

Interval F F2 

June 1 9 8 9  Direction from the AR 

Eastward Northward Westward 

23 -24  0.2 0.3 0.2 

24-25 0.4 0.3 s 0  

25-26 0.2 ,~0 s 0  

26-27 0.2 ~0 ~0 

5.2. FLARE ACTIVITY IN THE ACTIVE REGION 

According to Solar Geophysical Data, 5-16 flares occurred daily in the active 
region between 22 and 27 June for a total of 56; 4 flares gave rise to C or M 
class X-ray emission each day in the period of 22 and 25 June, and one on 26 and 
27 June (see Table I). Eleven flares were observed in Ha at Meudon or Debrecen 
(see Figures 5 and 6). They occurred in the vicinity of spot $2 (Figures 5 and 6) 
on 23 and 25 June, while on 26 June a flare was observed at a different site by 
Meudon. 

On 23 June, small flares consisting of bright patches erupted around the spot $2, 
as well as in the northern part of the penumbra of the big leader spot S1 (Figure 5). 

On 24 June at 13:45 UT (Figure 6) chromospheric activity starts with the 
appearance of a flare close to the place of the spot $2, which is the center of flare 
activity all day. Taking into account only the brightest ribbons, it is a two-ribbon 
flare of peculiar shape: one ribbon is relatively straight running from the spot $2 to 
the NE part of the penumbra of S1, while the other ribbon is almost circular around 
$2 outlining this isolated S polarity island embedded in N polarity fields, leaving 
only a narrow opening for the other ribbon at the western side. Besides the main 
flare, ribbon-like brightenings appear at remote places such as both to the eastern 
end of F1 and to the north-east of S1. 

On 25 June the shape of the flare ribbons is less complicated, but still the same 
places in the sunspot group seem to play a role in the flare process (see Figure 5). 
On the other hand, the flare observed on 26 June at 08:52 UT is linked to the weak 
spots of $6 and N8. Chromospheric brightenings can be seen on both sides of the 
inversion line in their vicinity. This fact shows that the magnetic configuration 
underwent a basic change by 26 June, since $2 is no longer an isolated island of S 
polarity in a N polarity environment, but gets out into S polarity fields and ceases 
to function as the center of flare activity (Figure 6). 
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Fig. 5. Hc~ observations on 23 and 25 June, 1989 (Debrecen) showing the brightest kernels of flares 
(F), the faint ones (f), surges (S), and filament activities (R). 

6. Separatrix Positions Compared with Flare Kernels and Current Cells 

6.1. METHOD 

Following the idea that flares are due to reconnection of magnetic field lines 
we model the vertical component of the observed magnetic field using magnetic 
charges in order to compute the separatrices. This method was first applied to 
observed data by Gorbachev and Somov (1988), and developed by Mandrini et al. 
(1991, 1993) and Ddmoulin et al. (1993). 

After transformation to the solar local coordinates (horizontal and vertical), 
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June 24 13:45 UT Ha 

June 24 14:07 UT Ha 

June 26 08:52 UT Ha 

Fig. 6. Ha (MSDP, Meudon Observatory) observations on 24 and 26 June. Flare kernels (circular 
shape and straight one to the north-east of the leader spot), filaments F1, F2 and ejection of hot 
material (AB) are visible. 

the observed magnetogram is modeled by a distribution of  magnetic charges lo- 
cated below the photosphere.  Because there are significant currents present in the 
observed region, we use a linear force-free field extrapolation, which is the only 
available magnetic field extrapolation for which separatrices can be obtained at 
present. I f  B i  ( r  - r i)  is the magnetic linear force-free field created at the position 
r by a magnetic charge i (located at ri  and with a unity charge value, see D6moulin 
and Priest (1992) for  the expression B i ( r  - r i)) ,  the total magnetic field of  N 
charges of  intensity qi is given by 
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N 

B(r )  = ~ q i B i ( r -  r i ) .  
i----1 

A charge is positioned at the centre of each area with a strong field, and the 
charge intensity and depth are determined by a least-square fit between the above- 
mentioned model and the observed vertical magnetic field (see D6moulin et at., 
1993, for further details). In order to determine the best value of o~ the computed 
azimuth of the transverse magnetic field is compared to the observed one, and to 
the Ha  fibrils. 

• Separatrices are computed by integrating field lines in both directions until a 
charge is reached (D6moulin, Hdnoux, and Mandfini, 1992). To simplify the pattern 
of the separatrices, the charges are grouped, which means that all field lines ending 
(at both extremities) at any pair of charges in the group numbered i and j have 
the same connectivity (called i - j). The implication of this grouping is that we 
neglect separatrices between charges of the same group, assuming they belong to 
the same flux tube below the photosphere (we suppose that their relative motions 
are negligible, see Mandrini et al., 1991). The magnetic field map is first modeled 
by a series of charges, and the computations are performed both in a potential 
configuration and in a linear force-free field configuration. 

6.2. 23 JUNE, 1989 

The negative polarity groups can be easily defined (Figures 8(a) and 8(b)). There 
is however no clear separation between the following positive polarities on the 
magnetograms and we need to use the proper motion of the spots and their evolution 
to divide them into groups, with reasonable confidence (Table V). We introduce 
only three positive groups in the separatrix computations 2 + 6 (called 2), 2 ~, and 
4. In fact, as we show below, only the division between groups 2 + 2 ~ + 6 and 4 is 
important for understanding the flare ribbon positions. Dividing into more groups 
only adds morn separatrices. 

The azimuth of the transverse fields (Figures 9(a) and 9(b)) is then compared 
with the observed transverse field (Figure 3 (a)). A value of a ~ 0.02 M m - l  is found 
to give the best average fit to the data. The intersections of the separatfices with 
the chromosphere are compared with the positions of the flare kernels observed 
on 23 June at 14:33 UT (Figures 8(a) and 8(b)). The negative group 5 (24) is 
exclusively connected with the south-east part of the following spots, and it is 
therefore surrounded by a sepamtfix which has no intersection with any other. In 
this simple (arcade like) geometry without a separatoL no reconnection is thought 
to appear, in agreement with the observations, since no flares are reported there 
(only chromospheric activity is present to the south of group 5, which may be 
linked to an unresolved magnetic structure). 

On the other hand, the group 3 (22) is surrounded by a separatrix which intercepts 
others, al-A a small separator is present in its western part. One bright kernel 
(which may consist of two) is definitely situated along this separatrix. The two 
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CtV[ 

N35 u 

N25 ~ 

N35 ~ 

_N 25° 

June 27 

Fig. 7. Development and motion of filaments around AR 5555 between 23 and 27 June, 1989 
(Meudon spectroheliograms). Positions of heliographic latitudes N25 ° and N35 ° are indicated for 
reference. Black lines in the pictures originate from dust on the slit of the spectroheliograph. 

above-mentioned separatrices are present irrespective of the grouping used for the 
following polarity, and they are relatively insensitive to the presence of currents 
(compare Figure 8(a) to Figure 8(b)); therefore, these two separatrices are intrinsic 
properties of the active region. 

The other separatrices are more sensitive to the adopted grouping. The separatrix 
associated to group 4 gives a better fit to the flare ribbons when a linear force-free 
field is used for the calculations than when a potential field is used. The remaining 
difference is attributed to the difference in the spatial repartition of currents between 
the linear force-free field (where current density is distributed like the magnetic 
field) and the nonlinear force-free field associated with the observed concentrated 
currents. The other bigger separatrix is needed to interpret the position of a small 
flare kernel to the north-east of group 4. The small kernel may be due to induced 
reconnection at the second separator by the global magnetic field evolution. 

The magnetic field lines (Figures 9(c) and 9(d)) indicate approximately the 
connection between the photospheric current cells (see Section 4.3). The current 
cells 1 and 3 are at the border of the separatrices and of the flare kernels (Figures 8(a) 
and 8(b)) and in this case the energy of the flare is sorted in a twisted magnetic rope 
connecting the main polarities (and not in the minor bipole (3, 4) with reversed 
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Fig. 8. Intersection (dark heavy lines) of the computed separatrices with the chomosphere over 
the active region on 23 June, 1989. The vertical magnetic field, Bz, is represented by the same 
isocontours as in Figure 3. (a) and (b) (respectively (c) and (d)) show a model with 25 (respectively 
6) magnetic charges. Both a potential ((a) and (c)) and a linear ((b) and (d)) force-free field with 
c~ = 0.02 Mm -1 are shown. In (a) the principal current cells (1, 2, 3) are superposed using dotted 
lines and in (b) hatched regions locate Hc~ flare kernels observed on 23 June at 14:33 UT. The position 
and group numbers of the magnetic charges used (respectively the magnetic connectivity) are given 
in (c) (respectively (d)). 

orientation as found by Mandrini et al. (1991, 1993) for another region). This 
energy can be stored in a stable way until the reversed bipole (containing a small 
amount  of  energy) gives rise to a topological configuration (the presence of  a 
separator) favourable for energy release (see Priest, 1991). 

It is worth modeling the magnetic field configuration in the simplest possible 
way. A minimum of  six charges is needed to describe all the separatrices (Fig- 
ures 8(c) and 8(d)). The interacting separatrices are only slightly different from the 
previous model  with 25 charges. This shows that only the large-scale structure of  
the magnetic field is relevant when the isolated polarities (which can have a small 
size) are properly taken into account. In the present active region the magnetic 
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Fig. 9. Horizontal magnetic field computation ((a) and (b)) and magnetic field lines ((c) and (d)) 
with, respectively, a potential field assumption (c~ = 0) for (a) and (c) or with a linear force-free field 
(c~ = 0.02 Mm -1) for (b) and (d). The magnetic field is modeled by 25 charges as in Figures 8(a) 
and 8(b). 

configuration responsible for the flares can be modeled by only 4 charges: the main 
bipole  (1 ,2)  and the reversed bipole (3, 4). 

6.3. 25 JUNE, 1989 

Like on 23 June, we group the magnetic polarities to emphasize the basic topology 
of  the region (Table II). On 25 June spot $2 has nearly moved out of  the area 
occupied by f-polar i ty  spots; only a ' tongue' of  p-polarity is intruding into the 
f-polar i ty  (Figure 4(b)). Spot NI4 is separated from other concentrations of  the 
same polarity. Then spots $2 and NI4 formed a well-separated bipole (3, 4). New 
spots appeared south of  the following part of  the active region ($5, Ni l )  in the 
vicinity of  the spots $4, N5, N6. They can be handled together in the groups (5, 6). 
At least four bipoles are interacting on 25 June (Table TI): the main one (1, 2), the 
reversed bipole (3, 4), and two others (5, 6) and (7, 8). The interaction of  these 
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Fig. 10. Same as Figure 8 for the active region on 25 June. Twenty-eight charges are used in the 
model. (a) is a general view with the charge grouping given in Table II; (b)-(d) are enlargements by a 
factor 2 of the central part of (a) and the separatrices surrounding groups 4 and 6 are omitted. (a) and 
(b) (respectively (c) and (d)) are computed with a potential (respectively linear force-free) field with 
a = 0.00 (respectively 0,01, 0.02) Mm -1. In (b) the magnetic connectivity is indicated. Current cells 
1, 3, and 4 (respectively Ha kernels) observed on 25 June are superposed in (c) (respectively (d)). 

four bipoles makes the field topology complex, even if we use a potential field 
approximation (Figure 10(a)). A tentative scenario to understand the 25 June flare 
at 09:44 UT (see Figure 5) is given below. 

First, let us analyse the eastem part of  the active region. Compared to 23 June, 
the flux of  the bipole (5, 6) has increased and a new polarity (group 8) is present 
to the west of  it. This implies that the separatrix surrounding group 5 has grown 
and intersects the separatrix surrounding group 8 (Figure 10(a)). During the flare, 
reconnection at this new separator is then likely to produce the faint H a  brightenings 
seen to the south-east  of the active region (Figure 5). The energy can be stored in 
field-aligned currents starting from current cell 2 (Figure 4(c)), but no counterpart 
(negative current) is observed in the opposite magnetic polarity close to the same 
separatrix. In any case, the main flare kernels are not related to this interaction. 

Let  us now analyse the separatrix complex around group 3 (spot $2. Judging 
from the position of the H a  flare ribbons (Figure 10(d)) group 3 is likely to play 
a key role in the eruption. Can the flare be the result of  the interaction of bipole 
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(3, 4) with its surroundings as on 23 June? Separatrices are both present around 
groups 3 and 4 (Figure 10(a)). Increasing c~ from 0 to 0.02 Mm - l  inflates mainly 
the separatrix around 4 in the northwest, but is still does not intersect the separatrix 
surrounding group 3. Moreover, no Hc~ kernels can be related to this separatrix for 
any value of c~. We conclude that group 4 is not important in the flaring process 
and therefore we include it in group 2 to simplify Figures 10(b-d). 

Finally, let us focus on the most important separatrices. As shown in Figures 
10(b-d), a complex pattern of three intersecting separatrices is needed to describe 
the position of the Hc~ kernels. The separatrix surrounding group 3 can be defined 
without ambiguity and is slightly distorted by an increase of c~. It explains the U- 
shape of the faint eastern kernel and of one bright kernel. The separatrix surrounding 
group 8 intersects all other separatrices. It is slightly deformed by increasing oz, 
it can explain the position of one faint kernel but it cannot explain the brightest 
flare kernels. The separatrix surrounding group 7 is very sensitive to the value of o~ 
(compare Figures 10(b-d)). With c~ = 0, its south-eastern part may explain the faint 
kernel located above group 8, while with c~ ~ 0.02 Mm -~ (determined from the 
transverse field magnetogram), its northern part gives a reasonably good position 
of the brightest kernels. Thus the distortion of the magnetic field by field-aligned 
currents is a clue in understanding the position of the brightest kernels. However, 
since some separatrices are very sensitive to the field-aligned current distribution, 
the linear force-free field model used here gives only a first approximation. 

Our proper-motion measurements show that spot $2 (group 3) moves towards 
the big preceding spot, while all spots around it are moving in the opposite direction, 
towards the E-NE. These shearing motions are able to create coronal currents, then 
to store magnetic energy. This free energy can be released when the currents reach 
the separatrices. The locations of the flare observed on 23, 24, and 25 June support 
this scenario. When spot $2 (group 3) approaches the leading spot and fades on 
26 June the flare activity in this region disappears as well. 

The observed currents are mainly located in the main bipole (current cells 1 
and 3 in Figure 10(c)) but unlike 23 June, current cell 1 is not at the border of a 
separatrix (Figure 10(c)). On 25 June, the energy may be stored in field-aligned 
current going from current cell 3 to 4, but present data have insufficient spatial 
resolution to prove this statement (group 4 is small and nearly surrounded by the 
opposite polarity, its measured magnetic field is mixed with the opposite polarity). 

The flare of 25 June is complex in the sense that at least 7 magnetic groups are 
present and the field is far from being potential. However, the topological model 
developed initially for a simpler configuration (Gorbachev and Somov, 1988) can 
be applied successfully to interpret the observations. The flare of 25 June is the 
result of an interaction of the main bipole (groups 1 and 2) with other polarities 
(mainly groups 3, 7, and 8). 
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7. Conclusions 

The sunspot group in AR 5555 has a basically bipolar character ($1 and the 
following polarity spots) but it is perturbed by the presence of three other bipoles 
making the magnetic configuration suitable for flare activity. One bipole ($2-N14) 
is located in the centre of the active region with a direction opposite to that of 
the main bipole, another bipole is situated at the southern edge of the following 
polarity $4, $5, NS, N6, NII and the last bipole appears in the middle part of the 
group, but with an orientation nearly parallel to the main one (N9-$3). 

The strongest shearing motions in the AR appear between the main and the 
minor reversed bipole in the centre of the AR. There opposite polarity spots move 
in different directions, with peak relative velocity (between 23 and 24 June) of 
0.17 km s -1. Between 23 and 25 June the p spot $2 gradually separates from 
the following (north) polarity and moves closer to the principal preceding (south) 
polarity spot S1. Flare activity, which is intense in the vicinity of $2 when it is an 
isolated S pole in a N polarity environment, ceases when its isolation is over. 

Magnetic field extrapolations, using observed (Potsdam) photospheric vertical 
magnetic fields, are made with both potential and linear force-free field assump- 
tions. The value of the twist in the latter case is deduced from the direction of 
the observed transverse magnetic field. The topology of such fields is investigated 
using a method developed by Mandrini et al. (1991). We find that the Ha  flare 
ribbons are located near the intersection of the separatrices with the chromosphere 
and that linear force-free field approximation gives better results than the poten- 
tial approximation. We interpret the small discrepancy between the observed and 
modeled locations as the result of a deviation of the magnetic field configuration 
from a linear force-free field, as the observed currents are more concentrated than 
the linear force-free field implies. 

With this model we attribute flares to magnetic interactions between 2 or 3 
bipoles, the energy being stored in field-aligned currents. It is worth noting that 
flaring occurs only when the magnetic configuration has intersecting separatrices; 
an isolated magnetic polarity or the presence of important currents not being a 
sufficient condition for flaring. 
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