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ABSTRACT

We studied the time-averaged gamma-ray burst spectra accumulated by the spectroscopy detectors of the
Burst and Transient Source Experiment (BATSE). The spectra are described well at low energy by a power-
law continuum with an exponential cutoff, N(E) oc E* exp (—E/E,), and by a steeper power law, N(E) oc Ef
with a > B, at high energy. However, the spectral parameters a, B, and E, vary from burst to burst with no
universal values. The break in the spectrum, E,, ranges from below 100 keV to more than 1 MeV, but peaks
below 200 keV with only a small fraction of the spectra breaking above 400 keV. Consequently, it is unlikely
that a majority of the burst spectra are shaped directly by pair processes, unless bursts originate from a broad
redshift range. We find that the correlations among burst parameters do not fulfill the predictions of the
cosmological models of burst origin, but our burst sample may not be appropriate for such a test. No corre-
lations with burst morphology or the spatial distribution were found. We also studied the process of fitting
the BATSE spectral data. For example, we demonstrate the importance of using a complete spectral descrip-
tion even if a partial description (e.g., a model without a high-energy tail) is statistically satisfactory.

Subject headings: gamma rays: bursts — radiation mechanisms: miscellaneous

1. INTRODUCTION

The statistics of gamma-ray bursts have recently accentuat-
ed the mystery of burst origin: burst isotropy and the paucity
of weak bursts observed by the Burst and Transient Source
Experiment (BATSE) on the Compton Gamma Ray Observatory
(GRO) (Meegan et al. 1992) refute the local neutron star para-
digm and lead to extended Galactic halo or cosmological
source models. The detailed properties of each burst, such as
time history or spectra, reflect fundamental aspects of the burst
phenomenon which must be explained by the new burst theo-
ries. In particular, burst spectra are among their more per-
plexing characteristics: somehow the burst source emits the
bulk of the radiated energy in the gamma-ray band of ~0.1-1
MeV. The gamma-ray spectrum may provide crucial diagnos-
tics of the underlying physical processes within a burst, and
may be a discriminant between different emission mechanisms.

This is the first in a series of studies of the gamma-ray burst
spectra accumulated by BATSE’s spectroscopy detectors
(SDs). In the current study we investigate spectra averaged
over entire bursts and search for global properties, such as
whether spectra can be described by a universal shape, as well
as correlations with other burst properties, such as hardness
with burst fluence. In future studies we will investigate other
properties, such as the evolution of the spectrum during a
given burst. Observations by other detectors (e.g., Norris et al.
1986) and preliminary results from the SDs (Band et al. 1992)
show that the spectral shape and hardness change significantly
during a typical burst. The spectra studied here are averages
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over widely varying instantaneous spectra, and thus reflect not
only the physical processes operating at any given moment but
also the temporal evolution of the burst (weighted, of course,
by the count number).

The characterization of burst spectra has evolved over time
as instruments have become more sensitive and more bursts
have been analyzed. Cline et al. (1973) and Cline & Desai
(1975) found that the IMP 6 and IMP 7 spectra, which consist-
ed of 14 channels from ~ 60 keV to ~1 MeV, were consistent
with Ng(E) oc exp (— E/E,) photons cm 2 keV ™%, where E, =
150 keV. The IMP 7 spectra also showed a high-energy power
law with spectral index —2.5 tangent to the exponential.
Mazets et al. (1982) described the spectra from 143 bursts
observed by Konus on Venera 11 and 12 as N(E) c E~!
exp (—E/E,); the Konus spectra covered the energy range
30 keV-2 MeV in 16 channels. The E, distribution ranged
from ~20 keV to ~2 MeV, peaking at 250 keV. Low-energy
deviations from this spectral form were interpreted as resulting
from cyclotron absorption, and not as an intrinsically flatter
continuum. The Solar Maximum Mission (SMM) detected
emission above 1 MeV in excess of an extrapolation of the
low-energy spectrum (Matz et al. 1985). Most recently, two
instruments on GRO observed a high-energy tail from 1B
910503: up to ~10 MeV for COMPTEL (Winkler et al. 1992)
and ~ 100 MeV for EGRET (Schneid et al. 1992). Thus burst
spectra typically have been described as N oc E* exp (—E/E,)
(Barat et al. 1984), flattening out smoothly to Ny oc E?, with
0 > a > B (Hurley 1989; Higdon & Lingenfelter 1990). We find
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that the BATSE spectra are well described by this spectral
form, but that a, §, and E, all vary; there are no universal
values. Such diversity must be addressed by physical models of
the burst process.

While bursts show a great deal of diversity, few correlations
have been found among the different burst properties. Such
correlations would provide a deeper understanding of the
underlying physical processes, and they might permit the iden-
tification of burst classes with different energy release and
emission mechanisms. The systematic description of a large
burst sample adds an additional dimension for classification
schemes. Unfortunately, while we do find some new corre-
lations, we do not find any striking characteristics upon which
to base a classification taxonomy.

A central aspect of this study, and of those which follow in
this series, is the fitting of model spectra to the observed count
spectra. We therefore need to understand the consequences of
the functional forms used, and of the analysis methods
employed. For example, the signal-to-noise ratio (S/N) varies
with energy as a result of the intrinsic spectrum, the back-
ground, and the detector efficiency. Consequently, the spec-
trum is not well determined at high energies, and many spectra
can be fitted adequately by a model that cuts off exponentially.
However, other instruments and BATSE spectra with sufficient
counts show that there is usually a high-energy tail. As we will
show, omitting this high-energy component hardens the low-
energy component. To better understand the nature of the fits,
we have simulated the creation and fitting of BATSE spectra.

Before presenting the analysis of burst spectra, we describe
the SDs, the method of analyzing this data, and the spectra
used in this study (§ 2). To better understand the analysis meth-
odology, we study the spectral fitting of SD spectra (§ 3). In § 4
we present a quantitative description of burst spectra and
investigate the relationships between various quantities.
Finally, in § 5 we draw conclusions from these results.

2. METHODOLOGY

2.1. Instrumental Summary

BATSE consists of eight modules at the corners of the GRO
spacecraft. Each module contains two detectors: a large-area
detector (LAD), whose purpose is the detection of transient
gamma-ray events and the observation of their time histories;
and an SD dedicated to spectra. In addition, the LADs have
been very successful in monitoring sources through Earth
occultations and folding the count rate at known periods.
Although the LADs also provide spectra, here we present
results from the SDs, since they have superior spectral
resolution and are sensitive over a broader energy range. Each
SD detector is built around a 5” diameter by 3” thick NalI(Tl)
crystal. These crystal dimensions give the SDs a fractional
energy resolution of ~7% FWHM at 662 keV, with an
~ E~%% dependence. A 3” diameter beryllium window in the
front face of each aluminum detector housing increases the
detector response down to ~S5 keV for face-on bursts. The
energy that a photon deposits in the crystal is first analyzed
into 2782 linear pulse-height channels, which are then com-
pressed into 256 pseudologarithmic channels. Most of these
compressed channels are finer than the detectors’ energy
resolution, particularly for the spectra used in this study. The
photomultiplier gain and the electronic low-energy threshold
can be adjusted to shift the analyzed energy band over a wide
range. When a detector is operated at a higher gain, it is sensi-

Vol. 413

tive over a lower energy range. The BATSE detectors are
described by Fishman et al. (1989a); Fishman et al. (1989b)
discuss their scientific capabilities; and the calculation of the
detector response is outlined by Pendleton et al. (1989).

After a burst is detected by the LADs, BATSE collects a
prodigious quantity of data during a ~4 minute burst mode.
One of the resulting data products, known by the mnemonic
SHERB (“SD” plus “high-energy resolution ” plus “ burst”) is
a series of 192 spectra from the four SDs with the highest count
rates, with more frequent accumulations for the more brightly
illuminated detectors. A time-to-spill criterion determines the
accumulation time in multiples of 0.064 s with a minimum of
0.128 s. Since there is no way of predicting the burst duration a
priori, the SHERB almost always either continues past a burst
(and may consist predominantly of background) or finishes
before the end of a long and strong burst. Since the purpose of
the current study is to analyze the spectra of entire bursts, we
averaged all the SD spectra over the duration of each burst. If
the SHERB ended before the burst, we used the available
spectra as noted in Table 1, where all bursts used in this study
are recorded. Since bursts often evolve from hard to soft
(Norris et al. 1986; Band et al. 1992), the loss of the end of a
burst may harden the resulting observed spectrum.

2.2. Burst Analysis

Since BATSE provides spectra from the four most brightly
illuminated detectors for each burst (although some of the
detectors are at an angle greater than 90° to the burst), we
chose for each burst in our sample the average spectrum with
the best statistics which extends down to ~30 keV or below.
We only considered spectra that at least covered the energy
range 30-100 keV to constrain the low-energy spectral soften-
ing (as demonstrated below). Over the course of the mission a
progressively larger fraction of the detectors has been set at
high gain, lowering the usable energy range. Therefore, the
choice of spectra for a given burst has increased since GRO’s
launch.

Each spectrum was fitted over the largest energy range pos-
sible. The actual energy range depended on the detector’s gain
and electronic cutoff; an electronic artifact in the lowest few
channels above the electronic cutoff makes these channels
unusable (Band et al. 1993a). Thus the low end of the spectrum,
E, ranged between 10 and 30 keV, while the high end, E,,
varied from 1200 to 3000 keV ; the energy range for each burst
is presented in Table 1. To provide a measure of the energy
range which is well determined, we also list E;, of the highest
energy channel with a signal-to-noise ratio per channel greater
than 3. Since E,, is defined at the lower end of a channel while
E, is defined at the upper end of a channel, E,, < E,, even for
spectra with a large S/N in the highest channel. As we show in
§ 3, the spectrum above E;, continues to influence the fit: the
correct spectral parameters are found on average, but the dis-
persion around the true values increases as the S/N decreases.

The spectra were analyzed using the Burst Spectral Analysis
Software (BSAS) package (Schaefer 1991). The basic fitting
algorithm is based on CURFIT of Bevington (1969, p. 237),
which finds the optimum spectral parameters by minimizing
x2. In our case y? minimization is justified because the number
of counts in most channels is large enough to approximate a
Poisson distribution with a Gaussian. In addition, x> can be
used when at least 80% of the data bins have more than five
events (Eadie et al. 1971, p. 257). While the upper energy chan-
nels are compressed aboard GRO so that the channels in the
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o TABLE 1 data returned to Earth are spaced pseudo-logarithmically, we
< BURSTS ANALYZED further rebinned the data to make the channels used for the fits
=8 more nearly logarithmic. Consequently, the spectra we fit gen-
?‘} E,* E;,° E, Duration® . erally contained ~ 100 channels. An example of a burst spec-
Burst® Detector (keV) (keV) (keV) ©) Class trum with a model fit is shown in Figure 1.
1B 910430 ........ 6 307 7148 30984  40.192¢ C In parallel with this study of burst spectra, we have been
1B 910502 ........ 0 204 1233.8 29834 6.592 C improving the analysis software and developing a deeper
igg}g;gg """" ? 28‘2 22‘3-3 gégi-} 23-3'172 g understanding of the detectors. Consequently, the results pre-
1B910511 ... 7 316 2103 28087 2432 C sented here are not final fits to the burst spectra. The detector
1B910523 ........ 6 304 1306 3062.8 2.432h C response used in these fits included the direct and spacecraft-
1B910601 ........ 0 10.1 16242 31366 9.408¢ C scattered photons (Pendleton et al. 1989) but not the radiation
1B910627 ........ 6 308 3632 33534 20160 C scattered off the Earth. A detailed model of the BATSE module
}ggigggg e 2 ggg gg?:g g;%f 12:33(2) g and a simpliﬁcd_ spacecraft description were used to calculate
1B 910709 ........ 0 260 1668 34967 0960 S the scattering in the detector environment. Earth scatter
1B 910803 ........ 7 305 337.1 30901  19.712 C should be important in only a few spectra from detectors with
1B 910809 ........ 0 256 6192 31769  10.688 C a large burst-detector normal angle and for which the Earth
}g gigg}ig """" g ;2; lggi-g gég-g Zg-ggg (S: fills a large portion of the observable sky. The channel-energy
1B 910905 ... 0 251 33833 35098  77.056 C calibration utilized in forming the spectra used in this study
1B910930 ........ 0 260 1897 32169  24.960 C has since been improved, particularly at low energy. The cali-
1B911016 ........ 0 155 1614 15955  14400® C bration used here could be off by up to ~5 keV at ~30 keV.
IB911031 ........ 3 150 9116 1501.6  34.688 C From a few comparisons we find quantitative differences
ig giﬂgg e Z éng ggg:g igég:g l;gﬁ g between the parameter values found from fitting the same spec-
1BO11109 ........ 4 202 4196 16986  5.504 C trum calibrated by the two methodologies; these differences do
1B911118 ........ 4 208 11444 18975  16.576 C not affect our conclusions. Future spectral analysis will use the
IB911123 ........ 7 164 1423 1873.1 5.760 C improved calibration; this calibration methodology also
1BO11126 ....... 4 202 11010 18250 57472 c removes the instrumental feature just above the low-energy
1B911127 ........ 1 30.9 859.1 3279.5 26.368 C .
1B911202 ........ 7 202 14057 17900 23040  C electronic cutoff (Band et al. 1993a).
1B911209 ........ 1 306 7597 31474  24.320 C The background spectra subtracted from the observed burst
1B911210 ........ 1 306 2278 31455 4.352 S spectra were interpolated from observed background spectra
IBOLI2IT ....... L 206 2736 21523 4736 C accumulated ~ 1000-2000 s before and after the burst. If the
ig g;g% e g ;(5):2 ggg:g }éigzg %:ﬁégg g SHERB accumulations continued past the end of the burst, the
1B 920130 ........ 4 201 171.8 16914  77.824 C background SHERB spectra were also used. The background
1B 920210 ........ 4 154 8446 12501  49.984 C at the time of the burst was calculated from a channel-by-
1B 920221 ........ 7 102 606.1 13765 12544 C channel cubic fit in time. Occasionally a lower order fit was
iggggggg """" Z’ igg 1??,?; B;gg 2?'(1)32 g used if only a small number of backgroun.d spectra were avail-
1B9202278 ... 7 104 4833 13995  37.952 c able or if the cubic fit did not appear justified because the
920307_01086 .... 1 209 3167 16068  16.320 S background varied slowly. As judged by the relative size of the
920308_17747 ... 0 151 11612 12674  27.200 C uncertainties and the channel-to-channel variations, the calcu-
920311_08426 ... 5 103 12439 12903 28864  C lated background spectra were acceptable for the bursts in the
gggg;g-ﬁggg o ; ?8:(1) lggig i;gzg Zgjﬁg g sample; a number of bursts were not included in the sample
920325:62257 1 30.0 618.1 36139 37.632 [ because of difficulties in Calculating a reasonable background
920331_65750 .... 5 10.2 318.6 1283.0 128.704 C spectrum.
920404_47506 ... 0 151 10399 12673 6.400 S Based on the previous work described in § 1, we character-
920406_09855 ... 2 25.5 11358 11776 29.9528 C
920502_62802 .... 5 10.2 3944 12830 23.040 C
920511_23247 .... 1 30.4 537.6 2851.7 81.216 C I — N
920513_60781 .... 7 100 11104 12782 43.328¢ C ?‘Qtu.,.l.' I T
920517_11876 .... 7 10.2 787.3 1297.8 8.832¢ S > F -
920524_13904 .... 2 19.5 677.8 1257.3 60.032¢8 C < 0l
920525_12423 ... 5 100 1300.6 1349.2 26.048 C ° E
920530_82797 ... 2 201 11149 12818 8192 S Sk s
2 Bursts before the end of 1992 February are identified according to the f< w0 3 iy
First BATSE Burst Catalog (Fishman et al. 1993). Subsequent bursts are z £
identified by the date and time (in seconds) of their occurrence. s LT
b Low-energy edge of lowest channel included in spectrum. Ce E
° Energy at the bottom of the highest channel with S/N > 3. F
9 High-energy edge of highest channel included in spectrum. S
¢ Accumulation time of spectrum. 10
f Morphological class: C = complex, multipeaked; S = single peak.
8 Spectral data gnd in middle ofburst.. ) 0 L N
f‘ Spectral data include first of two major spikes. 50 100 00 500 1000 2000
! Spectral data do not include weak features after major part of burst. Energy(KeV)

FiG. 1.—Example of a spectral fit. The GRB model (eq. [1]) was fitted to
the average spectrum of 1B 911127. The low-energy spectral index is
a = —0.968 + 0.022, the high-energy spectral index f = —2.427 + 0.07, and
the break energy E, = 149.5 + 2.1. With 100 degrees of freedom, x* = 121.58.
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ized the background-subtracted continuum by the functional
form

E \ E
Ne(E) = A(IOO keV) exp (‘ 15_0) g
(a - ﬁ)EO >E >

(@—PE """ Y
= A[ 100 kev:l exp (6 — “)(100 keV) ’

(@—PBE,<E, (1)

which we call the GRB model. This model was constructed so
that it and its derivative are continuous. This functional form
reproduces the common description of burst continuum with
a~ —1 and B~ —2. In addition, many standard spectral
shapes can be represented by this model: single power law
(Ey = o), photon exponential (x =0, f = —o0), and energy
exponential (often referred to as optically thin thermal brems-
strahlung without the Gaunt factor: a = —1, f = —0). We
stress that we use this functional form as a characterization of
the spectrum without implying any direct relation to the
underlying physical processes. For example, although E, plays
the role of the temperature in thermal spectral forms and is
therefore often called the “temperature.” it probably does not
correspond to a physical temperature, since bursts are unlikely
to involve thermal processes (Harding 1991).

In general the fits are statistically acceptable, since the
reduced y? is usually of order unity for ~100 degrees of
freedom (see the more detailed discussion in § 4), although this
can be misleading, as we show in § 3. We estimate the 1 o
uncertainties assuming one parameter of interest and holding
all other parameters fixed at their best-fit values. These esti-
mates are more accurate than the uncertainties usually provid-
ed by the CURFIT routine (Schaffer 1991) but are not as
accurate as those derived from exploring the 2 surface fully.

For each burst we present fits to spectra from only one
detector, thus avoiding the difficulty of relative energy and flux
calibration. We have performed joint fits from multiple detec-
tors and find the results are generally consistent with the fits to
single detectors as long as a high-gain detector, which is sensi-
tive at low energy, is included in the joint fit: the flat low-
energy (25-100 keV) portion of the spectrum determines the
value of « in the GRB model.

2.3. Characterization of Burst Sample

Our sample of 54 bursts, listed in Table 1, comprises almost
all the strong bursts until the end of 1992 May. Chosen for
spectral analysis were those bursts for which the peak count
rate summed over all the triggered LADs and accumulated in
0.064 time bins exceeded ~ 10,000 counts s~ ! above back-
ground. The count-rate criterion was not applied rigidly, since
a number of weaker events with interesting time histories were
included. In addition, a few strong bursts were not included
because of data processing difficulties such as missing data or a
poor background spectrum. Finally, in this study we used only
SHERB data, which often misses most of the counts from
extremely short duration bursts. Thus we do not include in our
sample the bursts which consist of very short spikes. Since the
selection criteria were not applied uniformly, the sample is not
rigorously statistically complete, but it is most probably effec-
tively so.
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FiG. 2—N(>P) vs. P for the burst sample, where P is the peak photon
number flux. The dashed curves show P~1/2, P~! and P~ 32 dependences.

Given that the bursts in our sample constitute the bright end
of the BATSE distribution, are these bursts still in the homoge-
neous part of the spatial distribution, or do they sample the
region where the source density decreases? Figure 2 presents
the distribution of bursts by peak flux P (i.e., photons s™!
cm ~2) averaged over 0.064 s bins; as can be seen, over a decade
in P the number is distributed as P~ °-8, which is typical of the
entire statistically complete BATSE data base as opposed to
the P~3/2 dependence expected of a homogeneous distribution.
Thus our sample probably samples bursts out to distances
where the source distribution is inhomogeneous.

The bursts are spread uniformly across the sky. Table 2
summarizes their spatial distribution in both Galactic and
equatorial coordinates. In addition, 24 of the 54 bursts are
found within 30° of the Galactic plane (ie., |b] < 30°); on
average, half the sources will be within |b| < 30° for an iso-
tropic distribution.

No consistent burst taxonomy has been developed and
accepted for gamma-ray bursts. However, for the purpose of
categorizing the bursts observed by BATSE, the BATSE
instrument team uses a simple scheme based on time-history
morphology (Kouveliotou et al. 1992) similar to the classi-
fication proposed by Barat et al. (1981). As listed in Table 1, of
the 54 bursts in our sample, 45 are classified as complex, multi-
peaked events and nine consist of a single pulse with no evident
substructure; as described above, the SHERB data type used
for this study is not appropriate for studying very short bursts.
Thus, our sample does not contain enough bursts in the differ-
ent morphological classes for us to draw firm conclusions con-
cerning differences between these classes.

TABLE 2
SPATIAL DISTRIBUTION OF BURST SAMPLE

RA. !
DEcL. <180° >180° b <180° >180°
>0° 14 14 >0° 17 12
<0° 11 15 <0° 12 13
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3. DATA ANALYSIS ISSUES

In order to understand the peculiarities and sensitivities of
the spectral data and the biases which may affect the spectral
analysis in this and future studies, we ran simulations in which
we created and then fitted model SD spectra. We used the
simulations to understand the trends with signal-to-noise ratio,
the correlations between parameters, and the implications of
modeling a spectrum with an overly simplistic spectral form.

In these simulations we first created a simulated count spec-
trum, which we then fitted with spectral models using
CURFIT (Bevington 1969, p. 237). As the underlying signal
spectrum, we used the GRB spectral form in equation (1), both
with and without the high-energy tail (i.e., the Ef power law);
these will be referred to as the four- and three-parameter GRB
models, respectively. Simulated count spectra were created by
multiplying the signal spectrum by a simplified detector
response which only includes an approximation to the SD
efficiency. Gaussian noise was then added to approximate
counting statistics; that the noise was Gaussian justifies y2
minimization in CURFIT. We also considered the effects of an
underlying background spectrum B; on the counting statistics.
Based on observed background spectra, B(E) = 0.02(E/100
keV)™ '3 counts cm~? s~ ! was used (actually the background
is not a flux, but it can be expressed as such for comparison
with the count rate). Our simulations covered the energy range
30-3000 keV in 100 logarithmically spaced channels. For the

simulations presented here we used a = —0.5, E, = 300 keV,
B = —2 (for the four-parameter models) and an integration
time of 1 s.

We created a large set of simulated count spectra (typically
1000) with the same signal spectrum, duration, and back-
ground spectrum (if a background was included) and con-
sidered the distribution of fit parameters. Table 3 describes a
series of relevant simulations. For each parameter x, Table 3
provides the value used for the signal spectrum x°, the median
(not the mean) fit value x;, and the dispersion o, =
[{(x = x;)*>]Y2. Also given are the reduced y2, x2/v (where v
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is the number of degrees of freedom), and the maximum S/N in
any channel.

When we fit the simulated spectra with the same functional
form as was used to create the signal spectra (e.g., the four-
parameter GRB model with the four-parameter model), we
found that the median value of each parameter reproduced its
“true” value to within a few percent. As expected, the average
x%/v ~ 1. However, when the three-parameter GRB model was
fitted to spectra created from the four-parameter model (i.e., we
left the high-energy power law out of the models fitted to the
simulated spectra), the median parameter values were system-
atically biased regardless of the S/N. We found that four-
parameter GRB models created with « = —0.5 and E, = 300
keV were best fitted by three-parameter models with median
values of ' ~ —0.7 and Ej ~ 480 keV. The three-parameter
model apparently attempts to fit the high-energy power law of
the four-parameter model by shifting the exponential cutoff to
higher energy and softening the low-energy power-law com-
ponent. The average y2/v was significantly larger than unity
when the S/N was high but dropped to unity as the S/N
decreased below ~ 5.

As the S/N decreases, the width of the distribution of fitted
parameters increases, while the median parameter values
change little if at all. Nonetheless, all the simulated spectra can
be modeled by the original signal spectrum (i.e., with the same
set of spectral parameters) with a y2 only slightly larger than
the minimum value. In our simulations we find a difference in
x2/v of ~0.04 between the signal and best-fit spectra. We con-
clude that in fitting an observed spectrum, a correct hypothesis
will not be rejected even if the best-fit parameters differ from
the “true” parameters of the hypothesis.

The parameters fitted to a series of simulated spectra based
on the same underlying signal spectrum were correlated. Thus
we find that the fits fall in a thin crescent-shaped region of
(o, Eo)-space whose size increases as the S/N decreases. The
correlation results from S/N variations across the spectrum.
The S/N peaks in the middle of the spectrum as a result of the
decreasing effective area at the low end of the spectrum, and

TABLE 3
FITS TO SIMULATED SPECTRA

n Ny g « Qi 0,

B Og EJ Eq g Ok, bl S/N

Four-Parameter Fit to Four-Parameter Model; No Background

0.3 0.3001 0.1346 —-05 —0.4992 0.05093
0.1 0.1003 0.007756 —-05 —0.4943 0.08179
0.05 0.05018 0.005692 —0.5 —0.4996 0.1182
0.02 0.02026 0.004329 —-0.5 —0.4820 0.1930
0.0075 0.007703 0.002967 —-05 —0.4555 0.2983

—2.001 0.05795 300 299.5 29.12 0.9959 10.67
—2.002 0.09335 300 298.1 46.79 1.0128 6.16
—2.007 0.1242 300 298.5 66.20 1.0030 435
—2.011 0.2481 300 291.8 99.95 1.0026 275
—2.020 04515 300 284.8 161.8 1.0061 1.69

Four-Parameter Fit to Four-Parameter Model; with Background

1.0 1.001 0.02545 -05 —0.4986  0.02811 —2.001 0.03477 300 299.6 16.42 1.0014 19.20
0.3 0.3006 0.01438 —0.5 —0.4982 0.05420 —2.001 0.06544 300 299.0 30.25 1.0022 10.20
0.1 0.1000 0.009025 —0.5 —0.5015 0.09998 —2.002 0.1256 300 300.1 56.67 1.0057 5.45
0.06 0.06004 0.007989 -0.5 —0.4978 0.1425 —2.008 0.1707 300 300.1 7745 1.0010 3.95
0.03 0.03048 0.009331 —-0.5 —0.4726 0.2480 —2.014 0.3522 300 289.8 142.1 1.0064 245
Three-Parameter Fit to Four-Parameter Model; No Background
1.0 0.8385 0.01408 —0.5 —0.6973 0.02092 300 485.5 23.23 3.1510 19.48
0.3 0.2528 0.07530 —-05 —0.6920  0.03859 300 4787 43.01 1.6430 10.67
0.1 0.08396 0.004467 -05 —0.6926  0.06488 300 4840 75.13 1.2072 6.16
0.04 0.03380 0.002735 -0.5 —0.6925 0.1011 300 479.3 120.7 1.0827 3.90

0:005 0.004256 0.001244 -0.5 —0.6620 0.3008

300 455.0 724.7 1.0075 1.38
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the falling number of counts as well as the diminishing detector
efficiency at the high end. The energy of the maximum S/N
depends on the hardness of the signal and its strength relative
to the background; the S/N peaked at ~ 120 keV in our simu-
lations. As the overall S/N drops, a smaller range of the spec-
trum is well determined. Fits to the spectra will go through this
well-determined segment, and will have the same slope as the
signal spectrum, while outside this energy range statistical fluc-
tuations cause the simulated spectrum to deviate from the
“true” spectrum. Thus if E, is the energy of the peak of the
S/N, we expect that all fitted spectra and their derivatives will
be the same at E,. In general E, will be in the low-energy
component of the GRB spectral form. From the assumption
that the model derivative is always the same at E,, we find that
o'/E, + 1/E} is constant, where o' and Ej are the quantities
from the fit. This predicts that the fit values of «' and 1/Ej
should be linearly anticorrelated. Indeed, linear regressions to
o' and 1/Ej from simulations based on a common signal spec-
trum give correlation coefficients of r ~ 0.94; Figure 3 demon-
strates this linear anticorrelation. This figure also shows the
bias resulting from fitting a three-parameter model to a four-
parameter spectrum.

The results of these simulations provide a great deal of
insight into fitting gamma-ray burst spectra. First, we see that
on average the fit finds the correct parameters regardless of the
S/N if the appropriate model is fitted to the observed spectrum.
Thus channels with very small S/N continue to influence the fit
and should not be neglected. Often the high-energy part of the
spectrum consists predominantly of upper limits; we see that
the fitted spectrum should not be truncated.

Second, the dispersion of the fitted parameters around the
average values increases as the S/N decreases. Any given fit
may result in parameters that differ significantly from the true
values. However, the y? for the correct parameters is only a
little larger than the minimum y2. Thus, if there is a universal
spectral shape, then fits with the appropriate parameters fixed
at their universal values should be acceptable. The deviations
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F1G. 3—Distribution of a and the inverse of E, from the fit of Ny =
n(E/100)* exp (—E/E,) to 1000 simulated spectra created with Np=
0.1(E/100)"°5 exp (—E/300) for E <450, and N, =2.13 x 103E~2 for
E > 450. No background spectrum was used. The fitted value of « was normal-
ized by & = —0.5, while E, was normalized by E, = 300 keV; thus at (1, 1) the
fit found the input parameters. The resulting count spectra had peak signal-to-
noise values of 7.5. The solid line shows a linear fit (r = —0.933) to the pairs of
fit parameters.
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of the parameters are correlated in such a way that the fit
tracks the true spectrum in the energy range with the highest
S/N.

Third, fitting a spectrum created with a high-energy tail (the
four-parameter GRB model) with a model without such a tail
(the three-parameter model) biases the fitted parameters
toward harder values. The resulting fits to simulated spectra
with large S/N are mediocre as measured by a large x?/v. Yet,
as the S/N decreases, so does y2/v. Consequently, the simpler
three-parameter model can appear adequate statistically yet
will be clearly biased toward harder parameters. We know
from both SMM (Matz et al. 1985) and GRO (Schneid et al.
1992; Winkler et al. 1992; and results below) observations that
the time-averaged spectra of sufficiently strong bursts have a
high-energy power-law tail with § ~ —2. The fit to a given
burst spectrum with low S/N may not require such a tail, yet
omitting this component produces clearly incorrect results.
This is indeed seen in fitting burst spectra accumulated over
short burst time segments: a high-energy tail may be required
to fit the spectrum of an entire burst composed of many
SHERB spectra, but may not be required to fit individual
SHERB spectra, each with a much reduced S/N. Of course, we
are unable to prove that the high-energy tail is present
throughout the burst. Nonetheless, we should use the prior
information and include the high-energy tail in the fit.

4. RESULTS

4.1. Average Spectral Shape

We find that for the SD’s spectral resolution, all burst
spectra can be characterized by the same simple four-
parameter form presented in equation (1). However, there is
not a common set of burst parameters, and «, f, and E, must
all be permitted to vary. Thus canonical parameter values
mentioned in the past—a = —1ora =0, f = —2, and E, =
150 keV—are not universal. In general, the continuum gives
the impression of continuous curvature below a few hundred
keV which our GRB functional form is able to approximate
over the observed energy range with good statistics. Perhaps in
the future our four-parameter model will be inadequate to
describe spectra observed by detectors with better spectral
resolution.

To demonstrate that bursts cannot be described by a univer-
sal spectrum, we compared fits of our sample’s 54 burst spectra
by models where « = —1 and = —2 to fits with all four
parameters free to vary. In this section we refer to GRB models
witha = —1 and f = —2 as two-parameter models, and those
with all four parameters free to vary as four-parameter models.
The resulting parameters are listed in Table 4. Note that E, ,
and E,, were found using the two- and four-parameter
models, respectively. Using the F-test (Martin 1971, pp. 146—
147, Briggs 1991, p. 227), we tested whether allowing « and § to
vary was statistically required. Table 4 gives the significance:
the probability of the difference in y? between the two- and
four-parameter models if the two-parameter model is indeed
correct. Consequently, a large value of the significance indi-
cates that the two-parameter model (i.e.,« = —1 and f = —2)
is an acceptable description, while a small value requires o and
B to be free. The histogram in Figure 4 shows that the signifi-
cance is small for a large fraction of the bursts. )

Figure 4 also presents the significance distribution by the
low-energy cutoff E; of the fitted spectrum. It is apparent that
spectra which begin at a lower energy are more likely to
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No. 1, 1993 BATSE OBSERVATIONS OF GRB SPECTRA. L
TABLE 4
Fi11s TO GAMMA-RAY BURST SPECTRA
Burst Significance® E, ,* Eo4° ad B 12/

1B 910430 ........ 8312 x 1078 161.4 + 3.9 312.5+10.8 —1.211 + 0.029 —5.0008 138.90/102
1B910502 ........ 2430 x 10714 155+ 0.2 14.8 + 0.2 —1.201 + 0.007 —2.156 + 0.008 126.31/107
1B910503 ........ 4.861 x 10720 696.3 + 8.8 349.7 + 2.7 —0.668 + 0.007 —2.145 + 0.027 192.28/102
1B 910507 ........ 3.797 x 107° 190.7 + 8.8 719 + 1.2 0.200 + 0.068 —4.326 + 1.036 132.85/108
1B910511 ........ 0.6767 1609 + 11.5 1023 + 59 —0.743 + 0.121 —1.893 + 0.094 105.87/100
1B 910523 ........ 3.546 x 1073 24.6 + 2.8 487+ 29 —0.423 +0.165 —5.000 313.13/102
1B 910601 ........ 9.878 x 10716 415.5 + 6.2 5999 + 13.5 —1.042 £ 0.014 —5.000 245.60/119
1B 910627 ........ 0.6329 34.6 + 0.7 37.0 £ 0.7 —0.921 + 0.021 —2.028 + 0.018 124.51/104
1B 910629 ........ 0.1287 4252 + 269 1679 + 5.6 —0.507 + 0.054 —1.940 + 0.095 121.45/103
1B 910630 ........ 2251 x 1072 257.1 + 13.0 11453 + 211.8 —1.426 + 0.026 —5.000 98.91/100
1B 910709 ........ 4.541 x 1073 1229.6 + 219.0 43.0 + 0.9 1.978 + 0.174 —1.634 + 0.072 106.37/105
1B 910803 ........ 0.4254 306.3 + 18.6 150.1 + 5.6 —0.601 + 0.069 —1.961 + 0.105 111.74/103
1B910809 ........ 0.4055 483.5 + 37.1 621.1 + 49.1 —1.026 + 0.042 —5.000 99.93/103
1B910814C ...... 9.895 x 1078 4233 + 12.7 398.1 +10.3 —0.921 + 0.018 —5.000 144.45/121
1B910814B ...... 3.306 x 10°¢ 1643.2 + 54.4 12754 + 33.6 —0.876 + 0.009 —5.000 128.86/101
1B 910905 ........ 2.359 x 1072 527.6 + 209 127.0 £ 2.0 —0.308 + 0.037 —1.750 + 0.039 274.25/106
1B 910930 ........ 0.1673 1109 + 5.6 131.0 + 7.5 —1.102 + 0.070 —1.997 + 0.090 124.14/103
1B911016 ........ 2.810 x 10724 3262 + 6.9 878 +1.2 0.462 + 0.045 —3.112 + 0.340 108.80/102
1B 911031 ........ 0.1597 249.7 + 5.5 364.7 + 10.1 —1.123 £ 0.015 —2.116 + 0.090 154.43/105
1BO11104 ........ 9.847 x 1073 409.5 +21.2 83.7+ 1.8 —0.277 + 0.053 —1.669 + 0.034 121.18/115
1B911106 ........ 1.860 x 10713 2624 + 5.5 975+ 1.0 —0.264 1+ 0.025 —2.174 £ 0.041 127.71/99

1B911109 ........ 3.868 x 10~° 1812 + 5.0 553+ 0.8 0.057 + 0.040 —2.144 + 0.044 108.97/99

1BO11118 ........ 0 2239 + 20 90.7 + 04 —0.169 + 0.010 —2.718 + 0.038 254.98/100
1B911123 ........ 6.141 x 1071° 9514 5.5 529 + 14 —0.155 + 0.070 —3.490 + 0.652 84.11/105
1B911126 ........ 2430 x 107% 1542 +23 3528 +9.2 —1.309 + 0.013 —2.017 + 0.045 122.20/100
1B911127 ........ 5.434 x 10712 1284 + 1.9 1379 + 1.8 —0.908 + 0.022 —2.457 £ 0.067 118.32/103
1B911202 ........ 2.560 x 1072 3753+ 69 540.5 + 12.2 —1.108 + 0.011 —2.158 + 0.096 93.49/99

1B 911209 ........ 1.404 x 1072 2240 + 5.3 182.7 + 34 —0.839 + 0.027 —2.182 +0.073 97.05/102
1B911210 ........ 3.489 x 1074 199.7 + 17.2 121.1 £ 6.7 —0.399 + 0.117 —5.000 91.13/102
1B911217 ........ 3.303 x 1073 225.1 + 16.8 61.0 + 1.8 0.052 + 0.087 —2.195 +0.137 122.97/102
1B911227 ........ 1.893 x 1072 187.0 + 6.3 130.2 + 3.9 —0.910 4+ 0.035 —1.782 + 0.035 149.76/109
1B 920110 ........ 5.743 x 10™8 311.5+ 6.6 2732 + 4.6 —0.852 + 0.018 —2.607 + 0.165 119.76/107
1B 920130 ........ 7.184 x 10716 92.1 +70 417 + 1.2 0.214 £+ 0.040 —5.000 213.87/99

1B 920210 ........ 5956 x 10713 812.1 + 304 3247 + 6.5 —0.523 + 0.019 —5.000 142.28/100
1B 920221 ........ 1.879 x 1072 95.6 +2.3 2179 + 7.8 —1.287 + 0.017 —2.225 + 0.098 125.40/109
1B 920226 ........ 2.734 x 1073 281.5 + 10.2 100.5 + 1.8 —0.358 + 0.047 —1.929 + 0.048 136.09/109
1B 920227 ........ 4.712 x 10710 262.5 +25.8 529 + 1.3 0.725 + 0.114 —3.244 1+ 0.586 87.64/96

1B 920227B ...... 3115 x 1074 364.1 + 19.9 203.3 + 6.6 —0.649 + 0.041 —2.558 + 0.363 104.41/109
920307_01086 .... 6.136 x 1073 177.6 + 8.6 80.8 + 2.0 —0.346 + 0.066 —2.206 + 0.106 119.20/96

920308_17747 .... 8.393 x 1072 2845.5 + 488.1 100000.0 —1.150 + 0.028 —1.500 142.94/98

920311_08426 .... 1.055 x 10~1¢ 4484 + 5.8 2859 +2.7 —0.789 + 0.008 —2.197 + 0.041 139.10/101
920315_15569 .... 0.5215 1423+ 6.8 1370 + 7.7 —1.087 + 0.130 —1.864 + 0.052 128.71/101
920320_44340..... 0.3836 739 + 1.2 88.5+ 1.5 —1.077 + 0.015 —2.054 + 0.029 138.17/102
920325_62257 .... 8.598 x 1072 385405 13.0+ 1.0 1.035 + 0.020 —2.042 + 0.020 162.37/107
920331_65750.... 2.178 x 107¢ 136.0 + 4.0 933+ 18 —0.663 + 0.028 —2.534 +0.142 135.97/101
920404_47506 .... 4052 x 107% 266.8 + 8.9 88.6 + 1.5 —0.373 + 0.039 —1.878 4+ 0.037 87.88/98

920406_09855 ... 1.731 x 10717 3298 + 34 2127+ 1.5 —0.718 + 0.008 —2.326 + 0.040 176.59/98

920502_62802 .... 2.174 x 1075 2318+ 74 166.6 + 3.7 —0.760 + 0.028 —2.541 + 0.191 117.31/101
920511_23247 ... 0.3105 518.9 + 67.3 639.6 + 83.9 —1.023 + 0.069 —5.000 107.32/100
920513_60781 .... 3.536 x 10718 3982 + 9.0 1203 + 1.2 —0.311 + 0.020 —2.028 + 0.037 158.82/107
920517_11876 .... 3.608 x 1072 3953 +9.3 1434 + 1.6 —0.429 + 0.017 —2.267 + 0.058 120.89/107
920524_13904 .... 0.3187 794.0 + 61.0 608.1 + 35.0 —0.876 + 0.031 —-3.251 +£4.711 120.22/112
920525_12423 ... 9.424 x 10713 564.7 + 9.8 402.0 + 5.1 —0.840 + 0.008 —2.523 £ 0.137 122.27/103
920530_82797 ... 09338 428 +29 38.6 + 2.3 —0.858 + 0.064 —2.040 + 0.080 145.71/111

* Probability of the improvement in y2 if the simpler model (x = —1 and f = —2 fixed) is correct.

® Break energy for the fits with« = —1and f = —2 fixed.
¢ Break energy for the fits with all parameters free to vary.

4 Low-energy spectral index for the fits with all parameters free to vary.
¢ High-energy spectral index for the fits with all parameters free to vary.
f x* and degrees of freedom for the fits with all parameters free to vary.

& Parameters without uncertainties were at the limits of the permitted range of values.

require a four-parameter fit, as the proportions in Table 5
show. This effect results from including a larger portion of the
low-energy component in the spectrum, constraining the fit to
model both the low- and high-energy power laws accurately.
However, this is not a systematic effect which masks a univer-
sal spectrum, since there is a wide a-distribution with most
values greater than o = —1. Note that for all E, a four-

parameter model is required for at least half the bursts. Figure
5 shows there is a large scatter in o at any given E,, with no
clear trend in the average . Thus there is no evidence for a
universal value of a.

The fits with all four parameters free to vary are generally
statistically acceptable. Figure 6 compares the cumulative y*/v
distribution for the four-parameter model to the expected dis-
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Fi1G. 4—Distribution of bursts by the significance of the full four-parameter
fit compared with a fit with fixed « and f. The significance is defined in the text;
the smaller the significance, the less likely « = —1 and f = —2. The histo-
grams are also broken down by the low-energy cutoff of the fits. The bin
between 10~ 1° and 10~ ° actually contains all probabilities smaller than 10~°.

tribution for 100 degrees of freedom (there is little difference in
the theoretical distribution when the number of degrees of
freedom differs by a few from 100). While the /v distribution
for the four-parameter fit is shifted to somewhat higher values
than theoretically expected, the bulk of the y2/v values lie close
to unity. Formally this y?/v distribution would indicate a poor
fit, but in practice this distribution is reassuring. The small shift
to larger x*/v may be a consequence of underestimating the
true uncertainties. For example, not included in the uncer-
tainties are systematic effects such as the absence of Earth
scatter in the detector response matrix and the low-energy
inaccuracies of the calibration (see § 2.2).

For comparison, the cumulative y?/v distribution for the
two-parameter fits is also shown by Figure 6. As can be seen,
the four-parameter fits are clearly superior as a class: the
median x2%/v =120 for the four-parameter fits, while
x%/v = 1.47 for the two-parameter fits. In our simulations we
found that the average difference between y2/v for a model with
the true parameter values and the minimum found by
CURFIT was 0.04, which is much smaller than the difference
between the two- and four-parameter fits. The two distribu-
tions are different with a significance of 5 x 1073 by the
Kolmogorov-Smirnov test. Finally, note that the two-
parameter fit distribution has a tail to large values of y2/v.

For completeness we note that as the spectral resolution
increases with successive instruments, the continuum will be
characterized more accurately. While our four-parameter
model appears to be sufficient to describe the burst continuum

TABLE §

SIGNIFICANCE OF FOUR-PARAMETER FIT,
BY Low-ENERGY CUTOFF E,

E

1
(keV) P<1072 1072<P< 107! 107 <P
7-17...... 0.7619 (16) 0.1429 (3) 0.0952 (2)
17-27...... 0.5882 (10) 0.1176 (2) 0.2941 (5)
27-37...... 0.5(8) 0.1875 (3) 0.3125 (5)

NoTE—The number of bursts in each category is given in
parentheses.

© American Astronomical Society ¢

FiG. 5—Distribution of a, the low-energy spectral index. The distributions
are also broken down by the low-energy cutoff E, of the fitted spectrum.

observed by BATSE, more accurate instruments will probably
require a more sophisticated model in the future. Indeed, the
BATSE spectra hint that different spectral models will be
required in the future, since we find that the break energy E,
sometimes increases as the energy range of the fit is shifted to
higher energies, suggesting that the model accommodates the
true spectrum which curves continuously over the observed
energy range. However, note that a comparison of the
observed spectra and the fitted models reveals no systematic
deviations. We also do not find any dependence of x?/v on the
fluence (see the discussion on fluences below), a measure of the
signal-to-noise ratio. Since we showed in § 3 that an overly
simplified model will give acceptable /v for small S/N, but
will become unacceptable as the quality of the spectrum
improves, this indicates that the four-parameter model is a
good approximation to the shape of the BATSE spectra.
Figure 7 plots o versus f. It should be noted that o was
constrained in our fits to fall between —1.5 and 2, and f
between —5 and — 1.5. There does not appear to be a clear
relationship between o and f, and indeed we find that the
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FIG. 6.—Cumulative reduced y? distribution. The solid curve corresponds
to the fits with all four parameters free to vary, while « and B were fixed for the
fits shown by the dashed curve. The dot-dot-dash curve shows the ideal y?/v
for 100 degrees of freedom, normalized to the number of bursts.
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purposes but are typically ~0.05 for « and ~0.25 for f. The points are coded
by morphological class: complex (asterisks) and single (diamonds).

linear correlation coefficient is nearly zero. However, the spec-
tral indices populate a particular part of parameter space: f§ is
typically found between —2 and —2.5 when it can be deter-
mined, and « is between 0 and —1.5. The spread in f-values
appears to be a little smaller than the spread in o. It should be
noted that the uncertainty in o (0.044) is smaller than in
(0.219 excluding those bursts for which B hit the range
constraints).

An interesting question is whether those bursts with § ~ —5
(11 bursts where the fit hit the constraint § > — 5, and one with
B = —4.3) really do not have a high-energy tail, or whether the
small number of high-energy counts makes it difficult to
observe such a tail. Assuming f = —2 on average, the high-
energy tail is not evident until (¢ + 2)E,. Thus the ratio of
(¢ + 2)E, to E;, is a measure of how well the high-energy
power law can be determined. We find that for nine of the 12
bursts with f < —4 this ratio is greater than the average ratio
for the remaining bursts (i.e., those with § > —4), and for three
of these bursts with f < —4 the ratio is of order unity. As we
showed in § 3, spectra with poor S/N will be fitted by the
correct parameter values on average, but with a large disper-
sion. Thus, the spectra with f < —4 are part of the population
with few high S/N channels in the high-energy tail, and conse-
quently are fitted by a wide S-distribution. This is supported by
additional SD data: as noted in § 2.2, the SDs usually provided
more than one spectrum of each burst. Of the eight bursts with
B = —5 and at least one spectrum extending to high energy
(from a low gain detector), three had f > —5 in a joint fit to
the high- and low-energy spectra. For one of the three remain-
ing bursts with § = — 5, a fit to a second low-energy spectrum
(from a high-gain detector) gave f > —5. Finally, the absence
of a high-energy tail may result from a systematic data analysis
error such as an incorrectly large interpolated background
spectrum. The background has approximately an E~ -5 depen-
dence and thus dominates the steeper high-energy burst
spectra. Consequently, the background-substracted burst spec-
trum is particularly sensitive to errors in the background at
high energies. For these many reasons the absence of an
observed high-energy tail (i.e., a component flatter than an
exponential) may be an observational artifact, although we
cannot rule out the possibility that the high-energy spectrum
for these events may be truly soft.
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FiG. 8.—Distribution of E, from fits with all four parameters free to vary

(solid curve) and from fits with o« = —1 and f = —2 (dot-dot-dash curve). Also
shown is the distribution of “ hardness,” the peak of E>N (E) (dashed curve).

Both the two- and four-parameter fits result in a wide dis-
tribution of E,; as shown in Figure 8, there is no universal
value of E,. The distribution for the two-parameter fit does
indeed peak around E, = 150 keV, but extends to much higher
values. Freeing o to vary generally results in low values of E,
(compared with the two-parameter fit), since an increase in o
compensates for a decrease in E,. Indeed, the lower values of
E, in the four-parameter fits compared with the two-parameter
fits all occur for o > — 1.

The hardness of the two-parameter fit can be characterized
by E,, the only quantity which can change the spectral shape.
Because the four-parameter fit has three varying quantities
which change the shape, E, is an inadequate hardness measure
for these fits. We therefore define the hardness as the maximum
in E2N(E), which is proportional to vF, used in other astro-
nomical subfields. The quantity E>N(E) is the energy flux per
logarithmic energy band; its maximum indicates the energy
band where most of the energy is radiated. For a power law
with > —2, E?N(E) peaks at the power law’s high-energy
cutoff, which cannot be determined from our spectra, while for
B < —2 the peak is at the lower end of the power law. Further,
B generally has large uncertainties. Consequently, we calculate
the maximum of E’N(E) from the low-energy component
alone, ignoring the high-energy power law. Thus we define the
hardness as H = (2 + a)E,. Note that by this definition E, is
indeed the hardness for « = — 1. The hardnesses from the four-
parameter fits are listed in Table 6 and shown in Figure 8.

In Table 6 we also present Sg,,, the fluence calculated over
the energy range 30—2000 keV and meant to correspond to the
Konus fluences, and Sg,,,,, calculated over 0.3-10 MeV and
thus comparable to SM M fluences. In many cases the integral
over the model spectrum was dominated by energies outside
the energy range fitted; consequently, these fluences are by no
means the definitive values for these bursts.

4.2. Test of Cosmological Model

Bursts at cosmological distance will undergo relativistic
effects which may be apparent in correlations among the hard-
ness, burst duration, fluence, and peak photon flux: time dila-
tion increases the burst duration, while the redshift downshifts
the spectrum (Paczyfski 1991, 1992; Dermer 1992). In brief, we
expect harder bursts to be shorter, brighter (greater peak
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' : TABLE 6 photon flux), and more energetic (larger fluence). However, a
i2 BURST HARDNESS AND FLUENCES large range of intrinsic luminosities, durations, and spectral
o) shapes will obscure the cosmological signature, as will evolu-
g: Hardness o Ssné;nn e isg:_z) tion in the il}tripsic burst properties. In addition, the peak
L Burst (keV) (0.0’33;2 MeV) (0.3§10 MeV) count rate criterion used to construct the sample biases the
correlations (Schaefer 1993); for example, hard bursts have
1B 910430 ........ 2466 + 124 1.757 x 10:: 6.163 x 10:2 fewer counts than soft bursts at a given fluence, and thus must
ig gigggg ~~~~~~~~ 4(1,’;2 * 2~§ }?;g X ig_4 ?-ggg X 18—4 have a higher fluence to be included in the sample. Finally, by
1B910507 ... 1582 % 5.6 5568 x 10-6 7915 x 107 including only the bright bursts which are preferentially
1B910511 ........ 1286+ 145 2038 x 1076 2219 x 10~° nearby, we may not find a strong cosmological effect, even
1B910523 ........ 76.7 +9.2 4923 x 1077 1.092 x 1078 though the ~P~%8 dependence of our sample’s cumulative
1B9I10601 ........ 57474154 7567 x 107 4909 x 10°° peak flux distribution suggests that our bursts are not spatially
1B910627 ........ 399+ 1.1 1.886 x 10~° 1492 x 10~° homogeneous (§ 2.3).
1B 910629 ........ 250.7 £ 12.3 6.449 x 1075 7.446 x 107° . .
1B 910630 ... 6574+ 1253 1050 x 10~°  7.047 x 10-5 Table 7 summarizes the correlations of the fluence, peak flux,
1B910709 ........ 1709 + 8.2 2147 x 1076 4.002 x 10~ and duration with hardness. For cosmological bursts we
1B 910803 ........ 2100+ 130 8879 x 107  9.500 x 107° expect the hardness to be correlated with the fluence and peak
{ggigg(;gé ------- ggg-g * f‘;? g;;’g x ig_z %gzi }g:i flux, and anticorrelated with the burst duration. The fluence
1B910814B ...... 143394395 1033 x 107* 1172 x 10-* Spat (above 20 keV), peak flux Py, (50-300 keV) on a 64 ms
1B 910905 ...... . 2149 + 58 3566 x 10~5  5.325 x 10~5 time scale, and burst duration At are from LAD observations;
1B910930 ........ 1176 + 113 6531 x 107 5.809 x 1076 for bursts before 1992 February these quantities can be found
1BI911016 ....... 216.3 £5.0 1054 x 107 4.159 x 107 in the First BATSE Burst Catalog (Fishman et al. 1993), while
ig g}i?gi e ﬁz:g f ;&4 gé?g : 18_6 f:gzg ;‘ }8_5 preliminary unpublished values were used for subsequent
1B911106 .. 1693+29  2472x10-5 1918 x 10-5 bursts. The two fluences Sg,,, and Sgy,, were calculated from
1B911109 ........ 113.7 ¥ 2.8 9.208 x 107°  6.781 x 1076 our fits and can be found in Table 6. In addition to the corre-
IBO11118 ........ 166.0 + 1.1 6.500 x 107% 2,638 x 10:: lation parameters a and b and coefficient r, we include in
iBotiine MASET3 S8 a10-c Sieraig-s  Table7P(>]r|) the probability of a spurious correlation. We
BO11127 ... 1506 + 3.6 2630 x 10-° 1285 x 10-5 consider P(> |r|) ~ 107%*> or smaller to be significant. As can
1B911202 ... ... 4821+ 124 4975 x 105 4935 x 10~5 be seen from Table 7, we find significant correlations, but these
1B911209 ........ 2121+ 63 2371 x 107°  1.850 x 1073 do not fulfill the predictions of the cosmological models; these
igg}}%}g -------- iggg f 227 é;;g x ig:: ?;2‘6‘ x }g:; correlations may indicate trends intrinsic to the burst process
1B911227 ........ 420163 1550 x 10-3 2031 10°3 (c.g, longer bursts are harder).
Boni0 T 93as1 10mai0- 2o a o 43. Search for Other Correlations
1B 920210 ........ 4796 + 114 3953 x 1075 2.461 x 10°3 The bursts observed by BATSE do not show any spatial
1B 920221 ........ 1554 + 6.8 9.792 x 1072 6331 x 10 anisotropies (Meegan et al. 1992), nor do subsamples based on
B520227 [ 141370  Seilx o7 1odex o  intensity or morphology. However, subpopulations bascd on
1B920227B ...... 2746 + 122 1135 x 105 7.078 x 10-° different criteria may be anisotropic. Therefore, we compared
920307_01086 ... 133.6 + 6.2 7.008 x 107 4.803 x 1076 the hardness distributions of the following spatial subsamples:
920308_17747 ... 20772 +£ 672 1401 x 10:z 3.293 x 10:: toward the Galactic plane (|b| < 30°) compared with toward
GRLEES- ML MO 0 e Galacic pok(b> 30 inorth o> 0)and sowh b < 0)
920320 44340 . 817+ 10 2456 x 10-5 1911 x 10-5 Galactic hemispheres; north and south equatorial hemispheres
920325_62257 ... 393+ 30 2602 x 10~5  2.006 x 10~5 (declination greater than and less than 0°); toward and away
920331_65750 .... 1248 + 3.6 2127 x 1075 8.776 x 10 from the Galactic center (I < 90° or | > 270° compared with
920404_47506 ... 1441 + 4.2 1.083 x 10:2 1.249 x 10:: 90° < 1 < 270°); and, finally, right ascension less than and
ggg‘s‘gg—ggggg %g-g * ég ?'g% X ig_s Z';gg X }8_6 greater than 12" In some cases the comparison was qualitat-
020511 23247 ... 62494932 9380 x 10°5 6399 x 10-6 ively tantalizing, yet in no case was any set of subsamples
920513_60781 .... 203.2 + 3.0 4598 x 10~5  4.567 x 105 different by the Kolomogorov-Smirnov test. Specifically, the
920517_11876 ... 2253 + 3.5 2301 x 107°  1.738 x 107* probability that the two subsamples were drawn from the same
920524_13904 ... 683.5+436  2482x 107° 1998 x 10°° population was large for all comparisons (the smallest prob-
920525_12423 ... 466.4 + 6.8 8.348 x 10#5 6.864 x 10“5 bilit 0 235)
920530_82797 ... 41136 1984 x 107 1536 x 10 ability was 0.25.). . .
Unfortunately, our sample consists predominantly of
TABLE 7

CORRELATION BETWEEN BURST PROPERTIES AND SPECTRAL HARDNESS

X Y a b r P(>|r|)
log,o (Sgat) - -+ log,o H 3.572 0.250 0.408 2424 x 1073
10g,0 (Skon) -+~ log,o H 3.573 0.263 0.395 3.119 x 1073
10810 (Ssprar) ------ log,o H 3.312 0.201 0.417 1.710 x 1073
log,o (Pgay) ------ log,, H 2.380 —7.666 x 10~2 —8.049 x 10™2 0.567
log,o (AY) ......... log,o H  2.065 0.299 0.426 1471 x 1073

NoTe—The linear fit was Y = a + bX, and r is the linear correlation coefficient.
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complex, multipeak bursts, with only nine of the 54 bursts
possessing different morphologies. These nine events do not
populate a different part of parameter space although three of
the nine have f = —5, and thus do not show a high-energy tail
in our fits. However, we are dealing with only a small number
of bursts, and cannot draw significant conclusions.

4.4. High-Energy Breaks

In an earlier study (Schaefer et al. 1992, hereafter S92), we
fitted spectra from a sample of bursts observed by the BATSE
SDs, but over the energy range 100 or 300 keV to ~27 MeV.
Five bursts in S92 were found to require a break in the model
spectrum: a broken power law gave a better fit than a simple
power law. The resulting breaks were interpreted as possibly
reflecting an underlying emission mechanism tied to the elec-
tron rest mass, such as photon-magnetic field or photon-
photon pair opacity, or the rolloff in the Klein-Nishina cross
section. The spectral analysis by S92 is consistent with the fits
presented here, although we suspect that the implications
regarding the emission mechanism are not as interesting.

We suspect that in S92 we did not find a larger number of
spectral breaks, or breaks below 400 keV, because in that study
we fitted our spectra above 100 keV, whereas here our spectra
extend below ~ 30 keV. Thus, in the current survey we include
the soft low-energy part of the spectrum, requiring a spectral
break which is usually below 400 keV. Note that here we did
not test the hypothesis that a simple power law could be reject-
ed. However, in most cases we find a significant spectral break :
o — f is less than 0.5 for only one burst, less than 0.75 for only
two, and less than 1 for nine of the 54 bursts in the sample (the
conclusions are the same even when the uncertainties are
considered).

In the current fits we find that § = — 5 for four of the five
bursts that show curvature in our S92 sample. The break ener-
gies we found in S92 and here are qualitatively the same for
each of the four bursts; given the difference in spectral models
and energy range, quantitative agreement is not expected (in
S92 our model was a broken power law with a sharp break).
The fifth burst with a break found in S92 is 1B 910503, the
strong burst also observed by two other GRO experiments
(Schneid et al. 1992; Winkler et al. 1992). In our new fit for this
burst we find that the spectrum breaks at half the energy we
reported in S92, and the power law above the break is harder.
This is a consequence of the energy ranges over which the
spectra were fitted in our two studies. When the spectrum from
the high-gain detector 6 (in S92 we used the low-gain detector
4, which covered a higher energy range) is fitted from 300 to
3000 keV, the break energy E, doubles compared with the
value given by a fit over the range 30-3000 keV. As discussed
in § 4.1, the true continuum is most likely a continuously
curving spectrum below a few hundred keV which is approx-
imated sufficiently well by the GRB function (eq. [1]) we used
here or by the broken power law we used in S92; consequently,
as the energy range is shifted higher, the break energy
increases. Nonetheless, the significant curvature appears to be
at low energy.

Therefore, we conclude that the high-energy breaks we
found in S92 are the tail of the distribution of breaks; a greater
number of lower energy breaks were not detected because the
fits in S92 did not extend below 100 keV. In addition, the break
energies in both S92 and the current study may be biased by
the energy range over which the spectra were fitted, and
spectra should be compared over similar energy ranges.

BATSE OBSERVATIONS OF GRB SPECTRA. L 291

5. DISCUSSION

The spectra presented in this work were accumulated over
entire bursts. Since bursts show significant spectral evolution,
the great spectral diversity we find results not just from differ-
ences in the instantaneous spectrum but also from temporal
variations. Thus, we are seeing variety between bursts not only
in the emitting regions but also in the evolution of these
regions. To separate properly the spectral and temporal signa-
tures requires a study of the spectral evolution, which will be
the subject of a future investigation (Band et al. 1993b). None-
theless, the present study shows that there is not a universal
average burst spectrum, even though a simple four-parameter
function adequately describes the diverse spectra.

Because the current emission theories are not very con-
straining, the spectral diversity we demonstrated is not much
more difficult for these theories to explain than a single univer-
sal spectrum. In particular, the theories often attribute the
spectral parameters to unknown physics (e.g., particle
acceleration). For example, the Galactic neutron star model of
Dermer (1990) and Vitello & Dermer (1991) finds that the
spectral index of the high-energy tail is the same as the injected
electron distribution, and the break between the low- and high-
energy power laws is proportional to the product of the mag-
netic field and the electron distribution’s low-energy cutoff.
Furthermore, the low-energy component varies between o = 0
and —1, depending on conditions within the emitting region.
Thus, changing the injected electron distribution or varying
the magnetic field between burst sources can provide the neces-
sary variety.

No successful burst spectrum has yet been calculated for the
cosmological models, and thus it is not known whether spec-
tral diversity is a difficulty for these models. The original fire-
ball models (Goodman 1986; Paczynski 1986) resulted in
spectra which are closer to blackbodies than to gamma-ray
burst spectra. However, as Paczynski (1991) points out, the
collision of two compact bodies, such as a neutron star and a
Kerr black hole, has sufficient free parameters to explain the
diversity of burst phenomena such as duration, morphology,
and spectrum.

The turnover in the spectrum, represented by E, or the hard-
ness H, has been tied to fundamental physical processes such
as pair creation (e.g., Harding 1991; S92; Baring 1992). Yet the
broad distribution of turnover energies is striking (Fig. 8). In
addition, the distribution peaks far below characteristic ener-
gies such as 511 keV and shows no features at such energies;
Konus found a similar distribution of turnover energies
(Mazets et al. 1982). This broad distribution may indicate that
a wide range of conditions—magnetic fields, densities, acceler-
ation processes—exist in burst emission regions. This is consis-
tent with the strong spectral evolution seen in a number of
bursts (Norris et al. 1986; Band et al. 1992): there is a distribu-
tion of turnover energies not only between bursts but also
within bursts. The absence of observed features around 511
keV may indicate that the spectrum is sculpted by a complex
series of physical processes such as evolving electron distribu-
tions and varying magnetic fields, as opposed to processes tied
to specific fundamental energies such as the electron rest mass
(e.g., photon-photon or photon-magnetic field pair opacity) or
an atomic or nuclear line. Pair cascades may be important in
the evolution of the radiating particle distributions but do not
leave an unambiguous signature on the continuum. Also, this
does not preclude pair processes occasionally producing an
observable feature, but such features are not present through-
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out an entire burst. If bursts originate at cosmological dis-
tances, their spectra will be redshifted, and features produced
by pair processes will be observed at a variety of lower ener-
gies. By this hypothesis bursts with low break energies were
produced at higher redshift than bursts with high break ener-
gies.

We did not find the correlations between spectral hardness
and duration, fluence, or peak flux predicted by the cosmo-
logical models of burst origin. However, our burst sample may
not have been complete, large, deep, or unbiased enough (§ 4.2),
and thus we do not find the absence of a cosmological signa-
ture to be conclusive . These correlations may be indicative of
intrinsic burst properties.

6. SUMMARY

We analyzed the spectra of 54 bursts averaged over the
entire burst. Accumulated by the BATSE spectroscopy detec-
tors on GRO, the spectra cover the energy range beginning at
~10-30 keV and ending at ~1300-3000 keV in 256 pseudo-
logarithmic channels. The spectra were modeled successfully
by the spectral form N oc E* exp (— E/E,) at low energies and
N; oc E? at high energies. However, we find a distribution of
values of a, f, and E,, and not the universal values early studies
found,suchasa = — 1, = —2,0or E, = 150 keV.

The turnover in the spectrum occurs over a wide range of
energies ranging from less than 50 keV to more than 1 MeV,
whether the turnover is considered to be the spectral break
energy E, or the hardness [defined as the maximum of
E?Ng(E)]. The distribution of turnover energies peaks below
200 keV, with few values above 400 keV. Therefore, it is
unlikely that the turnover in most bursts is produced directly
by pair processes (e.g., pair-production opacity) unless the
burst souces are distributed over a wide redshift range.

The cosmological model predicts that fainter bursts should
be softer and longer as a consequence of the cosmological
redshift and time dilation. Although we do find correlations of
the hardness with the burst fluence and duration, they do not
agree with the cosmological prediction. However, our sample
was probably not appropriate for such a study, and conse-
quently we cannot make a definitive statement about the
cosmological model. The correlations we did find may reveal
fundamental burst properties, such as that longer bursts are
harder.

We also searched for, but did not find, a correlation between
spectral hardness and the spatial distribution. Our sample con-
sists predominantly of complex bursts with few simple, short-
duration bursts. In a higher fraction of the simpler bursts no
high-energy tail was found, but otherwise there are no striking
spectral differences based on temporal morphology.

Finally, we studied the dependence of the fitting process on
particulars of the SD data. Low S/N observed spectra with a
high-energy tail can be fitted by statistically acceptable models
without a high-energy component; the resulting fitted low-
energy component will be harder than the true underlying
spectrum. Consequently, high-energy tails should be included
in the fits to all spectra even if not justified statistically, because
their existence has been demonstrated in spectra of intense
bursts.

Future studies will focus on spectral evolution during a
burst.

We thank D. Gruber, R. Lingenfelter, and R. Rothschild for
stimulating discussions on GRB spectra. This work was sup-
ported in part by NASA contract NAS8-36081 (UCSD group).
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