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Abstract

We present a detailed study of a 1B/M6.9 impulsive flare combining high time resolution (1 ms) and instantaneous
emission source localization observations at submillimeter frequencies (212 GHz), obtained with the solar submillimeter
telescope (SST), and Ha data from the Ho solar telescope for argentina (HASTA). The flare, starting at 16:34 UT,
occurred in active region (AR) 9715 (NOAA number) on November 28, 2001, and was followed by an Ho surge. We
complement our data with magnetograms from the Michelson Doppler Imager (SOHO/MDI). SST observed a short
impulsive burst at 212 GHz, presenting a weak bulk emission (of about 90 sfu) composed of a few shorter duration
(<55s) structures. The integrated Ha and the 212 GHz light curves present a remarkable agreement during the impulsive
phase of the event. The delay between both curves stays below 12 s (the time resolution of the Hu telescope). The flare as
well as the surge are linked to new flux emergence very close to the main AR bipole. Taking into account the AR
magnetic field evolution, we infer that magnetic field reconnection, occurring at low coronal levels, could have been at

the origin of the flare; while in the case of surge this would happen at the chromospheric level.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Solar flares are rapid energy release transient phe-
nomena that can be associated to the interaction of
independent magnetic structures (see e.g. Mandrini
et al., 1997, and references therein). Along the years,
observational and theoretical evidences (Hachenberg
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and Wallis, 1961; Shimabukuro, 1970; Kaufmann et al.,
1985; Ramaty and Manzhavizde, 1993) have shown that
solar flares produce a large amount of non-thermal
radiation in the millimetric/submillimetric range, as they
do in hard X-rays. Analyzing flare emission at various
wavelengths we can investigate the probable energy
release mechanisms at work in flares and determine
which are their main byproducts, in terms of particle
acceleration and/or plasma heating.

Flare models consider that accelerated electrons emit
gyroradiation in the millimetric/submillimetric radio
range as they precipitate following magnetic loops
(Dulk, 1985), and that the Ho emission starts rising
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when the electrons reach the chromosphere. Both
emissions begin almost simultaneously in models that
consier that the energy released primarily accelerates
particles (non-thermal flare models) and show delays of
10-20s, depending on loop parameters, in models that
propose that the energy released mainly heats the
plasma (thermal flare models) (see Trottet et al., 2000,
for details).

Chromospheric mass ejections, called surges, are a
common phenomenon in ARs, especially when the
region is flaring (for a study of the spatial distribution
of surges and flares see e.g. Ogzii¢ et al., 1991). Hu
surges have been studied for over 50 years (see Roy,
1973a,b). They are straight or slightly curved ejections
that reach velocities of 50—200kms~! and heights of up
to 200 Mm. After the ejection, the material is seen either
to fade or to return to the chromosphere along the
trajectory of ascent (Svestka, 1976; Tandberg-Hanssen,
1977; Foukal, 1990). The physical mechanisms involved
in surges are not clearly understood. The surge may be
driven by a high pressure gradient in a magnetic tube, as
first proposed by Steinolfson et al. (1979) or it may be
due to magnetic energy release through reconnection
(Heyvaerts et al., 1977; Shibata et al., 1992). Kurokawa
and Kawai (1993) showed that Ho surges are seen in the
early stages of flux emergence, and concluded that they
are produced by magnetic reconnection between the
emerging flux region and the pre-existing surrounding
field (see also Schmieder et al., 1996; Gaizauskas, 1996).
Canfield et al. (1996) followed the same ideas to propose
a phenomenological model to explain surges and X-ray
jets in an AR.

In this paper, we present a detailed analysis of a
1B/M6.9 solar flare combining observations of two solar
telescopes located in the Argentinean Andes, the solar
submillimeter telescope (SST, Kaufmann et al., 2000)
and the Ho telescope for Argentina (HASTA, Fernandez
Borda et al., 2002; Bagala et al., 1999). The flare occurred
in AR 9715 on 28 November, 2001. It showed a very
impulsive peak at =~ 16:34UT and consisted of two
compact kernels. The SST data from this event have been
analyzed in relation to a coronal mass ejection (CME)
that was observed by the Large Angle Spectroscopic
Coronagraph (SOHO/LASCO Brueckner et al., 1995) by
Kaufmann et al. (2003). In this later paper, AR 9715 was
proposed to be the source region of the CME.
Furthermore, the SST observations were studied in
connection with the occurrence of sub-second pulses,
the origin of which still remains unknown, by Makhmu-
tov et al. (2003). Six minutes after the main peak a
chromospheric ejection became visible in the HASTA
images. Both, the flare and the ejection, occurred in
association with the emergence of new bipolar flux
concentrations.

In Section 2, we present the observations included in
the present study. We describe and analyze the magnetic

field evolution in Section 2.1, the chromospheric data in
Section 2.2 and the radio observations in Section 2.3.
Finally, we discuss our results and conclude (Section 3).

2. Observations and data analysis

The event studied in this paper occurred in AR 9715
that was located at N04 E19 at 00:00 UT on November
28, 2001. During the period covered by our observa-
tions, several minor events were also observed in Ho in
the same AR (some of them were classified as SF in solar
geophysical data comprehensive reports, see http://
sgd.ngdc.noaa.gov/sgd/jsp/solarindex.jsp). The Ho ker-
nels of these events were almost cospatial with the
kernels of the largest event (so, they were homologous),
which is object of this work. In this section we present
multiwavelength data to find clues about the origin of
this flare.

2.1. The photospheric evolution

To study the dynamical behavior of the AR magnetic
field, we have used full disk level 1.5 magnetograms
obtained by MDI (Scherrer et al., 1995). These data are
the average of 5 magnetograms with a cadence of 30s.
They are constructed once every 96 min. The error in the
flux densities per pixel in the averaged magnetograms is
~ 9 G, and each pixel has a mean area of 1.96 Mm?. We
produced a magnetic field movie starting at the time the
AR appeared at the eastern solar limb, and extending
for seven days, that allowed us to identify the emergence
of several new flux concentrations.

Fig. 1 shows the line of sight magnetic field at
different stages of the AR evolution. AR 9715 was
mainly bipolar when it appeared on the eastern solar
limb (polarities are numbered as 1 and 2 in Fig. 1). As
the two main polarities started diffusing, new bipoles
emerged both at the eastern portion of the AR and at its
western portion. A new emerging bipole can be seen in
the central panel of Fig. 1 (the polarities are numbered
as 3 and 4 and they are first visible in MDI map at
9:35UT on 27November). The interaction of this
eastern bipole with the surrounding AR field can beat
the origin of four plage enhancements which were
present all along our Ha observations (see Fig. 3a).

Two other bipoles appeared at the western portion of
the AR. One of them emerged very close to the
preceding polarity of AR 9715 (polarities 5 and 6 in
Fig. 1, they are first visible in MDI map at 16:03 UT on
27 November). In particular, its positive polarity merged
with the northern portion of the main positive AR field
(see next paragraph), while its negative polarity was
cancelling partly with the main positive flux (see bottom
panel in Fig. 1). The second bipole had a weaker field
(polarities 7 and 8 in Fig. 1, they are first visible in MDI
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28-Nov-01 15:59:02 UT

Fig. 1. The photospheric line of sight component of the
magnetic field in AR 9715 from November 26 to November
28, 2001. Sections of MDI full disk observations covering an
area of 267 pixels x 156 pixels (1 pixel ~ 1.96 arcsec). North is
up and West is to the right in this and following figures. The
data represented in grey scale are saturated above (below)
200 G (—200 G). The numbers refer to the polarities of different
emerging bipoles in the AR (see text).

map at 19:11 UT on 27 November). The interaction of
these two bipoles with the pre-existing AR field could
have been at the origin of the flare and the following
surge. As the AR evolved, polarities 5 and 6 were seen to
decay (by November 30) simultaneously, indicating that
they probably belonged to the same emerging flux tube.

Fig. 2 shows the evolution of the magnetic flux
corresponding to polarity 5 and polarities 6 and 8 added
together (since we cannot separate precisely the pixels
belonging to each of them). The curves are computed
including pixels where the absolute value of the magnetic

Magnetic Flux [ 1021 Mx]
Magnetic Flux [ 1020 Mx]

18:00 00:00 06:00 12:00 18:00 00:00
Start Time (27-Nov-01 12:51:01)

Fig. 2. Magnetic flux evolution for some polarities in AR 9715.
The continuous curve corresponds to the positive polarity 5,
this polarity merges with the already decaying polarity 1 (see
text for an explanation). The dashed curve shows the evolution
of the absolute flux value for the negative polarities 6 and 8
added up together. The error bars have been estimated
considering MDI error in the flux densities per pixel. The left
(right) vertical axis corresponds to the positive (negative)
polarities. Notice the different vertical scales.

field is above 10 G. The negative flux increases mono-
tonically from its appearance and reaches maximum at
15:59 UT on 28 November, which is the magnetic map
closest to the starting time of the events analyzed here.
After this maximum, it decreases monotonically. The
behavior of the positive flux curve is more complicated.
We observe a global decaying evolution; however, this
curve shows a local maximum at the same time the
negative flux curve reaches its absolute maximum value.
This is the behavior we expect if polarity 5 emerges by
the already decaying polarity 1 and merges with it.

2.2. The chromospheric evolution

The Hoa observations were carried out with the
HASTA instrument. HASTA is located at the Estacion
de Altura Ulrico Cesco of OAFA (Observatorio
Astronoémico Félix Aguilar), El Leoncito, San Juan,
Argentina. A tunable Lyot-Ohmann filter (0.03 nm
bandpass) and a digital CCD-camera were installed at
the focus of the telescope with a focal length of 1.65m
and a free aperture of 0.11m. The CCD-camera has
1280 x 1024 pixels that cover 2.07 arcsec on the Sun.
The instrument works in two different modes: the patrol
mode and the flare mode. In the patrol mode, HASTA
takes full-disk images every 2min. When a solar flare is
detected, HASTA switches to the flare mode. In the flare
mode, HASTA takes full-disk images every 10s
approximately.
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On November 28, 2001, HASTA observations cov-
ered the period from 11:12 UT to 21:58 UT. During this
period AR 9715 displayed different levels of activity, as
discussed above.

All along our Ho observations two intense kernels
were observed overlaying polarities 1 and 6. The
intensity in these kernels was always higher than
the intensity in the four eastern kernels (see Fig. 3a).
The two western kernels reach their highest intensity
values during the flare at 16:34 UT (see Fig. 3b). As the
flare evolved, the Ho brightenings elongated towards the
West overlaying polarities 7 (at its northern portion),
part of 8 and of the positive small flux concentration to
the West of 5. The error in the overlay between HASTA
and MDI stays within =1 HASTA pixel.

In Fig. 4 we depict the Ha lightcurve adding up the
intensity in the two most intense kernels. We remark
that the curves for the individual kernels show an
excellent agreement.

At around 16:42 UT (see Fig. 3¢c), dark chromospheric
material was clearly observed in HASTA images ejected
towards the North—-West. We cannot ascertain the time
at which the ejection initiated since the flare brightness

Ho-16:26:43 UT

155

0 266
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dominated our Ho images. The surge started to be
observed by the end time of the light curves depicted in
Fig. 4 (top). Taking into account the surges line of sight
velocity range (see references in the Introduction), the
extension of this surge in the Ho image at 16:42:54 UT
(= 3 x 10*km) and assuming that the velocity range is
also valid for the surge projection on the solar disk, we
can estimate the starting time for the surge by back-
wards extrapolation. We find that the surge could have
started between ~ 16:34 UT (so, by the flare starting
time) and ~ 16:40 UT. From the coalignment of MDI
and HASTA, the base of the ejection laid on polarity 7
(see Fig. 3). The material had a curved downward shape
and could be followed in HASTA images until
~ 17:00 UT.

2.3. The radio emission

The SST (Kaufmann et al., 2001) provides observa-
tions at 212 and 405 GHz with a time resolution of 1 ms
at that time. The multiple receiver focal array produces
six beams (1-4 at 212GHz and 5-6 at 405GHz). A
cluster of three beams (2—4) overlapping at ~ half power

Hoi-16:34:38

0 266

Ho-16:51:168 UT

0 266

Fig. 3. The chromospheric evolution as seen by HASTA on 28 November, 2001. The panels depict portions of HASTA full disk data
centered in AR 9715, overlaid with MDI isocontours (except in (a)), where we have not included them to avoid covering the plage
brightenings towards the East. Two isocontours (£200., 500. G) of MDI at 15:59 UT (see Fig. 1), positive (negative) values drawn in
white (black), are shown in (b); while only one (£200. G) is depicted in (c) and (d). The location of the SST submillimeter source,
computed as discussed in Section 2.3, is also marked in (b), the error (= 30arcsec) in the determination of the source position is
indicated by the cross size. The area covered by the panels is 257 x 150 pixels (1 pixel ~ 2.07 arcsec).
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Fig. 4. A comparison of the Ha and submillimeter lightcurves
(shown as histograms). The top image corresponds to the SST
lightcurve (1 ms temporal resolution), averaged so as to adjust
to the Ha temporal resolution (12s), together with the one in
Ha. The vertical left axis corresponds to SST observations,
while the right one to the HASTA data (where ADUs means
analogue-to-digital conversion units). The bottom figure is a
zoom of SST observations between 16:33:40UT and
16:34:50 UT averaged every 40 ms.

beam width (HPBW ~4’) allows us to estimate, at each
time, the location of the centroid of emission for a small
(compared to HPBW) emitting source, which is used
subsequently to compute the source flux density
(Giménez de Castro et al., 1999). The flux at 405 GHz
is derived assuming the 212 GHz source positions.

During November 28, 2001, at the flare time the
projection on the sky of beam 5 was centered on and
tracking AR 9715, while those of beams 2—4 varied with
time but always covered the active region. Beam 1 was
located on the quiet Sun far away from AR 9715 and
beam 6 was inactive. During the observations we had
very good atmospheric conditions. The atmospheric
zenith opacities were estimated to be ~0.14 and ~0.70
nepers at 212 and 405 GHz, respectively, and were used
to correct for atmospheric attenuation.

To minimize the atmospheric influence in the data
we use the beam-switching technique, subtracting the
signal from beam 1 (which was pointing to the quiet
Sun) from those of beams 2, 3 and 4. In this way, we also
remove the contribution of the quiet Sun that, at a given

frequency, is expected to be similar in the different
beams, and we can better determine the pre-flare level.
For this particular event, it was not possible to use this
technique with the data in 405 GHz because channel 6
was inactive. Taking into account the uncertainties in
the determination of the different parameters (antenna
temperature calibration, aperture efficiencies, beams
form and position, etc.) a reasonable value for relative
uncertainties in the calculated flux density at 212 GHz is
£30%.

Fig. 4 top panel depicts the SST 212 GHz time profile
together with the Ho light curve. The SST data have
been averaged in order to match the temporal resolution
of the Ho data (12s). At the flare impulsive phase, both
curves are seen to evolve with a remarkable agreement.
We found that within the time interval 16:33:40 UT-
16:34:10 UT (during which the maximum is achieved in
both wavelengths) the rising slope was the same.

The radio burst exhibits a structured shape (see
bottom panel of Fig. 4) presenting five pulses with
durations in the range of 1-5s. Pulse separations stayed
below 12s, the temporal resolution of the Ha telescope
so they cannot be resolved in the Ha intensity curve. For
each of these peaks we determined the position of the
source (centroid of the emission), so we had five source
locations on the solar disk. The sources show a very
compact structure, with a dispersion in their positions of
the order of 10arcsec. This is an indication of a single
source, but using only SST observations we cannot rule
out the possibility of several very compact and near
sources. In Fig. 3b the location of the source observed at
212GHz has been overlaid to the Ha image at
~ 16:34 UT, the size of the cross indicates the error in
the source localization. Notice that both HASTA
kernels lie at the same location of the SST centroid of
emission, within errors.

As we did not observe any significant radio emission
above noise level at 405 GHz during the impulsive flare
phase (that we define as the duration of the 212 GHz
peak in Fig. 4), we adopted a value of 24s.f.u., the flux
density standard deviation in this range, as an upper
bound for the emission.

3. Discussion and conclusions

We have analyzed multiwavelength observations of a
1B/M6.9 flare that occurred on November 28, 2001. The
flare presented an impulsive peak in submillimeter waves
(212 GHz) at 16:34 UT. The emission in this wavelength
showed a remarkable agreement in rising time with the
emission in Ho that came from the two flare kernels. The
two flare kernels were located at both sides of the neutral
line separating polarities 1 and 6 (1 belonging to the
original AR bipole and 6 belonging to a new bipole
emerging during November 27). These kernels were very
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compact and were not seen to move away from the
neutral line as it happens in a typical two-ribbon flare.
Furthermore, Ha compact brightenings were seen
located at the same place of the flare kernels in HASTA
data from the beginning of our observational period.

As the flare evolved, the flare kernels elongated
towards the West overlaying polarities 7 and 8. At that
stage, after the steep submillimeter peak and during the
decay phase of the Ha emission, a chromospheric surge
became visible in HASTA images at =~ 16:42 UT,
though it probably started before that time, as discussed
in Section 2.2. The base of the surge was located on
polarity 7.

Taking into account the magnetic field evolution and
the location of flare kernels, we may conclude that the
flare was the result of the interaction, via magnetic field
reconnection, of newly emerged bipoles with the pre-
existing AR magnetic field (see several examples based
on magnetic field topology analysis in Démoulin et al.,
1997; Mandrini et al., 1997). For the two Ha flare kernels
located on 1 and 6, magnetic reconnection occurred
between field lines anchored in bipole 5—6 with field lines
anchored in 1. This process started much before the flare
impulsive phase as confirmed by the presence of Ha
brightenings at the same location, and the fact that
bipole 5-6 started to emerge on November 27, 2001, at
16:03 UT. As more flux was brought up by emergence
(see the magnetic flux evolution in Fig. 2) against the pre-
existing field, the flare occurs. The emergence of a new
photospheric bipole against an overlying magnetic field
does not imply that a flare will occur immediately,
critical conditions have to be achieved (e.g. development
of turbulence in the current sheet, when it reaches a
critical height, formed between the emerging flux and the
overlaying field, was proposed by Heyvaerts et al., 1977,
in their classical flux emergence model).

The flare kernels are at the base of newly reconnected
magnetic loops (see the previously mentioned refer-
ences); then, the spatial separation of the kernels is
related to the height of the reconnecting region. Due to
the closeness of the flare kernels to the magnetic field
inversion line (= 5Mm, measured on an overlay of an
HASTA image at ~ 16:33UT and the closest MDI
magnetogram), we can conclude that the reconnection
process occurs at low heights in the atmosphere
(= 5Mm, assuming semicircular loop shapes). From
the FAL atmospheric models (Fontenla et al., 1990) this
locates the reconnection site at the base of the corona,
but above the chromosphere and the transition region.
Because of the large gravitational scale height of the
corona (= 50—100 Mm), the plasma density in the pre-
reconnected loops is expected to be comparable to the
density at larger heights (few 10 Mm).

The origin of surges has been in general associated
with magnetic reconnection between a new emerging
flux region and the pre-existing magnetic field (see

references in Section 1), and this seems to be the case in
the example analyzed here. That is to say, a process
similar to the one described above, but now occurring
between field lines anchored in bipole 7-8 and field lines
anchored in the remaining northern portion of 1, can
give rise to the surge and consequent brightenings
observed during the decay phase of the flare. Since the
reconnection process has to bring up chromospheric
material, in this case it occurs at low atmospheric
heights, probably the upper chromosphere (see an
example based on magnetic field topology analysis in
which the reconnection process occurs at separatrices
associated with field lines which are tangent to the
photosphere, namely ‘bald patches’, and originate a
surge in Mandrini et al., 2002). Magnetic reconnection is
presently known to be fast enough at photospheric and
chromospheric levels. The faster tearing mode grows
with a time scale between 6 and 20s (Sturrock, 1999)
and the Sweet—Parker model is fast enough to explain
the observed flux cancellation rate in ARs (Litvinenko
and Martin, 1999).

The flux density at 405 GHz with an upper bound
limit of about 24s.f.u. implies that the radio emission
cannot have a thermal Bremsstrahlung origin. With a
maximum value of about 90s.f.u. at 212GHz, the
spectrum between 212 and 405 GHz has a power law
index < — 1.9, which cannot be in anyway representa-
tive of free—free emission. We found a striking coin-
cidence in the rising time between SST and HASTA
lightcurves (within HASTA temporal resolution) during
the impulsive phase of the flare. HASTA temporal
resolution is rather low and does not let us discriminate
between different energy transport processes (i.e. accel-
erated particle or conduction fronts). In this sense, the
upgrade of the HASTA telescope, which is planned in
the near future, will allow a high cadence image
acquisition (=20 frames/s). This will be an important
step to bring light on this central question.
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