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OBSERVATIONAL PROPERT'IES OF COSMIC
GAMMA-RAY BURSTS

E.P.Mazets
A, Joffe Physical-Technical Institute,
Academy of Sclences of the USSR,
194021 Leningrad, USSR

1, Introduction, Intense impulsive fluxes of hard photons
#ITH &n energy of ~1 keV to few tens of MeV propagate in
interstellar space in our Galaxy., When such a very thin
front of high photon density passes across the Solar System
and meets a spacecraft with a gamma-ray detector aboard,
the observer perceives what we call a gamma-ray burst. The
pioneering observations of the gamma-ray bursts in the ear-
ly '708 [1] were followed by thelr comprehensive investiga-
tion aimed at finding answers to the questions of where
these very strong radiation fluxes come from, where and how
they are produced. Despite the fact that much has been le-
arned in the recent years, we still do not have full under-
standing of the origin of the bursts,

In their studies of the gamma-ray bursts, the astro-
physiciets have met with problems which are not only very
intriguing but extremely complex as well,

The present paper is a brief overviéw of the major ob-
servotional results obtained in gamma-ray burst studies, we
will also discuss to what extent the thermonuclear model
which appears at present to be the most plausible can acco-
unt for the observed properties of the bursts. The investi-
gation of gamma-ray burste should cever observations of the
time histories of events, of the energy spectra and of
their variability, source localization and inspection of
the localization regions during the active and quiescent
phases of the source in other wavelengths as well as evalu-
%tion of the statistical distributions of the data ob-

ained,

2, Time Structure of the Gamma-Ray Bursts. The bursts vary
In duration over & wide rangeé Ifrom around ten milliseconds
to a few minutes, The time histories of the bursts are ex-
tremely diverse. Several attempts have been made at con-
structing a morphological classification of the events([2,3].
Subsequent observations confirm the existence of several
types of time structures, Fig,1 shows several light curves
measured in the Konus experiment on Venera 13 and 14 in the
energy range 45-200 keV, Note that because of the spectral
variability of radiation the time profiles observed in dif-
ferent energy intervals may differ slightly.

First one should point out the existence of two class=
es of events., Short bursts (GB811220, Fig,1), apart from
their short duration, <0,5-1 8, aitter strongly from long
events in the short rise time, ~10-100 me [4-(].Among long
bursts one may discriminate a{ least two groups of events,
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Fig.1. Typical time histories of gamma-ray bursts

Simple single-pulse bursts (GB820906) last for 5-15 s, In
some cases their duration increases by a few times making
them look like long structureless events (GB811215),., The
most numerous are bursts with a complex multipulse time
structure, The number of individual peaks observed in the-
profile may vary reaching sometimes a few tens (@GB830411),
Quite frequently these peaks may form quasiperiodic trains.
However Yarring a few exclusions, no strictly regular peri-
odicity is observed in the burst profiles [7,8]., As a rule,
the rise and decay times of individual peakse in complex
bursts are shorter than those in single-pulse events, It
appears that many bursts reveal a peculiar trend in their
time structure, If a burst develops faster, i.e. & burst
with a complex structure is shorter, then tne detalls in-
its time structure are compressed accordingly (03820511)‘
This remarkable feature of a similarity between the time
histories of various bursts analyzed on a normalized, come-
pressed or extended, time scale was pointed out in several
observations [9,1cﬂ. In many cases one observes in the pro-
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Fig.2. Typical burst energy spectra: typlical continuum,
spectrum with a cyclotron feature, spectrum with
an ennihilation feature

files precursors preceding by a few tens of seconds the
mein phase of the burst (GB820331). The observation of weak
precursors is apparently 1imited by the instrument sensiti-
vity., If the precursors are indeed a widespread feature of
the burste, then their observations should become more nu-
merous as the sensitivity of gamma-ray dburst detectors in-
creases, The time structures of the bursts reflect obvious-
ly the inherent and most essential characteristics of the
emipsion processes in the sources. Explanation of the time
evolution of the burste should be a major goal in the con-
gtruction of any source model, Unfortunately, most of the
models being developed at present focus on the energetics
of the sources and on the energy spectra while paying litt-
le attention to the time structures,

3. Energy Spectra, In contrast to the time structure, the
the burste displey a markedly uniform
pattern [t1] . with the present-day messurement accuracy,
the esmooth continua observed in the energy range 30 keV -
2 MeV (see, e.g. the spectrum of the 4 May 1982 event
T1g.2) may be fitted equally well by optically thin thermal
bremsstrahlung or thermal synchrotron distributions [12,13].
The actual mechanism of emission still remains unclear
(14=1T]. Assuming the emission to be of thermal nature,
estimates of the temperature in the sources range from

109 to 1010 K. In many cases the energy spectrae were found
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to reveal spe-
ctral features
(8820320 V- of two types
AE,150'700KEV [18]. The abe
sorption fea-
tures are ob-
served in the
energy range
ﬂ 30 -~ 100 keV
ELIE. (aB820816,
Fig.2). They
€ M o are believed
&%, 4010 K to originsate

from cyclotron
absorption at

magnetic flelds
____________________ B~ (2-8)x101°

: - - ' G, The emissi-
on features
peak in the

m range 350-450

z ur keV- (GB820104,

E: Fig.2). These

05r features are

" t , . . ) . most probably

0 20 @ 60 80 T1..5 due to gravi-

tationally
) redshifted
Fig.3.Gamma-ray burst time profiles in pair annihila-
the verious energy ranges, The hard- tion emission,
nees ratio indicates a fast and This in-
strong spectral variability terpretation
‘ has led to the
gzsaently widely accepted opinion that cosmic gamma-ray
ste are generated by strongly magnetized neutron stars,

The energy spectra are characterized by a strong and
fast spectrel variability [11,19,20]. The continua measured
in different phases of a burs% d{ffer esgentially, as a
rule, in accordance with temperature variations o the
emitting region., Spectral hardnese mey vary as fast as the
emission intensity does, Fig.3 displays time profiles of
GB820320 obtained in various energy intervals as well as
the corresponding variations of the hardness ratio,

Spectral features also evolve rapidly. The cyclotron
features are observed primarily in the initial stages of
the bursts, The annihilation radiation is likewise the
strongest in the beginning of a burst or is comnected with
the most intense peaks in the time structure,

In the recent two-three years new essential informa-
tion on the burst spectra has been obtained, SMM observati-
ons have revealed a_high energy component in the burst spe=-
ctra (Fig.4) [21,22], By our data, the hard tails in the
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Fig.4. High ener%y emission in gamma-ray bursts from
SKl data [22],

spectra are directly associated with the annihilation fea-
tures and represent actually their extension. An investiga-
tion of a large number of spectra containing emission fea-
tures has shown the spectral distribution of the annihila-
tion radiation to be a
broad line with an ex- P — o
tended hard wing E ]
(Pig.5). This implies t 2058
that the energy spect-
ra of bursts consist
of iwo emission compo-
nents., Their angular
patterns are assumed
to be aifferent [23], [
The spectral sha- 16
pe of the softer con- :
tinuum emission is af-
fected the absorp- T ! ;
tion of hard photons £ KEV e kev
involving pair forma-
tion. The angulsr dis- Fig.5. Two emission components in
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tribution of this ~yay burst spectre.
emigsion is close to a) Time evolution of a spec-
isotropic. trum with annihilation featu-
The observed an- re. (b) Annihilation feature
nihilation spectrum is in a spectrum of a short
apparently produced by vurst of 100 ms duration,

superposition of in-
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HEAO=1 observations of
a complex spectrum [26]

stantaneous annihilation ,
spectra [24] generated by a
pair-dominated plasma with
a fast and strongly varying
temperature, It is aleo
possible that this spectrum
is directly related with the
close~to~power law energy
distribution of electirons
and positrons [25] in their
one-dimensional motion
along tine magnetic field
lines, The radiation ic
emitted most probably from
the polar region of a neut-
ron star in a collimated
bean,

L remarksble illustra-
tion of a spectrum with both
a cyclotron absorption line
and an intense annihilation
component is provided by
HEAO~1 observations of
GB780325 [26] (Fig.6).

Quite recently very in-
terepting results have been
sbtEINEd in gamma-ray - burst

observations in an X-ray range 3-10 keV [27] (Fig.T7). A8
shown by these obgservations, the X-ray luminosity of the
burst sources is high, LX/LF-A'O.OZ, the X~-ray emission is

somewhat delayed compared with the time profile in gamma
rays, The X=ray tail
following the main

phase may indicate co-
oling of the emitting

region,

4, Optical Flashes,

8

Operation of an inter-
national network of
satellite~borne gamma-
rey burst detectors
hag resulted in a re-
markeble achievement,

namely,

lization on the celes-
tial sphere of a num-
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Fig.8. Error box of the 5 No-
vember 1979 event, Po-
gition of the optical Fig.9. Error boxes for a se-

flssh on an archival ries of recurrent
photo hic plate of bursts from GBS0526
1941 %;gf -66

detectable radio, optical or X-ray objects, Only a deep
search carried out at a very high gensitivity reveals in
these regions a few weak objectis, It would be very diffi-
culy to identify any of these objects as the optical coun-
terparts of the burst sources in cuiescent state (29},

"7 A1l the more unexpected vwas the discovery on archival
photoegraphic plates of optical flashes in the-error boxes
of three gamma-ray burst sources [30,31] (Fig.8). The reli-
ability of identification of these flashes with gamma-xray-
burst sources is apparently no moxre questioned at present.
The ratio of the energy in the optical flash to that of the
ganme-ray burst observed many years thereafter is

Eop%VEB~~/1O’3. The diecbvery of optical flashes will un-

doubtedly produce a strong impact on possible models of
-ray burstse,

“The most remarkable feature of the famous source of
the 5 March 1979 event in the subsequent years was a series
of recurrent bursts observed in the Konus experiment [32]}.
In the period 1979-1983, 14 bursts were detected altogether
with sufficiently precise localization (Fig.9). Three more
bursts from this source were observed from one Venera- spa=
cecraft only when the other instrument was turned off. By
the general pattern of their time profiles and energy spec-
tra these evente did not differ from the other recurrent ,
bursts. However the directional accuracy for them was, 8cC= -
cordingly, less precise, theocorresponding source positions
{eprzsenting circles of =~ 15°. Therefore they are not shown

n ¥ 8.9. A
The persisting activity of GBS 0526=66 advocated the
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Fig.10. An optical flaeh presumed to originate in
GB"0526-66 [34]

arrangement of optical patrolling of this source at several
observatories, Of particular interest were the observati-
ons during the time period specified by Rothschild asnd ILin-
genfelter [33]., Several-optical flashes from this region
have been detected [34] (Fig.10). Unfortunately, the Vene~
ra 13 and 14 missions were terminated at the time, while
simultaneous optical observations from different points
failed, However the results of these observations appear
promising and plans are under way to continue them,

5. Source Localization., A few cases of fairly precise loca-

zation gama-ray bupst sources on the celestial sphere
by triangulation are vastly joutnumbered by source position
measurements of modest and low accuracy. The bulk of these
data were obtained in observations by Venera 11-14,

Fig.11 displays source positions of 160 gamma-ray
bursts on the celestial sphere in galactic coordinates. The
map does not include bursts localized as annuli-of-position
and the cases where two alternative positions were obtained
for a source. The sources are distributed over the sky in a
random way with no noticeable clustering towards the galac-
tic plane or the galactic center,., Note, however, a certain
asymmetry between the northern and southern hem£5pher66135].
Fig.12 presents the source distribution in galactic lati-
tude vs, the expected isotropic occurrence, 96 sources are
found in the northern, and 64 in the southern hemisphere,
the mean expected number being 80. The discrepancy is ~2,56,
however it remains unclear whether it is real or originates
from uneccounted for instrumental effects.

The burst distribution in intenseity, i.e. in the total

energy flux ¢ (erg/cmz), is usually presented in the

log N( >S)=log S coordinates, The strong deviation of the
experimental distributions from the =~3/2 law is in a strik-
ing disagreement with the isotropic angular distribution
obtained if one assumes & constant energy release in the
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Fig.11, Sky map in galactic
coordinates with po-
gitions of gamma-ray
buret sources

sources, . everal attempts were
made to estimate the parame-
ters of source spatial distri-
vution from the observed

log N - log & plote assuning
various luminosity &1stributi*
on functions (Fig.13) [36,37].
However no reliable estimates
of the spatial distribution of
sourcee from the log N = log S
plot can be obtained, The lar-
ge extent of the measured va-
lues of S ranging from

10~7 to 10~ erg/cm? does not
correspond to the difference in
distance sgcales to the closest
end remotest of the observed

20

0

-g0° -80° -30° 0° 30°

gources, The spread in the values

of S is determined predominantly by
of gemma=ray bursts in duration and large

on in galactic la-
t4tude., Dached li~-
ne: expected rela-
tion for a random
spatial distribu=-
tion of the sour-
ces

the broad distribution

variatione bYet-

ween the energy spectra, Burst distributions in peak power
Pi erg/cmae, log N(>P) - log P, seem to be more realis-
tic

[38].

However this form of the data presentation also die~

torte the shape of the distribution,
tors are not bolometric devices., In
surement of a burst they operate with count rates,

Gamma-ray burst detec-
the detection and mea-

Therefo-

re the moet appropriate form of data presentation is the
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distrivution of
burst occurrence

ready been discu-
ssed as applied
to the data of
Venera 11 and 12
(39,40] . We have
now at our dispo-
sal 'a sufficient-
i b o ly large homoge-
00k -Y 4 neous get of ob-
t N 3 servational data
] from Venera 11~14,
L P B! e s In Fig'14 these

e — - frequency vs. me-
0* o e o3 ximum count rate
e \ somurie,, | 1D the time pro-
\ smmesge ] flle, log N -
PR Rebace \ ; . é:é::::g';:l«‘v::r;:\ 4 108 n}nax’ This
F Eﬁ&ﬁﬁm“““fmﬁ\\\ . wwmiiiem 3 approach has al-

102 |- (UNCORRECTED)

IPM T 10/72-2/74

0"} veeaspvorsee-y 4

D 0 0? ot 0 o' data are presented
S {ergs-cm®) in the form of
three pléta:
Flge13. A comparison of some source logN( >5)-log S,

spatial distribution models log N( >P)-logp,
with log N - log 5 plots [36] and log N>n )

- log Dpaxe Since the count rate N oox Wes determined in

1/4 © intervals, this data set does not include short
bursts, As follows from the graphs, the distrivution log N -
log noax which is the least subjec% to distortions shows

full'agreement with the -3/2 law, The deviations in the re-
glon of n___ =10 - 4x10° can undoubtedly be attributed to

the loss of weak events near the detection threshold,

The ranze of n .x ©covered by observations,

~ 10%=4x10> 8-1, is very narrow, It corresponds only to a
factor = 6 difference in distances to the closest and the
remotest of the observed sources, Thus the log N - log n

plot is in full agreement with an isotropic distribution of
the sources over the celestial sphere. This implies that
over the region of space corresponding to the sensitivity of
the instrumentation used the gauma-ray burst sources are
distributed uniformly. On the basis of these data alone one
cannot decide betweem the galactic and metagalactic models
of gamma-ray bursts, Evidence for the gamma-ray bursts being
associated with neutron stars attests to the validity of the
galactic models., Covering by observations the region of spa-
ce above the galactic plane where the spatial distridbution
of the sources may change would apparently require & sub-
stantial increase of burst detector sensitivity by tem or
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Fig.14. A comparison of three methods of data presenta-
tion, Only log N(I>nmax) - log nax distribution

provides unequivocal interpretation

more times., Estimates of distances to the sources are at
present closely connected with the existing physical models
of burste, including the sources of energy and emission me-
chanism, Thermonuclear models have apparently greater po-
tential for the explanation of the origin of gamma-ray
bursts [41-43]. ‘

6. Thermonuclear Scenario of e Gemma-Ray Burst. The major

characteristics of gamma-ray bursts which should be taken
into account in each model are as follows:

(1) By their duration the bursts are divided into two
classes, namely, short ( <1 s) and long (1 s to & few ninu-
tes) ones,

(2) Iong cvents may exhibit both a simple and very
complex time structure,

(3) At least some of long bursts are preceded by weak
precursors leading the bursts by 10 -~ 100 s,

(4) The continuum spectra of burste evolve rapidly in
time. The emission temperature correlates with enisesion
intensity in the time profile.

(5) The burst energy spectra reveal spectral features
of two types,

(6) The abgorption (most probably cyclotron) features
are in most cases the strongest in the initial phase of
the burst.

(7) The broad annihilation lines are also the strong-
est in the beginning of the burst or at intense peaks of
the time profile.

(8) The total energy release in a gamma-ray burst is
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not constant, It growe approxi-
metely i%proportionately with
event duration,

(9) Gamma-ray bursts may be /|
accompanied by intense X-ray
emission,

(10) The bursts may appa-
rently be accompanied by optical
flashes,

(11) When in quiescent sta-
te, the burst sources are so
weak that one still hes not suc- ZR
ceeded in identifying them by
emiselon in the X-ray and opti-
cal ranges.

The thermonuclear model of
Woosley and Wallace [A1] appears
to account for these characteri-
stics, It assumes that gamma-ray
burste originete in thermonucle-
ar explosions on accreting,
strongly magnetized neutron
stars in binaries with a compa-~ Fig.15. A thermonuclear

nion star of 2 late spectral scenario of cos-
olass, mic gamma-ray
The suggested brief scenario burst

of the burst is related closely

to this model. However, observational data make us abandon
the eimplifying assumpfion of Woosley and Wallace that the
accreting matter accumulates and is confined within a

Emste ~v1o‘3. polar cap region of the surface of the neut-
ron sear. The accumulated metter may apparently cover a

fraction of the surfece from 10™> to 0.1 or even
greater, This may be due either to a spreading of the mat-
ter during the interval between successive bursts or direce
tly to accretion on such a part of the surface, The distri-
bution of matter over this spot may be extremely inhomoge-
neous, possibly due to the complex multipoler field struc-
ture on the neutron star surface, The thickness of the lay-
er decreases, on the average, -as one moves awaey from the
center of the region (Fig.15). The matter in the layer un-
dergoes preburst evolution, Stable burning of hydrogen in
pycnonuclear reactions results in accumulation of helium,
As soon as the helium layer demsity in the central part of

the epot reaches a critical level, ~102° g/kn?, thermomu-
clear burning of helium beocomes temperature~unstadle, Ther-
monuclear runawey-ocours and propagates towards the pexi-
phery of the spot.

Estimates of the lateral velooitgvof deflagration
front are wncertain, ~ 50-200 m/e [42], This velocity appa=
rently is not constant, It depends on density and magnetic
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field, The different duration and large-scale time structu-
re of long bursts are connected with propagation of the de-
flagration front across the region with an inhomogeneous
distribution of fuel, The finer details in-the time profile
reflect apparently the front instabilities,

, The energy released at the base of the layer is trans-
ported rapidly up to the surface by Alfvin waves and dissi-
pates there [43,44] . Hot plasma with a temperature

Qe

3 107 K ie confined in the transverse direction by magne-
tic field while expanding vertically. On the neutron stel-
lar surface a hot annular shell up to a few hundred meters
high appears and propagates together with the annular burn-
ing reglon towards the periphery of the layer (Fige15)e The
hot plasma prescure distorts drastically the magnetic field
at the shell edge, lence a magnetic fie{d perturbation will
propagate together with burning zone, The strong electric
fields thus created accelerate electrons up to relativistic
energies, Comptonization on fast electrons will produce
very many hard photones, However the neutron star's magneto-
sphere is opaoue to photons of energy >1 MeV due to magne-
tic pair production ( ¥, B) [45]. The collisions of hard
photons ( [, | ) are likewise accompanied by pair creation
[46]. Thus a pair plasma shell will form around the hot
cloud of thermonuclear ash, The electrons and positrons
lose rapidly their transverse energy by synchrotron emissi-
on, Before annihilation they move along magnetic field 1li-
nes, Acceleration of particles in the radiation field may
affect their longitudinal energy distribution such that the
annihilation spectrum will acquire a characteristic shape-
of a broad line with an extended hard wing (Figs.5 and 6).
This redlation can escape from the magnetosphere without
appreciable attenuation only in a collimated beam at small
angles to the magnetic field, The continuum emission is
close to isotropic and reveals a fast - falloff of intensity
with increasing photon energy (Fig.2).

There is an intriguing possibility that the temperatu-
re at the trailing edge of the annular emitting region may
be lower, in which case the annihiletion emission will be
associsted predominantly with the leading edge. The cooling
matter of the photosphere at the trailing edge will stream
down rapidly towards the stellar surface on the free fall
time ecale. Radiation prescure will drive part of the mat-
ter from the photoephere away along the field lines creat~
ing a wind, Due to the negative temperature gradient in
the photosphere, a cyclotron absorption line may appear in
the continuum,

As the burst keeps dcveloping, the annular burning
shell passes through a layer with decreasing thickness, The
energy released per unii area decreases, This results in
a softening of the continuum and a reduction in intensity
of the annihilation and cyclotron featurese,

The X-ray emission is naturally related to the cooling
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of thermonuclenr ash remaining after the passage of the
burning chell,

There is little known about the optical flashes at
present, They seem to be connected with a reprocessing of
the gamma-ray burst cn matter in the vicinity of the neut-
ron star, namely, either in the-eccreting disc or in the
plasma ejected during the burst, The sugzested flash recur-

rence time, <1 yr~" (47], 18 difficult to reconcile with
the gamma-ray burst observations and the thermonuclear mo-
del,

The thermonuclear model permits eveluation of the di-
stance scales (o the burst sources, Single-pulse bursts
5-10 s long correspond, within our scenario, to the explo=-
sion of a region 1 to 2 km in radius, According to model I
of Wooeley and Wallace [41] the energy released in gamma

rays in such e burst should be ~ 5x10°° erg. The brightest
evenis of this {ype observed thus far have a tatal fluence

S ~ 2x10"2 erg/cmz. This leads to an estimate of distance
to the nearest sources of = 300 pc. Then, in accordance
with the relation log N - log W the farthest of the de-

tected burst sources could be at a distance of = 1.8 kpe.
For the burst recurrence time 3 10 yr the average ace

cretion rate should be Z 4xto~ 14 M, /yr, and the constant

X-ray luminoeity of the source ~ 5x10 32 erg/s. These esti-
mates support the assumption of the neutron star's companie
on in the binery being a star of the latest spectral class
with low masse and luminosity, The possibility of explaining
short bursts as due to detonation thermonuclear exploasions
by model IX [41] appears very attractive., In this case, how-
ever, the corresponding distance estimates will increase
ten times, Sti1l, detonetion models involving smaller ener-
8y release can apparently be also designed.

Thus the thermonuclear model developed for gamma-ray
burstse appears to conform to the major observational cha-
racteristics of bursts,

The most serious difficulty for this model may come
from the observation of a weak feature in the burst time
profile, namely,of the precursors., These weak pulses are
definitely connected with the main phese of the burst and
do not exist independently of it, Otherwise one would have
observed numerous weak recurrent bursts from the same sour—
Ce, It is difficult to account for the situation when the
process of thermonuclear burning, once initiated, dropped
drastically in intensity, only to flare up again a few tens
of seconds later.

7. Conclusion. Cosmic gamma-ray burete remain one of the
rigulng 2nd complex problems in astrophysics, There
is much work shead, both experimental end theoretical,
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before we may hope to come closer to the understanding of
the nature of this mysterious phenomenon,
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