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ABSTRACT

In this paper, we study a novel spectral component that increases with frequency above 200 GHz in an X28 solar
flare that occurred on 2003 November 4. A maximum flux density of ~20,000 sfu was observed at 405 GHz at
main phase. We model its spectra based on gyrosynchrotron (GS) radiation computations in the case of a magnetic
dipole field. Our computations show that the new increasing submillimeter spectral component at the main peak
P1 can be generated by energetic electrons with a harder spectral index (2.3), low-energy cutoff of 30 keV, and
number density of 10'® cm™3 in a compact source (0”5 radius) with a strong local magnetic field varying from 780
to 4590 G via GS emission. The associated microwave (MW) spectral component can be produced by energetic
electrons via GS emission, but with a 10 keV low-energy cutoff and number density 1.2 x 10® cm™ in an extended
source (40” radius) with mean magnetic field strengths from 100 to 576 G. The MW and submillimeter emission
sources, inferred from the magnetic dipole field model, are located in the corona and ~1000 km low atmosphere
levels above the photosphere, respectively. Energy flux, energy loss rate, and total energy released by energetic
electrons are estimated for the first time. It is found that the energy flux can attain values of 7.2 x 10'3 erg cm =2 s~!
in the submillimeter source. This value is four orders higher than that in the MW source. The energies released by
electrons in the submillimeter and MW sources reach, respectively, 1.2 x 1032 and 1.9 x 10! erg. The total energy
released by energetic electrons is 1.4 x 10°? erg during the flare in the MW and submillimeter sources. The mean
energy released by energetic electrons for a subsecond pulse, i.e., the fragment energy, is estimated to be about

5.2 x 10% erg.
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1. INTRODUCTION

Solar flares are a consequence of magnetic instabilities in the
solar atmosphere. Within seconds to minutes, a large amount
of magnetic energy is released into the acceleration of charged
particles, a shock wave, and heat. A broad spectrum of electro-
magnetic radiation is emitted, from km wavelengths to y-rays.
The energy production processes in solar flares can be investi-
gated from their emission spectra at various wavelength ranges.
It is well known that the main radiation mechanism at microwave
(MW) wavelengths is generally thought to be gyrosynchrotron
(GS) radiation from >10 keV electrons. However, solar flare
emission at frequencies above 100 GHz (THz band) is poorly
known. To extend the frequency range of flare observation above
100 GHz, a Solar Submillimeter Telescope (SST) was built
(Kaufmann et al. 2001). Since the first detection of solar flares
(Trottet et al. 2002) in the submillimeter band above 200 GHz,
more than 10 additional flares have been observed in this band
(Silva et al. 2007). These flare observations revealed a new phe-
nomenon: when simultaneous data at lower radio frequencies
are also available, two different types of spectral behavior are
obtained. For some of these flares, the emission observed at
212 GHz is consistent with extrapolation of the lower frequency
GS emission from MW to submillimeter wavelengths (Trottet
et al. 2002; Kaufmann et al. 2002; Raulin et al. 2004; Liithi et al.
2004). In contrast, Kaufmann et al. (2004) found a new increas-
ing spectral component that increases with frequency above
200 GHz in the 2003 November 4 solar flare. The source of this
new increasing submillimeter spectral component is uncertain.

Possible explanations for the new spectral component so
far include thermal free—free emission from an optically thick
source (Ohki & Hudson 1975), synchrotron emission from rel-
ativistic electrons (Stein & Ney 1963) or positrons (Murphy

etal. 1987; Trottet et al. 2004; Trottet 2006), emission of plasma
waves excited by relativistic electron beams (Sakai et al. 2006)
or by proton beams (Sakai & Nagasugi 2007), incoherent syn-
chrotron radiation by a microbunching instability (Kaufmann
& Raulin 2006), diffusive radiation, and Cherenkov emission
(Fleishman & Kontar 2010). Recently, Silva et al. (2007) pre-
sented evidence that GS emission of the increasing submillime-
ter spectral component occurred in the 2003 November 2 flare
under a uniform magnetic field assumption, but in which an ex-
treme value of the magnetic field (4500 G) and a high electron
number density of 1.7 x 10'> cm™3 are required. These require-
ments can be decreased by using the GS radiation calculation
in a nonuniform magnetic field model (Zhou et al. 2010). In
this paper, we will study the increasing submillimeter spectral
component of the solar burst that occurred on 2003 November 4.

Another purpose of this paper is to try to evaluate the energy
released by energetic electrons during solar bursts. In general,
radio burst spectroscopy should have the potential to diagnose
the energetic electrons and magnetic fields in radio sources,
but either additional assumptions or data are usually necessary
to separate the properties of the electron distribution from the
magnetic fields. Several papers (e.g., Batchelor et al. 1984; Dulk
1985; Gary 1985; Bastian & Gary 1992; Lim et al. 1992) tried
to estimate the magnetic field on the basis of the simplified
relations of the GS radiation (Dulk & Marsh 1982), all using
several additional assumptions. To decrease the number of these
assumptions a more direct method was presented by Zhou &
Karlicky (1994), using Dulk & Marsh’s simplified relations.
The diagnostic formula of magnetic fields was improved further
(Zhou et al. 1998; Zhou & Wang 2000) with more accurate
simplified relations for the GS radiation in the longitudinal and
transverse propagation cases. Once the magnetic field strength
can be estimated, the electron information can also be obtained.
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We note that in the above studies a homogeneous source
assumption was usually adopted. This work provides a different
approach, i.e., by fitting the observational spectrum via GS
computations of an inhomogeneous source and thus obtaining
information about the energetic electrons and magnetic fields
involved.

In this paper, we will study in detail the increasing submil-
limeter and MW spectral components of the 2003 November
4 flare. For this event the possibility of a new spectral compo-
nent produced by microbunching instability has been discussed,
but with the requirement of very high energy electrons (Kauf-
mann & Raulin 2006). In this paper, we will further study the
possibility of GS radiation of the submillimeter and MW spec-
tral components produced by the 2003 November 4 flare and
model the spectra based on the GS radiation calculations in
a magnetic dipole field case. In the GS emission calculation,
we consider an energetic electron distribution that is isotropic
in pitch angle and power law in energy. Here we emphasize
that the self-absorption and gyroresonance should be consid-
ered simultaneously in the absorption calculation, especially
for emission at the low frequencies of the MW spectrum in
the strong magnetic field and lower density (N < 103 cm™)
regions of nonthermal electrons (Zhou et al. 2004). We try to
determine whether the GS radiation may be responsible for
the new increasing submillimeter spectral component and what
the conditions needed to produce this new component are. The
flare observations are described in Section 2. Section 3 shows
the spectral fits of the increasing submillimeter and MW emis-
sions. Energy flux, energy loss rate, and total energy released
by energetic electrons are estimated in the submillimeter and
MW sources for the first time in Section 4. Section 5 presents
the discussion and conclusions.

2. OBSERVATIONS

The hard X-ray emission from the very large (“giant”)
solar flare on 2003 November 4 was observed by the hard
X-ray/gamma-ray spectrometer on the Ulysses spacecraft. The
early rise part of the giant flare and part of the decay of the
hard X-ray emission associated with the giant flare were also
observed by the hard X-ray imager on the RHESSI satellite. The
maximum of the hard X-ray emission during the giant flare could
not be observed by the RHESSI instrument because of satellite
night. The He flare (importance 3B) was located at S19, W83
in the active region (AR) NOAA 10486. GOES observations
of the associated soft X-ray emission show that the soft X-ray
maximum occurred at ~1947 UT with peak flux of GOES class
>X28 (Kane et al. 2005).

Ulysses observed an increase in 25-150 keV X-rays from
1933 to 2015 UT with the maximum at ~1944 UT, almost
simultaneously with the maximum in 15.6 GHz radio emission
and ~3 minutes before the maximum in the soft X-ray emission.
This indicates that the X-ray emission observed by Ulysses
was mostly nonthermal. The total energy in >20 keV electrons
released during the flare is estimated to be ~1.3 x 10* erg.
Ovens Valley Solar Array (OVSA) radio observations show
that the flare produced intense MW emission, the peak flux at
15.6 GHz being ~42,000 sfu at ~1945 UT. It is interesting that
the SST detected a remarkable new burst spectral component
that increases with frequency above 200 GHz. The new emission
component has three major peaks in time and originated in
a compact source (Kaufmann et al. 2004). Intense subsecond
pulses superposed on the bulk emission also increase with
frequency. The maximum flux density of the bulk emission
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Figure 1. Time profiles of the burst at 405, 212, and 15.6 GHz (top) obtained,
respectively, with SST and OVSA in units of thousands of solar flux units. An
example of the intense subsecond pulses is shown over a 10 s period during the
first peak P1 at the bottom (Kaufmann et al. 2004).

reaches as high as ~20,000 sfu at 405 GHz, which is two
times higher than that at 212 GHz. The time profiles at 212
and 405 GHz are shown at the top of Figure 1. This flare
displays similar shapes for the time profiles from 15.6 GHz
through 405 GHz to the hard X- and y-rays, which implies that
these emissions are produced by the same accelerated electrons
during this flare. The observations with high time resolution
exhibit fine structure at those frequencies. Figure 1 (bottom)
shows an example of the intense submillimeter pulses over a 10
s period during peak P1, with 5 ms time resolution, showing the
superposed rapid pulses with the main bulk emission subtracted.

The radio spectra from MW to submillimeter emissions ex-
hibit two distinct components (see Figure 2), the new component
with increasing intensities for higher frequencies into the tera-
hertz range, i.e., the broadband 0.1-100 THz (1 THz = 10'? Hz),
and the MW component with intensities decaying for higher fre-
quencies. OVSA 1.2-18 GHz MW data are shown in Figure 2
for the major peak P1 and minor peak P4 for which
44 GHz data were obtained by Itapetinga Radio Observatory
(Kaufmann et al. 2004). A sample of the mean spectrum for
the pulse flux in excess of the bulk emission is also shown in
Figure 2 for structure P1.
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Table 1
The Burst Source Parameters for the Submillimeter (THz) and MW Components

Peak By(G) 0° R”

ha(cm) hyem)  By(G)  Ba(G)  BG)

P1 (THz) 5000 80 0.5
P4, P1(THz pulse) 5000 80 0.25

1 x 108 3 x 10° 780 4590 2690
1 x 108 3% 10° 780 4590 2690

P1 and P4 (MW) 2000 80 40 1.8x10° 6 x10° 100 576 338
L ML —T—TTTTTT Table 2
The Physical Parameters of Energetic Electrons
Peak B Eo(keV) En(MeV) N(cm™?)
P1 (THz) 2.3 30 10 1010
P4 (THz) 23 30 10 5.5 x 10°
P1 (THz pulse) 23 30 10 8.5 x 107
P1 (MW) 23 10 5 1.2 x 10°
P4 (MW) 23 10 5 6 x 10°

10000 -

Flux Density [SFU]

Pulsés P1 /..

1000
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Figure 2. Calculated GS emission spectra (dotted lines) superimposed on the
submillimeter data from SST, MW data from OVSA at peaks P1 and P4, and
the mean spectrum of the flux of pulse emission at peak P1 from SST (see the
original Figure 4 given by Kaufmann et al. 2004).

3. FITS FOR THE MW AND INCREASING
SUBMILLIMETER SPECTRAL COMPONENTS

In this paper, we model the radio burst spectra based on
the GS radiation calculations in the case of a magnetic dipole
field (Zhou et al. 2004). A set of burst source parameters was
selected to fit the submillimeter and MW spectral components
of the 2003 November 4 burst (see Table 1): By and R are
the photosphere magnetic field strength and source radius (in
arcsec), respectively, and A, and h,, are the heights of the lower
and upper boundaries of the burst source, respectively. By, B,,,
and B (G) are, respectively, the magnetic field strengths at the
lower and upper boundaries, and their mean value. The energy
spectral index of energetic electrons, §, can be obtained from a
more accurate expression (Zhou et al. 1998),

8 = (a +0.59)/0.79, (1)

where o is the observational spectral index in the optically
thin part, which can be estimated from the flux densities at
the peak frequency and 44 GHz of the MW range (¢ =
2.3 for peak P4). We assume that o is constant over peaks
P1-P4 during the main phase. We used the flare longitude
~80° as the viewing angle. We set the high-energy cutoff at

E,, = 10 MeV for the submillimeter emission. It was found that
the low-energy cutoff Ej can substantially affect the spectral
calculations (Zhou et al. 2008) and the estimate for total energy
released by energetic electrons in the submillimeter burst region,
so we selected a sequence of values of Ey from 20 to 100 keV
for the submillimeter emission. We find that the best value for
the submillimeter spectral fit at peak P1 is for Ey = 30 keV.
The lower boundary height of the burst source, Ay, can also
substantially affect the spectral calculation, so i, was set as low
as possible (200—1000 km above the photosphere) to avoid this
influence. It is found that a value for 4, of 1000 km is enough
for accurate spectral calculations for the lower frequencies of
the THz band. It is shown that the modeled GS spectrum in the
submillimeter frequency range (see the dotted line in Figure 2)
can fit the observational results at the main peak P1 in the
magnetic dipole field case for Ey = 30 keV, N = 10'" cm~3, and
By = 5000 G, i.e., local magnetic field strength of 780-4590 G
range (with a mean value of 2690 G; see Table 1). The intense
MW spectrum at peak P1 can be fitted by the GS radiation;
however the low-energy cutoff Ey must be carefully selected.
Because it strongly influences the fit at lower frequencies in the
optically thick part and also the estimate for total energy released
by energetic electrons in the MW burst region, a sequence of
E, from 10 to 50 keV was selected for the fit of the observed
MW spectrum. It was found that the best fit, shown in Figure 2,
for the MW component of peak P1 occurs for Ey = 10 keV,
N = 1.2 x 10° cm™3, and By = 2000 G, i.e., local magnetic
field strength of 100-576 G range (with a mean magnetic field
of 338 G). For the peak P4 of the submillimeter emission, the
required low-energy cutoff is 30 keV and the number density is
5.5 x 10° cm™3, i.e., about one-half of the number density of
the main peak P1. On the other hand, the number density
(6 x 10° cm™?) of the MW source for peak P4 also decreased to
half its value as compared with that for peak P1 (see Table 2).

The flux densities of intense subsecond pulses superposed
on the bulk emission also increase with frequency. The pulse
emission spectrum at peak P1 can also be fitted by the GS
radiation for a low-energy cutoff of 30 keV and electron number
density of 8.5 x 107 cm™ and the fit for the pulse emission
spectrum is good (see Table 2).

4. THE ENERGY FLUX CARRIED BY THE
ENERGETIC ELECTRONS

Once the number density N is obtained from the numerical fit
to the observed spectrum, the distribution function of energetic
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Table 3
The Energy Flux and Total Energy Carried by the Energetic Electrons in the 2003 November 4 Burst

Peak N(cm™3) Niotal G Er(erg ecm~2s7!) E'(erg s7h E(erg)
P1 (THz) 100 1.0 x 103 1.1 x 10'2 7.2 x 1013 3.0 x 10 1.2 x 10%
P4 (THz) 5.5 x 10° 1.8 x 103 6.0 x 101 3.9 x 1013 4.0 x 108

P1 (THz pulse) 8.5 x 107 2.8 x 103! 9.2 x 10° 6.0 x 10! 6.2 x 10%

P1 (MW) 1.2 x 106 1.0 x 103 3.1 x 107 1.8 x 10° 4.8 x 1088 1.9 x 103!
P4 (MW) 6.0 x 10° 5.0 x 1033 1.6 x 107 9.4 x 108 2.5 x 1028 -

electrons n(E) can be determined. The energy flux carried by
energetic electrons can also be estimated by

En
Ep = / Evn(E)dE (ergecm2s™1), 2
E

0
where v is the velocity of energetic electrons. Substituting
n(E) = GE~¢ into the above equation, we get

3G

Er =
F=25"%

(EX0 — Eg77%) (8 £ 2.5),

Er =3GInE,/Eo) (8§ = 2.5), A3)

where Ey and E,, (keV) can also be obtained from the numerical
fit to the observed spectrum. Substituting the physical param-
eters obtained from the spectral fit into the above expression,
the energy flux carried by energetic electrons can be estimated.
Then the energy loss rate E’ (erg s~!) and the total energy E
(erg) carried by energetic electrons in the submillimeter and
MW sources can also be calculated (see Table 3), where the
source radii were, respectively, 0”5 and 40” for the submillime-
ter and MW sources for the main peak P1, with a 400 s lifetime
(the full width at half-maximum for the burst time profile; see
Figure 1).

It is shown in Table 3 that the energy flux Ef carried by the
energetic electrons can reach 7.2 x 1083 (erg cm~2 s71) in the
submillimeter source for the main peak P1, but in the MW source
it only reaches 1.8 x 10° (erg cm~2 s~!), which is four orders of
magnitude lower than that of the submillimeter source. For the
main peak P1, the energy loss rate E’ reaches 4.8 x 10?8 ergs~! in
the MW source and 3.0 x 10* erg in the submillimeter source,
which is about five times higher than that of the MW source
due to the strong submillimeter emission loss. The energies
E released by electrons in the submillimeter and MW sources
reach, respectively, 1.2 x 10*2 and 1.9 x 103! erg, i.e., a total
energy of 1.4 x 10°? erg in the two sources during the flare.
The total energy 1.4 x 10°? erg obtained from the submillimeter
and MW observations is about two orders of magnitude lower
than 1.3 x 103 erg estimated from the hard X-ray emission
(Kane et al. 2005) and two times higher than the value of
about 5 x 10! erg estimated from the GOES observation for
the emission measure (EM) and temperature (7). The electron
number densities in the submillimeter source are much higher
than those in the MW source for the peaks P1 and P4 (see
Table 3), but the total numbers of energetic electrons in the MW
source can attain 1.0 x 103* and 5.0 x 10?3, which are close
to the values in the submillimeter source, due to a larger MW
source size.

The energy flux and energy loss rate for the pulse emission
are, respectively, 6.0 x 10" ergcm™2 57! and 6.2 x 10% erg s~
Figure 1 shows that there are about 12 subsecond pulses within
the 10 s time sample, so the mean energy released by energetic
electrons for a pulse is estimated to be 5.2 x 10% erg.

5. DISCUSSION AND CONCLUSIONS

Several emission mechanisms have been proposed so far to
account for the new increasing submillimeter spectral compo-
nent. Although thermal free—free emission always exists, such
sources would produce too much flux in ultraviolet and soft
X-ray wavelengths (Kaufmann & Raulin 2006; Silva et al.
2007). Therefore, the submillimeter emission component is
more properly associated with nonthermal mechanisms. The
possibility of THz synchrotron emission by positrons has been
discussed for another event. However, the required number of
positrons to produce the observed THz flux is considerably
larger than what is inferred from X-ray and y-ray observa-
tions (Kaufmann & Raulin 2006; Silva et al. 2007). The THz
emission from Langmuir waves excited by relativistic electron
beams precipitating into the high-density solar photosphere has
been simulated (Sakai et al. 2006), requiring an ideal scenario
with a considerable magnetic field gradient at the two submil-
limeter plasma frequency levels to obtain the observed spectral
index trend, while keeping the same beam/medium electron
density ratio. These qualitative suggestions do not explain other
observed features, such as the MW spectral component and
the fine time profiles at different wavelength ranges (Kaufmann
& Raulin 2006). The microbunching instability by ultrarela-
tivistic electron beams can create bright broadband coherence
synchrotron emission observed at MWs and incoherence syn-
chrotron emission in the THz range, similar to what is observed
in laboratory accelerators (Kaufmann & Raulin 2006), but re-
quiring very high energy electrons (>10 MeV). Flare-generated
electrons gyrating in a magnetic field produce strong GS emis-
sion across a broad range of frequencies (e.g., Bastian et al.
1998; Nindos et al. 2008; Zhou et al. 2008). Silva et al. (2007)
have demonstrated that a rising optically thick GS spectrum in
the THz range requires a large magnetic field (>4500 G) and a
high number density of energetic electrons of 1.7 x 10'? cm ™
in a very compact source ~1” in the uniform magnetic field as-
sumption. In the nonuniform magnetic dipole field assumption,
these requirements can be considerably decreased for this flare
(Zhou et al. 2010).

In this paper, we investigate another new increasing sub-
millimeter spectral component of an X28 solar flare on 2003
November 4. Our calculations show that both spectral compo-
nents at submillimeter and MW wavelengths can be explained
by the GS emission. The intense increasing submillimeter spec-
tral component during the main peak P1 can be generated, via
GS emission, from energetic electrons with harder spectral in-
dex (2.3), higher low-energy cutoff of 30 keV, and a number
density of 10'° cm™ in a compact source (0”5 radius) with a
strong local magnetic field varying from 780 to 4590 G (with
a mean value of 2690 G). On the other hand, the associated
traditional MW spectral component is produced by energetic
electrons with a 10 keV low-energy cutoff and number den-
sity of 1.2 x 10° cm™3 in an extended source (40" radius) with
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average magnetic field strengths varying from 100 to 576 G (i.e.,
a mean value of 338 G). For the peak P4 of the submillimeter
emission, the required number density is 5.5 x 10° cm™3, i.e.,
about one-half of the number density of the main peak P1. On
the other hand, the number density (6 x 10> cm~3) of the MW
source for peak P4 also decreased to half its value compared
with that for peak P1. The MW and THz emission sources,
inferred from the magnetic dipole field model, are located in
the corona from 60,000 to 18,000 km and lower atmosphere
levels from 30,000 to ~1000 km above the photosphere, re-
spectively. The THz and MW emissions come from the same
flare-accelerated electrons that emit the hard X- and y -rays, but
with a different lower-energy cutoff. We suggest that the new
increasing submillimeter component is generated by energetic
electrons with higher low-cutoff energy precipitating into the
deeper solar atmosphere levels (about 30000-1000 km above
the photosphere) and gyrating in very intense magnetic fields.
However, the MW spectral component is generated by energetic
electrons with lower low-cutoff energy precipitating into the so-
lar corona atmosphere levels and gyrating in mean magnetic
fields.

The energy flux of energetic electrons during the flare is
estimated from the electron distribution and the low-energy
cutoff obtained from the fit to the observed spectrum. It was
found that the energy flux in the submillimeter source for the
main peak P1 is four orders of magnitude higher than that in
the MW source. The energy loss rate of the energetic electrons
is also calculated taking a source radius of 0”5 and 0”25 for the
submillimeter source and 40" for the MW source, respectively.
For the main peak P1 and minor peak P4, the energy loss rate E’
reaches 3.0 x 10% and 4.0 x 10?8 erg s~! in the submillimeter
source and 4.8 x 10%% and 2.5 x 10? erg s~! in the MW source,
respectively. For the peak P1, the energy loss rate E’ in the
submillimeter source is about five times higher than that in the
MW source due to the strong emission loss in the submillimeter
source. The energy E released by the electrons in the MW
and submillimeter sources reaches, respectively, 1.9 x 103! and
1.2 x 1032 erg for about a 400 s time interval, estimated from full
width at half-maximum of the burst time profile. The total energy
released in the submillimeter and MW sources is 1.4 x 103 erg
during the flare, which is about two orders of magnitude lower
than the value of 1.3 x 10** erg estimated from the hard X-ray
emission and two times higher than the value of about 5 x 10°!
estimated from GOES observations for the EM and temperature.

The GS emission model can easily account for the observed
temporal pulsations of the THz component via fluctuations of
fast electron injection (Aschwanden et al. 1998). The mean
spectrum of the pulse flux in excess of the bulk emission can
also be fitted by a GS emission spectrum for a 30 keV low-energy
cutoff and electron number density 8.5 x 107 cm™3. The mean
energy released by the energetic electrons for a subsecond pulse,
i.e., the fragment energy, is estimated to be about 5.2 x 10%° erg.

This paper shows that all the information about the elec-
trons and magnetic fields can be obtained simultaneously from
the spectral fit based on the GS computations in the case of a
nonuniform magnetic field model, with no further assumptions
nor data being necessary. In addition, in the nonuniform mag-
netic field model, the required local magnetic field strength and
number density of electrons in the submillimeter source is much
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smaller than that in the uniform source case, so that the results
obtained in the nonuniform magnetic field model are closer to
the real physical parameters of flare loops.

The novel characteristic of this flare at radio wavelengths is
its spectral component increasing at >200 GHz frequencies,
distinct from the well-known broadband spectral component
observed at MWs. Based on our study of the 2003 November 4
flare, we find that the most likely source is the GS radiation from
nonthermal electrons, but even this explanation may require
adopting high local magnetic fields (~2690 G) and a very small
source size (~1"”). Fundamental questions remain unanswered:
how and where are ultrarelativistic electrons accelerated in a
solar flare? Is the submillimeter wave emitting source located
in the corona or close to the photosphere and how large is the
emitting source? Further progress in understanding the physics
of THz emission from flares requires observations with a more
complete spectral coverage at the THz range and polarization
measurements of higher spatial resolution.
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