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Abstract. We present the first solar flare observations with the KOSMA submillimeter telescope at 230 and 345 GHz. The
GOES X2.0 flare on April 12, 2001 was also observed at millimeter and centimeter wavelengths, as well as in soft and hard
X-rays. It exhibits both an impulsive phase of nonthermal gyrosynchrotron radiation and an extended phase of strong thermal
free-free emission in the millimeter and submillimeter range. As in previous observations, a mismatch between the electron
energy spectral indices, inferred from the millimeter and hard X-ray data, exists and is interpreted as a flattening of the en-
ergy spectrum above a break energy of several hundred keV. The observed thermal emission closely follows the shape of the
mmysubmm flux density time profile predicted from soft X-ray observations. As the observed absolute flux densities exceed
the predicted ones by a factor o1.5-3.4, both the mfaubmm emission and the soft X-rays must be thermal bremsstrahlung
with a common energy source, but from locations witfiedent plasma parameters. KOSMA observations allowed an estimate

of source locations and sizes for the nonthermal and thermal sources. All of them coincide within 0.2 arcmin and with those
seen in soft and hard X-rays. Surprisingly, the thermal submillimeter source diameters at 230 and 345 GHz (42 and 70 arcsec
respectively) increase with frequency.
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1. Introduction X-ray/y-ray signature. Thus, radio observations at/submm

Millimeter and submillimeter observations of solar flares a}/vavelengths are an attractive diagnostic tool for high energy
important tools to diagnose the acceleration process of elféﬁc(?Ctrons in solar flares (Trottet et al. 1998, 2000).
P 9 P Nevertheless, the literature on solar flares at millimeter and

EFﬁgsztinr?;adt;\:t?:ﬁ rﬁgigﬁzsgdart:e TS; Snociﬁioftlfc:r? rgi;;%ﬁ;bmillimeter wavelengths is sparse. There are several reasons

gyrosy 2 the lack of observations: Besides the former inavailabil-
and thermal bremsstrahlung (Kundu et al. 1990). The MAagNEeE of low-noise receivers at high frequencies, most flares ex-
field in the solar corona usually does not exceed 2000 G (Whli1 g 9 ’

et al. 1991), corresponding to an electron gyrofrequegayf thermal flux density of the quiet sun however is risingvas

~6 GHZ.' A particle W;th Lorentz fact.o?'/ typically emits at a This large background level is then modulated by the increas-
harmonic number of?°, thus short millimeter waves are pro-

duced by=0.5 MeV electrons (White & Kundu 1992: Kundumgly variable atmospheric attenuation, thus severely limiting

. the sensitivity of detection of solar millimeter and submillime-
etal. 1994), the same electrons producing alsoyth@y con- . . o< (Nakajima et al. 1985; White & Kundu 1992). Since

. S R
tinuum (Kawabata et al, 1982.)' Due to the limited sens!tlwty %?984 regular patrol observations at 80 GHz are available from
vy-ray detectorsy-ray observations have only been obtained for

. . : nulling interferometer at Nobeyama Solar Radio Observatory
f"”?res with large number.s c_)f h'.gh energy electrons. Opt|ca€ akajima et al. 1985). A similar instrument at 89.4 GHz is
g:/'grgé/;osg:;;L‘g%?}lergf‘:’;]oenr:Béhbeemslggrgigggh?gg;og_erated by the University of Bern since autumn 199atklL"
crea,sesr\)/vith the ma riletic field strenath Therefors!,snbmm f 99). These instruments cancel the quiet sun component, thus

o 9 gth. reatly improving the sensitivity for solar flare observations
emission can often be observed even when the number of h %
r

energy electrons is too small to generate a detectable ha r the whole disk.
gy 9 There are several reports of solar flare observations at

Send gprint requests toT. Lithi, short millimeter wavelengths during the 1969 solar maximum:
e-mail: thomas.luethi@mw.iap.unibe.ch Croom (1970) observed seven bursts at 71 GHz in two and a

Ibit a radio spectrum falling with increasing frequency. The
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half years of observations, including a very large event with Observations

a spectrum still rising at 71 GHz (Croom & Powell 1969) . S .
. The flare under investigation occurred on April 12, 2001 at
Shimabukuro (1970, 1972) reported several gradual flares tO'l? UT (in the foIIO\?ving all times are givgn in UT). The

90 GHz with flat spectra at high frequencies and a good tem-

poral correlation with soft X-ray observations. He epraine@aLorN%lzg\t ga?SEincc:aSZ Xi'g )ev:/aes dlooca(;[:ac;m .t(;f acg\éfr rr?;
the mm-emission as thermal bremsstrahlung. Other eve was observ v wide spectru

seem to exhibit steeply rising spectra in the millimeter rang ?m hard X-rays down to radio wavelengths. The emission

e.g. Akabane et al. (1973) and Kaufmann et al. (1985) at §cussed in thig paper covered the upper microwave spectrum
and 90 GHz. Chertok et al. (1995) analysed several solar t_f;ii(frequert;ues fr(;)m_tsh.z_l t?[ 345 Gtszas V(\;e::] a‘zg)gsandd
dio burst spectra in the range from 3 to 80 GHz. They focus gra ~-rays observed with instruments aboard the an

on strong events at frequencies above 30 GHz and found gﬁl\ljlc.’h spacecrast (.F'g'bl)l' 35 GH first detected
extended group of events with increasing or flat spectra up icrowave emission below Z was first detected as a

80 GHz. stl%w rise in intensity at10:14 (phase | in Fig. 1), followed by

significant emission with large spectral changes. Two phases
Kundu et al. (1990) reported the first spatially highly rewith multiple injections become evident through two distinc-

solved interferometric observations of mostly weak solar flartige groups of peaks at10:17:40 and~10:20:25 (phases |

at 86 GHz with the Berkely-lllinois-Maryland Array (BIMA) and lll). After the impulsive phase an extended strong thermal

in 1989. When compared to hard X-ray observations, many&hission (phase 1V) reached its maximurm-40:33 and lasted

the flares observed with BIMA indicate a flattening of the ele@t least until 12:45. From 10:58 to 11:40 flux density observa-

tron energy spectrum towards higher energies (e.g. Lim et t#ns at 230 and 345 GHz were interrupted in order to obtain

1992; Kundu et al. 1994; Silva et al. 1996; Raulin et al. 1999olar maps (Fig. 2) of the thermal component, showing an ob-

A similar change of the spectral slope has been reported f&@rved maximum brightness temperature-8800 K at both

combined observations of hard X-rays and microwaves (Markgquencies. Additional maps were taken at 9:15 well before

et al. 1981), whereas hard X-rayray spectroscopy in thethe flare start. They serve as a quiet sun reference.

energy range of 30 keV-=70 MeV allowed the direct obser-

vation of broken energy spectra (e.g. Vestrand 1988; Riedestrumentation

et al. 1998; Vilmer et al. 1999). Trottet et al. (1998, 2000301t X-ray data was obtained by the dual-channel detectors
reported two events where the gmm waves and thg-rays (1,512 5 keV and 325 keV, corresponding to a wavelength
above the break energy were produced by electron populgtiglpsl_g A and 0.5-4 A respectively) on the Geostationary
of the same spectral hardness. In 1999, a new solar ded'cﬁ%rational Environmental Satellites (GOES) with a time res-
millimeter and submillimeter telescope operating at 212 apgtion of 3 s. The flare was also seen with the soft X-Ray tele-
405 GHz was installed in the Argentinean Andesafipfer gcope (SXT) on the Yohkoh spacecraft, an imaging instrument
et al. 1997; Kaufmann et al. 1999). Trottet et al. (2002) r; the 0.25-4.0 keV range. Yohkoh flare mode observations
ported a solar flare observed at 212 GHz, exhibiting both @gyer the time interval from 10:13 to 10:39 and are continued
impulsive phase of nonthermal gyrosynchrotron radiation ag the next orbit after 11:47.
an extended phase of thermal emission. Unfortunately, these5.q X-ray emission was observed by the hard X-ray
pbservat_ions dtered from low sensitivity and lack of SpeCtra{elescope (HXT) and the hard X-ray spectrometer (HXS) on
information between 15 and 200 GHz. Yohkoh. The former is an imager with four energy bands be-
Our solar observations at the ol Observatory for tween_ 14 and 93 keV and the latter a 32-channel spegtrom_eter
Submillimeter and Millimeter Astronomy (KOSMA) began incovering the_ energy range from 24 tf) 830 keV, operating with
late 2000. The 3 m telescope’s dual-channel SIS-receivertifg€ resolutions of 2 and 4 s respectively.
tunable from 210-270 and 330-365 GHz, with receiver noise The total flux at cm- and_ lower mm-wavelengths
temperatures of only 150 and 100 K respectively. Thus tI(I%A_SO_ GHz) was recorded_ with the patrol telgscopes
instrument ders a significantly higher radiometric sensitivig2t Bumishus (Switzerland) with half-power beamwidths of
than smaller telescopes with conventional uncooled Schottky: degdree and an integration time of 100 milliseconds. They
receivers £2900 K at 212 GHz, see Kaufmann et al. 1999@5 well as all other radio telescopeg used for this event)opera_te
KOSMA observations are complemented by our patrol of total-power mode and use the quiet sun as a reference. Quiet

servations, providing an unprecedented coverage of the raghi) flux densities from 8.4 to 19'6 GHz were i!'lterpolated from
spectrum between 8.4 and 345 GHz. RSTN measurements, and at higher frequencies calculated with

the model of Croom (1979).

In this paper we present the first solar flare observations One of the dificulties with solar mnpsubmm observa-
with KOSMA at 230 and 345 GHz combined with the corretions is the variability of atmospheric attenuation that increases
sponding microwave and X-ray data. The instrumentation astlongly towards millimeter and submillimeter wavelengths.
calibration of the submillimeter data is described in Sect. Zherefore, and due to the large solar brightness temperature,
In Sect. 3 we analyse and discuss the nonthermal radio dhd sensitivity for the detection of weak solar flares is severely
hard X-ray emission during the impulsive phase of the evelirited. For the event under discussion thifeet already
and the time-extended strong thermal emission. The last skeeomes visible at 35 and 50 GHz where observations suf-
tion presents our conclusions. fered from bad weather (Fig. 1), resulting in non-solar flux
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Fig. 1. Flux density time profiles at 8.4-50 GHz (Bumishus observatory), 89.4 GHz (nulling interferometer), 230 and 345 GHz (KOSMA), soft
X-rays (GOES 10) and hard X-rays (Yohkoh HXT). The dashed vertical lines mégketit episodes of the event. Yohkoh hard X-ray data
ends with the beginning of satellite night at 10:39.

fluctuations of 5 and 7% (rms) respectively. Because of thparison to the solar disk can be regarded as a point source,
effect, measurements at 89.4 GHz are made by a nulling tWwmwever is fully measured (Nakajima et al. 1985thi1999).
element interferometer, set up to cancel the emission of tBer nulling-interferometer provides a half-power beamwidth
extended quiet sun. The flux of a solar flare, which in conof 53 arcmin and an integration time of 31 milliseconds.
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Fig. 2. Maps of the sun at 345 GHz roughly 1 hour before and after flare start. At 11:13 thermal emission with a maximum measured brightr
temperature 0f8300 K was still visible. Contour levels begin at 6200 K with 300 K steps. Maps at 230 GHz show the same features wi
lower resolution. The crosses on the right map are the end points of the subreflector scan from the observation (“obs”) to the reference (*
position during maximum submm emission (10:17:54); the dashed lines show the rotation axis of the sun.

The resulting sensitivity is-35 sfu under usual weather conTable 1. Source widths (half intensity) and flux density of the flare
ditions, which is approximately one order of magnitude bettemission at~11:1(_) UT (extended phase). Note the significantly larger
than that of a single-dish radiometer with the same beamwid#ifmeter at the higher frequency.

The millimeter and submillimeter emission at 230 and
345 GHz was observed with the KOSMA telescope on the Frequency  Beamwidth Omeas  Osouce Flux density
Gornergrat in the Swiss Alps (Kramer et al. 1998). Low. [GHz] [arcsec] [arcsec] [arcsec] [sfu]
atmospheric attenuation at this high-altitude mountain site230 117+7 124 42£20 1123
(3135 m a.s.l.) and the use of low-noise SIS-receivers make345 88+ 5 112 70:6 1963
this instrument well suited for astronomical observations in

the upper misubmm-range. The SIS-mixers, as well as thﬁ retargeting of the telescope on the flare after 11:40 and the

Iarge banQW|dth .(.1 .GHZ) of the receivers, result_ ina typlcaata from the solar maps allowed us to estimate absolute flux
radiometric sensitivity of~2 and ~3 solar flux units at 230 values (see below)

and 345 GHz respectively, these values also including atmo-
spheric &ects. The integration time used was 2.3 miIIiseqflux calibration at 230 and 345 GHz

onds. The pointing accuracy of KOSMA is typically better than . .
~10 arcsec. Half-power beamwidths of the 3 m-telescope at@lar maps during the thermal phasé {:13) were used to de-

117 arcsec and 88 arcsec at 230 and 345 GHz respectiv@\ﬁ? deconvolved source diameters and total flux values which

Thus, the antenna beams cover a typical active region. are summarised in Table 1. Note that the source size in-

The active region NOAA 9415 was selected before trac reases W'th frequt_ancy. The source po§|t|ons coincide W'thm.
. . : . .2 arcmin and are in good agreement with those of the associ-
ing was started, as it showed the highest brightness tempera- o .
) . ) ated Hr and hard and soft X-ray emission (Fig. 4). The antenna

ture in our solar maps (Fig. 2, 09:15) and, from space weather : : .
I . . béamwidths used for the deconvolution were determined from
predictions (Space Environment Center — online data), PO; .
eam measurements on the solar limb.

vided the greatest chance of flaring. A tiltable subreflector pe- : .
In order to compensate atmospheric attenuation changes

riodically deflected the antenna beams in cross-elevation % S
: . . the antenna beams were moved periodically from the target
6 arcmin from the target to a quiet reference region on trageobs,, in Fig. 2) to a reference region (‘ref”). However, when

sun. The 1 s on 0.1's df pbservatmr_] cycle aIIowed_ the.tracking the flare between 10:10 and 10:58 the antenna was
compensation of atmospheric attenuation changes with time ) .
g_lnted approximately one half-power beamwidth away from

scales above 1 s. The absolute flux density calibration was ﬁwe emission region which reduced the observed flux. Thus, the

tained from hourly observations of the cold sky. AtmOSpher}%easured flux density time profile; are too low and had

conditions at Gornergrat were very stable (attenuation fluctL,[la-be corrected. Assuming symmetrical Gaussian profiles for
. 0rY : . .
tions <1%) with a zenith opacity of 0.18 and 0.48 at 230 e brightness temperature distribution and the antenna beam

345 GHz respectively. _ patterns, the flux densit$g 4 Of the flare is given by
Unfortunately the flare occurred approximately 1.8 arcmin

away from the initial observation region which became obvio%s _s P2+ Poource (Pt one)
only after the solar map at 11:13 had been analysed (Fig. 2jae = “det 2 ’

)

ant
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Fig. 3. Flux density time profiles from 10:10 to 10:58 for the observing positigg)(and at minimum distance ;) to the source. The time
profile in between represents the corrected flux density obtained by s&alifrghin) to fit the directly measured and deconvolved flux densities
from the solar maps at 11:13 (triangles) and the re-targeted observation after 11:40.

12—Apr—2001 10:18:03 UT for the minimum distancem,. The constant position of the
peak in the subreflector scan profiles also indicated a constant
source position throughout the event. Its (deconvolved) half-
power width along the scan direction remained constanBat
and 70+ 15 arcsec at 230 and 345 GHz respectively. These
values are consistent with the (thermal) source sizes seen in
the solar maps. Therefore the latter were also used for the
flux calibration during the impulsive phase. Corrections follow-
ing Eq. (1) were then applied to both measured flux density
time profiles. The corrected flux densi8tare(rmin) reached
2Srare(robs (Fig. 3) due to uncertainties of the source and an-
tenna beam positions. The mismatch between the observations
before 10:58 and the actual flux densities obtained from solar
maps at 11:13 is also related to this. As the fsubbmm flux
densities calculated from GOES soft X-ray observations indi-
cate a smooth decline afterl0:35 (see below), the flux den-
sities at 11:10 and 11:40 were linearly extrapolated to 10:58.
The flux densitySge(rmin) from 10:10 to 10:58 was then scaled
540 560 580 600 620 640 660 680 to match the extrapolated value at 10:58. The resulting time
X (arcsecs) profiles at 230 and 345 GHz are shown in Fig. 1.

Fig.4. Flare emission at 10:18:03 in ¢H(background, provided It should be noted that Yohkoh images clearly show two
by Kanzellwhe observatory in Austria), Yohkoh SXT (dotted) andnard X-ray sources at the footpoints of the soft X-ray loop
HXT 53-93 keV (solid contours). Also indicated are the half-powefFig. 4). Thus, the assumption of a single Gaussian radio source
sources at 230 and 345 GHz as seen in the solar maps at 11:13 (s@daonly approximative. However, as the separation of the hard
rotated to 10:18). The pointing accuracy-5 arcsec. There are sev-X_ray sources of25 arcsec is small compared to the antenna
eral Hr kernels, two of which are connected by the soft X-ray l0oga|f-power beamwidths, the corrected flux densities do not de-
across the magnetic neutral line (MBOHO). The HPBW of the tele- o strongly on the actual source brightness distribution. The
scope is 117 and 88 arcsec at 230 and 345 GHz respectively. o100 diameter also turned out to be uncritical. Taking into
account all uncertainties mentioned above, the resulting flux

: 0 30
wherer are the angular separation of antenna beams and fISFf&Prs are estimated 5% and30% at 230 and 345 GHz

SOUrcepanandpsourcethe Y e-widths of the antenna pattern andSPectively.

the source respectively. Yohkoh SXT images showed no signif-

icant movement of the flaring loop throughout the event, thus

a constant source position as seen in the solar maps at 18314nalysis and interpretation

was assumed. The angular distandgetween source and an- : . - .
) The event under discussion can be divided into four phases

tenna beam centres changed during a subreflector scan fr( 0 1):

robs & 1.8 to @ minimum ofrpyi, =~ 0.6 arcmin, resulting in T

a peak in the observed flux density scan profiles. Thus, tlwring phase | (10:14-10:15:25) emission was first detected

measured time profiles of the flare can be extracted from thie10:14 as a slow rise in intensity at microwaves and hard

data:Sgedrops) for the observation region “obs” arfledrmin) X-rays below 35 GHz and 53 keV, respectively. The radio
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spectrum has a flat maximum, with the peak frequency rising _HXS spectra

from ~10 to~20 GHz.

100.0000 ¢

—

=
Phase Il (10:15:25-10:18:30) is characterised by a fast emis- '* %"
sion increase at microwaves, extending into the submillimg- F—

10:17:54

ter range. It is accompanied by hard X-rays up-00 keV, «» -O%9%F 3
The centimeter and hard X-ray emission reached their maxirpa F
at ~10:17:30, while the mpgsubmm emission peaked later at Omoo? E
~10:17:54. The radio spectrum is clearly non-thermal with% ?
flat peak between 11.8 and 35 GHz (Fig. 6). 2 0000g 10:20:25 (x0.1) +

n

Phase IIl (10:18:30-10:22:15) shows a second strong increése o,oomé
of emission below 89.4 GHz and at hard X-rays. Its maximufm i

occurred at-10:20:25 and coincided with the maximum of the ~ 0-0001L ‘ —_— ‘“‘jo

GOES time derivaFiv.e. Above 50 GHz we mainly observe th_e Photon Energy [keV]
decay of electrons injected during phase Il and only weak emis-
sion from the newly injected electrons. Fig. 5. HXS photon energy spectra at the times of peak 1 and 2 (10 s

average) with horizontal bars indicating the energy range of each
Phase IV (10:22:15-12:45) is of thermal origin. After 10:22:18XS-channel and vertical bars the photon flux errors. Due to its poor
the flux densities at 230 and 345 GHz rose again and reacRB@rgy resolution the lowest energy channel is not used for the fit.
their maxima at~10:33. At this time the radio spectrum wador clarity the spectru_m at 10:20:25 has been multiplied with a factor
nearly flat (Fig. 8). This emission lasted at least until 12:45 aR§0-1- There are no significant counts abexz00 keV.
became continuously harder. During the whole phase a strong

soft X-ray emission evolved. (Fig. 1) as can be seen from the two distinctive groups of emis-
sion peaks during phases Il and Ill and also from the common
3.1. X-ray emission substructures. Using the sharp increase of emission at 10:16:00
as a marker, the delay between microwaves and hard X-rays is
Soft X-rays less than 2 s (time resolution of the HXT-instrument).

The temporal evolution of the GOES 1.5-12.5 keV count rate The 53-93 keV HXT-images show two sources which can
is represented in Fig. 1. Its maximum was reachedl&t28:30 be identified as footpoints of the soft X-ray loop (Fig. 4). They
(~10:25:00 for the 3—25 keV channel), well after the impulsivare also co-located with two dikernels in regions of oppo-
phase of the event. The time derivatives of both count rates p&§R magnetic polarity. The northern hard X-ray source shows a
at the time of maximum cm-emission in phase 1. Assuming @times stronger emission than the southern one which is hardly
isothermal source, theffective temperaturé’e and emission visible. This is consistent with the brightening of the northern
measureE My of the hot flare plasma can be estimated frofart of the soft X-ray loop during phase II. There is no signifi-
the two GOES energy bands using the procedure developedByt diference between the hard X-ray images during the first
Thomas et al. (1985). At 10:18:18, near the end of the firgfd second peak (phases Il and I1l). The half-power source size

radio peakTe reached a maximum of25x 10° K with E M during the impulsive phase of the eventid0 arcseg¢, corre-
~2.8 % 10%° cm3. The latter reached its maximum e2.0 x  Sponding to a source diameter-of arcsec. After~10:21 the

10°° cm3 at 10:32:03 wheiT, was~17x 10° K and coincides countrate becomes too low for image reconstruction. At lower

with the maximum of the extended post-burst emission at 2Bboton energies additionally emission from the loop-top can

and 345 GHz. be seen, until the 14-23 keV image nearly corresponds to the
The SXT-images show a single flaring loop across teXT-image.

magnetic neutral line seen in SOMWDI-images (Fig. 4). Its  The hard X-ray spectrum can be determined from the HXS-

position and size remained almost constant throughout the 8Bta, shown in Fig. 5. We assume that the energy spectrum of

served time period (ending at satellite night). Depending on tHe hard X-ray photons follows a simple power-law of the form

SXT filter, the observed source area reached 180-260 &rcsec £\

at 10:33. At the beginning of the impulsive phase the maigE) = |0(_) , (2)

emission originated near the northern footpoint from an area Eo

of 40-60 arcsecand shifted towards the loop-top late i%herel is the count rate (photons'scm2 keV-2), E the pho-
phase II. Unfortunately, no images, coincident in time with tr}%n energylo the count rate at the energ and;: the photon
solar maps at 230 and 345 GHz, are available. The firstima Rctral index. FOEg = 1 keV the parameteis andy were es-
after the.sat.ellite night show that the loop had approximatt% ated using the HXS-SP-program of the SSWIDL-package.
doubled in size{11:47). Due to its poor energy resolution, the lowest energy channel is
not used for the fit. At the time of maximum submm emis-
Hard X-rays sion (10:17:54) we findg = 1.0x10” photons st cm2 keV-!
The hard X-ray time profile at 53—-93 keV is in good agreendy = 3.9 (Table 2). There is no indication for a break in the
ment with the flux profiles observed at 19.6, 35 and 50 GHzhoton spectrum.
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Table 2. Power-law parameters of the fitted hard X-ray spectra during 10000
phases Il and lll. The spectral indices deduced from gyrosynchrotron

modelling are also given. >
(%3]

10:17:54 10:20:25 > 1000

lo[stcm2kevl] 1.0x100 27x10 2 i
y 3.9 4.1 S
Ox 49..54 51.56 E

or 23+01 35+02 T 00k

10 100

In order to compare the hard X-ray and risabmm emis- frequency [GHz]

sion, we use a single loop model where electrons with a powgfg. 6. Instantaneous radio spectra (10 s average) during the impulsive
law energy spectrum are injected in the coronal part of a mafjase at 10:17:54 and 10:20:25 (dots and diamonds, respectively),
netic loop and precipitate towards its low-lying footpoints. Thiacluding the 3.0 GHz data point measured by the RT3 instrument
mnysubmm radiation is gyrosynchrotron emission of relativis¢ Ondrejov observatory (Czech Republic). The thermal emission
tic electrons in the loop. Hard X-rays amerays are produced component has been subtracted. The calculated model spectra for
by thin- or thick-target interactions, depending on the densiEF 500 G that provide th_e t_)est fit to the measured spectra above
of the medium and the time of the electrons spent in the logp GHZ are also shown (thin lines).

(Brown 1971; Nitta et al. 1991). As the HXT-images clearl
show footpoints, perfect trapping can be excluded. Thus, t
spectral index of the electron population in the coronal lodpOES observations already indicate a substantial thermal
is 6x ~ y + 1.5 for free propagating electrons up to a feigMmission component during the impulsive phase of the
100 keV anddx ~ y + 1 at higher energies and for turbu€vent (Fig. 9). They were used to estimate the thermal
lently trapped electrons (e.g. Trottet et al. 1998, and referenbg@msstrahlung fluxes that amount6% of the 345 GHz flux
therein). The resulting electron energy spectral index at tH@nsity at the maximum of the first anet0% at the maxi-

time of maximum submm emission is therefége= 4.9-5.4. mum of the second group of peaks (using the scaled fluxes,
During the second maximum of the microwave and hard X-r&¢€ Fig. 8). These thermal components have been subtracted
emission (phase I11) the HXS-spectrum is marginally soft@fior to further spectral analysis. The resulting radio spec-
with Io = 2.7x107 photons st cm2 keV-1andy = 4.1, leading trum during the impulsive phase of the flare clearly shows

gdio spectra during the impulsive phase

to 6x = 5.1-5.6. non-thermal signatures (Fig. 6). A nearly flat spectrum be-
tween 11.8 and 35 GHz indicates the presence of source in-
3.2. Radio emission homogeneities (Klein & Trottet 1984). This interpretation is

further supported by the spectral index below the spectral max-

Figure 1 shows that the microwave emission exhibits three digrum (~1) which can only be explained by source inhomo-
tinctive components. An impulsive burst, visible up to Sme@eneities (Dulk 1985; Klein et al. 1986).
wavelengths, was followed by a second peak of emission that From the flux-densities between 50 and 345 GHz we can
was only observed at centimeter and longer millimeter wavgetermine the slope of the optically thin radio spectrum. Its
lengths. Finally a long-lasting emission in the millimeter a”@zmporal evolution is shown in Fig. 7. During phase I, it in-
submillimeter range was left. creased from-2.0 + 0.3 at the onset ta-0.7 + 0.1 at the max-

While the microwave and hard X-ray emission duringnum of mmsubmm emission. This is consistent with the ob-
phase Il starts and peaks simultaneously, thgsabmm emis- servation that the emission above 50 GHz was delayed (by
sion above 50 GHz is clearly delayed (Fig. 7). To quantify this10-20 s) in respect to hard X-rays and microwaves. During
effect and to smooth out noise, running means over 10 s wetese lll,a decreased again te2.1 + 0.4 due to the lack of
directly compared. We find that the 89.4 GHz onset and pestkong emission above 50 GHz. As the slope of the optically
is delayed by~10 s with respect to the hard X-rays and mithin flux-density spectrum is almost independent of the mag-
crowaves, while emission at 230 and 345 GHz is delayed bgtic fieldB (Dulk 1985), the electron energy spectral index
another 10 s. Onset delays of the millimeter emission of sesan be estimated even though the radio source is inhomoge-
eral seconds relative to centimeter emission have been reportedus. Using the gyrosynchrotron codes developed by Ramaty
(Kundu et al. 1994; Lim et al. 1992; Trottet et al. 2002). Thef1969), we have calculated the gyrosynchrotron spectra for a
have been interpreted either as evidence that relativistic eleabical homogeneous source. The calculations were carried out
trons producing millimeter and submillimeter emission are afor a power-law electron spectrurhl(E) = KE®) in the en-
celerated later than the microwave and hard X-ray-producimggy range of 0.025500 MeV and for a viewing anglé of
lower energy electrons (Lim et al. 1992) or explained by a rd5 degrees, as suggested by the location of the event. For dif-
dio burst consisting of various successive injections @fiedi ferent values oB in the range of 3081500 G,5; has been es-
ent spectral hardness of which only the hardest ones prodtiogated for the best fit to the measured spectra above 50 GHz.
detectable high-frequency emission (Trottet et al. 2002).  For the two spectra shown in Fig. 6 we obtajn= 2.3 + 0.1
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Fig. 7. Temporal evolution of the radio spectral indexDuring the = Fig g Nearly flat ¢ ~ +0.1) spectrum at the time of maximum ther-
impulsive phase (Il and Ill)}¢ was determined from the slope of themal submm emission (10:33, dots) and the slightly hardey ¢0.3)

optically thin spectrum between 50 and 345 GHz, after subtractigBectrum at the time of the solar maps (11:10, diamonds).
of the thermal emission component. During the extended phase (IV),

all frequencies were taken into account except 35 and 50 GHz that
were increasingly fiected by bad weather. The sudden break betwetm optically thin thermal bremsstrahlung. Using the tempera-
~10:46 and 10:56 is due to a smaller burst visible only below 35 GHuare T, and emission measueMy derived from GOES mea-
(cf. Fig. 1). For better orientation the normalised flux densities at 3urements, the expected radio flux density at the frequency
and 230 GHz are included (dotted and solid lines, respectively). Thggécomes
also clearly show the delay of the high-frequency emission.
S, = 1.32x 107%[24.5+ In (Te) — In (v)] ToY?EMy, (3)

,?hnede:snse;_r 0.2 (at 10:17:54 and 10'20'2.5.’ respectl\{ely). Thu\slmeresy is expressed in sfile in K andy in Hz (Pohjolainen

gy spectrum of the electrons injected during phaseet 1. 1096a)
is significantly softer than during phase I, godthe high en- i )

_— ; ) The qualitative comparison of the predicted flux den-
ergy cut-df of the radiating electrons is lower during phase ”éities S. with the observed values shows good aqreement
than during phase Il (Ramaty et al. 1994). v g 9

The electron enerav spectrum deduced from radio 0%F_ig.9). Both reach their maximum afL0:33. The magnitudes
) gy spectrum ¢ f the measured flux densities, however, are higher than the pre-
seryat|ons d = 2.3 and 3.5) is significantly harder than thagicted ones: At frequencies up to 89.4 GHz the observed flux
derived from the hard X-ray photon spectruty (= 4.9-5.4 o are higher by a factor ef..5, at 230 and 345 GHz
and 5.1-5.6, see Table 2). This has been observed befor% IN o ctor of~2 4 and-3.4 respectively (Fig. 8). At 345 GHz

many flares (e.g. Lim et al. 1992; Kundu et al. 1994) andt| is discrepancy becomes even more pronounced later in the

explained by spectral hardening above a break in the ener nt. Pohjolainen et al. (1996b) analysed a large sample of

aneiftggrg Me?zét? :)::156vcsgde);_é?yisegvggt&heomr;j‘s?geSriWEe gradual type bursts and found comparable excesses of the ob-
y 9 en &, .served 37 GHz emission ir20% of the cases. Even larger

Egglf) l\JA?' ;togl'ki?/??t'e;hsu;atrn? Of?sﬁ:\llg\?v:ra;?];'railir;'rsoséaﬂferences between expected and observed thermal flux densi-
- y 9y fes were reported by Shimabukuro (1970) at 90 GHz (0.13 vs.

(<600 keV), whereas the millimeter and submillimeter radé—

o . : . 6 sfu) and Trottet et al. (2002) at 212 GHz (20 vs. 190 sfu).
ation is emitted by electrons at higher energie8.5 MeV) ThZe estimate of th((a rad?o flux densi(ty from GOE)S—
(Kundu et al. 1994; Trottet et al. 1998, 2000). For the eve(%

under discussion the break energy must be well above sev reﬁervations assumes a single-temperature plasma. However
gy . @ is almost certainly incorrect for the flare plasma in the
hundred keV, the hard X-ray-ray flux of the high energy L N
: solar corona. The soft X-ray emission increases with rising
electrons being too weak to produce any detectable respofls

e : S
above~200 keV (Fig. 5). The characteristic energy of elec: asma temperatur‘l;e whereas .the radio emission _Qecreases

o . Eq. (3)). Thus, radio observations are more sensitive to cool
trons radiating synchrotron emission at 345 GHz however

Material than soft X-ray observations. Any significant amount
7-16 MeV for magnetic fields in the 36500 G range and a L
viewing angle of 45 degrees (Dulk 1985). of lower temperature plasma could easily produce a stronger

emission in the miisubmm-range than predicted by the GOES-
observations (White & Kundu 1992). It appears that both the
mnysubmm emission and the soft X-rays are thermal and have
After the impulsive phase, the flux density at 230 and 345 GHzcommon energy source (resulting in an identical shape of ex-
rose again, reaching a maximum atl0:33 (phase V). pected and measured time profiles, Fig. 9), but they do not arise
The radio spectrum became rapidly flat#£ 0 at 10:27, Figs. 7 from the same thermal electron populations (Shimabukuro
and 8), and afterwards, during the extended phase, slowly 1870; Chertok et al. 1995). The spatial distribution of the
creased to 0.2 (10:58). This suggests that the emission is tmeer-temperature plasma may well bdéfdient from the one

Radio spectrum during the extended phase
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0N T T T 4. Conclusions

89.4 GHz

In this paper we have reported and analysed observations at
millimeter and submillimeter wavelengths of a major (GOES
class X2.0) solar flare that occurred on April 12, 2001. The
observations at 230 and 345 GHz were obtained with the
T e KOSMA telescope and are complemented by our patrol obser-
Ee---7 7T T vations, providing an unprecedented spectral coverage from 8.4
to 345 GHz.

The event exhibits an impulsive phase with two groups of
peaks at~10:17:54 and~10:20:25 (phases Il and lll, Fig. 1)
S ______. and an extended phase lasting at least until 12:45 (phase V).
-~ e Emission during the impulsive phase is gyrosynchrotron radia-

10:20 10:30 10:40 10:50 tion by nonthermal electrons with a spectral indeaf 2.3+0.1

ut and 35 + 0.2 (phases Il and Il respectively). This is con-
Fig. 9. Extended millimeter and submillimeter thermal emission dugiderably harder than the spectral indigxdeduced from the
ing phase IV (1 minute average). The solid lines indicate the obsen&@fresponding hard X-ray observations (4.9-5.4 and 5.1-5.6),
flux density and the dashed ones the flux density predicted from @@d thus indicates a flattening of the electron energy spectrum
GOES data. Although the magnitude of the latter is lower the tingbove a break energy of several hundred keV. This event clearly
profiles themselves fit well when scaled by a constant factor (dottddmonstrates the value of fsnbmm observations as a diag-
lines). nostic tool for high energy electrons10 MeV for synchrotron
emission at 345 GHz), especially as there is no detectable hard
X-ray/y-ray signature above 200 keV.

The time-extended component during phase IV represents
thermal bremsstrahlung: It exhibits a flat radio spectrum and
smooth time profiles, their shape closely following the radio

of the soft X-ray emitting plasma: The last SXT-images befoenission predicted from the recorded soft X-rays. The ob-
the satellite night (10:39) show a loop-e15x 25 arcset(half- served absolute flux densities however exceed the computed
power area), while the solar maps at 11:13 yield source diaghes by a factor 0£1.5-3.4. It appears that both the observed
eters of 42 and 70 arcsec at 230 and 345 GHz respectivefdio emission and the soft X-rays have a common energy
The position of the thermal misubmm source however is insource, but are produced at locations witfiedent plasma pa-
good agreement with the soft X-ray loop. Thus thfetences rameters.

between soft X-rays and msubmm waves can be reconciled  Solar maps and subreflector scans allow us to locate source
if it is assumed that the soft X-rays originate from a hot cefositions and to estimate for the first time source sizes at
tral core, whereas the njsubmm emission arises from coolep30 and 345 GHz during the thermal phase of a flare. Source
plasma in a larger region surrounding the soft X-ray sourggsitions coincide within 0.2 arcmin and are centred on the
(Shimabukuro 1972). hard and soft X-ray sources. However, the observed source di-

The solar maps at 11:13 allow the deconvolution of the siZneters reveal an unexpected result as an increase from 230
of the thermal source. Assuming Gaussian brightness temp@r345 GHz was found. The solar maps during the thermal
ature profiles, the deconvolved source sizes are: 2D and Phase yield deconvolved source diameters o£4D and 7&
70+ 6 arcsec at 230 and 345 GHz respectively (Table 1), ggh@rcSec at 230 and 345 GHz respectively. Ttiisat is also
erally in agreement with previous observations: Shimabuku$g€n in the subreflector scans during the impulsive phase, when
(1972) reported source diameters of up to 2.8 arcmin for grad€ 230 GHz source has a diametex30 arcsec, whereas the
ual bursts at 90 GHz. Remarkably, the source at 230 GHz&> GHz source diameter is ‘2015 arcsec. No satisfactory
smaller than at 345 GHz. The increase in source size with ffgPlanation for the increase of the source size with frequency
quency is also found from subreflector scans during the impll2S Peen found so far. Millimegsubmillimeter observations
sive phase<30 and 70+ 15 arcsec at 230 and 345 GHz reProvide a unique diagnostic tool to examine the energy trans-
spectively). So far there is no satisfactory explanation: Souf@rt in the corona and lower solar atmosphere during the ex-
asymmetries and inhomogeneities cannot account for the {f&2ded phase of flares. A comprehensive and quantitative anal-
crease of the source size with frequency. Speculatively assffiS including other data such as EUV and optical observations

ing a low-lying source partially occulted by cool and dense mis- Peyond the scope of this paper, but could shed light on the

terial, we can reasonably account for the observed source si§ghanisms involved.
and slightly improve the agreement between the observed and

modelled spectra. prever, there is no confirmation by CorR(':knowledgementsThis research is funded by the Swiss National
plementary observations (e.gatilaments). It thus remains to gcjence Foundation under the grant 2063897.00. The KOSMA

be seen if the observed increase of the source size with f§&n radiotelescope at GornergrateésObservatory is operated by the
quency is confirmed by future observations or if it is a peculi@niversity of Cologne and supported by special funding from the
feature of the studied flare. Land Nordrhein-Westfahlen. The Observatory is administered by the

flux density [sfu]
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