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ABSTRACT

We present comparisons of multiwavelength data for a number of solar flares observed during the major
campaign of 1991 June. The different wavelengths are diagnostics of energetic electrons in different energy ranges:
soft X-rays are produced by electrons with energies typically below 10 keV, hard X-rays by electrons with energies
in the range 10-200 keV, microwaves by electrons in the range 100 keV-1 MeV, and millimeter-wavelength
emission by electrons with energies of 0.5 MeV and above. The flares in the 1991 June active period were
remarkable in two ways: all have very high turnover frequencies in their microwave spectra, and very soft hard
X-ray spectra. The sensitivity of the microwave and millimeter data permit us to study the more energetic (>0.3
MeV) electrons even in small flares, where their high-energy bremsstrahlung is too weak for present detectors.
The millimeter data show delays in the onset of emission with respect to the emissions associated with lower
energy electrons and differences in time profiles, energy spectral indices incompatible with those implied by the
hard X-ray data, and a range of variability of the peak flux in the impulsive phase when compared with the peak
hard X-ray flux which is two orders of magnitude larger than the corresponding variability in the peak microwave
flux. All these results suggest that the hard X-ray-emitting electrons and those at higher energies which produce
millimeter emission must be regarded as separate populations. This has implications for the well-known “number
problem” found previously when comparing the numbers of nonthermal electrons required to produce the hard

X-ray and radio emissions.

Subject headings: Sun: flares — Sun: radio radiation — Sun: X-rays, gamma rays

1. INTRODUCTION

In 1991 June a major active region appeared on the Sun and
proceeded to produce six of the largest solar flares ever re-
corded. An international campaign to carry out coordinated
observations of the flares from this region was organized. The
millimeter-wavelength interferometer at Hat Creek, operated
by the Universities of California at Berkeley, [llinois, and Mary-
land (BIMA), participated in the campaign by observing the
Sun for 5 days. The launch of the Compton Gamma Ray Ob-
servatory earlier in 1991 afforded us our first opportunity to
compare the sensitive millimeter-interferometer diagnostic of
high-energy electrons with the hard X-ray bremsstrahlung also
produced by energetic electrons. In this paper we examine
eight separate flares from this period and carry out compari-
sons at a number of wavelengths. These comparisons are used
to study the population of accelerated electrons in a number of
different energy ranges and to try to determine the relation-
ships between them.

Millimeter-wavelength emission from solar flares is of great
interest as a complement to space-based y-ray observations
because it arises from the same electrons which produce the
y-rays: electrons with energies above about 1 MeV. This is a
consequence of the range of magnetic field strengths in the
corona, which requires that any gyrosynchrotron emission at
millimeter wavelengths must occur at high harmonics of the
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gyrofrequency and so can only be produced by electrons with
Lorentz factors much greater than unity (White & Kundu
1992). Since high-resolution imaging at v-ray energies is not
presently possible, millimeter observations can act as a substi-
tute. By contrast, the y-ray observations are capable of excel-
lent energy spectral discrimination which is difficult to achieve
with broad-band radio observations. In addition, the millimet-
ric emission is undoubtedly optically thin (except possibly for
a small class of very large flares which have spectra rising
beyond 100 GHz; Kaufmann et al. 1985) and thus is not sub-
ject to the same ambiguities of interpretation which are preva-
lent in the study of solar microwave bursts. It can be used as a
powerful diagnostic of the energy distribution of electrons in
solar flares and its evolution, and of the magnetic field. Most
millimeter-wave observations of solar flares have been ham-
pered both by poor spatial resolution (because of the lack of
synthesis interferometers) and by poor sensitivity (since the
flux from the Sun’s thermal emission is so high at millimeter
wavelengths). The number of reported observations of bursts
at millimeter wavelengths is relatively small, and there are
none for which true high-spatial resolution imaging data have
been reported (see review in White & Kundu 1992).

We have carried out high-spatial resolution millimeter ob-
servations of solar flares using the Berkeley-Illinois-Maryland
Array (BIMA). At the present time BIMA consists of only
three elements, which is not adequate for mapping highly vari-
able solar phenomena but which is excellent for studies of the
temporal structure of flares at millimeter wavelengths at sev-
eral different spatial scales (Kundu et al. 1990; White et al.
1992; Lim et al. 1992; White & Kundu 1992). In this paper, we
present BIMA observations made during the Max '91 Cam-
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paign in 1991 June when solar activity was unusually high.
Our observations on 1991 June 8-13 occurred during the pe-
riod June 4-15 when the Compton Gamma Ray Observatory
made the Sun a target of opportunity because of the high level
of solar activity. The millimeter data are a diagnostic of the
MeV-energy electrons accelerated in flares and the hard X-ray
data are a diagnostic of the ~25-100 keV energy electrons. To
fill in the energy spectrum as much as possible, we have also
acquired microwave patrol data, which are generally regarded
as a diagnostic of electrons with energies of several hundred
keV and up, and soft X-ray data, which are diagnostics of
plasma at energies below 10 keV. The important feature of the
millimeter observations is that they are much more sensitive
than are y-ray observations to the MeV electron energy range
and thus permit us to study MeV-energy electrons even in
small flares, where hard X-rays are barely detected. We present
several examples of this below. In the following section we
describe the sources of data and their use as diagnostics of
particular energy ranges. Then we present the data for eight
flares observed in the 1991 June period, ranging in size from
GOES soft X-ray class Bl to M7. Some general conclusions
from comparison of the different data are then drawn, and we
discuss their implications for electron acceleration during solar
flares.

2. SOURCES OF DATA
2.1. Millimeter-Wavelength Data

The millimeter data were obtained with the Berkeley-Illi-
nois-Maryland Array (BIMA) at Hat Creek, CA. The telescope
consisted of three 6 m dishes operating as an interferometer.
The use of this telescope for solar observations is described by
White & Kundu (1992). The data consist of amplitudes and
phases measured for each of the three interferometer pairs
every 0.4 s. Two sidebands are received (86 and 89 GHz), but
there were no significant differences between the sidebands,
and we will present data for only one in the following. The data
were calibrated in amplitude by observations of a point source
of known flux every hour.

The antennas were at stations 80E, 0, and 40W, where the
designations indicate feet from the array center in the appro-
priate direction. This gives east-west baselines of 12.2, 24.4,
and 36.6 m, corresponding to interferometer fringe spacings of
59”, 29", and 20" as the Sun crossed the meridian during June.
The output of the interferometer is the one-dimensional spa-
tial Fourier transform of the brightness distribution in the 2.3
(at the half-power point) field of view with a wavelength on the
sky equal to the fringe spacing; if the brightness is dominated
by a source of dimension much smaller than the fringe spacing,
the measured amplitude is the flux of the source. The projec-
tion of all basclines on the sky is predominantly east-west
throughout the day, i.e., the observations are insensitive to the
spatial dimension of 86 GHz sources in the north-south direc-
tion. Wind problems were experienced with antenna 3 due to
its lack of a backlash system, and this caused many dropouts,
particularly during afternoon observations (after 22 UT for
these observations). For this reason we usually display data
from baseline 12, which was relatively unaffected by wind
problems, although baseline 23 generally showed the largest
flux.

https://doi.org/10.1017/50252921100077873 Published online by Cambridge University Press

Vol. 90

From these data we can extract two pieces of information on
source sizes. The first may be obtained from the three mea-
sured amplitudes, together with the assumption of a Gaussian
source shape. Then for the one-dimensional data available
here we may fit the relative amplitudes on the three baselines
to a Gaussian, knowing the fringe spacings, and determine the
peak flux of the source and the dimension in one orientation.
This technique will not be used quantitatively here because it
requires that the relative calibration of the different baselines
be well determined, which we did not attempt for these obser-
vations; however, it may be used qualitatively, since if the three
amplitudes are all similar the source is presumably unresolved
on all baselines. The second technique is phase closure: one
forms the sum of the phases measured on each of the three
baselines, which is a quantity independent of antenna-depen-
dent effects such as atmospheric phase changes. If this quantity
is zero, then the source is either effectively a point source for
these fringe spacings, or else appears symmetric on the sky
about the peak (in this case the east-west baselines mean that
the source only needs to be symmetric in an east-west direc-
tion). Examples of the application of this technique to BIMA
data are given by White & Kundu (1992).

As discussed by White & Kundu (1992), millimeter emis-
sion in the impulsive phase of flares is primarily a diagnostic of
electrons with MeV energies. The typical gyrofrequency in the
corona is several GHz, requiring that emission at 86 GHz is at
high harmonics. Electrons with relativistic Lorentz factors less
than 2 provide essentially no opacity at these high harmonics.
Because it lacks high-energy electrons, a thermal energy spec-
trum, even with a temperature as high as 10° K, produces no
gyrosynchrotron emission at millimeter wavelengths. Hot
dense plasma does produce thermal free-free emission at milli-
meter wavelengths, and this is also detected in these observa-
tions. We note that an interferometer is not sensitive to sources
of dimension larger than about one-third of the fringe spacing,
1.e., 20”-30", and thus we are probably not detecting all the
thermal free-free flux associated with the postflare decay in the
millimeter observations.

2.2. Hard X-Ray/v-Ray Data

The data to be used in this study are obtained from the four
discriminator channels of the large-area detectors of the Burst
and Transient Source Experiment (BATSE; principal investi-
gator, Gerry Fishman, NASA/MSFC) on the Compion
Gamma Ray Observatory (CGRO). There is such a detector at
each of the eight corners of the spacecraft, and solar bursts are
identified by determining a direction based on the relative
count rates in the different detectors. The discriminator data
(DISCLA) consist of 1.024 s accumulations in energy chan-
nels with the nominal ranges 25-50 keV, 50-100 keV, 100-
300 keV and 300 keV-1.0 MeV. Each detector has an area of
2000 cm? (the effective area for a given flare is reduced by
projection onto the Sun-Earth line ), making this the most sen-
sitive detector in this energy range ever flown. As we show
below, these detectors are easily capable of detecting flares as
small as B1 in the GOES soft X-ray classification scheme.

With the kind cooperation of the BATSE team, the raw
DISCLA data are being passed immediately to NASA /GSFC
where the Solar Maximum Mission HXRBS team (principal
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investigators: Brian Dennis and Richard Schwartz), with the
support of the CGRO Guest Investigator program, processes
them, identifies solar flares, and maintains a catalog and flare
data base. This data base is accessible to the solar community,
and we have used it to obtain the data used here. Using the
catalog we were able to identify 12 flares observed both by
BIMA and by CGRO. Two of these were the >X10 flares of
June 9 and June 11; two other flares have spectroscopic data
from both BATSE and the Oriented Scintillation Spectrometer
Experiment (OSSE) on CGRO, and will be discussed else-
where (White et al. 1993). In this paper we discuss the remain-
ing eight flares.

In this paper we will adopt the usual assumption that the
hard X-rays arise from energetic electrons with a power-law
energy distribution precipitating from the solar corona into the
chromosphere and radiating bremsstrahlung X-rays in colli-
sions with chromospheric material (“thick-target” assump-
tion). We have no evidence that in any of the flares to be
studied the major contribution to the hard X-rays is from thin-
target coronal sources. The properties of thick-target brems-
strahlung mean that hard X-rays (HXR) of energy ¢ are a
diagnostic of electrons with energies up to roughly 3¢ (Kosugi,
Dennis, & Kai 1988). In our case this will mean that the HXR
data are produced typically by electrons with energies below
200 keV.

Although the broad-band spectral data obtained from the
DISCLA detectors are not really suitable for spectral analysis,
we are interested in estimating the energy distribution of the
electrons producing the hard X-rays, and this can still be done
with low precision using these data. We have used a program
written by Richard Schwartz (STX /GSFC) specifically to cal-
culate the response of the BATSE detectors to a given input
photon spectrum, assuming that the four channels have ex-
actly their nominal energy ranges. This program includes the
effects of photoelectric interactions, backscattering, Compton
scattering, the K-escape process, and the response of the detec-
tors. We calculated channel ratios for input photon spectra
ranging from spectral indices v of —2 to — 10, fitted the curves
with suitable functions, and then used the observed channel
ratios in the data for the eight flares to estimate the input pho-
ton spectral indices. Where there were sufficient counts, we
calculated the spectral index as a function of time through the
event. In nearly all cases discussed here, there were insufficient
photons above 100 keV to use the higher channel ratios, and
all the spectral indices referred to are derived from the ratio of
the 25~50 keV channel to the 50-100 keV channel. To calcu-
late an energy spectral index 6 for comparison with that to be
derived for the radio data, we have assumed that the emission
1s thick target and accordingly have added 1.5 to the photon
spectral index vy to obtain the energy spectral index (the elec-
tron flux incident at the chromosphere has an energy spectrum
& = v + 1 as shown by Brown 1971, and there is a factor of
velocity in converting electron flux to number density which
gives d =y + 1.5 in the nonrelativistic limit where v o Y E; e.g.,
see Kosugi et al. 1988). The derived energy distributions were
all very soft, and we discuss this point further below.

2.3. Microwave Data

To complement the millimeter and hard X-ray data, we re-
quested the microwave patrol data from the Radio Solar Tele-
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scope Network (RSTN) of telescopes maintained by the Air
Force weather service; the data were provided by the National
Geophysical Data Center in Boulder (courtesy of G. Deuel).
The data are full-disk fluxes at eight frequencies from 0.24 to
15.4 GHz; here we will use only the two highest frequencies,
8.8 and 15.4 GHz. The time resolution of these data is 1.0 s.

Microwaves in the impulsive phase of solar flares are gener-
ally assumed to be due to gyrosynchrotron emission by ener-
getic electrons in the solar corona with a power-law energy
distribution. (Here we do not consider thermal gyrosynchro-
tron emission, since as discussed above the detection of impul-
sive emission at millimeter wavelengths rules out a thermal
energy distribution for the electrons.) The turnover frequency
in the radio spectrum of solar flares typically lies in the micro-
wave range: at frequencies below the turnover, the radio source
is optically thick, the flux spectrum rises with frequency, and
one sees only down to the optically thick surface, while at fre-
quencies above the turnover, the source is optically thin, one
sees contributions from all electrons present, and the flux spec-
trum falls as frequency increases.

Gyrosynchrotron theory suggests that microwave emission
on the optically thin side of the spectrum ought to be domi-
nated by electrons with energies in excess of 300 keV (Taka-
kura 1967; Ramaty 1969; Holt & Ramaty 1969; Takakura
1972; Dulk & Marsh 1982), while at optically thick frequen-
cies the main contribution arises from somewhat lower energy
electrons. The latter result follows since spatially resolved ob-
servations indicate brightness temperatures typically of order
108-10° K, which correspond to electrons of energy of order
10-100 keV. However, comparisons of microwave and hard
X-ray time profiles carried out in the 1980s suggested that in
fact even at 17 GHz, which was well on the optically thin side
of the solar radio burst peak frequency for nearly all of the
events considered, the radio-emitting electrons have energies
typically around 100 keV (Nitta & Kosugi 1986; Kosugi et al.
1988). The same result was implied by a comparison of the
relative numbers of microwave-emitting and hard X-ray-pro-
ducing electrons (Kai 1986; Gary 1985).

A very useful property of gyrosynchrotron emission is that
the turnover frequency is roughly proportional to the magnetic
field strength in the source and only very weakly dependent on
other properties such as density and energy spectrum. The typi-
cal turnover frequency of 8 GHz (Guidice & Castelhi 1975;
Staehli, Gary, & Hurford 1989) corresponds to a magnetic
field strength of several hundred gauss. We note here that in
every one of the eight flares we discuss, the peak 15.4 GHz flux
in the impulsive phase is ~2 X the 8.8 GHz flux. The *‘canoni-
cal” spectral index of an optically thick homogeneous nonther-
mal gyrosynchrotron source is 2.9 (Dulk & Marsh 1982), and
if the turnover frequency in such a source were above 15 GHz,
the 15.4 GHz flux would be 5 X the 8.8 GHz flux, although
inhomogeneities in the source tend to produce flatter spectra
on the optically thick side. Thus, we cannot easily determine
the turnover frequency from the available data, but it appears
to be of order 15 GHz in each of the flares. This implies a
relatively high magnetic field in the radio sources.

2.4. Soft X-Ray Data

The Space Environment Monitors aboard the Geostationary
Operational Environmental Satellites (GOES) include ion
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chambers sensitive to X-rays in the wavelength ranges 1-8 A
(1.5-12.4 keV)and 0.5-4 A (3-25 keV). These data are avail-
able from the Space Environment Laboratory of NOAA at 3.0
s resolution. It is well established observationally that the soft
X-rays (SXR)do not resemble the harder X-rays (>25keV)in
behavior, and they are believed to be a signature of hot dense
plasma ( typical temperature 1-2 X 107 K) in the corona; from
the observation that the SXR time profile is often well
matched by the integral of the HXR time profile (Neupert
1968; Dennis & Zarro 1993; it should be noted that Neupert
originally used microwave data as a proxy for hard X-ray mea-
surements, which were not available at the time), it is believed
that the bulk of the SXR result from material heated by the
nonthermal electrons which also produce the HXR.

3. INDIVIDUAL EVENTS

The basic data for each flare are collected in Table 1. The
first column gives the flare number which we will use to refer to
the events in this paper; this is the same as the relevant figure
number. The second column of Table 1 gives the date and
approximate start time of the event. The third column gives
the flare number in the catalog of BATSE solar flares main-
tained by the SMM /HXRBS group at Goddard Space Flight
Center, while the fifth and sixth columns give the hard X-ray
(HXR ) duration and the >25 keV hard X-ray peak count rate
(for a collecting area of 2000 cm?), respectively, from the same
catalog. Column (4) is the GOES soft X-ray (SXR ) class listed
for the event in Solar Geophysical Data (SGD); in three cases
no class was listed, and we measured the background-sub-
tracted level directly from the GOES data and estimated a class
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accordingly (these cases are listed in parentheses; note that the
classes listed in SGD are not background-subtracted, but since
they are all much larger events, subtraction will not signifi-
cantly change their classes on the logarithmic scale used). Col-
umns (7) and (8) present the peak 8.8 GHz and 15.4 GHz
microwave fluxes measured by the RSTN network, in units of
sfu; column (9) is the peak correlated millimeter flux in the
impulsive phase measured at BIMA at 86 GHz. In two events
the peak millimeter flux occurred in the gradual decay phase
rather than the impulsive phase, and the corresponding peak
fluxes are listed in parentheses. Column (10) is the energy
spectral index estimated from the 25-50 keV and 50-100 keV
BATSE channels as described above, for a thick-target model.
One of the features of these flares is that they were all very soft,
and the fitting procedure gave photon spectral indices greater
than 8 in some cases. Since the spectral response program is
not accurate for such soft spectra (R. Schwartz, private com-
munication), we have indicated lower limits in the table in
those cases where the energy spectral index apparently exceeds
9 (photon spectral index exceeds 7.5). Column (11) is the
energy spectral index for the radio-emitting electrons calcu-
lated using the 15 GHz and 86 GHz fluxes and the assump-
tions that gyrosynchrotron emission is the radiation mecha-
nism, and that both frequencies are in the optically thin part of
the spectrum. In this case the energy spectral index is approxi-
mately 6 = 1.36-1.11a (Dulk & Marsh 1982), where « is the
radio flux spectral index (negative). In fact it is unlikely that
15 GHz is in the optically thin part of the spectrum for most of
these flares; we discuss the effects of this further below. The
final column presents notes relevant to individual events.

TABLE 1
FLARES IN THIS STUDY

ENERGY
PEAK 8.8 15.0 86 SPECTRAL
BATSE GOES HXR HXR GHz GHz GHz INDEX
EVENT TIME FLARE SXR  DURATION RATE FLux Frux FLux — —
NUMBER (1991, UT) NuMBER CLASS (s) >25keV (sfu) (sfu) (sfu) HXR Radio NoOTES
(N (2) 3 4) (5) 6) )] (8) ¢ ao  an (12)
| Jun 8, 20:51 416 (B1) 28 474 <5 12 0.3 (@) 3.7 HXR spectral index uncertain
due to low count rate
2 Jun 10, 19:56 471 (C1L.5) 48 2669 45 75 1.0 8 4.1 10 s delay of 86 GHz with
respect to HXR
3 Jun 114, 17:25 497 Mi.l 208 6560 35 95 <0.1 >9 >5.7  Upper limit to impulsive flux
0.7) 8 at 86 GHz; GRF only. Two
HXR peaks, with the first
softer than the second
4 Jun 12,01:33 502 (B1) 16 1112 <5 20 4.0 8 24
S Jun 12, 16:02 507 C4.0 142 4526 50 110 4.0 >9 3.5
6 Jun 12, 17:06 508 C1.7 80 13534 90 180 5.2 8) 3.6 HXR spectral index uncertain
due to highly variable
background
T o, Jun 13, 20:08 524 Ca.4 182 10594 45 100 0.1 8 5.8 GREF peak stronger than
0.7y >9 impulsive peak at 86 GHz.
Two HXR peaks, with the
first harder in spectrum
8 Jun 14, 01:27 527 M7.3 1070 11864 90 170 18.0 >9 2.8  Four HXR peaks, all with

very soft spectra

Main impulsive phase seen in
radio occurred during
BATSE night
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3.1. Flare of 20:51 UT, 1991 June 8 (Event 416 in the
BATSE Flare Catalog)

This is a very weak flare, but we include it because it demon-
strates the sensitivity of both BATSE and BIMA. Figure 1
shows the time profiles of the event in the 8 GHz emission
measured by BIMA (solid line), the >25 keV hard X-rays
measured by BATSE (short-dashed line histogram), the 15.4
GHz microwave emission (dotted line), and the GOES 3-25
keV channel (long-dashed line). We have smoothed the
BATSE and RSTN data to a time resolution of 4 s, the BIMA
data to a resolution of 1.6 s, and the GOES data to 12 sin order
to improve the presentation of this figure. The total duration of
the event is about 20 s in all but the GOES data. We plot all
data, including the GOES data, on linear scales for simple

“comparisons, and all are scaled to the same peak height: the
scale for the 15 GHz curve is on the left vertical axis, that for
the HXR data is on the right vertical axis, and the scale for the
86 GHz curve can be determined by finding the peak flux in
Table 1. The same format will be used in Figures 2-8.

This appears to be a very small impulsive event, with the
hard X-rays, soft X-rays, and millimeter emission all starting
at about the same time. No GOES class was recorded for this
event, but it was identified as a flare in the BATSE data. The
actual enhancement in the GOES 3-25 keV channel was only
1.0 X 107 W m™2, while that in the 1.5-12.4 keV channel was
1-2 X 1077 W m ™2 above a background of 2.1 X 107 W m~2,
Thus, this event would be classified as a Bl flare from its
GOES data, which is a very small event indeed. Nonetheless, it
shows impulsive emission at 86 GHz, indicating production of
MeV-energy electrons, as well as in hard X-rays below 100
keV. A peak of approximately 10 sfu is seen in the 15 GHz
data, but occurring slightly ( 10 s) later than the peaks in HXR
and millimeter. There was no detectable microwave emission
at lower frequencies (8.8 GHz flux < 5 sfu). The energy spec-
tral index calculated from the X-ray data is unreliable due to
the low count rate in the 50~100 keV channel.

Millimeter emission was reliably detected only on baseline
31 (i.e., the baseline between antennas 3 and 1, with a fringe
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spacing of ~20" east-west at the time of the burst). The clo-
sure phase for this event is not consistent with zero. However,
we suspect that this is due to the correlated amplitude being
dominated by large-scale structures in the active region, which
is consistent with seeing the greatest contrast on the baseline
sensitive to the smallest features. The vector subtraction of the
preflare emission which is carried out on all data in determin-
ing closure phase will not be effective if the background level is
varying rapidly on a short timescale. Consequently, we have
no convincing evidence on the size of this flare at 86 GHz.

3.2. Flare of 19:56 UT, 1991 June 10 (Event 471)

The data for this flare are presented (at full resolution) in
Figure 2, using the same format as in Figure 1. Based on the
background-subtracted GOES flux, this was a C1.5 enhance-
ment over the background ievel. The HXR show a very sharp
onset and a simple profile with emission lasting only about 20
s. The 15.4 and 86 GHz profiles both peak 5 s after the HXR
peak. The 15 GHz profile starts rising slowly at about the time
of HXR onset, while the 86 GHz profile starts to rise about 10 s
after HXR onset but then rises more sharply than the 15 GHz
data. Both 15.4 and 86 GHz data show a fairly sharp rise and
an approximately exponential delay, with the 5.4 GHz data
having a longer decay time; they also show a slightly more
rounded peak than do the 86 GHz data. The SXR start to rise
before the onset in HXR.

In this event the 86 GHz fluxes were similar on all three
baselines, and the closure phase is consistent with zero, imply-
ing that the 86 GHz source was probably smaller than about
one-third of the shortest fringe spacing, or 6”.

3.3. Flare of 17:25 UT, 1991 June 11 (Event 497)

The data for this flare are presented in Figure 3. The 86 GHz
data have been smoothed to about 25 s resolution in time to
improve the clarity of the figure: there are no significant struc-
tures in the 86 GHz data with timescales smaller than this, but
the point-to-point variability was quite high (we discuss this
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FiG. 1.—The millimeter (86 GHz from BIMA, solid [ine}, microwave (15.4 GHz from RSTN, dash-dotted line), hard X-ray (>25 keV count rate from
BATSE, dashed histogram), and soft X-ray (3-25 keV from GOES, long-dashed line) data for the flare at 20:52 UT on 1991 June 8. This flare was very
weak, and to improve the presentation of the data they have all been convolved to reduced time resolution (see text). The left axis gives the scale for the 15.4
GHz curve, and the right axis gives the scale for the hard X-ray emission. All curves have been scaled to the same peak height on the figure; the scale for the
BIMA data can be determined from the peak flux reported in Table 1. The same format is used in Figs. 2-8.
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FI1G. 2.—The millimeter (86 GHz, solid line), microwave (15.4 GHz, dash-dotted line), hard X-ray (>25 keV count rate, dashed histogram), and soft
X-ray (3-25 keV, long-dashed line) data for the flare at 19:56 UT on 1991 June 10.

fact further below). The HXR data for this GOES class M1
flare show two simple peaks of about equal strength, 7 minutes
apart. This flare occurred just after GRO emerged from Earth’s
shadow into sunlight, and it is possible that some of the emis-
sion in the rise was missed, but from the relation of the HXR to
the microwave peak we believe that GRO did catch the HXR
peak. The SXR data rise quickly in conjunction with the first
HXR peak and then show only a small additional enhance-
ment associated with the second HXR peak. The second peak
is actually harder in spectrum than the first. The 15.4 GHz
data show an impulsive peak exactly coincident with the first
HXR peak 1o within the time resolution of the data (1.0 s),
and very little emission associated with the second HXR peak:
interestingly, the second impulsive peak appears to contribute
more flux at 8.8 GHz than at 15.4 GHz even though all the
other events discussed here have a higher 15.4 GHz flux. The
86 GHz data, on the other hand, show no enhancements asso-
ciated with either HXR peak (<0.1 sfu). Rather, they show a
very slow evolution similar to a gradual-rise-and-fall event
(GRF). The 86 GHz data peak later than the SXR fluxes do,
but this is somewhat illusory since the radio flux produced by

the SXR-emitting material rises as the material cools and is not
expected to peak until after the SXR peak. We discuss this
further below. The BIMA flux is only of order 1 sfu at its peak,
whereas the flux expected from the GOES material is of order
10 sfu, but the fluxes on the different 86 GHz baselines are
quite different, and the closure phase is not consistent with an
unresolved source, so we are confident that the true millimeter
source size is too large to be measured by BIMA (>20"). This
appears to be a moderate-sized event in which HXR and mi-
crowave-emitting electrons were produced, but insufficient
millimeter-emitting MeV-energy electrons were accelerated in
the impulsive phase to produce an 86 GHz signature. Rather,
the millimeter emission is a signature of the dense plasma in
the corona after the impulsive phase.

3.4. Flare of 01:33 UT, 1991 June 12 ( Event 502)

By contrast, this event was small in the impulsive phase at all
wavelengths except millimeter. From the data in Figure 4 it
may be seen that the SXR rise even in the 3-25 keV channel is
barely evident; in the 1.5-12.5 keV channel it is at most 1 X

_lllIllllll]ﬁ/l_l‘\ll—l—rll‘llIlllllllllllllllllllIIIIIIIL
C 88 GHz 2000 g
so- b/ N A N\NA - 154 GHz 3
- ~
- £ My MTE TN > 25 keV ] P
& - —— 3-25 kev ] 1500 ©
<~ B0 :— — >
5 3 1000 .
; 40 ] 8
n ~ 3 A
u - s00
als e, -
B " { . —
C S o] 0
0 -

17"30™

17"25™

17°35™

17°40™ 17°45"

UT 1991 June 11 (497)

FIG. 3.—The millimeter (86 GHz, solid line), microwave (15.4 GHz, dash-dotted line), hard X-ray (>25 keV count rate, dashed histogram), and soft
X-ray (3-25 keV, long-dashed line) data for the flare at 17:25 UT on 1991 June 11. The millimeter data have been convolved to a resolution of 25 s to
improve the clarity of the figure: they show a high peak-to-peak dispersion at full 0.4 s resolution, similar to that seen in Fig. 7. GRO emerged from spacecraft
night at 17:25 UT, and some of the rise phase of the HXR emission may have been missed.
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FiG. 4.—The millimeter (86 GHz, solid line), microwave (15.4 GHz, dash-dotted line), hard X-ray (>25 keV count rate, dashed histogram), and soft
X-ray (3-25 keV, long-dashed line) data for the flare at 01:33 UT on 1991 June 12. The hard X-ray data have been smoothed to 4.1 s time resolution to

improve the appearance of the figure.

1077 W m™2, corresponding to B1 level. The HXR data show a
single spike of duration < 15 s (the HXR data have been
smoothed to 4 s resolution to improve the appearance of the
figure ), while the millimeter data show a spike (4 sfu) with a
sharp rise and nearly exponential decay, peaking 2 s after the
HXR peak. The 86 GHz data show no significant thermal
phase after this spike, consistent with the small soft X-ray sig-
nature. The 15 GHz data show a small spike of about 20 sfu
coincident with the millimeter spike. Compared with the pre-
vious event, the soft X-ray production was more than two
orders of magnitude smaller in this event and the 15 GHz flux
and HXR peaks were smaller by a factor of 4, but the 86 GHz
flux associated with the impulsive phase was at least 30 times
larger. The flux and time profile of the 86 GHz emission were
the same on all three baselines and the closure phase is consis-
tent with zero, so the 86 GHz source was compact (<6”).

3.5. Flare of 16:03 UT, 1991 June 12 (Event 507)

The data for this event are shown in Figure 5. In this case
both the HXR and 86 GHz data show strong emission continu-
ing for approximately | minute, with both a sharp onset and a
sharp switch-off. However, the two HXR subpeaks do not coin-

cide with the 86 GHz peak. The 15 GHz data show an alto-
gether smoother profile, with a more gradual rise, a simple
peak, and a decline much more gradual than in HXR and at 86
GHz. The SXR data do not start to rise until the impulsive
phase in HXR begins. The longer baselines show an extended
thermal phase at 86 GHz, peaking later than the GOES flux
has peaked and lasting for over 10 minutes. Thus this event is
marked by the differences between the 15 GHz and 86 GHz
profiles.

In the impulsive phase the 86 GHz emission has a similar
time profile on all baselines but appears to be strongest on the
shortest baseline. The closure phase is consistent with zero
throughout the impulsive phase at 86 GHz, and phases on the
individual baselines show no rapid changes which might indi-
cate contributions from separate sources more than 10” apart.
We therefore believe that the 86 GHz source was a simple
source of dimension 10”-20" and therefore slightly resolved on
our baselines ( which were ~49”, 97", and 32" at the time of the
burst).

3.6. Flare of 17:07 UT, 1991 June 12 ( Event 508)

In this event the data all have fairly simple time profiles ( Fig.
6). The HXR data show two peaks 10 s apart and emission
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FiG. 5.—The millimeter (86 GHz, solid line), microwave (15.4 GHz, dash-dotted line), hard X-ray (>25 keV count rate, dashed histogram) and soft
X-ray (3-25 keV, long-dashed line) data for the flare at 16:03 UT on 1991 June 12.
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FIG. 6.—The millimeter (86 GHz, solid line), microwave ( 15.4 GHz, dash-dotted line), hard X-ray (>25 keV count rate, dashed histogram), and soft
X-ray {3-25 keV, long-dashed line) data for the flare at 17:07 UT on 199t June 12.

lasting for ~ | minute; however the HXR data are difficult to
interpret due to a rapidly changing background level which we
assume is nonsolar, and for this reason the spectral index based
on the HXR data is highly uncertain. The 15 GHz data start to
rise 40 s before they (and the HXR) peak, while the 86 GHz
data start to rise 30 s later and peak much more quickly. The
86 GHz data show only a single peak, nearly coincident with
the second HXR peak, and delayed by 8 s with respect to the
first HXR peak. The 15 GHz data peak at about the same time
as the 86 GHz peak and the second HXR peak, but again show
a time profile with a more rounded peak and a much slower
decay than at 86 GHz.

The 86 GHz data again show a pronounced gradual phase
on the shorter baselines, lasting for approximately 15 minutes
after the impulsive phase. In the impulsive phase the three
baselines again have similar time profiles, but the fluxes are
largest on the shortest baselines (which also see the largest
postflare fluxes). The closure phase is again consistent with
zero during the impulsive phase, but not during the decay
phase. Therefore the spatial properties of this source are simi-
lar to that of the preceding flare.

3.7. Flare of 20:08 UT, 1991 June 13 (Event 524)

This is another event in which the 8 GHz data show very
little impulsive-phase emission. In Figure 7 a small enhance-
ment at 86 GHz may be seen coincident with the impulsive
spikes seen in HXR and at 15 GHz; both these wavelengths
show a second, much less impulsive emission 2 minutes later.
However, the 86 GHz data peak coincident with the GOES
data in this event and are thus presumably dominated by free-
free emission from hot dense plasma in the postflare phase.
The largest 86 GHz flux is measured on the shortest baseline,
and the time profile on the other baselines is quite different.
The closure phase is not consistent with zero at any stage. Note
that the point-to-point variation in the 86 GHz data is high: it
is much higher than the preflare noise level, as was the case in
Figure 3. The impulsive 15 GHz peak again shows a slower
decay than does the HXR emission.

3.8. Flare of 01:27 UT, 1991 June 14 (Event 527)

The last flare we discuss is the largest in this paper, a GOES
class M7 event. See Figure 8. Unfortunately, the initial part of
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F1G. 7.—The millimeter (86 GHz, solid line), microwave (15.4 GHz, dash-dotted line), hard X-ray (>25 keV count rate, dashed histogram), and soft
X-ray (3-25 keV, long-dashed line) data for the flare at 20:08 UT on 1991 June 13. The relatively high point-to-point dispersion in the 86 GHz data is
believed to be real and to be associated with the fact that the radio source is somewhat larger than the maximum size to which the interferometer is sensitive.
There is a very small enhancement in the 86 GHz flux associated with the main impulsive phase seen in hard X-rays and microwaves.
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FIG. 8.—The millimeter (86 GHz, solid line), microwave ( 15.4 GHz, dash-dotted line), hard X-ray (>25 keV count rate, dashed histogram), and soft
X-ray (3-25 keV, long-dashed line) data for the flare at 01:27 UT on 1991 June 14. The hard X-ray data do not start until 01:29:50 when the Compton GRO
satellite emerged from Earth’s shadow; however, note the very small rise in the GOES soft X-ray flux associated with the main impulsive phase seen at both

radio wavelengths.

this flare occurred while Earth was still occulting CGRO from
the Sun, but the spacecraft passed out of Earth’s shadow at
01:29:50 and there was no enhancement in the HXR level at
this time. One minute later, BATSE detected the onset of
HXR emission which was to last for 10 minutes, with four
main peaks in HXR. The 86 GHz and microwave data show
their strongest emission during an impulsive peak at 01:27,
while BATSE was occulted, and it might be thought that the
HXR also peaked at that time. However, the GOES data show
only a very small rise associated with the event at 01:27, while
the rise starting at 01:31 and continuing until 01:40 is at least
an order of magnitude larger. Based on the usual correlation
between HXR and SXR, we therefore conclude that the HXR
emission at 01:27 was probably weaker than in the peaks start-
ingat 01:31. The peak HXR rate was no greater than in several
other events described above, but the HXR emission lasted for
much longer than in any of the other events and this is consis-
tent with the large GOES class. The 86 GHz data also show
non-impulsive emission continuing through the thermal decay
phase of the flare.

The Sun was close to setting at the time of this event, so the
BIMA fringe spacings are all large (70", 140" and 45"). As in
the other events with impulsive-phase emission at 86 GHz, the
peak flux was similar on all baselines and the closure phase
consistent with zero, implying a source of dimension < 10”.

4. GENERAL RESULTS

This study has several aims. The first is to establish the prop-
erties of millimeter emission for a wide range of flare sizes, and
particularly their correlation with properties in other wave-
length ranges. The second is to use these comparisons to inves-
tigate the behavior of electrons in different energy ranges. As a
prelude to the second discussion, here we review the results of
comparing data in different wavelength ranges.

4.1. Energetic Electron Production versus Flare Size

The study here confirms the result of previous studies
(Kundu et al. 1990; White et al. 1992; Lim et al. 1992) on the
production of energetic electrons capable of radiating at milli-
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meter wavelengths: this can take place in the smallest flares
detectable, as well as in the largest. Assuming that the milli-
meter emission is due to MeV-energy electrons radiating by
the gyrosynchrotron mechanism, we interpret this as evidence
that there is no “threshold” effect in the acceleration of elec-
trons to MeV energies, i.e., there is no minimum flare size
above which such acceleration takes place. If the mechanism
for accelerating electrons to MeV energies is related to that for
accelerating ions, then equally we expect no threshold effect in
the production of energetic ions; however, presently we have
no detection method for such ions comparable in sensitivity to
millimeter interferometry.

The only plausible alternative interpretation of the impul-
sive millimeter emission is free-free emission by material
much cooler than the GOES-emitting material: however, the
small source sizes measured here together with the large fluxes
imply brightness temperatures in excess of 2 X 10° K, and if
this is thermal material, then the radio flux from it should rise
as it cools; we therefore believe that the rapid decay of the
impulsive 86 GHz emission on timescales comparable to that
of the HXR emission is not consistent with cooling thermal
material.

4.2. Relation of HXR Rates and Millimeter Fluxes

Another important result of this study is that there is no
simple relation between the production of HXR and micro-
wave-emitting electrons and the production of millimeter-
emitting electrons in the impulsive phase. In some events (3, 7,
8) the HXR and microwave fluxes are high while there is negli-
gible 86 GHz emission associated with them; in others (4), the
millimeter emission seems surprisingly strong given the weak
level of HXR and microwaves. There are, however, many
other parameters which will affect the relative production of
HXR, microwaves, and millimeter emission from a given elec-
tron distribution. The most important is probably magnetic
field strength, since the millimeter emission is a very sensitive
function of this. However, to the extent that the microwave
spectrum can be used to estimate the magnetic field, it seems to
have been similar in all eight microwave sources since they all
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have nearly the same (high) turnover frequency. Thus this
cannot explain the high variability in the ratio of millimeter
emission to other properties. Further, Kosugi et al. (1988; see
also Kai, Kosugi, & Nitta 1985) find that for large flares, the
ratio of peak 17 GHz flux to peak > 30 keV HXR flux (which
should also depend strongly on magnetic field ) has a scatter of
only a factor of about 2.5 over several orders of magnitude in
flare size, whereas just in these eight flares the ratio of 86 GHz
flux to peak HXR flux in the impulsive phase varies by at least
a factor of 400. By contrast, the ratio of the 15.4 GHz flux to
the peak HXR count rate in these events varies by only a factor
of 3. We also note that none of the millimeter sources detected
in the impulsive phase showed any evidence that they were
large and that therefore BIMA was not seeing most of the flux
(in contrast to the decay phase), so the spread cannot be ex-
plained by this effect. An acceleration mechanism for the
MeV-energy electrons which is to some extent independent of
the production of the lower energy electrons producing the
HXR emission is consistent with these data.

4.3, Onset of Millimeter and Microwave Emission

Lim et al. (1992) noted that the onset of microwave emis-
ston at 15 GHz usually precedes the onset of impulsive emis-
sion at millimeter wavelengths, and this result is also found
here, in every event with sufficient signal-to-noise ratio. Thus,
the lower energy microwave-emitting electrons seem to be pro-
duced earlier. The difference occurs because the microwave
emission tends to turn on relatively gradually, whereas the mil-
limeter emission tends to turn on very sharply. The simple
spike profile of the impulsive 86 GHz emission seen in events
2, 4, 6, and 8 occurs commonly: we discuss this further else-
where (White & Kundu 1993).

4.4, Delays between High-Energy and Low-Energy Electrons

In Figure 2 both the HXR and the millimeter emission have
a sharp onset, and there is an unambiguous delay, of order 10 s
in this case, of the millimeter emission with respect to the
HXR emission. In several other events there is evidence for
delays in the same sense, although smaller; in no event (in-
cluding others not presented here) have we seen the millimeter
onset lead the HXR onset. Since we argued at the outset that
both the HXR and microwaves are associated with electrons of
energy lower than those which produce the millimeter emis-
sion, this result and the previous one are consistent with a
delay in the production of the MeV-energy electrons.

The measurement of delays between the time of production
of high-energy electrons and of low-energy electrons is an im-
portant observational constraint to theories for energetic parti-
cle production in solar flares. It clearly has a bearing on
whether all energetic particles in the impulsive phase are accel-
erated by the same mechanism, or whether one mechanism is
required for the lower energy electrons carrying the bulk of the
energy, and another for the higher energy electrons. In fact, the
delay in Figure 2 is so large (about 10 s) that it may be too large
to be attributed to an acceleration time in a continuous acceler-
ation mechanism and may instead reflect a ““switch-on” time.

Most studies of delays until now have been restricted to the
very large events in which sufficient counts in higher energy
channels are recorded by the hard X-ray instruments. How-
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ever, large flares are usually notoriously complex, and the mea-
surement of delays for complex events is very difficult. Milli-
meter observations offer the chance to study the energetic
component in smaller, simpler flares.

4.5. Energy Spectra

We noted above one peculiarity shared by most of the
smaller flares from AR 6659: they all have an unusually high
turnover frequency. A second peculiarity may be seen in Table
1: the impulsive HXR emission appears to be particularly soft
in all cases. As we noted above, in many cases the spectra were
too soft to be fit reliably with a power law index from the
two-channel data. As a check that these flares were genuinely
softer than “‘typical” flares, we arbitrarily selected a sample of
flares from the BATSE database and compared the ratio of the
counts in the 25-50 keV and 50-100 keV channels. The selec-
tion criterion used was a peak count rate between 10,000 and
11,000 in the BATSE catalog, which should pick up moderate-
sized flares with no strong bias toward any one type of flare.
The resulting list contained 26 flares, of which one appeared to
be a nonsolar burst and one other was omitted from consider-
ation because only the decay phase was observed. Two of the
flares were from AR 6659, the same region which produced the
flares discussed here, including event 7. For the remaining 22
flares, the ratio of the peak rate in channel 1 to that in channel
2 (both background-subtracted ) had a mean of about 4.5. The
largest ratio of all the flares (>20) selected in this way belonged
to event 528 in the BATSE catalog, which came from AR 6659
on June 14. For the eight flares from AR 6659 discussed here
the corresponding mean was 10.9, with individual events rang-
ing from 7 to ~ 100. Thus it is clear that these events were truly
softer than average. One possible reason for this would be a
“superhot’ thermal component (Lin et al. 1981) present in the
25-50 keV channel for the flares from this region, particularly
if the lower edge of this channel, which is not well determined
at present, extends down below 25 keV.

Even though the energy spectral index deduced from the
ratio of the 15 GHz flux to the 86 GHz flux is uncertain since
the turnover frequency seems to be of order 15 GHz, the differ-
ence between the spectral indices deduced from the HXR and
millimeter observations is very large in all cases, and they prob-
ably cannot be reconciled. It appears difficult to escape the
conclusion that there is a flat component to the energy distri-
bution at high energies which is not reflected in the <100 keV
HXR. Vestrand (1988) has discussed evidence for a similar
effect in SMM /GRS data. We will carry out a more detailed
study of this question for two other events in this period for
which better X-ray spectra exist (White et al. 1993); here we
note one important implication. Since the excellent correla-
tion between flare microwave emission and HXR emission
was first noticed (Kundu 1961 ) and they were attributed to the
same electron population, it has been realized that the HXR
appear to require many more electrons than does the micro-
wave emission. This was partly solved when it was realized that
the thin-target assumption for production of the HXR, which
had been used in most early calculations, requires many more
electrons than does the thick-target assumption which is now
more prevalent, and that with the thick-target assumption
there does not seem to be a severe number problem (e.g., see
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the recent discussions of this issue given by Gary 1985 and Kai
1986). However, in these discussions of this issue the electron
energy distribution implied by the microwave data has not
been determined through the lack of suitable high-frequency
observations, and it is always assumed that the energy distribu-
tion derived from the HXR data is the one which applies. As
soon as one accepts the possibility that the spectrum of the
radio-emitting electrons is flatter than the spectrum of the
HXR-emitting electrons, the problem disappears.

4.6. Thermal Bremsstrahlung at Millimeter Wavelengths

It is well established that the decay phase of flares usually
involves a large amount of hot, dense, soft-X-ray-emitting
plasma, and it is easily shown that this plasma will produce a
significant radio flux. Since at high frequencies this flux is effec-
tively independent of frequency, its contribution relative to
any nonthermal emission, which has a flux spectrum falling
with frequency, will increase. Several of the events described
here show a smooth, post-impulsive phase emission at 86 GHz
which clearly resembles the expected signature of free-free
emission from postflare loops, although only in Figures 3, 7,
and 8 do we show a long enough time period for this to be
evident. In many events, both an impulsive phase and a grad-
ual thermal phase are seen at 86 GHz. The GOES fluxes can be
used to calculate a temperature and emission measure for this
material (Thomas, Starr, & Crannell 1985), and thus the ex-
pected 86 GHz flux may be derived (White & Kundu 1992;
note that the expression given there is for one polarization
only, and should be multiplied by 2 for comparison with
RSTN data). It amounts to less than 10 sfu in every event
except 8, where the predicted flux is almost 50 sfu at 01:45 UT.
In both events 3 and 8§, the predicted flux is strong enough to be
compared with the microwave data, and is found to be close to
the measured 15.4 and 8.8 GHz fluxes in the late decay phase.
In Figure 9, we compare the radio flux predicted from the
GOES data with the 15.4 and 8.8 GHz fluxes for event 3; the
estimated temperature of the GOES material is also shown.
The predicted radio flux can be seen to peak after the SXR
3-25 keV flux peaks (see Fig. 3), although its peak is coin-
cident with the peak in the 1.5-12 keV SXR channel. As is
usual, the soft X-ray-emitting material is hottest in the impul-
sive phase and cools thereafter; as it cools, the radio flux rises.
It may be seen that the microwave fluxes are very close to the
prediction of free-free theory in the late decay stages of this
event (after about 17:40 UT). As noted earlier, the observed
correlated 86 GHz flux is much smaller than predicted, and
this is true of all the events here in which a comparison can be
made. This is in fact expected: the postflare loops are known to
cover a large area, but the interferometer is insensitive to large
sources and is not expected to measure all the flux present. The
microwave data, which measure the full-disk flux, do not suf-
fer this effect.

An alternative explanation of the post-impulsive phase
emission would be nonthermal radiation due to some second-
stage acceleration of electrons, e.g., in a coronal shock, which
might not produce much HXR emission but could still pro-
duce radio emission. Although we cannot rule this out, we feel
that the thermal bremsstrahlung explanation is to be preferred.
The strongest argument is that even if there were some contri-
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F1G. 9.—The temperature of the GOES material (long-dashed line.
axis to right of plot in units of 10® K) and the radio flux predicted at high
frequencies (dotted line, axis to left of plot in sfu) for event 3 (1991 June
11 at 17:25 UT), based on free-free emission by an optically thin source
with the emission measure and temperature of the GOES material. For
comparison we plot the observed RSTN microwave data at 15.4 GHz
(solid line) and 8.8 GHz (dash-dotted line). The two arrows denote the
times of the peaks in the GOES 3-25 keV channel (earliest arrow ) and the
86 GHz data and the GOES 1.5-12 keV channel (coincident, second
arrow).

bution from a nonthermal component, we should still see ther-
mal bremsstrahlung from the known SXR-emitting material
present, and the calculations show that the expected flux is
generally larger than we observe, while the timescales of the
post~-impulsive phase millimeter emission match the SXR
timescales. Thus presently we have no evidence for a compo-
nent in the decay phase which cannot be explained by thermal
bremsstrahlung.

A common feature of these post—-impulsive phase emissions
at 86 GHz (as seen by the interferometer) is that they show a
large point-to-point variability, such as is seen in Figure 7. This
“noise” level is much higher than the intrinsic noise level in
the data, as seen, for example, in the data prior to the flare. We
believe that the reason for this lies in the fact that the total flux
from the field of view is much larger than the interferometer
can measure, since it is distributed on large spatial scales. Then
relatively small changes in the shape of the source, or its bright-
ness at different locations, will still have an effect on the inter-
ferometer amplitude: these changes amount to a small fraction
of the total flux but can be a large fraction of the correlated
amplitude, and thus can appear as an elevated “noise” level.

5. CONCLUSIONS

We have carried out the first extensive comparison of obser-
vations of solar flares at millimeter wavelengths with hard X-
ray data, covering a wide range of flare sizes. Based on both
theory and observation, the millimeter emission of flares in the
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impulsive phase should be a diagnostic of the most energetic
electrons accelerated in these flares. Typically we expect the
millimeter emisston to arise from electrons with energies in
excess of 1 MeV; it is unlikely that electrons with energies
below 0.5 MeV contribute any significant millimeter emission.

We find that such energetic electrons are produced in flares
of all sizes, including flares so small that their soft X-ray signa-
ture is barely detectable. Further, their behavior is not consis-
tent with their energy distribution being a simple extension of
the distribution of the electrons with energies below 200 keV
which produce the observed HXR below 100 keV. We empha-
size that there are many effects which influence the relative
levels of HXR and radio emission by energetic electrons, and
their time profiles. In particular, since we assume that the radio
emission is produced by electrons in the corona while the
HXR emission is produced by electrons striking the chromo-
sphere, trapping of electrons in the corona plays a major role in
determining both the relative peak fluxes, and the relative time
behavior. For this reason the time profile of the 86 GHz emis-
sion cannot simply be interpreted as the rate of acceleration of
MeV-energy electrons. A number of the effects which can arise
have been explored by Petrosian and co-workers (Petrosian
1982; Lu & Petrosian 1989, 1990). We will consider this issue
in more detail elsewhere (White et al. 1993). However, all the
available evidence seems to suggest that the millimeter-emit-
ting electrons form a different population from the HXR-
emitting electrons: the lack of close correlation with the HXR
profile, the lack of agreement between the energy spectral indi-
ces derived from the radio and HXR data, the time delay in the
onset of the millimeter emission (a delay of the peak is readily
explained in a trap model, but a delay in the onset cannot be so
readily explained in this way ), and the wide range of variability

found in the ratio of peak millimeter flux to peak HXR count
rate from flare to flare. If they are indeed a different electron
population, this has obvious implications for the acceleration
of electrons in solar flares: it may imply that separate accelera-
tion mechanisms are required for electrons at high- and low-
energy ranges. We plan to explore this issue further elsewhere.
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