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ABSTRACT

The gaIm-ray telescopeGAIC’IA-l has registeredgazrzi~-etnissionin the range
30 - 2000 MeV from two solar flares. Spectral analysis with the use of
maxinum likelillood and maxinumentropy methodshasrevealedthe difference
of galmm-ray production mechanisn. In contrast with inpilsive 1”hrch 26,
1991 event where high energy gaun~-raysoriginate exclusively as a
bremstrahlungof prii~ry acceleratedelectrons, at the extended phase of
June 15, 1991 flare mainjy the decayof neutral picris is responsible for
the observedgaziu~-~nission.An averagespectral index for primary nucleons
~s -3.6. Evolution of the spectrafor both flares shc~stendency to a
decreaseof the primary particles meanenergieswith tin~.

INTH)DUCTICN

We havealreadyreporteda discovery of solar flare galm-ray emission
extending to energiesgreater than 1 GeV. /1/. The ganua—telescopeGA~*4&-1
/2/ registeredtwo solar flares with different temporal and spectral
characteristics. The short impulsive event on 1991 t’~rch26 ~s caught fran
its very beginningand followed to the end. Observation of the p~qerful
1991 June 15 flare startedat its extendedphaseand lasted (with a break
for the orbital night) for im~rethan two luirs. In this paper we present
resilts of energyspectradeconvolutionwith the useof nexlmim likelihood
andmexinum entropymethodswhich involve real energy-spread-functionof
the telescopeand spectrum of the latitude dependent background. The
spectraevolution with time for both flares is e~znined.

OBSERVATICN

Details of the exper1n~ntperfornencehavebeenreported in /3/. Figure 1
showsthe total counting rate of ganii~-rayswith energies above the
instrumental threshold for the ~rch 26 event. The main thrst which started
at 20:27:56UT is split into two sib-peaks.The first one hasa rise tJi~
of 2 s and duration of 5 a- The secondone - 1.6 a and 6 s respectively.
Non-statistical fluctuations can be seenin a period of about 1 mm after
the main peak.
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Fig. 1: The total GA~,t1A-1counting Fig.2: The GazmB-1 counting rate
rate in the period of ~rch 26, of photons with energies above
1991 solar flare. 100 MeV in two orbits during the

June 15, 1991 solar flare.

Available fragmentsof the June 15 flare in gani~a-raysabove 100 MsV are
displayed in figure 2. In order to sippressthe backgroundstrict selection
criteria wereapplied /3/. Thiring the &in observations an orbital period
(92 min) webs sharedbetweensolar and antisolar orientations separated by
the intervals of satellite slew when the telescopewe.s off. The telescope
~s switched on in solar attitude at 08:37:22 UT 16 minutes later than
xnaxixalm of emission in 1 - 8 A X-rays /4/ (marked by an arrow). In two
orbits we followed continuousdecreaseof emission, then the telescope ~s
switched off for a few days.

From 09:00:14 to 09:14:44 the satellite ~s traversing the South Atlantic
Anai~iy.In view of an uncertainbackgroundthis interval ~s excludedfrom
the spectral analysis.

HE’IHDD OF SPECTRA ANALYSIS

The unknown sourcespectrumis counected with the observed numbers of

ccunts N in an arbitrary binned space4of measired energies through the
instrumental convolution function C(E). Its essential components -

effective areaarid energy-spread-function- were obtainedby ccinbination of
an acceleratorcalibration and ~nte-Carlo calculations./5/

The naxinum likelThood method ~s 9applied with a use of Poi~ssonian

lcgarithnic likelihood function L( N, i.~), where the mean value i.~ is a

prediction fran the energyspectrumnuclei F(E):

+ £ C(E) dE, (1)

where b is the backgroundexpectation. L(N, i-i) nust be maximized over the
spectrumnudel parameters.

(Air approachimplies several steps of analysis. At the first step we
introduce the nust simple power-low spectrum nudel (F0(E)) - Since the

number of countsper bin at high energiesmay be s~ll, the x
2 st*tiztics

is inapplicable. Therefore we use for significance testing the nW order
statistics /6/. If the nudel F

0(E) satisfies the data we proceed to a

solution stability bootstrap testing, if not - possible spectral features
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nust be searchedfor. For this wrpose we use at the second step the
rraxirium entropy approach /7/, which being applied to the problem of
spectrumdeconvolutionsuggestsmaximizationof function

99

Q E f (In [f./F (E.fl-1) + XxL(N, i.~) (2)
ii 101~

over the valuesf. which representthe source spectrumin many points

covering all the range of photon energies. First term in (2) is a relative
entropy, where F(E) is a solution at the preceding step of analysis.

Varying iteratively the Lagrange nultiplier ?.. we reach the 95% confidence
boundary and so obtain the nost regular spectrum which still nore or less
satisfies the data. This solution gives us a hint what kind of the spectrum
nuclei (F1 CE)) should be introduced in (1) for better agreement with the

data. Further we use F1 CE) as a probe in order to investigate the area of

possible solutions by nultiple bootstrap sampling.

RBHJLTS
MAB~I26, 1991 EVB2~1T

10~1 I

Spectral characteristicsof the t~rch
26 solar flare were analyzed in two 10 ~ I~Cl1 26, 1991
tiii~ intervals : main peak (20:27:56 —

20:28:07 UT) and trailer (20:28:07 — $ -

20:29:20 UT). Owing to an evident 1 10 ~
identity of the measured energy ~
distrib.itions for two sib-peaks they .~10 4• 1
were considered tcgether. For both ~
intervals a simple power-low spectrum ~ -~

nudel agreeswell with the data. For ~
the main peak the best likelihood fit 10 2
gives an exponent 2.9 ±0.2 and for the
trailer 4.1 ±0.4. At the confidence _______________________
level of about 3ev we can see the 10 1 & 2 ~

softening of emission in trailer. In ENERGY (u~I)
order to check the solution stability
one nore degreeof freedom~s added to Fig. 3. Differential gazm-ray
the nudel C lcgarithnic parabola). spectra fran the main phase
Resilts of bootstrap testing are (curve 1) and trailer (curve 2)
displayed in fIgure 3. Shaded area of the ~.rch 26 solar flare.
corresponds to a 68% - confidence
region of possible solutions. One can see that the data really sipport the
power-law nuclei for both the main peakandtrailer. Despite the lack of
countsbetween300 MeV and 1 GeV two photons with energies above 1 GeV
registeredin the peakcorrespondto the power-law extrapolation.

JUNE 15, 1991 EVENT

In view of poor statistics in the secondorbit where the June 15 flare
gazn~a-~nissionv~sstill distinguishable, only the 23-min period from the
start of the Sun observationto the Anmiy entering ~s taken for the
spectral analysis. The power-law nodel turned out to be cctspleteiy
inconsistentwith the data. Figure 4 C solid curve) shows the nexi.num
entropy solution which implies a spectrumbend sc.~where near 100 ~V.
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At the next stepwe examinedthe nodel

F1(E) = A~<E~’ix [1 + (E/E0)2]~~21i~#’
2 (3)

which correspondsto a double-power-lawspectrumwith a ~oth break at
EE

0 and exponents~ at low and at high energies. Though the solution

is not too nuch sensitive to a value of E0, formally the best fit can be

reachedwith E = 70 MeV. In the following analysisthis value ~s fixed.

Dashed curve in figure 4 representsthe best fit with nudel (3) for the
original data set. (y1=-6.3±1.4, r2=3.6±0.2). Figure 5 displays the best
fits for three consecutivetime intervals containing equal total numbersof
photons. In general the spectrumshape is stable bit values of the exponent
at high energies (~) show a tendency to a spectrum softening : first

interval - 3.1 ±0.4, second — 3.8 ±0.6, third — 4.3 ±0.6.
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Fjg.4 Differential gaim-ray Fig.5. Evolution of the June 15 gazm~-
spectrum fran the extended phase ray spectrum. Curves 1,2,3 - best fits
of June 15 solar flare. with the daible-pc~er-lawnuclei for

threeconsecutivetime intervals.

DISWSSICt~

We have sh~~na principal difference of spectral characteristics for two
observedsolar flares.

A pure pa’~r-law spectrum for the ~rch 26 event strongly suggests that
gazm-rays up to GeV energies originate as a bremstrahlung of prime.ry
accelerated electrons.

Flat spectrumnear 100 ~V at the June 15 eventgives an evidencefor pion
production at the extended phaseof the flare. To explain sharpdecreaseof
intensity at energies<70 ~V one has to suppose an attenuationof charged
pions deposit into r-ray flux which can be understood as a result of
anisotropic emission in the magnetic loop studied in detail in /8/. Since
at energies of several hindreds ~V nentral-pion-decayphotons follow the
spectrumof primary nuclei we can conclude that this spectrum had average
index of 3.6.



EnergySpectra (9)253

For both flares the energy spectra slx*i typical tendency of softening with
the decrease of Intensity.

An accelerationof nuclei to GeV energiesin this flare is cctu9xmedby the
dataof ne.itron n~xiitorswhich showedat 8:37 - 8:40 an increaseof naitron
flux causedby the arrival to the Earth of 0.5 - 5 GeV nuclei /9/.
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