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ABSTRACT

Solar flare emission was measured at 212 GHz in the submillimeter range by the Submillimeter Solar Tele-
scope in the 1.2–18 GHz microwave range by the Owens Valley Solar Array and in the gamma-ray energy
range (continuum) by experiments on board the Yohkoh (>1.2 MeV) and Shenzhou 2 (>0.2 MeV) satellites.
At the burst onset, the submillimeter and microwave time profiles were well correlated with gamma rays to
the limit of the temporal resolution (�10 s). At 212 GHz, fast pulses (<1 s), defined as time structures in
excess of the bulk emission, were identified as the flux increased. Their spatial positions were scattered by tens
of arcseconds with respect to the main burst emission position. Correlation of submillimeter emission with
gamma-ray fast time structures shorter than 500ms is suggested at the gamma-ray maximum. The time varia-
tion of the rate of occurrence of the submillimeter rapid pulses was remarkably well correlated with gamma-
ray intensities in the energy range (>1.2 MeV), attaining nearly 50 pulses per minute at the maximum. These
results suggest that gamma rays might be the response to multiple rapid pulses at 212 GHz and might be pro-
duced at different sites within the flaring region.

Subject headings: gamma rays: bursts — Sun: flares

1. INTRODUCTION

The interaction of ultrarelativistic electrons (>MeV)
accelerated during solar flares with the ambient magnetic
field is expected to produce synchrotron emission in the sub-
millimeter wavelength range together with gamma-ray con-
tinuum emission because of bremsstrahlung and line
emission from nucleonic interactions in dense regions of the
solar atmosphere (see, e.g., Ramaty et al. 1994; Trottet et al.
1993; Rieger, Treumann, & Karlicky 1999; Chupp 1995 and
references therein). Diagnostics of flares in these energy
ranges are thus important for understanding the origin of
acceleration processes in solar flares.

The first submillimeter-wave bursts detected with the new
solar submillimeter-wave telescope (SST) at El Leoncito
revealed the presence of numerous rapid pulses (100–300
ms) with fluxes more intense at 405 GHz than at 212 GHz
(Kaufmann et al. 2001b). The count rates varied approxi-
mately with the overall time-integrated H� and soft X-ray
emissions. The weak, slow (4 minute), nonthermal bulk

component was later identified at submillimeter wave-
lengths and interpreted in the context of synchrotron emis-
sion of�6MeV electrons (Trottet et al. 2002).

Simultaneous observations of a burst in the submillimeter
and gamma-ray ranges were obtained for the first time on
2001 April 6. They corresponded to a GOES X5.6 class
event, which occurred in the solar NOAA Active Region
9415, located at about S21�, E31�, at approximately 19:10–
20:00 UT, as reported by the NOAA Space Environment
Center and Solar-Geophysical Data bulletins. The perform-
ance of the new SST, located in El Leoncito, San Juan,
Argentina, has been considerably improved after under-
going repairs, tests, and adjustments (Kaufmann et al.
2001a). It has two focal plane arrays: one has two 405 GHz
feed horns and radiometers, receiving one plane of polariza-
tion, and another has four 212 GHz feed horns and radio-
meters, receiving the orthogonal plane of polarization. All
six radiometers operate simultaneously, with the shortest
time resolution of 1 ms. In Figure 1 we show the SST beams
projected on NOAA AR 9415 in a SOHO Michelson Dop-
pler Imager (MDI) magnetogram for 2001 April 6, where
the half-power beam-widths were 40 (beams 1–4 at 212
GHz) and 20 (beams 5 and 6 at 405 GHz). Hard X-ray and
gamma-ray continuum observations were obtained by two
experiments. One is on board the recently launched Chinese
Shenzhou 2 satellite containing a bismuth germinate oxide
(BGO) crystal scintillation detector 7.6 cm in diameter sen-
sitive to the photon energies in several bands in the range
0.2–10 MeV, with best-sampling time resolution of 87 ms
(Zhang, Tang, & Chang 2001). We also used the Hard X-
Ray and Gamma-Ray Spectrometers (HXS and GRS,
respectively), part of the Wide Band Spectrometer (WBS)
experiment on the Japan/US/UK Yohkoh satellite, sensi-
tive to photon energies in several energy bands in the range
25–830 KeV (for HXS) and in the range 0.27–100 MeV (for
GRS) (Yoshimori et al. 1991). The GRS has two 7.6 cm
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diameter BGO scintillation detectors with best time resolu-
tion of 250 ms.

Microwave spectral observations were obtained by the
Owens Valley Solar Array (OVSA) in the range 1.2–18
GHz, covering nearly 40 frequencies with spectral data
obtained with 8 s time resolution. OVSA instrument details
can be found in Hurford, Read, & Zirin (1984) and Gary &
Hurford (1998).

2. SUBMILLIMETER, MICROWAVE, AND
GAMMA-RAY EMISSION

The atmospheric attenuation was exceptionally high at
the time of the 2001 April 6 burst observations. The optical
depths derived from solar maps, taken 15 minutes before
the event, were 1.2 at 212 GHz and 4.3 (i.e., practically opa-
que) at 405 GHz. In Figure 2 we show the OVSA 18 GHz,
SST 212 GHz, and Yohkoh WBS 0.53–17.1 MeV time pro-
files for the event using a compressed timescale. The 212
GHz antenna temperatures were corrected for sky opacity
at the elevation angle of the Sun during the burst observa-
tion (37=5) and for the source position with respect to beams
2, 3, and 4, using the multiple-beam correlation technique
(Giménez de Castro et al. 1999 and references therein). The
submillimeter flux scale as derived from the antenna temper-
atures, corrected for the beam displacement factors and

antenna aperture efficiencies, is about 20% for beams 2, 3,
and 4 (212 GHz) and about 15% for beam 5 (405 GHz). The
approximate total systematic uncertainty of the flux scale,
taking into account correction errors caused by the high
value of atmospheric absorption and the efficiency measure-
ment inaccuracies, might be as large as about �50% for the
present determinations. We obtained about 5800 sfu
ð1 sfu ¼ 10�22 W m�2 Hz�1Þ for the 212 GHz main bulk
emission maximum at about 1918–1919 UT, while the 405
GHz detection was restricted to an upper limit of 6700 sfu
defined by the noise level. The submillimeter maximum
occurred during the calibration of SST. It seems to corre-
spond to the 18 GHz maximum of about 9000 sfu, which is
delayed by about 2 minutes with respect to the gamma ray,
showing a rapid decay followed by a postburst increase.

Figure 3 shows the time-expanded time profiles of the
burst onset stage for the main gamma-ray peaks, detected
by the experiments on the Shenzhou 2 and Yohkoh satellites
with the 212 GHz emission. It is clear that there is a tempo-
ral correlation of features in high-energy X-rays, in gamma
rays, and at 212 GHz within the time resolution of the X-
and gamma-ray count rate readings in these plots (�10 s).
The continuum nature of gamma-ray emission was con-
firmed by the inspection of the gamma-ray spectrum derived
from the WBS/GRS spectrometer, showing no evidence of
nuclear line contribution.
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Fig. 1.—SST beams projected on a SOHOMDI solar magnetogram for 2001 April 6. Beam 5 (405 GHz) and partially overlapping beams 2, 3, and 4 (212
GHz) were onNOAAAR 9415, while beam 1 (212GHz) and beam 6 (405GHz) were about 70 from the cluster.
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Ten second 212 GHz emission samples have been chosen
before the burst onset (A), at the gamma-ray maximum (B)
and (C), and later in the decay phase (D). They are shown in
Figure 4 corresponding to the labels marked in Figure 2.
Rapid, large, and frequent subsecond spikes appear super-
posed as the main emission flux increase. The relative ampli-
tude of the rapid spikes is 200–400 sfu. The count rates were
determined and are discussed in x 3.

The spatial position of the 212 GHz emission, determined
by correlating the intensities of beams 2, 3, and 4 using the
multiple-beam technique (e.g., Gimenez de Castro et al.
1999 and references therein) has shown that the main emis-
sion component remains nearly stable during the maximum
phase, to within the 1000 relative uncertainty (see Fig. 5). The
positions in space of the superposed fast structures of sam-
ples B and C are shown in Figure 5. There is a clear disper-
sion of their positions extending up to 4000 with respect to
the underlying main emission source position. Spatial scat-
tering of the same order has been found at longer millimeter
wavelengths (48 GHz) for impulsive components in com-
plex bursts, each one containing numerous superposed fast
time structures (Correia et al. 1995; Raulin et al. 1998).

The OVSA 18 GHz flux at about the burst maximum was
about 9000 sfu. The spectral shape in the 1.2–18 GHz fre-

quency range was time-varying. Three representative spec-
tra are shown in Figure 6. At the beginning of the event,
19:12–19:14 UT, the turnover frequency was at about 10
GHz. At the time of the gamma-ray maximum emission,
19:15–19:16 UT, the spectrum was continuously increasing
with frequency with a spectral index of +1.2. At the time of
maximummicrowave and submillimeter emissions, at about
19:17–19:19 UT, there is again a flattening for the upper fre-
quencies with a turnover at about 11 GHz and flux level of
9000 sfu. These results suggest that the burst bulk maximum
emission presented a slow decay over the entire range of fre-
quencies, from 18 to 212 GHz. The latter suggestion is simi-
lar to another example of a solar burst with a flat spectrum
extending up to 86 GHz reported byWhite et al. (1992).

3. SUBMILLIMETER SPIKE REPETITION RATES AND
GAMMA-RAY EMISSION

In Figure 7 we compare the time profiles of the 212 GHz
flux, the fast-spike occurrence rate, and gamma rays (>1.2
MeV). Pulses were counted based on a peak-finding algo-
rithm (Raulin et al. 1998). Only the larger pulses, exceeding
3 � above the noise, or about 80 sfu, were selected. There is a
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Fig. 2.—Time profiles in compressed timescale. Top, OVSA 18 GHz, 8 s
time resolution.Middle, SST 212 GHz 100 ms data, in solar flux units. Bot-
tom: Yohkoh 0.324–12.5 MeV gamma rays, in counts per 4 s. The 10 s
expansion samples at times labeled A–D are shown in Fig. 4.
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Fig. 3.—Expanded time section of the burst for the rise phase at 212
GHz (top) and gamma rays obtained by the Shenzhou 2 (middle) and Yoh-
koh (bottom) satellites.
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remarkable correlation between the gamma rays (>1.2
MeV) and submillimeter pulse rate profiles during the whole
event. The count rates of 212 GHz pulses decrease faster
than the bulk emission at 212 GHz.

The detailed comparison of the 212 GHz rapid spikes and
the gamma-ray time structures is limited by the low signifi-
cance of the gamma-ray count rate readings. A meaningful
association of fast time structures in the two ranges is sug-
gested for the gamma-ray peak, labeled B in Figure 2. Panel
B of Figure 4 is reproduced in Figure 8 with a 0.5 s running
mean, together with gamma-ray counts per 0.5 s for the
energy bands 0.24–1.04 MeV (P11 detector) and 1.04–5.47
MeV (P12 detector). The correspondences for the major
time structures are very suggestive and qualitatively compa-
rable to the results obtained for subsecond pulses observed
at lower hard X-ray ranges and millimeter waves (Takakura
et al. 1983; Zodi Vaz et al. 1985). Cross-correlation between
millimeter-wave subsecond time structures and hard X-rays
detected by BATSE on board the Compton Gamma Ray

Observatory (CGRO) has provided significant coefficients
with time coincidence to the limit time resolution of 64 ms
for the energy ranges 25–62, 62–111, and 111–325 keV
(Kaufmann et al. 2000). Cross-correlation between metric
radio type III time structures and �25 keV X-rays detected
by the hard X-ray burst spectrometer (HXRBS) experiment
on board the Solar Maximum Mission (SMM) satellite has
shown that 0.2–2.0 s duration time structures were corre-
lated with a typical delay of about 0.4 s of radio with respect
to the X-rays (Aschwanden et al. 1995). To confirm the
association between the fast time structures at the gamma-
ray peak and the 212 GHz structures, shown in Figure 8, we
cross-correlated the 10 s data sets, applying the same
method as in Kaufmann et al. (2000), and show the results
in Figure 9. The cross-correlation coefficients, in relative
units, are significantly larger for the peak of the event, in
comparison to the coefficients obtained for the same cross-
correlation done for another 10 s set of data taken at a later
phase, in dashed lines (i.e., at 19:39:00–19:39:10 UT). The
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A–D in Figs. 2 and 3.

1062 KAUFMANN ET AL. Vol. 574



cross-correlation plot for the peak of the event indicates a
time coincidence with an uncertainty of about �250 ms,
resulting from the limited time resolution of the gamma-ray
data.

4. CONCLUDING REMARKS

Simultaneous observations of a solar burst in the sub-
millimeter range (212 GHz), microwaves (1.2–18 GHz), and
high-energy X- and gamma rays (>1.2 MeV) have shown a
good time correspondence during the rise phase of the event
to better than 10 s. A correlation of better than �500 ms is
suggested for the fast spikes at the gamma-ray maximum.
There is an excellent correspondence between the 212 GHz
fast-pulse count rates and the time profile above 1.2 MeV
for the whole event. This property suggests that the
observed gamma-ray emission is proportional to the num-
ber of pulses per unit time observed in the submillimeter
range, which might then be signatures of the primary ener-
getic injections. A similar relationship was found for burst
emission in the centimeter-millimeter wave range, leading to
the suggestion that the burst energies are proportional to
the number of injections, quasi-quantized in energy (Kauf-
mann et al. 1980; Raulin et al. 1998). On the other hand, the
correlation between hard X-rays, gamma rays, microwaves,
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and submillimeter time profiles is less pronounced after the
principal gamma-ray peak at 19:16 UT. Submillimeter and
18 GHz peaks are nearly 2 minutes later than the high-
energy peaks. The decay phase is longer at submillimeter
wavelengths compared to that of microwaves, and the latter
present an extended postburst increase, not observed at
gamma rays. This might indicate that radio emission reflects
not only direct injection/precipitation of energetic particles
(as gamma rays do) but also slower processes, such as trans-
port, trapping, and diffusion.

The positions in space of the 212 GHz fast subsecond
pulses were found to be scattered up to 4000 with respect to
the position of the bulk emission source, suggesting that the
primary energy release sites are also discrete in space, spread
out over the bursting region. Very similar results were
obtained for fast spikes observed superposed to millimeter-
wave burst emissions (Correia et al. 1995; Raulin et al.
1998).

Electrons with energies �10 MeV are required to explain
the intense microwave to submillimeter-wave burst bulk
emissions with high turnover frequency and associated
gamma rays (Ramaty et al. 1994; Trottet et al. 2002 and
references therein). The flattening of the radio spectrum
from about 10 to 212 GHz might be a realistic possibility, as
found for one event observed up to 86 GHz (White et al.
1992). It might be explained by the composition of multiple
synchrotron spectra produced throughout the burst dura-
tion (Hachenberg & Wallis 1961) or taking into account a
number of source parameters for which a synchrotron self-
absorption mechanism might have a major contribution
(Ramaty & Petrosian 1972; Klein 1987).
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Fig. 9.—Cross-correlation of gamma-ray and 212 GHz data for the 10 s
at the peak of the burst, shown in Fig. 8 (solid line) compared to the same
correlation done at a later phase of the burst (19:39:00–19:39:10 UT, dashed
line). The pronounced increase in the coefficients, nearly ‘‘ in phase ’’ within
the 500 ms time resolution of the data, confirm the direct comparison of
gamma-ray and 212GHz fast time structures at the peak of the event shown
in Fig. 8.
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New diagnostics are needed to provide more clues for the
understanding of the fast pulses that are found superposed
to the burst bulk emissions, when sensitivity and time reso-
lution are available. They seem to becomemore pronounced
in the submillimeter wave range. It would be interesting to
combine this research with optical imaging with high
cadence rates (such as described byWang et al. 2000).
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