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ABSTRACT

Context. In a previous paper on the X17 flare October 28, 2003, we found, among other radio flare sources, one displaced at 0.2 R,
north of the flaring AR 10486, away from the main Ha and hard X-ray flare emission. The source came to our attention due to its
timing, its spatial displacement from the flaring active region, and due to the behavior of the radio spectral fine structure sources which
are embedded in the continuum emission. We speculated that the source is situated at a separator of coronal magnetic flux systems.
Aims. Here we analyze the topology of the potential coronal magnetic field extrapolated from SOHO-MDI data near the source site
of this meter-decimeter radio continuum.

Methods. Using the Source Method for magnetic field modeling, and the displacement gradient of the field lines as a connectivity
measure, we give a description of the critical field structure. We compare it with the Nancay Radio Heliograph source positions of the
continuum which have been classified by the spectral data of Astrophysical Institute Potsdam.

Results. We find that the radio source occurs near the contact of three separatrix surfaces between magnetic flux cells. There are other
separatrix surfaces in the field which are not distinguished by a strong radio source during the analyzed flare.

Conclusions. This is the first evidence for the occurence of a strong coronal radio burst continuum source at such coronal magnetic

field structures.
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1. Introduction

The X17 flare and ground level event of October 28, 2003 in
AR 10486 was analyzed in several respects (e.g. Aurass et al.
2006 (P1); Hurford et al. 2006). In P1 we demonstrated that the
magnetic field structure in AR 10486, and also between this and
the neighboring five other active regions is essential to under-
stand the positions of the radio flare sources. Figure 1a presents
a map of the SOHO-MDI 11:11 UT longitudinal component of
the photospheric magnetic field, and the arrangement of active
regions in this part of the solar disk.

The coronal magnetic field cannot be routinely measured.
The potential or force-free extrapolation of the photospheric
measurements gives a reasonable approach to its large-scale
structure (e.g. Somov 2000, p. 414). It is evident (Spicer 1977)
that in coronal heights which are not too large, the flare en-
ergy is released and streams of energetic particles are formed
which later interact with the denser atmosphere (visible in e.g.
Ha and hard X-rays), or escape into space. The accelerated par-
ticles propagate along field lines of the coronal magnetic field,
and under certain circumstances flare burst radio emission is ex-
cited. Decimeter and meter wave sources of plasma emission
are a diagnostic tool for the presence of =10 keV electrons
(Melrose 1985) in the lower corona — forming drift bursts and
continuum emission in dynamic radio spectra as e.g. recorded
by the AIP 40—800 MHz spectrometer (Mann et al. 1992). Radio
source positions shown in this paper are derived from Nancay
Radio Heliograph data (NRH, Kerdraon & Delouis 1997). The
halfpower width of the radio source of interest is ~190 arcsec.
This is much larger than subtle structures of the magnetic field.
Therefore in source site plots we only show the centroids of a

Gaussian fit of the source shape. In the present case the radio
sources are situated on the disc, therefore the source height is
unknown. In a previously published analysis of fiber burst fine
structures in the spectral data of the same event (see P1) we
found a five-fold Newkirk (1961) density model as appropriate
in the lower corona for the time and spatial range of interest.
This density model is also applied, henceforth, giving a height
range between 45 and 95 Mm (x5 Mm) above the photosphere
for the relevant radio sources.

In P1, we described two remote radio sources different from
those near the Ha flare ribbons and the hard X-ray sources
in AR 10486. One was shifted toward SW, dominating in the
impulsive flare phase and during the acceleration of highly rel-
ativistic electrons. There are strong arguments that this source
is due to the reconnection outflow termination shock (Aurass &
Mann 2004; Mann et al. 2006) and that it is connected with flare-
related, dynamically evolving magnetoplasma structures above
and to the SW of AR 10486.

The second source will be considered here. It occurs near
AR 10491 north of the flaring AR 10486 (Fig. 1b). Its flux pro-
file is compared with the GOES flux curve' in Fig. 2a. It is a
decimetric-metric continuum (DMCS, henceforth) and occurs
without associated effects in He, EUV, and hard X-rays (given
groundbased Ha-, RHESSI HXR-, and TRACE EUYV data). As
shown in Fig. 2a the DMCS acts briefly early in the impulsive
phase, and is strongest well thereafter. The source dominates the
dm radio flux of the event during the start of the injection of high

! Off-scale from 11:06-11:15 UT. Figure 1 in Hurford et al. (2006)
confirms a declining hard X-ray profile from RHESSI and INTEGRAL
data past 11:09 UT.
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Fig.1. a) SOHO-MDI 11:11 UT magnetogram, N is top, E is left,
axes in arcsec. Numbers: NOAA active regions as 10xxx. The white
box encloses the field considered in Fig. 3b. b) SOHO-EIT 195 A im-
age (11:47 UT). Asterisk: decimeter-meter continuum (DMCS). “+:
RHESSI HXR footpoint source centroids in the flaring AR 10486 on
11:06 UT.

energy protons at the Sun (see the bar in Fig. 2a, and Klassen
et al. 2005). Embedded in the DMCS spectrum are radio spectral
fine structures — pulsations and patches of fiber bursts. In P1 we
used the fiber bursts to determine those magnetic field lines of
the potential field extrapolation of the SOHO MDI data (Fig. 1a)
which are most compatible with the radio spectral fine structure
parameters. Two such field lines are shown in a perspective view
in Fig. 2b magnetically linking the northern part of AR 10486
with a footpoint in the trailing part of AR 10491 and from this
place further to ARs 10488/10493. In the same figure we have
inserted a white column representing the DMCS centroid for a
height range corresponding to plasma frequencies between 432
and 327 MHz (the both relevant NRH imaging frequencies).

As evidenced in P1, we can use the potential field extrap-
olation of the SOHO-MDI 11:11 UT data to describe the static
large-scale magnetic field structures in the corona. Non-potential
components occur either as smoothly-distributed or as highly
concentrated electric currents (Somov et al. 2003). The concen-
trated currents flow in current layers between flux cell bound-
aries (at separatrices) or in reconnecting current layers where
separatrices penetrate each other (on separator field lines). It is
possible that the DMCS is a source which points on such a con-
centrated current flow in a complex structured potential field.
The current occurs as a consequence of a disturbance of the field
structure due to the flare in AR 10486. It yields a possible accel-
eration mechanism for electrons necessary for the DMCS for-
mation. We now consider the magnetic field structure near the
DMCS in detail.

2. Analysis of the potential magnetic field
near the radio source site

Much work was devoted to the problem of magnetic connectivity
in the corona (e.g. Gorbachev & Somov 1988; Démoulin et al.
1996, 1997; Titov et al. 2002). Démoulin et al. (1997) compare
the coronal field topology studied by observation-adapted mag-
netic monopole arrangements (the so-called Source Method)
with the positions of Ha flare ribbons. Here, we apply the norm
of the displacement gradient N(x,y) in the photosphere as de-
fined by Démoulin et al. (1997). The displacement gradient mea-
sures the change of the norm of vectors joining the start- and the
endpoint of field lines for a small change of the starting point.
Large values of N mean that at the given field line starting range,
neighboring start points have a large end-point distance. Small
N values mean that neighboring field line start points remain
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Fig. 2. a) 327 MHz flux of DMCS (¥, in solar flux units 107> W s m™2)
together with the normalized GOES 0.5-4 A X-ray flux (off-scale from
11:06-11:15 UT). Note the flash at the impulsive onset, and the 6 min
pulse in the main phase during proton injection onset (the dark bar,
and Klassen et al. 2005). b) View from W, top is E, right is N, on the
magnetogram Fig. 1a with RHESSI HXR sources (“+” on white spot)
and 2 field lines from fiber burst analysis (dark, see P1). White circle
and column: projected site and height of the DMCS, see Fig. 1b.

neighbors at the end of the field lines. With (x, y) as Cartesian
coordinates in the photosphere, X denotes a field line start-end-
connecting vector with the components (X, X;). Then N(x, y) is

o= {5 5T

i=1,2

Firstly, we computed N(x, y) using the field line set obtained
by potential extrapolation of the MDI magnetogram (courtesy:
A. Hofmann, and see P1). The magnetogram has limited resolu-
tion, and some noise level. Therefore, we follow Démoulin et al.
(1997) in using a field model to analyze our particular region of
interest between ARs 10486 and 10488/10493 (Fig. 2b).

For this, we adopted the Source Method with some modi-
fication. We modeled the observed field by a large number of
magnetic monopoles arranged in a surface 10 arcsec below the
photosphere. We then chose a certain limit for positive and neg-
ative polarities. Values outside these limits were accepted as sig-
nificant for the field structure. Values in the interval were set to
Zero. The effect was a defined reduction in the number of model
monopoles, but some parts of the magnetogram were lost due to
low field values which indeed turned out to be essential for rep-
resenting the coronal field configuration. For this judgement, we
compared the model field line pattern with the potential field ex-
trapolation shown in P1. The low field subregions were retreated
with reduced limits for the flux values. The pole strength and
the polarity are obtained from the MDI data. The flux balance is
achieved by a suitable choice of the limiting flux levels. We ob-
tained a 106-polar and irregularly gridded magnetic monopole
representation shown in Fig. 3a, plus signs and dark dots. With
this model the field lines can subsequently be traced passing any
footpoint grid in the photosphere. The N(x, y)-pattern is plotted
grey-scaled in Fig. 3a. Dark shading means Ny,x, white depicts
N(x,y) =0.
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Fig. 3. N(x,y) after Eq. (1). Dark shading means Ny, white is N = 0.
Axes in arcsec, N is top, E is left. a) N(x,y) plotted in three regions
(between ARs 10486 and 10488) according to the monopole model
of the central part of the magnetogram Fig. la. The symbols depict
monopoles: “+” means white, dark dots mean dark-plotted polarity in
Fig. 1a. b) The small central box in panel a): Y-shaped displacement
gradient pattern near the DMCS. Dots: DMCS centroids at NRH fre-
quencies: S1&S2-327 MHz; S3-410.5 MHz; S4-432 MHz. Boxes (A)
and (B) are considered in Fig. 4.

A comparison of the displacement gradient calculated from
the potential field extrapolation of the MDI magnetogram and
the same measure for the model field lines confirms that the
N(x, y)-graphs of the original and the model data resemble each
other. This underlines that the selected monopole system is rep-
resentative of the SOHO-MDI 11:11 UT observations.

We obtain large N(x, y)-values for locations near ARs 10486
and 10488. Special attention must be devoted to the middle part
of the stripe in Fig. 3a. There is a Y-shaped N(x, y)-pattern east
of AR 10491 wrapping around its trailing polarity. In Fig. 3b
the Y-pattern of high connectivity gradient values is enlarged,
boxes A and B define subregions of the pattern. The source
centroids of the DMCS are overplotted as black dots S1---S4.
Although the position in Fig. 1b (white asterisk) is integrated
over time and at 327 MHz, we provide it here more in detail.
The 327 MHz source is split (S1, S2), and the 410.5 (S3) and
432 MHz (S4) source sites of the continuum are also included.
In projection, the centroids S1, S3 and S4, time-integrated posi-
tions measured at three independent observing frequencies, are
arranged perpendicularly to a line of extreme N-values. S1 and
S2, both at 327 MHz, are placed on different sides along that
line.

In the boxes A and B of Fig. 3b we use now a 0.5 arcsec field
line footpoint spacing in the photosphere. The results are shown
in Fig. 4. Colored dots are field line footpoints, their connectivity
is color-coded. Shaded are the pixels with a high connectivity
gradient, a pixel is darkest if its right or upper neighbor belong
to another flux system.

We find that from the Y-pattern in the displacement data
a bundle of field lines leads toward the North (red dots, to
AR 10488), another one points toward the South (blue dots, to
the flaring AR 10486). Both the red and the blue flux systems are
bound by the Y-pattern. In the space spanned by the Y, a third
flux system extends toward the leading part of AR 10491 (green
dots). It is impressive that — in the model field — the green system
penetrates far into the narrow stick of the Y-pattern (Fig. 4a) thus
stretching out into a range of very low longitudinal magnetic
field values. The model field structure of these three separatrices
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Fig. 4. The Y-shaped pattern in N(x,y) of Fig. 3b, boxes (A) and (B),
with photospheric (model) field line footpoints of a 0.5 arcsec grid. The
flux cells are color-coded: toward AR 10488 — Red, AR 10486 — Blue,
AR 10491 - Green. Grey-shaded are pixels with extreme displacement
gradient (see text). a) The eastern part of the Y with the widest-east
extended green flux-cell footpoints. b) The Y branch point.

converging in a range of low longitudinal field, is expected to
be very sensitive to external disturbances. Mandrini et al. (2002)
reported on arch filament system and surge formation at two in-
teracting bald patch separatrices.

3. Discussion and conclusions

We found that the red-green, the blue-green, and the red-blue
separatrices approach each other in the studied Y-pattern of the
displacement data. Between the separatrix surfaces, highly con-
centrated currents can flow if the static potential field is slightly
disturbed somewhere. Evidently such a situation must be ex-
pected during the X17 flare in AR 10486 and the related re-
lease of a halo CME (P1) even because one of the closely touch-
ing flux cells near the DMCS leads to the flaring AR 10486.
The short flash of the DMCS during the onset of the impulsive
phase (Fig. 2a, 11:01:30—11:02:45 UT) reveals the early activa-
tion of the field at this location, and the later strong emission
(11:13-11:19 UT) confirms the persistence and stability of the
situation despite of the disturbance.

Figure 5 gives a top and a perspective view on the system of
those field lines which are rooted in the grey-shaded pixels of
Fig. 4a. This means we see the most eastward extended green
flux cell field lines as well as immediate red and blue neighbors.
The N(x, y)-pattern of Fig. 3b is underlaid grey-shaded. The ra-
dio sources are inserted from Fig. 3b (bold black dots) accord-
ing to the independently determined five-fold Newkirk (1961)
density model. The high frequency DMCS (432, 410.5 MHz)
are situated below, the low frequency (327 MHz) DMCS are
situated above the shells formed by the green- and red-plotted
potential field lines?, and are aligned perpendicularly (at three

2 Source heights for 432, 410 and 327 MHz are 47.8, 56.1, and
94.9 Mm; ~+5 Mm.
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Fig. 5. Field lines stemming from Fig. 4a, grey pixels only. Scales in
arcsec. a) Top view. b) Perspective view from NE. Colors give the flux-
cell association. Overplotted are the Y-pattern and the coronal radio
sources as bold dots from Fig. 3b. AR numbers are given to connect
this figure with Fig. 1a.

independent frequencies) and in parallel (at 327 MHz) with the
green-red cell boundary.

The field lines of the different flux cell separatrices run in
parallel near the DMCS centroids. If equally directed field-
parallel currents flow along the lines, then reconnection between
lines of different flux cells is indeed possible (see e.g. the coa-
lescence mode in Vr$nak 2003). In this case, parts of different
active regions are shortcircuited along interconnecting magnetic
field lines. As a consequence of potential differences between
the newly connected footpoints, a huge electric field strength can
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occur leading to particle acceleration acting for electrons and
protons as well. This means it is probable that the nonthermal
electrons feeding the DMCS radio emission are accelerated near
the DMCS site. The fact that the source position is away from the
flaring active region may be due to the sensitive converging sep-
aratrix pattern of the complex structured potential coronal mag-
netic field. It also comprises a magnetic connection to the flar-
ing AR 10486. Of course we cannot completely exclude other
explanations. An interesting aspect of our result is whether the
presence of a remote separate source site can be the key to un-
derstanding the strange separation between electron- and proton-
driven sources discovered by the RHESSI gamma-ray imaging
observations (Hurford et al. 20006).
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