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ABSTRACT
We have searched over 9 yr of data from the Solar Maximum Mission (SMM) Gamma Ray Spectro-

meter for gamma-ray bursts (GRBs) with abnormally hard spectra that may have been missed in pre-
vious searches in the 0.35È0.8 MeV energy band. For this purpose, we searched the higher 0.8È10 MeV
band. We have found only two new GRBs in this search, compared to 177 GRBs found in the 0.35È0.8
MeV band. We have made a careful examination of the threshold conditions for identifying the 0.8È10
MeV events, which conÐrms that there is no undiscovered population of hard-spectrum GRBs that have
escaped detection by SMM, BATSE, and other instruments triggered by low-energy c-ray emission. This
conclusion does not apply to GRBs with duration less than 2 s, nor to those that are much fainter than
the general population. Our results constrain models of GRBs that require or allow the peak in energy
emission to be above 1 MeV.
Subject headings : gamma rays : bursts È surveys

1. INTRODUCTION

The origin of gamma-ray bursts (GRBs) remains one
of the outstanding problems in astrophysics today

& Meegan The discovery of GRBs emit-(Fishman 1995).
ting photons with energies above 1 GeV (e.g., et al.Hurley

has spurred further interest in high-1994 ; Dingus 1995)
energy emissions ([1 MeV) from bursts. ““ Traditional ÏÏ
GRBs are typically identiÐed by sharp increases in the
count rates in the 50È200 keV band. Although some of
these bursts have been observed up to energies near 100
MeV (e.g., et al. concerns have been voicedShare 1986),
that a whole class of bursts may have been missed due
to use of the hard X-ray band for identifying GRBs (e.g.,

& Narayan If the current detection strategyPiran 1996).
discriminates against bursts with harder than average
spectra, then there may exist GRBs that emit strongly
at energies º1 MeV, but whose emission near 100 keV
falls below detection thresholds.

The spectral hardness H of a GRB spectrum is deÐned as
the position of the peak in (power emitted per decade inlflenergy). Traditional GRBs have notoriously featureless
spectra, which make such peaks broad and hard to deÐne,
as they are merely slight ““ breaks ÏÏ in otherwise power-law
spectra. However, et al. have analyzed theBand (1993)
spectra of 54 GRBs observed by the Burst and Transient
Source Experiment (BATSE) on the Compton Gamma Ray
Observatory and have shown that the spectra tend to exhibit
broad peaks in at energies of a few hundred keV. Theirlflresults are illustrated in which is a three-Figure 1a,
dimensional plot of the number of GRBs versus H and
mean 0.03È2 MeV Ñux, F ; the same data are also shown as
contours in The distribution has a broad peakFigure 1b.
around H ^ 200 keV and FD 5 photons cm~2 s~1. From
this peak the GRB frequency falls o† in four directions. The
distribution toward low Ñuxes is incomplete due to
BATSEÏs loss of sensitivity for faint GRBs. The fallo†
toward high Ñuxes is probably realÈall measured lumi-
nosity functions show a relative lack of bright GRBs in

nature. The fallo† toward low hardnesses is also real ; it
reÑects the well-known deÐciency in traditional GRB
spectra at X-ray energies.

The cause of the fallo† of the frequency distribution
toward higher hardnesses is the problem addressed in this
paper. In the hypothesis of & Narayan thisPiran (1996),
fallo† is due entirely to a loss of detection efficiency in
instruments that detect GRBs using low-energy triggers.

& Narayan analyzed the expected responsePiran (1996)
of BATSE to GRB distributions following power-law
models in log H and in logarithm of bolometric lumi-
nosity, and found that the data suggest that one or both
of the power-law indices must be positive or at least zero.
In other words, the number of bursts per decade of hard-
ness either increases with increasing H, or else is constant
with H if harder GRBs are more luminous. The dashed line
in represents a hypothetical distribution ofFigure 1a
GRBs that is constant with hardness H ; it is normalized
at the peak of the contour distribution observed by
BATSE. Comparison of this hypothetical distribution
with the BATSE observations suggests that there must
be a large class of undiscovered ““MeV bursts ÏÏ if the

& Narayan hypothesis is correct. This newPiran (1996)
class may contain events quite distinct from the traditional
population. For example, such GRBs would be candi-
dates for the group of long-lasting bursts emitting above
1 MeV that & Canel have proposed as sig-Katz (1996)
natures of a new class of accretion-induced white dwarf
collapse events.

In this paper we use data from the Solar Maximum
Mission Gamma Ray Spectrometer (SMM GRS) to demon-
strate that such a hard class of GRBs does not exist. This is
possible because the experiment has good sensitivity to
GRBs above 1 MeV and permits searches for new bursts at
both higher and lower energies. We can therefore avoid
many complications involved in comparisons between dif-
ferent instruments by making comparisons solely between
GRS measurements in di†erent energy bands. Whether or
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FIG. 1a FIG. 1b

FIG. 1.È(a) Three-dimensional distribution of 54 GRBs detected by BATSE and analyzed by et al. from low-energy (50È200 keV) triggers,Band (1993)
binned by logarithm of spectral hardness and logarithm of 0.03È2 MeV Ñux in 0.3 decade bins. Dashed lines : Expected distribution of GRBs as a function of
spectral hardness and 0.03È2 MeV Ñux, according to the prediction of & Narayan that it is a constant with hardness for all GRB Ñuxes,Piran (1996)
normalized to the peak in the observed distribution at a given Ñux. (b) Same data as (a) expressed as a contour plot.

not the hypothesis of & Narayan is valid, aPiran (1996)
study of this kind is important to the understanding of the
GRB enigma.

2. BURST DETECTION IN SMM DATA

2.1. Mission and Instrument Characteristics
The SMM GRS was in low Earth orbit during the period

from 1980 March to 1989 December. Although it was
pointed at the Sun for almost the whole of this time, its Ðeld
of view (FOV) was so large (^150¡ at 1 MeV), and its
shielding so relatively modest, that it was an e†ective burst
monitor for the whole sky. Data were accumulated contin-
uously, except during passages of the South Atlantic
Anomaly (SAA), during brief calibration periods, and
during most of the 5 month period from 1983 November to
1984 April when the satelliteÏs tape recorder was turned o†
prior to its repair. Seven 7.5] 7.5 cm NaI detectors
returned data in 476 energy channels between 0.3 and 10
MeV; a 5 cm thick CsI shield lying just below these detec-
tors could be used in combination to obtain spectral mea-
surements from 10 to 100 MeV in four broad energy bands.

With these characteristics, the instrument performed
capably as a GRB detector, and some important measure-
ments were made with it. For example et al.Matz (1992)
and et al. were able to measure the burstsÏHigdon (1992)

distribution, determining that GRBs are not homo-V /Vmaxgeneously distributed ; et al. and &Nolan (1984) Messina
Share did not conÐrm previously reported c-ray line(1992)
emission, casting doubt on the theory that the bursts occur
on the surfaces of Galactic neutron stars. Of greater rele-
vance to the present study, et al. and etShare (1982) Matz
al. showed that a large fraction of GRBs emit at(1985)
energies greater than 1 MeV, and later detected emission
greater than 10 MeV for the Ðrst time et al.(Share 1986).
These discoveries exploited the GRSÏs combination of
extensive sky coverage and sensitivity to photon energies
above 1 MeV.

The drawbacks of the GRS as a burst detector were its
very poor spatial and temporal resolutions. The poor
spatial resolution was a consequence of the wide FOV

described above ; it was virtually impossible for the GRS to
locate any GRB, except to the extent that Earth blocked a
known portion of the FOV. The spectral data were returned
in a continuous stream in 16.384 s intervals, i.e., longer than
the durations of most GRBs (1È10 s). Our analysis (° 2.4)
takes into account the GRSÏs poor spatial resolution but
cannot fully correct for its limited time resolution. There is
therefore a possibility that our search for high-energy bursts
will be incomplete for GRBs with durations much shorter
than 16 s.

2.2. Bursts Discovered at Energies 0.35È0.8 MeV
A published catalog of GRBs observed by the SMM GRS

has yet to be completed ; however, the methods used for
detecting GRBs, and some of their characteristics, were
described by et al. Most of the GRBs wereShare (1992).
detected by an automated search covering the 350È800 keV
energy range at 16 s resolution ; the search was performed
over limited ranges in geomagnetic rigidity in order to
reduce false triggers due to background changes on orbital
(^90 minutes) timescales. A quadratic function was Ðtted to
the rates, and candidate transient events were Ñagged when
excesses greater than 5.7 p occurred in 16 s intervals, or else
when acceptable Ðts could not be made. A total of D8000
transients were detected. These transients were then visually
inspected to identify true GRBs. About 3000 of these tran-
sients were from c radiation emitted by Soviet nuclear-
powered reconnaissance satellites et al.(Rieger 1989 ; Share
et al. 80% of these occurred in 1987 and 1988. Solar1989) ;
Ñares were identiÐed by reports in Solar Geophysical Data
and by their intense thermal emission recorded in the 13È19
keV band of GRSÏs small X-ray detectors. The remaining
transients were primarily due to data and telemetry errors
and to precipitating electrons during geomagnetically dis-
turbed periods ; these were easily distinguishable from
GRBs.

A total of 177 GRBs were detected in the 0.35È0.8 MeV
band. Of these, 136 were identiÐed by the computer algo-
rithm. The remaining bursts were identiÐed during visual
screening of the entire database and from GRBs reported
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by other spacecraft. Time-integrated spectra of the bursts
were obtained by subtracting backgrounds adjacent to and
on both sides of the burst. Preliminary Ðts to these spectra
used representative shapes such as a power-law, thermal
bremsstrahlung, and thermal synchrotron et al.(Share

These photon models were convolved with the1992).
instrument response function before Ðtting to the data using
a s2-minimization algorithm. As the locations of the sources
of the GRBs were not known, Ðts were performed for
assumed incidence angles of both 0¡ and 90¡. It is important
for our analysis in this paper to note that Ðts at 0¡ incident
angle yield the hardest incoming GRB spectra. This is
because at other angles low-energy photons are more
strongly attenuated, so the unfolded spectra become steeper
(in other words, for a given observed spectrum, more soft
photons are assumed to be added to obtain the real
spectrum). Thus by assuming an incident angle of 0¡ we
provide upper limits to the spectral hardness of the GRBs,
which we will refer to as H0.The hardest GRS burst spectrum had a power-law index
D[1.3 and the softest an index D[3.8 for 0¡ incidence
angle. Improved Ðts to many spectra were achieved by using
shapes, such as the thermal synchrotron (TS) function,
which describe spectra having convex curvature at energies
between a few hundred keV and a few MeV. One burst,
GRB 840805, required an additional power-law component
at high energy. This latter model is similar to the general
form used for Ðtting the bursts observed by BATSE (Band
et al. 1993).

The BATSE data suggest that GRB spectra tend to
exhibit broad peaks in at energies of a few hundred keV.lflWe therefore used the results derived from Ðts with the
thermal synchrotron model in this study. It is not suggested
that synchrotron emission is the preferable physical expla-
nation for the spectra ; the TS shape gives relatively good
Ðts to the data, and the results were available to us from
previous work. The spectral Ðts are in fact rather insensitive
to the precise shape of the model, so long as it exhibits the
required broad peak in The hardness can thereforelfl. H0be deÐned for any Ðtted spectrum.

2.3. Search for Very Hard GRBs
The same computer algorithm was employed to search

for bursts in the 0.8È2 MeV and 2È10 MeV bands as was
described above for the 0.35È0.8 MeV band search. This
procedure yielded a very large number of false positive
detections. There were D7000 transient events identiÐed in
one or both energy ranges. These were individually screened
using microÐlm records of the database providing both
rates in broad energy bands and 5 minute accumulated
spectra. Most of the transients were found to be due to
errors in data transmission, manifesting themselves as sharp
increases in single GRS energy channels. About 50 events
were caused by lack of adequate background determi-
nations used by the algorithm due to data gaps arising from
telemetry losses, SAA passages, and instrument cali-
brations.

A sample of about 250 transient events remained after
these primary screenings. Of these, more than half (160)
were due to c-ray emission from Soviet nuclear reactors
when they approached to within 800 km of SMM et(Share
al. Thirty of the remainder were GRBs originally1989).
identiÐed in the 0.35È0.8 MeV search described in the pre-
vious section. A further 50 events consisted of high-energy

solar Ñares, magnetospheric disturbances, and other events
dominated by charged particles (as measured by plastic
scintillation detectors).

A total of only Ðve unexplained events remained. Spectra
for these events were extracted and corrected for back-
ground as discussed in above. Inspection of three of the° 2.2
background-corrected spectra revealed the presence of high
counts in individual channels, (once again indicating data
transmission errors) or of systematic negative Ñuxes at some
energies (revealing the failure of the background-
subtraction procedure). None of them showed signiÐcant
positive emission from the whole of the range 0.8È10 MeV.
These three events were therefore also discarded.

Thus, out of our intensive search for new 0.8È10 MeV
transients in the 10 yr SMM database, we have only identi-
Ðed two new candidate high-energy gamma-ray bursts.
Time histories of these two events, GRB 820329 and GRB
840906, are plotted in Figures and for three broad2a 2b
energy bands (0.35È0.8, 0.8È2.0, and 2.0È8.5 MeV). The
burst durations were about 80 and 64 s, respectively. It is
clear from these plots why these events were not detected by
the computer search of the low-energy band, as the most
signiÐcant emission occurs at higher energy and the events
are extended in time. The time-integrated spectra for these
events are plotted in Figures and the solid lines are3a 3b ;
Ðts to data for photon spectra represented by power laws
and incident at 0¡. Both events had harder spectra than any
other detected by SMM from low-energy triggers, but only
marginally so. The power-law indices of the new bursts were
[1.05^ 0.04 and [1.03^ 0.30 for GRB 820329 and GRB
840906, respectively. (The TS Ðts were not signiÐcantly
better or worse than the power-law Ðts. They yielded spec-
tral hardnesses MeV for 0¡ incidence angle forH0º 10
both bursts.) By comparison, the hardest GRB spectrum,
GRB 821028, found in the 0.35È0.8 MeV search had an
index [1.27 et al. its spectrum is plotted in(Share 1992) ;

Also shown for comparison in is theFigure 3c. Figure 3d
spectrum of GRB 840805 that was detected up to D80
MeV.

Neither of the two new events was detected by any other
spacecraft in operation at the time. In general the reason for
this was the same very hard spectra that caused the GRS
low-energy search to miss them. The detectors on board
PV O, International Cometary Explorer (ICE), and the
V enera missions triggered at even lower energies (¹150
keV) than the GRS, and even an intense burst would not
deposit much energy in this range if its spectrum were very
hard. For example, the spectrum of GRB 820329 in Figure

if extrapolated downward to the PV O trigger energy3a,
band 0.1È0.2 MeV, contains less than the 2] 10~5 ergs
cm~2 s~1 typically necessary for a trigger et al.(Fennimore
1993).

2.4. T hreshold for Burst Detection above 0.8 MeV
In order to assess properly the possible existence of a

class of hard GRBs, we need to understand the GRSÏs sensi-
tivity for discovering bursts at energies above 0.8 MeV. We
obtained a sample of about 70 ““ null ÏÏ spectra from events
identiÐed in our search for hard GRBs. We used this sample
to compute the e†ective threshold for detecting GRBs
under a broad range of conditions. The GRSÏs sensitivity
depends upon parameters that may be either (1) intrinsic to
the spacecraft and environment, e.g., geomagnetic rigidity,
c radiation from EarthÏs atmosphere, and induced radio-
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FIG. 2a

FIG. 2b

FIG. 2.È(a) Count rates in three energy bands (top, 0.35È0.8 MeV; middle, 0.8È2 MeV; bottom, 2È10 MeV) for new hard-spectrum GRB 820329, in 16.384 s
intervals. (b) Count rates in the same three energy bands as (a) for new GRB 840906.

activity from SAA passages and long-term cosmic-ray irra-
diation, or (2) intrinsic to the burst itselfÈthe GRB dura-
tion, the spectral hardness, and the location of the GRB
within the FOV.

Studies of the variation of spacecraft and environmental
backgrounds in the GRS, on di†erent timescales (e.g.,

et al. et al. indicate that itDunphy 1989 ; Kurfess 1989)
causes the GRSÏs sensitivity to bursts to vary by no more
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FIG. 3.È(a) SMM GRS spectrum of new hard-spectrum GRB 820329 between 0.3 and 8.5 MeV. Continuous line : Power-law spectrum (6.4^ 0.2)] 10~2
(E/1.6 MeV)~1.05B0.04 photons cm~2 s~1 MeV~1 Ðtted assuming 0¡ incidence angle. (b) SMM GRS spectrum of new GRB 840906 between 0.3 and 8.5 MeV.
Continuous line : Power-law spectrum (1.1^ 0.3)] 10~2 (E/1.6 MeV)~1.03B0.30 photons cm~2 s~1 MeV~1 assuming 0¡ incidence angle. (c) SMM GRS
spectrum of GRB 821028, the hardest spectrum measured by et al. between 0.3 and 8.5 MeV. Continuous line : Power-law spectrumShare (1992),
(6.8^ 0.6)] 10~2 (E/1.6MeV)~1.27B0.09 photons cm~2 s~1 MeV~1 assuming 0¡ incidence angle. (d) SMM GRS spectrum of GRB 840805, the spectrum
extending to the highest energy (80 MeV: Share et al. between 0.3 and 8.5 MeV. Continuous line : Broken power-law spectrum assuming 0¡1986, 1992),
incidence angle with amplitude 1.08^ 0.02 photons cm~2 s~1 MeV~1 at 1 MeV, with indices [1.94^ 0.06 below 1 MeV and [2.25^ 0.06 above 1 MeV.

than a factor D2. This was conÐrmed by Ðtting power-law
spectra to the sample of 70 null spectra and examining the
dependence of the results on the SMM environment param-
eters. From these events we estimate a mean 3 p threshold
sensitivity of about 4 ] 10~2 photons cm~2 s~1 between
0.8 and 10 MeV, for bursts of 16 s duration and 0¡ incidence
angle.

We next consider the e†ect on sensitivity of the quantities
intrinsic to the GRBs. Bursts have durations t lasting from
tenths to tens of seconds. We expect that the sensitivity will
vary as t~1@2, and this is conÐrmed by our spectral Ðts to
null events selected to be of varying lengths between 16 and
96 s. As the GRSÏs temporal resolution is 16 s, we need to
correct its sensitivity by the mean value of (t/16 s)~1@2 aver-
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FIG. 4a FIG. 4b

FIG. 4.È(a) Distribution of 138 GRBs detected by SMM during 1980È1989, as a function of spectral hardness and 0.8È10 MeV Ñux in the form of a
three-dimensional surface. Dashed line : Expected distribution of GRBs visible to SMM according to & Narayan (constant with hardness andPiran (1996)
normalized to peak in the observed distribution at a given Ñux). (b) Same data as (a) expressed as a contour plot. Dashed line : Hardness value MeVH0\ 0.8
above which GRB distribution will be compared to Piran & Narayan prediction (i.e., dashed line in [a]).

aged over the distribution of durations of GRBs. Data from
the large area detectors of BATSE et al.(Kouveliotou 1993)
conÐrmed that this distribution is bimodal, as previously
suspected There is a fairly well-deÐned(Hurley 1992).
boundary between the resulting two subclasses of GRBs at
a duration of 2 s. This is close to the minimum measurable
duration of the GRBs detected by SMM, which is 4 Sinces.1
the GRSÏs sensitivity is proportional to t~1@2 for durations
less than 16 s, it is clear that the GRS will have very little
sensitivity to the shorter of the two subclasses. Our conclu-
sions will therefore apply only to the longer subclass (º2 s)
found by et al.Kouveliotou (1993).

There is a further reason for excluding the class of very
short GRBs from this study. Even if the GRSÏs sensitivity
extended down to short GRB durations, our analysis would
not be valid if there were an anticorrelation between hard-
ness and durationÈvery hard, very short GRBs would be
missed by BATSE due to their hardness and by SMM due
to their shortness. An anticorrelation of this kind was found
by et al. in the subclass of short (\2 s)Kouveliotou (1993)
GRBs. On the other hand, et al. found aDezalay (1996)
positive correlation between durations and hardness for the
subclass of longer (º2 s) events in the BATSE and
PHEBUS data. The BATSE spectroscopy detector sample
that was analyzed in the & Narayan study alsoPiran (1996)
showed a positive correlation et al. it sampled(Band 1993) ;
roughly the same range in burst durations as the SMM/
GRS, corresponding to the longer subclass.

Components of GRB emission that emerge on very long
timescales are also undetectable by our analysis, which is
restricted to times less than a few hundred seconds by
changing backgrounds on orbital timescales. The detection
of very hard emission by EGRET from GRB 940217 over
an interval of 5400 s et al. implies the exis-(Hurley 1994)
tence of such a component. It is not clear, however, that it is
ever seen on its own; in GRB 940217 it was accompanied by

1 These measurements were accomplished independently of the GRS,
using two 10È140 keV X-ray monitors attached to the GRS for the purpose
of monitoring solar Ñares.

variability at lower energies on short timescales that our
analysis would detect. This is another possible limitation on
the completeness of our results.

The second intrinsic factor to be considered is spectral
hardness. We estimated the dependence of threshold sensi-
tivity on spectral hardness by repeating our Ðts to 70 null
spectra using six di†erent TS model spectra with hardness
values between 0.8 and 10 MeV. Once again we assumed a
0¡ incidence angle for the source. As argued in this° 2.2,
assumption is the most conservative, since it yields the largest
value for the hardness of the GRB. We treated this depen-
dence on hardness explicitly, and will present separate
results for each of the six hardness values in the next section.

The largest single factor a†ecting the threshold sensitivity
is the third of the intrinsic GRB properties : the lack of
knowledge of the location of GRBs within the GRS FOV.
We calculated the efficiency of the GRS as a function of
incident angle, relative to that at 0¡ for the six TS model
spectra having hardnesses between 0.8 and 10 MeV, using
Monte Carlo simulations of the energy and angle depen-
dence of the GRS response (S. M. Matz & G. V. Jung 1986,
private communication). The threshold sensitivity was
found to vary by factors of 5È7, depending on the spectral
hardness, and is always degraded at other angles relative to
0¡ incidence.

3. RESULTS

The primary objective of this paper is to determine
whether there is a class of GRBs with hard spectra that have
been missed in previous searches. We showed that such a
class is not evident in the distribution of bursts observed by
the BATSE spectroscopy detectors and plotted in Figure 1.
We perform a similar analysis in this section using the
higher SMM/GRS energy bands, and demonstrate that
such a class is not evident in these data either. Since the
triggering criteria, spectral ranges, and timescales are di†er-
ent, we will not attempt to merge the results of the
SMM/GRS and BATSE instruments.

Plotted in is the distribution of the 136 GRBsFigure 4
found by computer in the original search in the 0.35È0.8
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MeV band plus the two GRBs found by our compa-(° 2.2),
rable search at energies greater than 0.8 MeV The(° 2.3).
distribution is plotted in a three-dimensional format in

and as a contour in similar toFigure 4a Figure 4b, Figure 1.
The numbers of bursts are plotted in bins of 0.3 decades as a
function of spectral hardness (hardness derived for 0¡H0incidence) and of mean Ñux in the 0.8È10 MeV energy band
(we assume this is equivalent to the bolometric Ñux, which is
justiÐed for the GRBs with The most noticeableH0º 0.8).
feature is a marked decrease in burst frequency with
increasing hardness above a broad peak at MeV;H0^ 0.5
the peaking resembles that found by BATSE et al.(Band

see with the exception that the GRS data span1993 ; Fig. 1),
a broader range of spectral hardness.

According to the model of & Naryan onePiran (1996),
would expect the rate of bursts at any bolometric lumi-
nosity to remain at least constant for hardnesses above the
peak in the distribution. Plotted by the dashed lines in

is a representation of this expectation, normalizedFigure 4a
to the peak of the distribution at every luminosity. It is
clearly at variance with the distribution of SMM bursts, as
it was for the BATSE bursts. Note that the hardnesses H0plotted in are in fact upper limits because of ourFigure 4a
assumption of 0¡ incidence angle In reality the entire(° 2.2).
distribution should be shifted to lower H if a range of inci-
dent angles is assumed, thus exacerbating the disagreement
with the & Naryan model.Piran (1996)

3.1. Is the DeÐciency of GRBs with Spectral
Hardness Intrinsic?

It is important to determine whether the observed fallo†
in the numbers of GRBs at energies above 0.8 MeV is due to
a lack of sensitivity of the search or is intrinsic to GRBs. For
this reason we use our sensitivity studies discussed in ° 2.4
to answer this important question.

We found in that the distribution of GRS threshold° 2.4
sensitivities for each hardness is due mainly to its angular
response, with a relatively small variation due to the local
background. In we show the GRSÏs probability forFigure 5
detecting at the 3 p level GRBs randomly located in the
aperture for each of six values of hardness (the same for
which we made detailed sensitivity calculations in ° 2.4,
between 0.8 and 10 MeV). These probabilities were
obtained by calculating the efficiency of the GRS as a func-
tion of energy and of incidence angle, relative to that
at 0¡, from S. M. Matz & G. V. JungÏs (1986, private
communication) Monte Carlo calculations. For discrete
values of incidence angle at 10¡ intervals, we calculated the
overall efficiency of the GRS for each hardness, integrating
over the efficiency as a function of energy (weighted by each
energyÏs contribution to the TS spectrum of given hardness).
We then calculated the distribution of efficiencies according
to the area of the sky within a band ^5¡ of each incidence
angle.

FIG. 5.ÈPercentage of GRBs detectable at signiÐcance º3 p by our current search as a function of burst average Ñux (points), for six values of spectral
hardness. The e†ect of characteristic background variability is shown by the shading. Apart from this variability, the detection efficiency is assumed to
depend only on the fraction of GRBs occurring (at random) at di†erent o†-axis distances in the GRS aperture. Shaded area represents variability in detection
efficiency due to characteristic changes in spacecraft and detector backgrounds during the mission.
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One can understand the plots in by realizingFigure 5
that the GRS has approximately its optimum response (the
0¡ value) out to a half-angle of D35¡ ; over this range we
found that the average 3 p sensitivity in Ñux in the 0.8È10
MeV range was D4 ] 10~2 photons cm~2 s~1 This(° 2.4).
value varies slightly with hardness, mainly due to our
neglect of the bolometric correction to the 0.8È10 MeV
band; as an example, for MeV the 3 p threshold isH0^ 0.8
2.4] 10~2 photons cm~2 s~1. All bursts with this hardness
and with Ñuxes above this value should have been detected
(leaving aside the variation of sensitivity by a factor of 2 due
to local backgroundsÈindicated by the width of the shaded
region in However, only D9% of bursts distributedFig. 5).
randomly on the sky will be detected with this high sensi-
tivity. The angular response of the detector falls o† by a
factor of 2 by 90¡, increasing the threshold to 5 ] 10~2
photons cm~2 s~1 ; however, fully 50% of the sky is con-
tained within 90¡, so that 50% of all GRBs should be
detected to this sensitivity or better. The worst situation is
toward the rear of the GRS at angles near 180¡. The sensi-
tivity is reduced here by a factor 7 All GRBs (100%)(° 2.4).
should be detected with this sensitivity or better.

We next use these sensitivity curves to correct the
observed rates of hard GRBs from SMM to yield(Fig. 4)
the total numbers of GRBs incident on the detector as a
function of hardness and 0.8È10 MeV Ñux. This is per-
formed by dividing the number of GRBs in each bin of

by the averaged value of the detection probabilityFigure 4a

in that bin from There are a total of 39 GRBs withFigure 5.
MeV identiÐed by SMM (37 found using theH0º 0.8

search of 0.35È0.8 MeV triggers, and two found in the
present search). In (histogram) we plot the numberFigure 6
of these GRBs as a function of Ñux for the six standard
values of hardness after the correction for reduced sensi-
tivity has been made.

These numbers can be directly compared to the expected
rates according to & Narayan The dashed linePiran (1996).
in is the expected GRB rate during the SMM missionFig. 6
according to & Narayan which by hypothesisPiran (1996),
is the same for all values The Piran & NarayanH0 (Fig. 4a).
predicted rate must be at least as large as the GRB rate seen
at any hardness. It is conservative to minimize this predict-
ed rate ; it is therefore normalized to the peak SMM event
rates in which occur at lower hardnesses ^0.5Figure 4a,
MeV (the correction factor being assumed to be unity at
these hardnesses). For example, in the 0.8È10 MeV Ñux bin
around 0.1 photons cm~2 s~1 the peak GRB rate is 15
events around and dashed curve inH0\ 0.5 (Fig. 4b Fig. 6) ;
around hardness a rate of 12 events was measuredH0\ 0.8
in this bin the detection probability for this hard-(Fig. 4b) ;
ness and Ñux is 93% therefore, correcting(Fig. 5, H0\ 0.8) ;
the measured rate of bursts for this factor yields a true rate
of 12.9 events, to be compared to the expected rate of 15
(Fig. 6, H0\ 0.8).

It is clear from that, for all except the lowestFigure 6
hardness values, the incident number of bursts determined

FIG. 6.ÈSections through at six constant values of spectral hardness. Histogram: Number of GRBs per bin of spectral hardness and Ñux detectedFig. 4a
by SMM (from Figs. and corrected by the detection efficiencies in Dashed line : SMM GRB rate expected from & Narayan from4a 4b), Fig. 5. Piran (1996),

Only GRBs with Ñux º5 ] 10~2 photons cm~2 s~1 are included in which gives upper limits on the GRB rate for each value. UpperFig. 4a. Table 1, H0limits on the GRB rate for individual Ñux bins in the Ðgure can be obtained by applying the same formulae to the rates in the bin.(Gehrels 1986)



732 HARRIS & SHARE Vol. 494

TABLE 1

EXPECTED AND OBSERVED NUMBERS OF GRBS AS A FUNCTION OF SPECTRAL HARDNESS

Number of GRBs Upper Limit on
Hardness Range Number of GRBs Detected, Corrected Corrected Detected

(MeV) Detected for Sensitivity Numbera Predicted Number

0.7È1.4 . . . . . . . . . . . 20 23.0 32.1 33.0
1.4È2.8 . . . . . . . . . . . 13 14.9 22.6 33.0
2.8È5.6 . . . . . . . . . . . 2 2.0 6.3 33.0
[ 5.6 . . . . . . . . . . . 1 3.9 7.6 33.0

NOTE.ÈGRB range : 0.8È10 MeV Ñux º0.05 photons cm~2 s~1 .
a Poisson upper 95% conÐdence limit from Gehrels 1986.

for the GRS is far smaller than the number expected from
the & Narayan model. We have integratedPiran (1996)
under the histograms in for all GRBs brighter thanFigure 6
an assumed threshold 5 ] 10~2 photons cm~2 s~1 in order
to present concisely the di†erence between the observations
and the model. The results are given in Our basicTable 1.
conclusion is that, relative to GRBs with hardness H0^ 0.5
MeV, those with MeV are underabundant by atH0^ 2
least 50%, and those with at any energy greater than 3H0MeV are underabundant by at least a factor 5.

There therefore appears to be no large population of
GRBs with hard spectra that have escaped detection due to
a bias toward detection of softer spectra. This conclusion
can only be avoided if such a population has properties
considerably di†erent from the known GRB population.
For instance, it is possible that there is a population with
hardnesses in the 0.8È10 MeV range, but which is abnor-
mally faint (Ñuxes >0.05 photons cm~2 s~1). The BATSE
detector is much more sensitive to faint bursts than the
SMM GRS. However the analysis of BATSE spectra by

& Narayan suggests that, if anything, thePiran (1996)
opposite is true (i.e., the harder GRBs seen by BATSE are
more luminous). Also, as noted in the subgroup of° 2.4,
GRBs whose durations are ¹2 s is not well monitored by
SMM, and a GRB population drawn exclusively from this
subgroup can contain more hard bursts undetectable by the
GRS et al. Finally, GRBs with dura-(Kouveliotou 1993).
tions greater than 100 s would also be difficult for the GRS
to detect, and might contain an excess of hard bursts.

4. DISCUSSION

We have demonstrated that there is no large undis-
covered class of GRBs with spectral hardness H (or peak in

greater than 0.8 MeV. There is thus no need to invokelfl)novel theoretical GRB mechanisms such as accretion-
induced collapse of white dwarfs & Canal that(Katz 1996)
might predict such a class. The two new hard events found
in our search have spectral parameters similar to the harder
members of the traditional GRB population (e.g., power-
law indices D[1.0, compared to the hardest previous index
D[1.3 ; et al. so that they are likely to beShare 1992),
merely outlying members of that population.

Our results also cast doubt upon more conventional
GRB models in which spectral peaks or breaks in arelflexpected to occur above 1 MeV. Such GRBs would have

hardness H [ 1 MeV, and our results constrain the fre-
quency of these events. For example, less than one-seventh
of the GRBs with peaks above 0.7 MeV can have peakslflat MeV One class of models that is con-Z3 (Table 1).
strained is the cosmological Ðreball plus blast-wave model,
which generally predicts multiple spectral breaks at energies
up to TeV c-rays, due to separate synchrotron and inverse
Compton radiation mechanisms in forward and reverse
shocks and in the blast wave Rees, & Papatha-(Me� sza� ros,
nassiou However, we are not aware that any calcu-1994).
lation has been made of the relative frequency distribution
of these breaks with energy up to 10 MeV, which might be
quantitatively compared to our results. By contrast, there
are other cosmological models in which peak or break ener-
gies are required by some physical mechanism to lie below
D1 MeV, in agreement with our result. In models involving
within-source absorption the(Brainerd 1994 ; Liang 1994)
physical mechanism is the energy dependence of the absorp-
tion cross section (respectively, Compton scattering and
photoelectric absorption) ; in Ðreball plus shock-
acceleration models (e.g., it is the electron restTavani 1995),
energy of 0.511 MeV introducing relativistic e†ects into a
synchrotron spectrum from accelerated e~-e` pairs.

5. SUMMARY

Our search of the 1981È1989 SMM GRS data at energies
0.8È10 MeV yielded only two possible GRBs having such
hard spectra that they were discovered only at these ener-
gies but not in the lower 0.35È0.8 MeV band, which had
been searched previously. We carefully examined the factors
a†ecting the GRSÏs sensitivity, and concluded that this lack
of detections is due to a real deÐciency of GRBs with peaks
in or breaks above 0.7 MeV. The rate of GRBs in thelfloverall SMM sample is highest for peaks around ^0.5lflMeV. The rate of GRBs with peaks at any energy greater
than 3 MeV is at least a factor of 5 lower than this
maximum rate. These results favor GRB models in which
some physical mechanism constrains burst hardnesses to be
generally less than 1 MeV.

This work was supported by NASA Astrophysics Data
Program grant NAG5-2721 and contract SG7048-F. We
are grateful to Dan C. Messina for help with the data
analysis.
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