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Abstract We investigate the origin of the increasing spectra observed at submillimeter
wavelengths detected in the flare on 2 November 2003 starting at 17:17 UT. This flare,
classified as an X8.3 and 2B event, was simultaneously detected by RHESSI and the Solar
Submillimeter Telescope (SST) at 212 and 405 GHz. Comparison of the time profiles at var-
ious wavelengths shows that the submillimeter emission resembles that of the high-energy
X rays observed by RHESSI whereas the microwaves observed by the Owens Valley Solar
Array (OVSA) resemble that of ∼50 keV X rays. Moreover, the centroid position of the
submillimeter radiation is seen to originate within the same flaring loops of the ultravio-
let and X-ray sources. Nevertheless, the submillimeter spectra are distinct from the usual
microwave spectra, appearing to be a distinct spectral component with peak frequency in
the THz range. Three possibilities to explain this increasing radio spectra are discussed:
(1) gyrosynchrotron radiation from accelerated electrons, (2) bremsstrahlung from thermal
electrons, and (3) gyrosynchrotron emission from the positrons produced by pion or radioac-
tive decay after nuclear interactions. The latter possibility is ruled out on the grounds that to
explain the submillimeter observations requires 3000 to 2 × 105 more positrons than what
is inferred from X-ray and γ -ray observations. It is possible to model the emission as ther-
mal; however, such sources would produce too much flux in the ultraviolet and soft X-ray
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wavelengths. Nevertheless we are able to explain both spectral components at microwave
and submillimeter wavelengths by gyrosynchrotron emission from the same population of
accelerated electrons that emit hard X rays and γ rays. We find that the same 5 × 1035

electrons inferred from RHESSI observations are responsible for the compact submillimeter
source (0.5 arcsec in radius) in a region of 4500 G low in the atmosphere, and for the tra-
ditional microwave spectral component by a more extended source (50 arcsec) in a 480 G
magnetic field located higher up in the loops. The extreme values in magnetic field and
source size required to account for the submillimeter emission can be relaxed if anisotropy
and transport of the electrons are taken into account.

Keywords Sun: solar flares · Sun: synchrotron radiation · Sun: positrons

1. Introduction

Since the first detection of solar flares in the submillimeter band above 200 GHz (Trot-
tet et al., 2002) more than 10 additional flares have been observed in this band. Most
of these flares exhibit subsecond pulses in the >200 GHz emission (Raulin et al., 2003).
These flare observations revealed a new phenomenon: When simultaneous data at lower ra-
dio frequencies are also available, two different types of spectral behavior are observed.
Flares have been observed where the 212-GHz observations are consistent with extrap-
olation of the lower frequency gyrosynchrotron emission from microwaves to submil-
limeter wavelengths (Trottet et al., 2002; Kaufmann et al., 2002; Raulin et al., 2004;
Lüthi, Magun, and Miller, 2004). In contrast (Kaufmann et al., 2004) discovered a new
spectral component that increased with frequency above 200 GHz in the 4 November 2003
solar flare. Lüthi, Lüdi, and Magun (2004) identified the same spectral component with a
different telescope during the decay phase of the 28 October 2003 flare.

The source of this new spectral component that rises with frequency at submillimeter
wavelengths is uncertain. Possible explanations for this high radio frequency spectral com-
ponent include thermal bremsstrahlung from an optically thick source (Ohki and Hudson,
1975), electron synchrotron emission (Stein and Ney, 1963), synchrotron radiation from
positrons emitted in pion or radioactive decay after nuclear interactions (Murphy, Dermer,
and Ramaty, 1987; Trottet et al., 2004; Trottet, 2006), and inverse Compton radiation that
may explain the rapid pulsations from synchrotron emission (Kaufmann et al., 1986). More
recent studies include the production of THz incoherent synchrotron radiation by an ul-
trarelativistic beam that undergoes density inhomogeneities giving rise, at the same time, to
intense broadband microwave coherent synchrotron radiation by a microbunching instability
(Kaufmann and Raulin, 2006). Significant THz emission may also be produced by plasma
waves excited by relativistic electron beams (Sakai et al., 2006) or by proton beams (Sakai
and Nagasugi, 2007) at denser regions of the solar atmosphere.

More speculative studies include the possible production of THz radiation by relativis-
tic electron beams directed into deeper chromosphere – photosphere levels (Sakai et al.,
2006) and ultrarelativistic electron beams undergoing density modulations that create a mi-
crobunching instability, giving rise to bright and broadband coherent synchrotron observed
at microwaves while producing incoherent synchrotron emission in the THz range, similar
to what is observed in laboratory accelerators (Kaufmann and Raulin, 2006).

In this paper we discuss observations of the new submillimeter component by the So-
lar Submillimeter Telescope (SST, Kaufmann et al., 2001) in the 2 November 2003 flare.
This flare was also observed in its entirety by the Ramaty High Energy Solar Spectrometer
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and Imager (RHESSI, Lin et al., 2002). This enables us to determine the spectrum of the
flare-accelerated electrons that interact in the solar atmosphere and to determine whether
they may be responsible for the new THz emission through their gyrosynchrotron emission.
RHESSI is also able to estimate the flux of positrons released in radioactive decays and to
set limits on high-energy positrons from pion decay; we can also determine whether these
fluxes can produce the new submillimeter component from their gyrosynchrotron emission.
Using properties of the observed 212- and 405-GHz emission we discuss whether it can
arise from thermal bremsstrahlung. The observations are described in the next section and
Section 3 describes the radio spectrum and its plausible interpretations. The conclusions are
presented in Section 4.

2. Observations

The flare of 2 November 2003 commenced at 17:07 UT from active region 10486 (S17W63).
It was classified as a GOES X8.3 and 2B flare. The flare was detected simultaneously by the
SST at 212 and 405 GHz, by RHESSI at X- and γ -ray energies, and by the Owens Valley
Solar Array (OVSA) at microwave wavelengths.

2.1. Radio and X-ray Imaging

At the time of the flare, the SST was tracking active region 10486 with the multiple beam
arrangement shown in Figure 1. The 212-GHz beams indicated by 1 through 4 have FWHP
of 4 arcmin; the 405-GHz beam indicated by 5 has the oblong shape illustrated in the figure.
(A second 405-GHz beam was not available at the time of the flare.) To obtain the solar
flare submillimeter flux density, we first removed the contribution of the Earth’s atmosphere
to the signal by subtracting the emission in beam 1, pointing 10 arcmin away from the
flaring region, from each of the other beams. Emission in beam 1 was scaled such that its
maximum and minimum emission well after the flare coincided with those of each of the
other beams. These scaling constants were multiplied by the beam 1 emission during the
flaring period and this flux density was subtracted from all other beams. Next the signals at
both frequencies were temperature calibrated using the quiet Sun scan performed prior to
the flare at 17:12:40 UT. The quiet Sun temperatures were assumed to be 5900 and 5100 K
at 212 and 405 GHz, respectively (Silva et al., 2005).

Throughout the flare we applied the multibeam technique described in Costa et al. (1995)
and Giménez de Castro et al. (1999), where the signals measured in the three 212-GHz
beams (2, 3, and 4) are used to determine the three unknowns: source intensity and x, y po-
sition with time. The positions derived using this method from 17:16:10 through 17:32:51
UT are plotted in Figure 1 as black crosses and are mainly within beam 3. The relative un-
certainty in the positions is 5 – 10 arcsec and the absolute uncertainty in position is about 30
arcsec (represented by the cross in the upper left corner of the figure). The source positions
moved north from 17:16:30 UT to 17:17:10 UT during which the 212-GHz flux density
rose to its peak and then moved south later in the flare. If we assume that the 405-GHz
source is located at the same place as the 212-GHz centroid emission, we can correct the
405-GHz signal for the Gaussian attenuation caused by an elliptical beam shape of 2 × 4 ar-
cmin FWHP. The flux densities at 212 and 405 GHz are calculated by adopting aperture
efficiencies of 0.2 and 0.1, respectively.

The contours of RHESSI hard X-ray images at two different energies are overlaid in
Figure 1 for two time intervals. The red contours represent the 100 – 300 keV emission from
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Figure 1 EIT image at 17:12:10 UT with the superimposed multiple beams of the SST at 212 GHz (beams
1 through 4) and 405 GHz (beam 5). The black points indicate the centroid positions of the submillimeter
emission. RHESSI 100 – 300 keV sources from 17:16:30 to 17:17:30 UT (red contours) and 12 – 25 keV from
17:21:30 to 17:22:30 UT (gray contours) are also shown.

17:16:30 to 17:17:30 UT; these agree with the published ones from 200 to 300 keV obtained
by Hurford et al. (2006) from 17:14:20 to 17:27:20 UT. The gray contours for 12 – 25 keV
X rays later in the flare at 17:21:30 – 17:22:30 UT appear to be associated with a bright UV
loop. The locations of the submillimeter source shown by the black crosses are consistent
with the location of the X-ray sources; however, because of the large absolute uncertainty
in radio positions we cannot determine whether the submillimeter source is located at the
footpoints or looptop.

2.2. Comparison of Time Profiles

The time profiles of the 2 November 2003 flare in microwaves at 11.2 and 18 GHz, in the
submillimeter at 212 and 405 GHz, in soft X rays, from electron bremsstrahlung at 50, 100,
and 800 keV, and from nuclear de-excitation and annihilation lines are plotted in Figure 2.
Two impulsive peaks can be seen in microwaves and hard X rays prior to 17:17:30 UT. Two
similar peaks are also seen at 212 and 405 GHz; however, they appear to be delayed with
respect to the microwaves and X rays. After that time the radio and X-ray fluxes generally
fell over the next 6 minutes with the exception of a broad maximum visible at ∼17:19 UT
in the 212-GHz emission. The fact that this later submillimeter emission was not detected at
higher frequency suggests that it originates outside the smaller 405-GHz beam. The nuclear
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Figure 2 Temporal evolution of the emission at different wavelengths of the 2 November 2003 flare. From
bottom to top: nuclear de-excitation (diamonds) and positron 511-keV annihilation (multiplied by five,
squares) lines from RHESSI; soft X rays (dotted line), 50-keV and 200- and 800-veV (dotted line, multi-
plied by 100) hard X rays from RHESSI; 405-and 212-GHz emission from SST; and OVSA flux density at
11.2 (dotted line) and 18 GHz.

de-excitation line time profile, which reflects the interaction profile of flare-accelerated ions
at energies above 5 MeV nucl−1, peaks later owing to increased ion transport times and also
exhibits a long decay. The positron – electron annihilation-line flux peaks even later owing
in part to the few-hundred-second decay times of the positron-decay radioactive nuclei.

We have used a cross-correlation study to quantify our visual inspection of the time de-
lays between the impulsive peaks observed in the radio and X rays. There are no significant
delays detected between the peaks of the 11- and 18-GHz emissions and 50-keV X rays,
suggesting that �100 keV electrons are responsible for both microwave and hard X-ray
emissions. In contrast both the 212- and 405-GHz emissions exhibit an ∼15 – 20 s delay
from the microwaves and hard X rays. There appears to be a similar long delay (∼20 – 30 s)
between the 800-keV time profile and those measured in the microwaves and hard X rays.
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This suggests that �1 MeV electrons produced with a 20-s delay from those at lower energy
may be responsible for both the THz radiation and >500 keV bremsstrahlung.

Intense submillimeter pulses lasting less than a second were also observed in this flare,
similar to what was observed in other large flares (Raulin et al., 2003). Figure 3 displays
time profiles of the 212- and 405-GHz emissions for five intervals between the dashed lines
in Figure 2. The pulses at both frequencies coincide in time and are more intense at 405 GHz,
sometimes with flux densities larger than 104 SFU especially during the two main impulsive
peaks. The average duration of these pulses is on the order of a few tenths of a second. As
the flare evolves, the frequency of occurrence of these pulses decreases, ceasing completely
during the decay of the flare as shown in the bottom panel of Figure 3. Unfortunately, it is
not possible to search for theses pulses either in the microwave data because of the poor time
resolution (4 s) or in the 800-keV bremsstrahlung because of the lack of sufficient statistics.

2.3. Radio Spectra

We have constructed flux density spectra from microwave to submillimeter frequencies for
the whole duration of the flare. Snapshots of the radio spectrum can be seen in Figure 4
for selected time intervals. During the first two impulsive peaks at 17:16:15 and 17:17:06
UT, the microwave spectra were increasing up to 18 GHz, the highest available microwave
frequency; therefore we can determine neither the turnover frequency nor the optically thin
spectral slope. At later times, the turnover frequency ranges between 11.2 and 18 GHz but
we still are unable to determine the optically thin spectral slope. Although the 212-GHz
flux density could be an extension of the microwave spectrum, the 405-GHz flux density
definitely cannot be. The 212- and 405-GHz flux densities appear to form a new spectral
component still rising up to 405 GHz, similar to the ones found in the 4 November 2003
flare (Kaufmann et al., 2004) and late in the 28 October 2003 solar flare (Lüthi, Lüdi, and
Magun, 2004). The microwave and submillimeter spectra averaged over the time interval
from 17:16 to 17:20 UT are shown in the bottom panel of Figure 5.

3. Origin of the Submillimeter Radiation

In this section we discuss whether the rising submillimeter spectrum shown in Figure 4
can be explained by optically thick sources such as thermal bremsstrahlung and gyrosyn-
chrotron emission from nonthermal electrons and positrons. We note that the shape of the
submillimeter spectrum between 212 and 405 GHz is primarily dependent on the optically
thick nature of the source and is only weakly dependent on the emission model. Only with
higher frequency measurements can we use the spectral shape to determine the emission
mechanism. However, we can use RHESSI observations to constrain the spectra and in-
tensities of flare-produced electrons and positrons and determine whether these fluxes are
capable of explaining the bright THz component.

3.1. Gyrosynchrotron Radiation from Nonthermal Electrons

We wish to determine whether we can explain the submillimeter spectral component by
gyrosynchrotron emission from flare-accelerated electrons. This same mechanism was pro-
posed by Kaufmann and Raulin (2006) to explain the increasing spectral component also
observed on 4 November 2003.
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Figure 3 Blowups of selected time intervals, shown between dashed lines in the 212-GHz (dashed) and
405-GHz (crosses) emission of the previous figure. The intense subsecond pulses during the two main impul-
sive peaks are clearly seen in the top two panels.
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Figure 4 Radio spectra showing the microwave (crosses) and the submillimeter (circles) flux densities at
selected time intervals during the 2 November 2003 flare. The first two panels show the spectrum during the
two impulsive peaks.

The energy spectrum of electrons that interact in the solar atmosphere can be derived
from the bremsstrahlung observed by RHESSI from 17:16 to 17:20 UT, the same interval
used in obtaining the radio spectrum shown in the bottom panel of Figure 5. We fit the
RHESSI spectral data from 310 to 16 200 keV with a solar photon model that included
nuclear-line and bremsstrahlung components. The bremsstrahlung was best modeled with a
broken power law having the following parameters: flux at the normalization 310-keV en-
ergy of 0.09±0.005 photons cm−2 s−1 keV−1; break energy of 705±45 keV; and power-law
indices of 3.05 ± 0.1 and 2.15 ± 0.05 below and above the break energy, respectively. From
a study of the X-ray emission observed in RHESSI’s front detector segments we find that the
spectrum appears to extend down to about 50 keV without a significant change in spectral
index. We then estimated the accelerated electron spectrum from 0.05 to 20 MeV by varying
its parameters and using an electron-to-thick-target bremsstrahlung code developed by Hol-
man (2003) until we obtained a good agreement with the RHESSI-derived bremsstrahlung
spectrum. Our studies yield a broken power-law spectrum containing at total of ∼5 × 1035

electrons with indices ∼4.15 and 3.15 below and above a break energy of ∼2.8 MeV, re-
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Figure 5 Top panel: Particle energy distribution spectrum for accelerated electron obtained from RHESSI
data. Bottom panel: Integrated radio spectra from 17:16 to 17:20 UT; the crosses represent the OVRO mi-
crowave emission whereas the filled circles are the submillimeter waves from SST. The dashed curve rep-
resents the modeled bremsstrahlung from thermal electrons, whereas the black lines represent the gyrosyn-
chrotron emission from the nonthermal electrons for two different sources (see text).

spectively. This value corresponds to the time-integrated number of electrons present in this
flare during the period cited.

We then used this derived electron spectrum to calculate the gyrosynchrotron emission
at both microwave and submillimeter wavelengths using a modification of the code devel-
oped by Ramaty (Ramaty, 1969; Ramaty et al., 1994; Simões and Costa, 2006) for isotropic
electrons having multiple power-law spectra. The additional parameters required by this
gyrosynchrotron model are the source size, the magnetic field intensity, and the angle be-
tween the line of sight and magnetic field. We used the electron energy spectrum derived
from the RHESSI bremsstrahlung observations: a broken power-law between 50 keV and
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20 MeV containing a total of 5 × 1035 electrons. This spectrum is shown in the top panel
of Figure 5. We used the flare longitude 56◦ as the angle between the line of sight under
the assumption that the magnetic loops were perpendicular to the solar surface. With the
relatively small number of electrons inferred from the bremsstrahlung, the magnetic field
needs to attain values approaching the maximum observed in active regions (Livingston et
al., 2006) (i.e., 4500 G), while the source size is approximated by a sphere of ∼0.5 arc-
sec in radius. The modeled gyrosynchrotron emission is plotted as the black curve in the
bottom panel of Figure 5. For this small source size, the density of nonthermal electrons is
1.7 × 1012 cm−3. (This is a lower limit to the source density, however, because the emission
at frequencies below 405 GHz is optically thick for densities above this value.) Relatively
high densities of nonthermal electrons have also been found previously (Ramaty et al., 1994;
Raulin et al., 2004). More specifically, (White et al., 2003) found 1010 cm−3 above 20 keV
at the peak of the 23 July 2002 flare; however this value is ∼100 times lower than required
here. In Section 4 we offer plausible scenarios that require less extreme magnetic fields and
nonthermal electron densities.

We can also fit the microwave spectrum for the same number (5 × 1035) and spectrum of
accelerated electrons for a 50′′ source diameter in a 480-G magnetic field region. This fit is
shown as the solid black curve in the bottom panel of Figure 5. Unfortunately, because the
microwave emission is optically thick we cannot make an estimative of the electron spectral
index.

From this analysis it appears that the microwave and submillimeter emissions originate
in two distinctly different environments. The high magnetic field strengths and small source
sizes inferred for the submillimeter emission suggests a location relatively low in the so-
lar atmosphere in compact high-density regions perhaps close to the footpoints whereas
the lower field strength and larger source size required by the microwave emission reflect
lower densities higher in the atmosphere. This model is consistent with our temporal studies
indicating close correlation between microwave and 50-keV emissions time profiles and a
common delay of ∼20 s observed in the submillimeter and >800 keV bremsstrahlung owing
to the latter’s production lower in the solar atmosphere.

3.2. Bremsstrahlung from Thermal Electrons

In this section we study the conditions under which bremsstrahlung from thermal electrons
can account for the submillimeter observations. Because only the optically thick part of this
component is observed, it is not possible to estimate a unique value for the temperature,
density, and source size. In addition, we cannot estimate the source size in this flare as was
done with the 4 November 2003 flare (Kaufmann and Raulin, 2006) because the source was
not located near the intersection of the three 212-GHz beams. We can set some constraints
on the parameters if we assume a frequency where the emission becomes optically thin. In
the calculations that follow we assume that this occurs at 1 THz and that the source is a
cylinder given by its diameter and length. We can then determine the source diameter as a
function of the source temperature for a given flux density measured at a specific frequency
(Dulk, 1985).

The bottom panel of Figure 6 displays the relationship between source diameter and
temperature for the flux density of 4200 SFU at 212 GHz measured near the peak of the
impulsive emission at 17:17:06 UT. We see that sources with diameters < 130 arcsec would
require temperatures in excess of 105 K. Similarly, we can estimate the source density as
a function of the temperature. This relationship is plotted in the top panel of Figure 6 for
three values of source length (108, 109, and 1010 cm) (Dulk, 1985). In this case, a 2 × 105 K
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Figure 6 Source size, or
diameter (bottom), and density
(top) as a function of temperature
needed to fit the submillimeter
spectrum as emission from
thermal electrons. The density of
the cylindrical source is
parameterized by its length L.
These calculations were
performed by assuming that the
source becomes optically thin at
1000 GHz and by using the
212-GHz flux density at the time
of the peak, 17:17:06 UT.

source with L = 109 cm would have a density on the order of 5 × 1011 cm−3. The free – free
emission spectrum fit to the 212- and 405-GHz data for a source with these parameters and
diameter of 120′′ is shown as the dashed curve in the bottom panel of Figure 5. Such a large
source diameter needed to explain the submillimeter observations cannot be ruled out as it
is consistent with ultraviolet images obtained at 195 Å by EIT and TRACE later in the flare
at 17:36 UT. As previously mentioned, however, the optically thick nature of the source
primarily determines the spectral shape.

A thermal bremsstrahlung origin appears to have at least two additional difficulties. A
thermal bremsstrahlung origin faces difficulty in explaining both the good temporal agree-
ment between the impulsive submillimeter and hard X-ray fluxes and the subsecond pulses,
where the transport of energy may be due to conduction processes. One would have to as-
sume that energy loss from nonthermal particles created the high temperatures in compact
sources on the scale of the hard X-ray footpoints. But this would require that the source
diameter be ≤ 20 arcsec. From Figure 6 we see that the temperatures would exceed 106 K
and require very high densities, larger than 1013 cm−3, for L = 109 cm. Such a high-density
source at the temperatures of millions of kelvins would produce a soft X-ray flux much
greater than observed. Using equations in Thomas et al. (1985) for a source at T = 107 K,
with density of n = 1.4 × 1013 cm−3 and a radius of 20′′ we estimate an X-ray flux equiv-
alent to an X800 class flare. Similar conclusions were obtained for the 4 November 2003
solar event (Kaufmann and Raulin, 2006).

The thermal power radiated during the 2 November 2003 flare inferred from ultravi-
olet observations by Raymond et al. (2007) is also much too low to explain the thermal
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bremsstrahlung origin for the submillimeter component. We estimate the total thermal en-
ergy inferred from the submillimeter observations using E = 3NKBT , where N is the to-
tal number of particles, T is the temperature, and KB is the Boltzmann constant. Using
the values computed in Figure 6, we obtain 2.5 × 1030 erg−1 s for the cooler extended
source (T = 2 × 105 K, n = 5 × 1011 cm−3, diameter of 120′′, and length of 109 cm) and
9.6 × 1031 erg−1s for the hotter more compact source (T = 107 K, n = 1.4 × 1013 cm−3,
diameter of 20′′, and length of 109 cm). These thermal powers are 100 to 3000 times larger
than the values for Ltherm listed in Table 3 of Raymond et al. (2007).

3.3. Gyrosynchrotron Emission from Positrons

Finally, we consider whether the spectrum and number of positrons estimated from the
RHESSI observations can account for the observed submillimeter emission through gyro-
synchrotron radiation. We know that positrons were produced in the flare because RHESSI
detected a fluence of ∼220 photons cm2 (Share et al., 2004) in the 511-keV annihilation line.
Almost all of the 511-keV line radiation must have come from delayed decay of radioactive
beta emitters and not from positive-pion decays because (1) we do not find evidence for
pion-decay radiation in our fits to the RHESSI spectrum up to 16 MeV and (2) the 511-
keV time profile is markedly delayed in Figure 2 and does not follow the same profile as
the nuclear de-excitation lines that is expected if the line came from pions decaying in �1
second.

If we assume that each positron produced by radioactive decay produces two 511-keV
photons and that there is no attenuation in the overlying atmosphere then the measured
annihilation line fluence requires a total number of 3×1029 positrons. To estimate the energy
spectrum of these positrons, we consider only the decay from 11C and 15O and assume that
each nucleus contributes half of the total number of positrons. The synchrotron emission
was estimated as in Section 3.1 using a modified version of the Ramaty code. The resulting
flux density that matches the submillimeter emission would be produced by 1033 positrons
in a 0.8 arcsec source in a region of 4500 G. This number of positrons required to fit the
submillimeter flux density is ∼3000 more than that estimated from the annihilation-line
fluence.

The other possibility is that the submillimeter emission arises from higher energy
positrons produced by the decay of pions. As previously mentioned, the RHESSI fits to
energies up to 16 MeV only yielded an upper limit on the γ -ray flux from pion decay. This
limit is 0.05 photons cm−2 s−1 from 17:16 to 17:20 UT, which indicates the presence of
fewer than 2 × 1026 positrons. We used the positron spectrum from pion decay plotted in
Figure 16 of Murphy, Dermer, and Ramaty (1987) and then again estimated the gyrosyn-
chrotron/synchrotron emission using the modified Ramaty code. To fit the amplitude and
optically thick shape of the submillimeter data points required the presence of ∼2 × 105

more high-energy positrons than inferred from the RHESSI observations, a flux density of
4 × 1031 positrons from a source size of 0.1 arcsec, a 56′′ angle between line of sight and
magnetic field, and a magnetic field of 4500 G.

4. Summary and Conclusions

The X8.7 GOES flare on 2 November 2003 was observed both in the submillimeter radio
band by the SST and at γ -ray energies by the RHESSI spectrometer, providing the opportu-
nity to test models suggested for the new submillimeter component (Kaufmann et al., 2004).
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The three suggested origins are (1) gyrosynchrotron emission from flare-accelerated elec-
trons (also responsible for the hard X rays and microwave emission), (2) bremsstrahlung
from thermal electrons, and (3) gyrosynchrotron emission from positrons.

The best explanation is that the radio emission is produced by the same accelerated-
electron population responsible for the hard X rays and γ rays. We have derived the total
number of nonthermal electrons and spectrum from fits to the RHESSI data and find that
they can account for the observed submillimeter radiation under certain conditions, even for
an isotropic angular distribution. Our conclusion is also supported by the good correlation
between time profiles in the submillimeter and high-energy bremsstrahlung and the pres-
ence of rapid subsecond variability in the submillimeter emission. In contrast, the number
of positrons produced in radioactive decays following nuclear interactions deep in the solar
atmosphere were at least a factor of 3000 too small to account for the submillimeter emis-
sion. As we discuss later in this section we can also rule out a thermal bremsstrahlung origin
based on time variability and energetic considerations.

Our studies suggest that the same flare-accelerated electrons responsible for the
bremsstrahlung can account for both the microwave and submillimeter radio emission. The
electron energy spectrum derived from the bremsstrahlung radiation is a double power law
with spectral indices of ∼4.15 below ∼2.8 MeV and ∼3.15 above this energy, with a total
of ∼5 × 1035 electrons between 50 keV and 20 MeV. The isotropic gyrosynchrotron model
fitted to the radio data has shown that the microwaves and submillimeter-waves appear to
come from two different sources, a more extended one (50 arcsec) located near the looptop
with magnetic fields of the order of 480 G and a much more compact source (∼1 arcsec)
buried deep in the atmosphere in a region of much higher magnetic fields (4500 G). X-ray
images of the flare show the traditional footpoint sources observed at the higher energies
(100 – 300 keV) found by Hurford et al. (2006) and a later looptop source at 12 – 25 keV
(see Figure 1). The centroid of the 212-GHz emission lies within the same flaring ultraviolet
loop but with the 30-arcsec uncertainty in its absolute position we are unable to determine
whether the submillimeter emission arises from the hard X-ray footpoints or looptop.

There is some substantiating evidence for separate origins of the microwave and submil-
limeter emissions in our temporal studies. We have found that the time profiles of 50-keV
hard X rays and microwaves observed by OVSA are similar, indicating that electrons of a
few hundred keV are responsible both of these emissions. In contrast we have found that
the time profiles of the bremsstrahlung radiation >800 keV and the >200 GHz component
are similar and delayed from the microwaves, suggesting that higher energy electrons ac-
celerated with a delay are responsible for these emissions. Similar delays between hard X
rays of different energies were observed during the 14 August 1979 flare (Vilmer, Trotter,
and Kane, 1982) for example, the 398 – 873 keV were delayed by 36 s from the 24 – 43 keV
emission. The delays in that flare were successfully explained by efficient trapping of the en-
ergetic electrons in a magnetic arch. The constant energetic electron spectral index of 3 used
in the Vilmer, Trotter, and Kane (1982) model is similar to what we deduce here; however,
because the delays we observe are smaller, this would imply a higher ion ambient density
region in the case of the 2 November 2003 flare. Another possibility to account for the de-
lays of the higher energy emission is a second-stage acceleration (Frost and Dennis, 1971)
of the electrons, where the >1 MeV electrons would be accelerated later from an original
seed population, thus giving rise to the ∼20 seconds delay of the 800-keV and 212 – 405
GHz emissions.

It is a concern that such high magnetic fields and extreme nonthermal electron densi-
ties, requiring a small source size, are needed to fit the increasing spectrum at 212 and 405
GHz. The magnetic field needed to fit the submillimeter spectra is approximately 10 times
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stronger than that needed to fit the microwave spectra. Unfortunately, because this active re-
gion, AR 10486, was close to the limb on 2 November there is no accurate measurement of
the photospheric magnetic field. An MDI magnetogram of this same region on 29 October,
near disk center, indicated maximum fields of 1700 G. Nevertheless, Livingston et al. (2006)
caution us that the MDI magnetograph, as well as others, fails at measuring strong magnetic
fields in sunspot umbrae because of scattered light. For instance, their Table III lists a mag-
netic field of 4200 G for AR 10484 (Mt Wilson sunspot group 31909) on 22 October 2003;
however, the maximum field strength given by the MDI magnetogram for this active region
on the same day is only about 1730 G. Since region 10486 was more active than 10484,
in fact producing the largest flare on record two days later on 4 November, it probably had
a very high magnetic field at the time of the 2 November flare, even higher than 4200 G.
In fact, Livingston et al. (2006) report that 0.2% of almost 32 000 active regions studied
have sunspots with magnetic fields larger than 4000 G, even as high as 6100 G, the highest
magnetic field ever measured.

Our simplifying assumption that electrons were isotropically distributed may contribute
to the requirements of high magnetic field strength and subarcsec source size. For the gy-
rosynchrotron emission from the same number of nonthermal electrons (from RHESSI) to
match the submillimeter observations for the same source size (radius of 0.5 arcsec) but with
a smaller magnetic field, for example B = 1000 G, we need the peak frequency to basically
triple from 160 GHz to the observed lower limit of about 500 GHz, and the flux density
to increase by a factor of 9. Fleishman and Melnikov (2003) have shown that these condi-
tions can be achieved by considering the emission from nonisotropic electron distributions;
see, e.g., the intensity plotted in their Figure 13 for the case of high-density plasma. Note,
however, that their electron spectrum is much steeper (index = 7) than we have found for
the 2 November flare. The authors argue that the increase in intensity and turnover peak
frequency are easily achieved for different parameters of a beamlike distribution. Center-to-
limb variations in the spectra of high-frequency microwave flares (Silva and Valente, 2002)
and γ -ray bremsstrahlung (Vestrand et al., 1987) suggest strong anisotropies in the parent
electron populations.

We also note that we have not considered transport effects in our calculations. Since the
gyrosynchrotron emission is occurring at a different location than the bremsstrahlung, the
electrons may lose energy before reaching the atmospheric depth where the bremsstrahlung
is produced. Therefore the spectra and numbers of electrons producing the observed submil-
limeter and microwave radiation may be significantly different from those producing the X
and γ rays. Thus, it may be reasonable to speculate that the number of electrons available to
produce the gyrosynchrotron radiation is higher than that giving rise to the bremsstrahlung
(Raulin et al., 1999). Once again this would lower the magnetic field strength required to fit
the submillimeter spectra.

Kaufmann and Raulin (2006) investigated the same type of rising submillimeter spectra
in another flare and suggested that they arise from synchrotron radiation from beams of
ultrarelativistic electrons (>10 MeV) under magnetic fields ranging of the order of 1000 G.
The beams may be submitted to microbunching instabilities, giving rise, at the same time, to
intense broadband coherent synchrotron radiation at microwave wavelengths. Thus this new
spectral component, which has only been observed in a few flares, may require the presence
of regions with intense magnetic fields.

For completeness, we have also investigated whether thermal bremsstrahlung can account
for the rising submillimeter component. This has appeal because of the high brightness ex-
pected at submillimeter wavelengths but such emission would typically require temperatures
of 4 × 105 K over a 50-arcsec source radius at ambient densities of 1011 – 1012 cm−3. Such
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a source size is consistent with submillimeter measurements of the 28 October 2003 flare;
Lüthi, Lüdi, and Magun (2004) found that the source radius varied from about 80 to less than
10 arcsec during the highly impulsive phase and then maintained a radius of ∼55 arcsec af-
ter 11:07 UT. We were not able to measure the size of the submillimeter source in the 2
November 2003 flare because it was not located near the center of the three beams of the
telescope as was the source of the 4 November 2003 flare. There is evidence from γ -ray
observations for thermally broadened annihilation-line radiation in some flares, suggesting
temperatures in excess of 105 K (Share et al., 2004). We studied the 511-keV line width in
the 2 November flare using both RHESSI front and rear detectors. We find that the line can
be well fit by positrons annihilating deep within the chromosphere under relatively quiet
conditions and does not require such elevated temperatures. We obtain an upper limit of
∼ 105 K on the temperature where annihilations took place. If such a region had produced
the submillimeter radiation it would have had to have a radius in excess of ∼120 arcsec
(from Figure 6).

There are other difficulties for the thermal bremsstrahlung origin. The close association
of the high-energy X rays and submillimeter time profiles would require that high-energy
electrons heated the medium in the compact hard X-ray footpoints in Figure 1. To produce
the submillimeter emission by thermal bremsstrahlung in such a compact 20-arcsec source, a
temperature of 107 K and density of order 1012 – 1014 cm−3 would be required. However, this
would result in too much soft X-ray emission (about 100 times more than ever observed).
Moreover, the estimated thermal power from the submillimeter observations is three orders
of magnitude larger than that inferred from ultraviolet observations of the 2 November flare
(Raymond et al., 2007).

The novel characteristic of this flare at radio wavelengths is its spectral component in-
creasing at >200 GHz frequencies, distinct from the well-known broadband spectral compo-
nent observed at microwaves. Based on our study of the 2 November 2003 flare, we find that
the most likely source is gyrosynchrotron radiation from nonthermal electrons, but even this
explanation may require adopting high local magnetic fields, very large densities of accel-
erated electrons, and very small source sizes, considering that the same number of electrons
produce the X rays and submillimeter and microwave radiation. Observations at even higher
frequencies (THz) are desired to better constraint the cause of this new spectral component.
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