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ABSTRACT

The recent observational data on gamma-ray bursts are reviewed. Burst time histories display features at the
millisecond level which suggest a compact object origin. Lines in the energy spectra and spectral evolution point
toward a Galactic neutron star origin, even though line features have not yet been confirmed in recent data. The
Galactic distribution of burst sources, however, is both isotropic and sampled to its characteristic distance,
making it unlikely that the sources are related to populations of Galactic neutrons stars we are familiar with.
Counterpart searches, previously carried out years after the gamma-ray bursts, are now proceeding days after the
events. Based on the current data, it is impossible to conclude whether bursters are Galactic, extragalactic, or both.
Data being returned from current experiments, as well as data from new experiments to be launched in the next

few years, may yet provide the answer.
Subject heading: gamma rays: bursts

1. INTRODUCTION

Galactic neutron stars were for a long time the accepted
explanation for the origin of cosmic gamma-ray bursts. Follow-
ing the confirmation by the Burst and Transient Source Exper-
iment (BATSE) aboard the Compton Gamma-Ray Observa-
tory of both an isotropic distribution of sources as well as a
deficit of weak sources (Meegan et al. 1992), serious questions
have arisen about this interpretation. It was generally expected
that, as burst detectors became more sensitive, an anisotropy
would be found along the Galactic disk, or possibly toward the
Galactic center, consistent with the distributions of the Galac-
tic neutron stars we are familiar with, such as radiopulsars,
X-ray binaries, or X-ray bursters. In addition, BATSE has not
confirmed the observations of absorption and emission fea-
tures in gamma-ray burst energy spectra (Teegarden et al.
1993), two of the strongest lines of evidence linking bursters to
neutron stars.

There is, however, still evidence which indicates that at least
some bursts are generated by Galactic neutron stars, and nu-
merous models which attempt to reconcile theory and obser-
vations. This paper will review that evidence, and consider to
what extent the BATSE results actually contradict a Galactic
origin for bursters. In § 2, the observations of rapid structure
and periodicities in time histories are reviewed. Section 3 treats
the energy spectra of bursts, particularly line features and the
continuum evolution. Section 4 is devoted to the spatial distri-
bution and the V/V,, statistic. Section 5 deals with the status
of optical and X-ray counterparts.

This review is not exhaustive; further information on
gamma-ray burst theories and observations have appeared in a
recent conference proceedings ( Paciesas & Fishman 1992).

2. TIME HISTORIES

Gamma-ray burst durations may be as short as 8 ms or as
long as 1000 s, and display a corresponding diversity in their
morphologies. The duration distribution displays possible evi-
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dence for two classes of events, having average durations
around 0.1 and 10 s (Hurley 1992; Kouveliotou et al. 1993b;
see Fig. 1); we will return to this in §§ 3 and 4. Here we will
discuss the fastest rise times, the shortest structures within a
time history, the shortest durations, and the existence of perio-
dicities.

The three fastest e-folding rise times appear to be (1) 7 ms
for the 1993 January 31 burst (Fig. 2), (2) 0.5 ms for a soft
gamma repeater observed on 1992 June 19 {Kouveliotou et al.
1993a), and (3) <0.2 ms for the 1979 March 5 event (Cline et
al. 1979).

The two shortest structures within a time history are (1) a
0.2 ms spike observed by BATSE in the 1992 July 11 burst
(Bhat et al. 1992), and (2) peaks lasting less than 5 ms in the
1984 December 15 event (Laros et al. 1985). The shortest
burst durations are 1) 8 ms for the 1992 July 11 burst (Bhat et
al. 1992), and 2) <16 ms, for several events from SGR 1806-
20 (Atteia et al. 1987a).

Fast structure in light curves need not imply a Galactic com-
pact object origin. For example, a model of bursts which in-
voked superconducting cosmic strings was thought to be able
to produce fast fluctuations (Babul, Paczynski, & Spergel
1987; Paczyfiski 1988), and relativistic expansion or beaming
might do the same. The simplest explanation, however, in-
volves compact objects, although they need not be galactic;
neutron star mergers appear to have sufficiently small dynami-
cal timescales to produce fine time structure (Narayan, Pac-
zyhski, & Piran 1992).

The only indisputable case of periodicity in a light curve
remains the 1979 March 5 event, where an 8 s period pulse-in-
terpulse structure was observed as a weak (=~ 1% level) after-
glow following the main pulse (Barat et al. 1979). A hypothe-
sis which was often advanced was that many, or even all burst
light curves might display similar periodicities which would be
undetectable for more typical (i.e., weaker) bursts, since in-
struments would not be sensitive enough to detect this weak a
component. This now appears unlikely, however. Time his-
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F1G. 1.—Duration distribution of 836 gamma-ray bursts observed by
various instruments from 1978 to 1992 (Hurley 1992 and Kouveliotou et
al., 1993b). The two peaks around 0.1 and 10 s may be taken as evidence
for two classes of events.

tory studies using BATSE, which is sensitive enough to detect
many weak, periodic afterglows at the 1% level, have revealed
none ( Kouveliotou et al. 1992).

3. ENERGY SPECTRA

The continuum spectra of gamma-ray bursts have now been
measured from ~1 keV (e.g., Murakami et al. 1991) to well
over 200 MeV (Sommer et al. 1993). Like the time histories,
the continua display a wide variety of morphologies, and vari-
ability has been observed at practically every time scale at
which they have been measured. A simple representation of
the photon continuum might be E~' exp(— E/kT), with a kT
of several hundred keV, up to several hundred keV or an MeV,
with a power law thereafter. The shorter bursts in Figure 1 tend
to have harder spectra than the longer ones (Kouveliotou et al.
1993b). A clue to the origin of gamma-ray bursts may be
found in observations of spectral evolution. Burst continua
have been observed to evolve from (Murakami et al. 1991)
and to (Yoshida et al. 1989) a shape consistent with a ~1.5
keV blackbody. This spectral fit is not unique in either case,
but if it is accepted, the ratio of the size to the distance of the
emitting region may be deduced; it is consistent with ~1 km/ 1
kpc, strongly suggesting a Galactic neutron star as the source.

The strongest evidence for a compact object origin, how-
ever, has come from the observations of much-disputed line
features in the energy spectra, namely absorption features
around 20 and 40 keV, and emission features at energics
around 400 keV. Both lines are often transient features in the
changing continuum spectrum of a given burst. If the reality of
these lines is accepted, the most likely interpretations are cy-
clotron scattering in teragauss magnetic fields, and gravita-
tionally redshifted positron-electron annihilation, respec-
tively. Much of the controversy surrounding the observations
may be traced to the data analysis. A convincing case for spec-
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tral features may be made in one of several ways. For example,
spectral forms with and without lines may be fitted, and an
F-test performed to evaluate the significance of adding features
to the continuum. As an alternative, a Bayesian inference
method may be used (Laredo & Lamb 1992). In either case,
spectral deconvolution must be done to remove the instru-
mental signature. Table 1 summarizes the experiments which
have reported line features over the years and whether a full
statistical analysis has been published.

With the exception of the ICE experiment, which utilized a
germanium detector, all the experiments in Table 1 were scin-
tillators with only moderate energy resolution. This makes the
question of statistical analysis even more crucial. As the table
indicates, the Burst and Transient Source Experiment, which
contains specially prepared spectroscopy scintillators, has not
detected line features in any gamma-ray burst spectra to date.
(Extensive searches have been carried out for the low-energy
absorption lines, but considerably less effort has been ex-
pended to date on the search for high-energy emission lines).
The sensitivity of this experiment to absorption features at
energies = 20 keV is approximately equal that of Ginga, which
found evidence for lines in three out of 23 bursts. There are 52
bursts in the BATSE database with sufficient intensity to per-
form line searches. Adopting a 10™* confidence level for line
feature detection results in no detections; at the 10 > level, one
candidate appears. ( The three Ginga detections were at F-test
significance levels of 2.7 X 1073, 2 X 107%, and 1.5 X 1077).
Considering the statistics of the small numbers involved, there
1s no significant conflict yet between the old observations and
the BATSE results.

4. STATISTICAL PROPERTIES

Unlike the spatial distributions of galactic neutron stars as-
sociated with radiopulsars, X-ray binaries, and X-ray bursters,
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F1G. 2.—The first pulse of the 1993 January 31 burst as observed by
Ulysses with 32 ms time resolution. An upper limit to the rise time of ~7
ms may be inferred from these data alone.
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TABLE 1
ABSORPTION AND EMISSION FEATURES IN GAMMA-RAY BURSTS

Absorption Emission Statistical
Experiment Reference Features Features Analysis
Konus 11/12..... 1 Yes Yes No
ICE3........... 2 Not observable  Yes Yes
Konus 13/14 . ... 3 Yes Yes No
HEAO A4 ...... 4 Yes Yes Yes
Ginga ........... 5 Yes Not observable Yes
Lilas (Phobos) ... 6 Yes Not observable No
Apex (Phobos) . .. 7 Not observable  Yes No
Konus-B
(Granat) ...... 8 Yes Yes No
BATSE ......... 9 No No Yes

REFERENCES.—(1) Mazets et al. 1982; (2) Teegarden & Cline 1980; (3) Mazets et
al. 1983; (4) Hueter 1987; (5) Murakami 1991; (6) Barat et al. 1991;(7) Mitrofanov et
al. 1991; (8) Golenetskii et al. 1991; (9) Teegarden et al. 1993.

the GRB spatial distribution is isotropic ( Fig. 3). As measured
by BATSE, the dipole moment with respect to the Galactic
center is 0.034 + 0.027 and the quadrupole moment with re-
spect to the plane is 0.316 = 0.014 (vs. expected values of
—0.014 and 0.329, respectively, for isotropy when nonuniform
sky coverage is taken into account). In addition, there is a
pronounced deficiency of weak bursts, as measured by the (V/

Vinax » statistic: 0.324 + 0.014 (Meegan et al. 1992).

If a single-component model (e.g., disk or halo only) for all
bursters is assumed, and if only known matter distributions are
considered, then Galactic compact objects are ruled out as
sources (Mao & Paczyfiski 1992). The Galactic disk is ex-
cluded because the weak source deficiency implies that we
have sampled beyond the “edge” of the distribution, without
detecting any quadrupole moment. The classical galactic halo
cannot be the source because it would have to be spherically
symmetric and have a minimum core radius of ~18 kpc. If
hypothetical matter distributions are allowed, however, an ex-
tended spherically symmetrical halo would satisfy the observa-
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tions; populating it probably requires that neutron stars be
born there, rather than ejected from the disk, but there is some
evidence that this may occur (Eichler & Silk 1992), and some
ideas about why these neutron stars might be more prolific
producers of bursts than the Galactic disk component (Li &
Dermer 1992). If two-component (disk + halo) models are
considered, roughly one-third of the sources could be in the
disk, at distances of around 300 pc, and the remainder in the
halo, at ~100 kpc, without conflicting with the observations
(Lingenfelter & Higdon 1992), and an even larger fraction
could be coming from the disk if the halo population were
contained in a spherical shell (Smith & Lamb 1993). (Such a
distribution might arise if bursters were neutron stars ejected
from the Galactic disk at high velocity, which must age before
passing through a temporary bursting stage). Suggestions of
two burster distributions remain hypothetical, however; al-
though the duration data (§ 2 ) display evidence for two compo-
nents, they are not spatially distinct (Kouveliotou et al.
1993b).

B19500+14

SGR 1806-20

SGP

FiG. 3.—The distribution of cosmic gamma-ray bursts in Galactic coordinates. Approximately 450 are from the BATSE experiment (Fishman &
Meegan 1993), with the majority of the remainder from the interplanetary network ( Atteia et al. 1987) and the KONUS experiment ( Mazets et al. 1981),
The positions of the only three repeating sources known (the soft gamma repeaters) are indicated.

https://doi.org/10.1017/50252921100078210 Published online by Cambridge University Press


https://doi.org/10.1017/S0252921100078210

860 HURLEY

5. COUNTERPART SEARCHES

With the possible exception of the much debated March
5/N49 SNR association (Cline et al. 1982), no optical coun-
terpart to a gamma-ray burster has been found. Interesting or
suspicious properties of candidate objects might be jets, angu-
lar extent, a blue excess, variability, or possibly high proper
motion. Galaxies are often found in gamma-ray burst error
boxes, but the number of galaxies per square degree at high
Galactic latitude exceeds the number of stars for magnitudes
fainter than ~22. Since most searches go considerably deeper
than this, at least several galaxies are expected in a 1 square
arcminute error box. Indeed, in one cosmological model for
bursters, the bursting objects have been ejected from their par-
ent galaxies to a sufficient distance to make an association
between the two difficult to determine (Narayan et al. 1992).

Several lines of evidence suggest that if bursters are neutron
stars, they might be hot enough to produce quiescent EUV or
X-ray emission. One is that such objects are born hot, and cool
rather slowly. But even if they have cooled, it is possible that
the burst itself (Eichler & Cheng 1989), or accretion preceding
the burst ( Pizzichini et al. 1986) could heat part or all of the
object. Numerous X-ray searches have now been carried out
with Einstein, EXOSAT, and ROSAT. A weak (~107"3 ergs
cm ™2 s™") Einstein source was detected in one case (Grindlay
etal. 1982), although it was not confirmed by EXOSAT (Boer
et al. 1988). Ten nondetections of various sources by Einstein
and EXOSAT have also been reported (Pizzichini et al. 1986;
Boer et al. 1988, 1991), at sensitivity levels between 10~'3 and
1072 erg cm™2s™!. Observations with the Extreme Ultraviolet
Explorer will take place within the next 6 months or so.

Practically all searches have taken place years after the bursts
themselves, making it impossible to detect short-lived counter-
parts. A breakthrough was recently achieved with the third
interplanetary network of gamma-burst detectors (Hurley et
al. 1993). Optical, radio, and X-ray counterpart searches were
carried out 12, 13, and 19 days after a burst which occurred on
1992 May 1, and the ROSAT X-ray observation revealed a
weak source (1073 erg cm™2 s) in the error box (chance
probability 7 X 107*). The possible relation between the X-ray
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source, the optical objects in the error box, and the burster is
being examined. In particular, future X-ray observations will
determine the source spectrum to establish whether it is char-
acteristic of a coronal or a nonthermal source, and the error
box size will be reduced substantially to facilitate an optical
identification. The time between the detection of a burst by the
network and initiation of counterpart searches has since been
reduced to several days, and multiwavelength observing cam-
paigns can now be carried out more or less routinely.

6. CONCLUSIONS

Taken as a whole, the recent data on cosmic gamma-ray
bursts neither directly support nor contradict the idea of a Ga-
lactic neutron star origin. They do indicate, however, that if
bursters are Galactic, they represent a previously unknown
spatial distribution. Despite the formidable energies required
in extragalactic models, and the difficulties in extracting very
high energy gamma-radiation from compact sources at large
distances, such models provide a simple explanation for the
statistical properties of gamma-ray burst sources and have be-
come increasingly popular in recent years. Final confirmation
or refutation of a Galactic origin may be a lengthy process.
New observations of line features may take years, due to the
small rate of observation of sufficiently intense events. Detec-
tion by BATSE is one possibility, but also, a high-resolution
germanium spectrometer will soon be launched aboard the
WIND spacecraft (Owens et al. 1991). Identification of a quies-
cent counterpart remains the elusive goal which could unam-
biguously determine the origin of gamma-ray bursts. Over the
next few years, rapid searches of small interplanetary network
error boxes will continue. Starting in 1994, the High Energy
Transient Experiment spacecraft (Ricker et al. 1992) will pro-
vide not only the first multiwavelength observations of burst
sources aboard a single spacecraft, but also near-instantaneous
downlinking of precise burst positions, opening the way to far
more rapid ground-based deep follow-up observations.

This work was supported in part by JPL contract 958056,
and NASA grant NAGS-1560.
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