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ABSTRACT

Context. Since the installation of submillimeter solar radio telescopes, a new spectral burst component was discovered at frequencies
above 100 GHz, creating the THz burst category. In all the reported cases, the events were X-class flares and the THz component was
increasing.

Aims. We report for the first time an M class flare that shows a different submillimeter radio spectral component from the microwave
classical burst. Two successive bursts of 2 min duration and separated by 2 min occurred in active region NOAA 10226, starting
around 13:15 UT and having an M 6.8 maximum intensity in soft X-rays.

Methods. Submillimeter flux density measured by the Solar Submillimeter Telescope (SST) is used, in addition to microwave total
Sun patrol telescope observations. Images with He filters, from the Ha Solar Telescope for Argentina (HASTA), and extreme UV
observations, from the Extreme-ultraviolet Imaging Telescope (EIT) aboard the Solar and Heliospheric Observatory (SoHO), are used
to characterize the flaring region. An extensive analysis of the magnetic topology evolution is derived from the Michelson Doppler
Imager (SoHO, MDI) magnetograms and used to constrain the solution space of the possible emission mechanisms.

Results. The submillimeter component is only observed at 212 GHz. We have upper limits for the emission at 8§9.4 and 405 GHz,
which are less than the observed flux density at 212 GHz. The analysis of the magnetic topology reveals a very compact and complex
system of arches that reconnects at low heights, while from the soft X-ray observations we deduce that the flaring area is dense
(n ~ 10'"2 cm™3). The reconnected arches are anchored in regions with magnetic field intensity differing by an order of magnitude.
Accordingly, we conclude that the microwave emission comes from mildly relativistic electrons spiraling down along the reconnected
loops. A very small portion of the accelerated electrons can reach the footpoint with the stronger magnetic field (2000 G) and produce
synchrotron emission, which is observed at submillimeter frequencies.

Conclusions. The finding of a submillimeter burst component in a medium-size flare indicates that the phenomenon is more universal
than shown until now. The multiwavelength analysis reveals that neither positron synchrotron nor free-free emission could produce the
submillimeter component, which is explained here by synchrotron of accelerated electrons in a rather complex and compact magnetic

configuration.
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1. Introduction

The first THz burst ever reported is the 2003 November 4
Halloween flare (Kaufmann et al. 2004) observed with the Solar
Submillimeter Telescope (SST). During the impulsive phase, a
spectral component above 200 GHz was observed, along with
the classical microwave one. Its particular characteristic is that
the flux at 405 GHz is larger than at 212 GHz (optically thick
emission), inverting the spectral gradient. The time profiles of
the submillimeter emission coincide with the evolution at lower
frequencies, though better correlated with y and hard X-ray char-
acteristics, indicating that very high energetic charged particles
are at the origin of the submillimeter radiation. After this first
THz burst, Liithi et al. (2004b) reported the observation of a
THz flare with the KOSMA 3 m telescope and a focal array
at 210, 230, and 345 GHz. The increasing submillimeter spec-
trum was observed during the gradual phase of the burst (the sys-
tem saturated during the impulsive phase). The source size could

be estimated to be around 60”. Recently, two new THz events
were observed: the Halloween 2003 November 2 (da Silva et al.
2007) and the 2006 December 6 (Kaufmann et al. 2007) flares.

All these events are of X class type and show an increas-
ing flux density above 200 GHz. The origin of the submillimeter
radiation is still controversial. It was suggested (da Silva et al.
2007) that a population of accelerated electrons in the pres-
ence of very intense magnetic fields (~4000 G) could produce
the observed emission by synchrotron radiation during the 2003
November 2 burst. Positrons created by n* decay during nuclear
reactions have a very broadband emission peaks in the far in-
frared (Lingenfelter & Ramaty 1967), and so are good candi-
dates for explaining the submillimeter increase. da Silva et al.
(2007) have searched for evidence of positrons to originate the
2003 November 2 submillimeter flux increase without success:
the number of positrons needed to produce the observed emis-
sion is 5 orders of magnitude more than the one derived from
v and hard X-ray observations. Trottet et al. (2008) arrived at a
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similar conclusion when they analyzed the 210 GHz emission of
the X17.2 flare of 2003 October 28.

A completely different scenario, which simultaneously ex-
plains the increasing submillimeter spectrum and the well-
known microwave spectrum, was proposed by Kaufmann &
Raulin (2006). The same charged particles that emit synchrotron
at submillimeter range undergo microbunching instabilities that
produce coherent synchrotron emission at microwave frequen-
cies. Finally, another possible mechanism for explaining the sub-
millimeter increasing spectrum is thermal free-free emission.
However, it was argued that the same source should produce a
much more intense flux in soft X-rays than the one observed
(da Silva et al. 2007).

In this work we present a burst with two spectral com-
ponents: the classical microwave spectrum with its inverted V
shape centered near 10 GHz and a high-frequency component
with a peak at around 200 GHz, which occurred during an M6.8
class flare. Both characteristics are singular to this event, mean-
ing it is the first time that a flare with a class lower than X shows
a separated submillimeter component and that this component
is not increasing with frequency. The organization of this paper
is as follows. In Sect. 2 we present the observations. A detailed
analysis of the magnetic topology is presented in Sect. 3. We dis-
cuss the origin of the observed radio emission in Sect. 4, while
our main conclusions are presented in Sect. 5.

2. Chromospheric and coronal observations

On 20 December 2002 at around 13:15 UT, an M6.8 class flare
occurred in active region (AR) 10226. A radio burst observed
by many radio telescopes around the world is associated with
this event. At 1.415, 2.695, 4.995, 8.800, and 15.400 GHz fre-
quencies, the USAF Radio Solar Telescope Network (RSTN)
provides solar patrol data with 1 s time resolution. We also
have observations at 8.4, 11.8, 19.6, 35, and 50 GHz from
the Bern Patrol telescopes, while at 89.4 GHz the two-element
nulling interferometer of the University of Bern provides total
flux measurements with a sensitivity of ~35 s.f.u. (1 s.fu. =
10722 W m~2 Hz ') and a time resolution of 31 ms (Liithi et al.
2004a).

At frequencies higher than 200 GHz we have data from the
SST (Kaufmann et al. 2001). This is a multibeam system with
4 beams at 212 GHz and 2 beams at 405 GHz in the focus of the
antenna. The telescope is enclosed in a Gore-Tex radome, the
radiometers are at room temperature, the antenna is pointed with
an Orbit positioner, and the whole system is controlled by a PC
running its own controlling and acquisition software. The sensi-
tivity of the instrument is better than 1 s.f.u., and the time resolu-
tion is 5 ms. At 212 GHz the system can determine the centroid
position of the emitting source because three beams overlap at
the 50% level of its HPBW (see Giménez de Castro et al. 1999,
and references therein). The absolute uncertainty in position is
around 30”, but relative displacements have uncertainties on the
order of 1”. The observations are calibrated against two thermal
sources, assuming that the detectors have a linear response. We
also get rid of the sky attenuation by assuming a plane parallel
atmosphere and correcting the absorption. The zenith opacity is
measured two or three times per day. The data are converted to
temperature, corrected by sky absorption, and the absolute flux
density determined with the multibeam system. Overall, a 40%
uncertainty in flux density can be considered.

Figure 1 shows the time evolution of the flux density at se-
lected frequencies. In radio the flare is characterized by two sep-
arate events, with the first one starting at around 13:15 UT and
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Fig. 1. Normalized flux density time evolution at selected frequencies.
The labels A and B mark the time at which the radio spectra are shown
in Fig. 3.

lasting 2 min. The second event starts at 13:18 UT with a simi-
lar duration. At submillimeter frequencies, only the second burst
was recorded because the antenna was performing calibration
routines before. The burst is observed from metric waves up to
35 GHz. At 50 and 89.4 GHz, the noise dominates the emission
and only an upper bound limit can be determined. Surprisingly,
at 212 GHz the emission of the second burst is stronger than the
noise, but at 405 GHz the signal is dominated by the noise again.
It is also interesting to compare the radio time evolution with the
soft X-ray emission. Figure 2 shows the flux in the 1-8 A band
from the GOES 10 satellite with the emission at 15.4 GHz.

The radio spectrum at instant A is shown in the top panel
of Fig. 3. The turnover frequency is around 10 GHz. The un-
certainty in flux density was considered 10% for all frequen-
cies, except at 35 GHz because the changes of its base line
(mainly sky emission) were taken into account. In this case we
consider an uncertainty of 40%. At 50 and 89.4 GHz, we can
only refer to an upper bound limit. On the low-frequency range
of the spectrum, where the emission is optically thick, the flux
density at 4.995 and 2.695 GHz is higher than expected for a
purely homogeneous gyrosynchrotron emission. Furthermore,
spectrograms reveal an intense metric/decimetric emission (see,
e.g. Phoenix-2 results at http://www.astro.phys.ethz.ch/
rapp/rapp_home_nf.html). Therefore, the excess flux ob-
served below 5 GHz can be attributed to coherent emission.

The spectrum at instant B is not very different, because the
maximum flux and the turn over frequency are almost the same
as during A. The main characteristic is the appearance of emis-
sion at 212 GHz, which is more intense than the maximum upper
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Fig. 2. a) GOES 1-8 A flux (continuous curve) with 15.4 GHz flux den-
sity (dashed curve). b) Emission measure (EM). ¢) Temperature.

bounds at 89.4 and 405 GHz. We want to point out that, at 89.4
and 405 GHz, we only have upper limits and cannot see a time
evolution of the emission in the same way as at 212 GHz (Fig. 1).

Figure 4 shows an EUV 195 A image taken by the Extreme
Ultraviolet Imaging Telescope (EIT, Delaboudiniere et al. 1995)
aboard the SoHO satellite at 13:19:38 UT, the closest image to
flare maximum. The circles represent the SST beams: 2, 3, and 4
correspond to the 212 GHz multibeam system, while 5 is the
405 GHz beam. Beam 1 (212 GHz) is beyond this image and
beam 6 (405 GHz) was not working on that day. The centroid
position is the gray area inside beam 5. As stated, our absolute
uncertainty is around 30”; therefore, the solutions are compati-
ble with the EUV bright kernels inside beam 2.

The Ha images show three bright kernels (Fig. 5) that
brighten with different timing (Fig. 6). Kernel 1 is better cor-
related with the first burst (Fig. 6b), while kernel 3 is correlated
with the second burst (Fig. 6d), although a flux increase is also
seen during the first burst. The flux of kernel 2 seems to increase
between the two bursts and is the most intense. Unfortunately,
we have no data at 212 GHz during the first burst to analyze the
time evolution of the centroid positions.

3. Photospheric observations and modeling
3.1. The magnetic-field evolution

To study the evolution of the AR magnetic field, we used full-
disk level 1.5 magnetograms obtained by the Michelson Doppler
Imager (MDI, Scherrer et al. 1995) aboard SoHO. These data are
the average of 5 magnetograms with a cadence of 30 s. They are
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Fig. 3. a) Radio spectra at instant A; b) Radio spectra at instant B (see
Fig. 1). The curves represent the obtained gyrosynchrotron solutions
(see text).
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Fig.4. An EUV 195 A image taken by the EIT telescope aboard the
SoHO satellite at 13:19:38 UT. Superimposed on the image, the cir-
cles represent the SST beams at the moment of the burst. Beams 2, 3,
and 4 (212 GHz) are the multibeam system. Beam 5 is the 405 GHz
receiver. The centroid position obtained with the SST is the gray area
inside beam 5. North is up and west is to the right in this and subsequent
images.

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 of the AR appearance and extending for nine
days.

AR 10226 was seen on the solar southern hemisphere on
13 December 2002. The AR was originally bipolar and followed
the Hale-Nicholson law for solar cycle 23rd (Hale & Nicholson
1925). The main polarities (bipole A) grew in size and intensity
and separated from each other, as happens during emergence of a
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Fig.5. An Ha image at 13:15:43 UT showing the three kernels. MDI
contours of £100 G have been added (withe/black colour corresponds
to positive/negative values).

flux tube having the typical shape of the letter Q (see e.g. Zwaan
1987, and references therein). During the initial emergence pe-
riod, the preceding negative polarity elongated below the fol-
lowing one (see Fig. 7a), as expected because of the azimuthal
component of the field contributing to the vertical component
during emergence of a flux tube with a positive magnetic twist
(Lopez Fuentes et al. 2000).

By 15 December an oppositely oriented bipole (bipole B),
forming a quadrupolar configuration with the main AR polari-
ties, started emerging, and was clearly visible by 17 December
(see Fig. 7b). As this bipole evolved, the two polarities rotated
around each other and separated in such a way that the positive
polarity moved above the negative one (see Fig. 7¢); finally, both
polarities reached the original AR bipole orientation. The be-
havior just described is the one expected during the emergence
of a kinked deformed flux tube having a positive writhing of its
axis (Linton et al. 1998, 1999; Fan et al. 1999). Several exam-
ples of bipoles showing such an evolution have been analyzed
by Mandrini et al. (2002) and Lépez Fuentes et al. (2003).

In the early morning of 20 December another emergence, as
the one described, occurred in its close vicinity. Again, a small
bipole (bipole C) was observed appearing with a reversed ori-
entation and rotated to the original AR bipole orientation (see
Fig. 7d). The Ha and EUV kernels of the flare analyzed in this
work are associated with these two emergences. It is in this zone
of the AR where most of the flare activity was concentrated dur-
ing the region disk transit (see http://sgd.ngdc.noaa.gov/
sgd/jsp/solarindex. jsp). Minor magnetic-field emergence,
starting approximately two days after the AR appeared on the
disk, occurred during the whole AR transit along the main AR
inversion line as can be seen in Figs. 7.

The evolution of the AR field is consistent with the emer-
gence of a twisted flux tube across the photospheric surface.
Schuessler (1979), as well as Longcope et al. (1996), showed
that non-twisted buoyant flux cannot even surface, since un-
twisted flux tubes tend to fragment as they rise through the
convection zone. Both 2D (Moreno-Insertis & Emonet 1996;
Emonet & Moreno-Insertis 1998) and 3D models (Abbett et al.
2000; Fan 2001) predict that flux tubes with a certain amount of
twist would survive the interaction with the surrounding plasma
as they travel through the convective zone. On the other hand,
as the flux tube rises through the convective zone, turbulent rolls
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Fig. 6. Ha flux time evolution. a) 11.8 GHz time profile, b) Ha flux of
kernel 1, ¢) He flux of kernel 2, and d) Her flux of kernel 3 (see Fig. 5
for a description of the kernels).

develop in the back part of the tube (as when a rigid body moves
in a fluid) (see e.g. Emonet & Moreno-Insertis 1998). The mag-
netic field in this region is then shredded into smaller portions
that, due to a lower magnetic pressure, will probably surface
later than the top part of the original buoyant tube. These smaller
portions would then be seen as secondary emerging bipoles on
the photospheric surface in the vicinity of the main AR bipole.
If one of these portions has a twist at the level of being kinked,
its photospheric crossing would appear like the one of bipole B.

3.2. Magnetic field modeling and location of flare kernels

To find clues to the magnetic environment in which the observed
flare took place, we extrapolated the photospheric magnetic data
to the corona. The coronal field is computed under the linear
(constant @) force-free field assumption (V X B = aB), using
a fast Fourier transform method, as proposed by Alissandrakis
(1981). Our model takes into account the transformation of co-
ordinates from the AR location to disk center (see e.g. Mandrini
et al. 1996; Démoulin et al. 1997).

The top image in Fig. 8 shows a set of coronal loops ob-
served by EIT before the event analyzed here, on 20 December
at 12:48 UT; while the figure below is a model of the coronal
magnetic field. As boundary condition for the model, take the
MDI magnetogram closest in time to the flare (Fig. 7d). The
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Fig.7. Photospheric magnetic field evolution. a), b), ¢), and d) show the line-of-sight magnetic field of AR 10226 from 14 December to
20 December. The images cover an area of 170 pixels x 136 pixels (1 pixel side =1.96”). The letters correspond to the bipoles described in
the text, and arrows point to the positive and negative polarities of these bipoles. The data represented on a gray scale are saturated above (below)

500 G (=500 G).

value of the free parameter « is determined to best fit the EIT
loops observed in 195 A in the image above. No coronal loops
could be distinguished during the flare; then, to determine the
value of @, we took the closest EIT image where loops at differ-
ent spatial scales appear. However, the flare kernels, which agree
with kernels 1, 2, and 3 in Ha (see Fig. 5), are clearly visible in
195 A during the event.

The value of « is computed through an iterative process.
First, we compute the coronal field assuming a given value for «;
then, we compute the mean distance between the observed EIT
loops and the closest computed field lines. Finally, through suc-
cessive steps we select the value of @ that gives the best global fit
(i.e. lowest mean distance), as discussed in Green et al. (2002).
We found that three different values of @ are needed to match the
EIT observed loops best. The largest (@ = 1.51 x 102 Mm™})
gives better agreement to the loops at the north of the AR,
while the intermediate and lowest (@ = 0.75 x 107> Mm™! and
@ = 0.31 x 1072 Mm™!, respectively) fit the loops rooted at the
south of the AR better (with @ decreasing as the height of the
loops increases, see Schmieder et al. 1996). In all cases, « is
positive as suggested by the shape of the photospheric polarities
during emergence (see Sect. 3.1).

Taking into account the magnetic field evolution described
in Sect. 3.1 and the location of flare kernels, the analyzed event
could have been initiated by the interaction of bipole C with the
pre-existing bipole B (see Figs. 5 and 7). Therefore, we analyze
the magnetic connectivity between these bipoles in the neighbor-
hood of the flare kernels. Figures 9a and b show a set of thin con-
tinuous field lines linking the polarities belonging to both bipoles
B and C. These field lines are rooted in the vicinity of the flare
kernels. See the next paragraph for a discussion on the value of
a in Fig. 9. The interaction, via magnetic reconnection,between
these bipoles could have given place to the two microwave bursts
that occurred during the studied flare, as discussed in Sect. 5.

The energy released by magnetic reconnection between
bipoles B and C is then deposited at chromospheric level giv-
ing place to the observed flare kernels in Her and also in 195 A
(see Figs. 4 and 5). The kernel to the northwest is located in
the positive polarity of bipole C, while the one to its south lies
in the negative polarity of the same bipole. On the other hand,
the third kernel to the east elongates between the positive and
negative polarities of bipole B, and the shape of this kernel fol-
lows the magnetic inversion line at that location. We have found
that to connect the flare kernels (or the region in their vicinity)
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Fig. 8. EIT 195 A observations and magnetic field model. The fop panel
shows an EIT image at 12:48 UT. Some EIT loops are clearly seen
at this time. MDI contours of +100 G have been added (white/black
continuous line corresponds to the positive/negative value). Both axes
are measured in arcsec. The bottom panel corresponds to an MDI
image at 14:27 UT showing the same field of view as the top one.
Positive/negative isocontours (+100, 500, 1000 G) are drawn with gray
continuous/dashed thin lines. The absolute contour values progressively
increase from the outer to the inner ones. Some magnetic field lines fol-
lowing the shape of EIT loops have been superimposed (the values of
« from the thickest to the thinnest field lines are 1.51 x 1072 Mm™',
0.75 x 10> Mm™" and 0.31 x 10~ Mm™!, respectively). Both axes are
measured in Mm.

with field lines rooted in bipoles B and C, we need to increase
the value of @ as much as 6.03 x 107> Mm™'. This is consistent
with the fact that the flux tube forming bipole B could have been
twisted enough to be kinked. The set of thick continuous field
lines in Fig. 9 would be the result of the interaction between
bipoles B and C, these lines have footpoints in the positive po-
larity of bipole C and the negative of bipole B. The other set
of reconnected field lines should be rooted in the positive polar-
ity of bipole B and the negative of bipole C; however, we have
not been able to compute lines for this set even with the highest
a value. It is possible that the field is strongly sheared locally
and then a linear force-free model, like the one we are using,
cannot represent the real magnetic configuration; unfortunately,
there are no vector magnetic field observations available to con-
firm this assumption. Figure 9b shows the connectivity before
and after magnetic reconnection from a different perspective. In
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Fig. 9. Magnetic field model showing the field line connectivity in the
vicinity of flare kernels. Panel a) corresponds to the observer’s point of
view. We computed magnetic field lines anchored in both polarities of
bipoles B and C. Thin continuous field lines represent the connectivities
before magnetic reconnection has occurred, while thick continuous field
lines are the ones after reconnection. Only one set of reconnected lines
can be computed using a value of @ = 6.03 x 10~ Mm™"'. The other set
is represented by one line added to panel b), this figure has been drawn
from a different perspective. The isocontours of the field are +100, 500,
1000 G, using the same convention as in Fig. 8. The absolute contour
values progressively increase from the outer to the inner ones. All axes
are measured in Mm.

this figure we have drawn a single thick continuous line to rep-
resent the second set of reconnected field lines.

4. Physical parameters derived from observations
4.1. Physical environment of the emitting region

We first concentrate on the determination of the physical char-
acteristics of the region producing the soft X-ray emission.
As shown in the preceding section, AR 10226 showed many
changes in its magnetic field structure and topology during its
disk transit, including several episodes of the emergence of
twisted and kinked flux tubes in its central portion. It is in this
region that the flaring activity studied in this paper was concen-
trated, as shown by HASTA images and corroborated by EIT
observations obtained after the impulsive burst at interval B.
The Ha observations show that, during interval A, the activity
mostly concentrated towards the east (at these early times ker-
nel 1 clearly shows the burst signature), while the second burst
at B is more noticeable in kernel 3.

Although no hard or soft X-ray images are available to study
this event, the evolution of the flux measured by GOES (Fig. 2),
as well as of the temperature and emission measure of the soft
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X-ray emitting plasma, give us some clues regarding the mul-
tiple loop structure of the event and the relative contribution of
the different bipoles. Looking first at the temperature time evo-
lution, we note that it shows an early rise and a first peak at
13:16:20 UT, clearly associated with the energy release during
interval A , which is followed by a slow emission measure rise.
This early peak is followed by a second one, some 120 s later,
that reaches a temperature of ~2 X 107 K, the maximum obtained
from GOES records during the event. The most remarkable fea-
ture associated with this maximum, which corresponds to inter-
val B, is the extremely rapid rise and fall of the soft X-ray flux
(Fig. 2), which is reflected in the emission measure timeline that
reaches a maximum of 4.3 x 10* ¢m™ at 13:18:43 UT. This
coincides with the appearance of the 212 GHz burst component
and with a clear peak in the Ha lightcurve of kernel 3. Ofthand,
the temporal behavior of the X-ray emission is indicative of a
compact and dense region, something that is supported by how it
seems to originate in the small intermediate region of flux emer-
gence (bipoles B and C). The compactness of the region is cor-
roborated by the separation of the Ha kernels, which is less than
20" between kernels 1 and 2 and about 10” between kernels 2
and 3.

More quantitative estimates can be obtained using the char-
acteristic decay times, 7, of the X-ray plasma temperature and
emission measure that we may equate to either the conductive
and radiative cooling timescales (Tandberg-Hanssen & Emslie
1988), to obtain plausible estimates of the physical parameters of
the emitting region. These times range from 50 to 123 s but, for
the sake of simplicity and considering that the values are derived
from the spatially unresolved GOES data, we take 7 ~ 100 s.
Equating this value to the radiative cooling timescale 7,

_ 3nkBT _ 3kBT
C n2O(T)  nd(T)’
where @(T) is the radiative loss function (Raymond et al. 1976),
n and T are the plasma density and temperature respectively, and
kg is the Boltzmann constant, we obtain n ~ 3.4 x 102 cm™2.
Doing the same with the conductive timescale 7., given by,
_ 3nkgTIL?

C 11 x 10767772

(1)

Tr

Tc )
where L is the characteristic loop length, we obtain nL?> ~
5.3 x 10¥ cm™! from which we derive L ~ 7.3 x 10% cm
if n ~ 102 cm™3; or if we assume L = 10° cm, we get
n~53x10" ecm™.

A further estimate can be obtained using the rise timescale
of the emission measure, assuming that it represents the filling-
in of the flaring loop(s) through chromospheric evaporation. The
value of the rise timescale ranges between 65 and 90 s. If we
equate these values to the hydrodynamic timescale 1y, given by,

S B 3)

VksT/m,

where my, is the proton mass, we find 1.9 x 10° < L <26x
10° cm.

From all these estimates and keeping in mind that the emis-
sion measure was close to its maximum (4 x 10* cm™) at the
time of the 212 GHz peak, we can obtain a range for the esti-
mated mean cross-section A of the flaring loop or loops. Thus,
from the values quoted above, we find 6 X 10'® cm?> < A <
1.5 x 10'7 cm?, which can be compared with the area of ker-
nel 3, which is Ay, = 1.8 x 107 ¢cm? estimated from Ha ob-
servations. We chose kernel 3 because it is the one that shows
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the most clear temporal correspondence with the 212 GHz emis-
sion (for comparison, the areas of the other Ha kernels are
Ay, = 2.9 x 10" cm? and Ay, = 4.7 x 10!7 cm?). From Ay,
and a loop length on the order of 10° cm, we once again obtain
an average density of n ~ 101 cm™3.

In both cooling timescale analysis (no matter the actual cool-
ing mechanism), as well as in the case when we consider the hy-
drodynamic timescale related to chromospheric evaporation, we
are led to a similar set of parameters that imply a compact source
of high density. Summarizing, the physical parameters prevail-
ing in the region where the submillimeter burst component orig-
inated, imply source sizes similar to those derived using a dif-
ferent technique by Liithi et al. (2004b). The region is a rather
compact (L ~ 10° ¢cm) and dense (n ~ 10'2 cm™) loop or loop
system, rooted in a high magnetic-field region. The significance
of these results is discussed in the next section.

4.2. Origin of the radio emission

The radio emission at low frequencies is gyrosynchrotron ra-
diation from accelerated electrons. We can use Ramaty (1969)
derivations to compute the expected emission of a homogeneous
source having as a constraint the magnetic topology derived in
Sect. 3. We know that the magnetic field should be on the order
of hundreds of Gauss and the source size should not be more than
a few tens of arc seconds. With this in mind, we are able to fit a
solution to the spectrum at interval A (Fig. 3, top panel), which
yields a total number of 10® electrons with a power-law index
0 = 3.2 and a cutoff energy E, = 25 keV, embedded in a 200 G
magnetic field. The source has a diameter of 9”and its height
is 5 x 10% cm. The optically thick part of the spectrum below
5 GHz cannot be adjusted by this solution probably because the
coherent emission is more intense. Furthermore, if the gyrosyn-
chrotron emission originates at the same place where the soft
X-rays are emitted, i.e. a region with n ~ 10'> cm™3, frequencies
below 9 GHz would be totally absorbed. The source size and the
number of electrons in the beam agree with the results derived
from soft X-ray observations in the previous section.

The search for a solution during interval B gives similar re-
sults for the low frequencies (Fig. 3, lower panel). However, as
expected, the flux at 212 GHz cannot be fitted with this solu-
tion. A thermal free-free source can be discarded because the
upper limit of the emission at 405 GHz is significantly less than
the intensity observed at 212 GHz. Therefore, the submillimeter
emission can only be synchrotron. Since the number of points
of the spectrum to fit is reduced to one (212 GHz) and two con-
straints (at 89.4 and 405 GHz), it is not possible to find a unique
solution using Ramaty’s code. Nonetheless, we can give an or-
der of magnitude estimate for the parameters. A strong magnetic
field is needed to have the turnover near 200 GHz. We consider
a view angle of 70°, which restricts the magnetic field to a min-
imum value and is coherent with the position of the AR near
the west limb. For this minimum magnetic-field value, we take
2000 G, which is consistent with MDI observations at the lo-
cation of kernel 3. We also consider an electron index lower
than for the low-frequency range, 6y = 2.1, and an energy cutoff
E, = 25 keV. For the source we take a cylinder of 0.17” diam-
eter and 10® cm height, a value that is justified by the scenario
proposed in Sect. 5. A plasma density n = 9 x 10! cm™3 is used
in the calculations. Consequently, the total number of electrons
is not very high ~5 x 103°. The dashed curve in Fig. 3b shows
this solution, which is compatible with the spectrum.

A weaker magnetic field could be considered if the auto-
absorption of the accelerated electrons increases, i.e. if the
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electron beam density increases. For instance for a 500 G mag-
netic field, we need a beam electron density n, ~ 10'! cm™.
Since, according to the previous section, the plasma density is
close to n ~ 10'2 cm™3, this would mean that the accelerator
mechanism should have had a very high efficiency to achieve

the required n..

5. Discussion and conclusions

We present a multiwavelength analysis of a solar event with an
spectral component observed only in the submillimeter range.
Unlike previous examples (Kaufmann et al. 2004, 2007; Liithi
et al. 2004b; da Silva et al. 2007), the submillimeter component
is only observed at 212 GHz and it occurred during a flare of
class lower than X.

Observations in different wavelengths (He, radio, EUV, and
soft X-rays), combined with the study of the magnetic field evo-
lution and modeling, lead us to the following flare scenario. As
bipole C emerges in the pre-existing magnetic environment of
bipole B, magnetic reconnection occurring in the low chromo-
sphere can accelerate electrons that will produce the observed
microwave emission as they spiral along the magnetic field lines.
This first energy-release process, which would correspond to the
first radio burst, will also produce emission at the chromospheric
level. Concerning the EUV emission, EIT time resolution (1 im-
age every 12 min) does not allow us to distinguish both flare
bursts. Energy release could proceed continuously, but if part
of the overlaying magnetic field is removed by reconnection,
a certain time (while bipole C continues emerging) would be
required to build up a current layer thin enough for reconnec-
tion to be efficient (see the simulations by Aulanier et al. 2000).
Then, a second burst can happen, the one when we observe radio
emission at frequencies above 100 GHz. An asymmetry present
in the reconnected loops could explain the almost simultaneous
presence of both low and high frequency emission. If one of the
footpoints of the reconnected lines is anchored in a region of
higher magnetic field than the other one, we expect that elec-
trons accelerated towards this footpoint would be mirrored to-
wards the other one (see e.g. the set of thick continuous field
lines in Figs. 9). These electrons would produce low-frequency
emission by gyrosynchrotron along the upper coronal portion of
the loop or loops and high-frequency emission as they travel in
regions with a higher magnetic field to which they have access.
This would imply that, from the two models proposed to explain
the radio emission above 100 GHz, the one requiring a mag-
netic field of 2000 G is the most plausible one. We note that this
magnetic field strength is only a lower limit, although the other
physical magnitudes have reasonable values. Only a very small
portion (~1073) of the accelerated electrons is mirrored, and in
this process, its distribution hardens as can be deduced by the in-
crease in the electron index, from § = 3.2 (microwave index) to
ox = 2.1 (submillimeter index). Nonetheless, we stress that this
later value was chosen to obtain a lower limit for the magnetic
field strength, since we do not observe the optically thin part of
the submillimeter spectrum. The proposed scenario is then com-
patible with all the physical parameters deduced from observa-
tions in Sect. 4. Furthermore, since the magnetic field evolution
and topology that give rise to both radio bursts is basically the
same (emergence and reconnection between bipoles B and C),
we expect that, if we had observed emission at frequencies above
100 GHz during the first burst, we would have found a similar
spectrum to the one observed during the second burst.

Moreover, the emission at frequencies above 100 GHz
cannot be synchrotron of positrons produced during nuclear
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reactions because its expected spectrum is very wide and peaks
in the far infrared (e.g. Lingenfelter & Ramaty 1967). Thermal
bremsstrahlung (free-free) can also be discarded because its
spectrum is expected to be wider than the one observed in this
flare.

As a final note, we observe that homogeneous models cannot
account for the radio emission along the whole spectrum and that
the topological analysis of the magnetic field gives keys to how
the emission is produced.
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