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The Fermi GBM Gamma-Ray Burst Spectral Catalog: 10 Years of Data
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ABSTRACT

We present the systematic spectral analyses of gamma-ray bursts (GRBs) detected by the Fermi
Gamma-Ray Burst Monitor (GBM) during its first ten years of operation. This catalog contains two
types of spectra; time-integrated spectral fits and spectral fits at the brightest time bin, from 2297
GRBs, resulting in a compendium of over 18000 spectra. The four different spectral models used for
fitting the spectra were selected based on their empirical importance to the shape of many GRBs. We
describe in detail our procedure and criteria for the analyses, and present the bulk results in the form
of parameter distributions both in the observer frame and in the GRB rest frame. 941 GRBs from
the first four years have been re-fitted using the same methodology as that of the 1356 GRBs in years
five through ten. The data files containing the complete results are available from the High-Energy
Astrophysics Science Archive Research Center (HEASARC).

Keywords: gamma rays: bursts — methods: data analysis

1. INTRODUCTION

Gamma-ray bursts (GRBs) have been studied extensively since their discovery in the 1960s, but many aspects
of their prompt emission remain a mystery. The bimodal distribution of GRB durations admits a natural division
between short and long classes of bursts, with a dividing line at Tyy = 2 s (Kouveliotou et al. 1993), where Ty is the
time between the 5% and 95% values of the total fluence. The prompt gamma-ray episode is known to be followed by
radiation at all wavelengths, in the manner of an expanding fireball explosion, fading in time and energy. The observed
flux originates in a relativistic jet, which is inferred by energetic and compactness constraints (Cavallo & Rees 1978), as
well as observations of achromatic jet breaks in the temporal power-law decay observed in some afterglow light curves.
However, the composition of the jet is yet unknown and could be baryon or magnetic field dominated (Veres et al.
2013; Burgess et al. 2014). The mechanism that accelerates the emitting particles (usually assumed to be electrons
and positrons) to their inferred power-law energy distributions is also not well understood. Finally, the process that
can produce the enormous observed fluxes of gamma-rays extremely efficiently has yet to be determined.

As we are now entering the multi-messenger era of astronomy, new and exciting observations are just beginning to
yield results. The nearly simultaneous observation of a short GRB with the gravitational signature of a coalescing
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binary neutron star system by the Laser Interferometer Gravitational-wave Observatory (LIGO)/Virgo gravitational-
wave detectors (Abbott et al. 2017b), the Fermi Gamma-Ray Burst Monitor (GBM) (Abbott et al. 2017a; Goldstein
et al. 2017; Ubertini et al. 2019) and INTEGRAL (Savchenko et al. 2017) on August 17, 2017, has confirmed that
at least some short bursts originate in such mergers of compact objects. This observation kicked off one of the most
extensive follow-up campaigns in astronomy, covering nearly all wavelengths. GRB 170817A was unusual in many
respects, not the least of which that it was extraordinarily under-luminous. Comparison with the spectral properties
of the ensemble of short bursts, though, shows the otherwise ordinary nature of this extraordinary burst (Goldstein
et al. 2017). Other than being extremely under-luminous, the spectral properties of GRB 170817A fall nearly in the
median of the observed flux, fluence, and duration distributions. The distributions used in this comparison were drawn
from the data set that comprises this Catalog, showing just one use of these data. The numerous discoveries still to
come can only be judged relative to the expected properties of their cohorts. It is for this purpose that we have
assembled these data; to serve as a benchmark for future discoveries in the studies of GRBs.

In 10 years, GBM has triggered on 2356 GRBs (von Kienlin et al. 2020), of which, 2297 are useful for spectroscopy
and are included in this Catalog. All of the data from these bursts are available online at the HEASARC ! website.
As with the 2-year (Goldstein et al. 2012) and 4-year (Gruber et al. 2014) Catalogs, the analyses presented herein are
comprised of two spectra for each burst: a ‘fluence’ spectrum that represents the entire duration of emission and a
‘peak flux’ spectrum that depicts the brightest portion of each burst, on a fixed timescale of 1.024 s for long GRBs
and 64 ms for short GRBs. The selection of fluence time bins for each of these two classes is made by including every
(energy-integrated) time bin that has flux that is at least 3.5 sigma in excess of the background model for that bin.
We fit 4 spectral functions to each spectrum: power law (PLAW), exponentially cut-off power law (COMP), the Band
GRB function (Band et al. 1993) and smoothly-broken power law (SBPL), as described in the previous Catalogs. These
form a set of empirical spectral functions that have 2, 3, 4, and 5 free parameters, respectively. The best fit of these
should not by any means be considered the true spectral form of the incident photons, because they are not motivated
by any theoretical guidance; but rather they serve as a model-independent basis for inter-comparison between different
bursts, even those observed by different instruments. For each spectral fit, we assign a rating (GOOD), based upon
the uncertainties of the fitted functional parameters. In this Catalog, we introduce two-sided uncertainties for each
fitted parameter, where these could be determined. Thus, assignment of a spectral fit to the GOOD category requires
not-to-be-exceeded limits on both tails of the error distribution (Sec. 3.1). Finally, based upon goodness of fit criteria,
we determine which function provided the BEST fit to the spectral data.

2. ANALYSIS METHOD
2.1. Instrument and Data

Fermi GBM cousists of 14 detector modules: 12 Sodium Iodide (Nal) detectors, covering the energies 8 - 1000 keV,
and two Bismuth Germanate (BGO) detectors, covering 200 keV to 40 MeV (Meegan et al. 2009). The Nal detectors
are distributed in four clusters of three detectors on each corner of the spacecraft and oriented in such a way that
enables the prime GRB scientific objectives of all-sky coverage and burst localization. The two BGO detectors are
positioned on opposite sides of the spacecraft, also for full-sky coverage. The spectroscopy data products each have
128 channels of energy resolution, with CSPEC data being accumulated at fixed time intervals, and time-tagged event
(TTE) data recording the time and energy of each count. The TTE data type is the most flexible, since it can be
binned arbitrarily in time, and comprises the majority of data used for the analyses in this work. Since November
27, 2012, GBM has been operating in a mode in which TTE data are collected all the time. Previously, TTE data
collection was initiated by a trigger, which occurs when the GBM flight software detects a significant rise above a preset
threshold in the counting rates in two or more detectors in one of several energy and time ranges. When operating
in this mode, TTE pre-burst data, which is being constantly accumulated in a ring buffer, is frozen and scheduled for
transmission to accompany the triggered TTE data. Before the transition to continuous TTE data collection, if the
burst was so bright as to fill up the finite-sized TTE ring buffer or the pre-burst TTE were somehow corrupted, it
would be difficult to reconstruct the entire time history and in such cases, CSPEC or CTIME data could be used.

2.2. Data Selection

L https://heasarc.gsfc.nasa.gov/W3Browse/fermi/fermigbrst.html
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Data selection is identical to that as described in Gruber et al. (2014). In brief, up to three Nal detectors with
observing angles to the source less than 60° are selected, along with the BGO detector that has the smallest observing
angle of the burst. For each of these, standard energy ranges that avoid unmodeled effects, such as an electronic roll-off
at low energies and high-energy overflow bins are selected. Each data set is binned according to whether the burst is
long (1.024 s binning) or short (0.064 s binning), where the boundary between the long or short classes is defined by
Too = 2.0 s. Next, a background model (polynomial in time) is chosen to fit regions of the light curve that bracket
the emission interval. Although the individual energy channels are fitted separately, the background model shares the
polynomial order (up to 4) chosen by the analyst to best represent the general trend of the non-burst portions of the
data. The resulting model is then interpolated over the entire light curve, including the region(s) where the burst is
active. The background uncertainty in each energy channel of each time bin is typically dominated by the uncertainties
of the fitted temporal model parameters, except at the highest energies, where Poisson errors dominate.

In order to autonomously determine the time bins that comprise the burst source selections, we combine the individual
Nal detector rate histories by summing over the selected detectors. This produces a single rate history (count s~1) for
each burst, where the source rates are added coherently and the background incoherently, thus improving the source
statistics. We do the same with the interpolated background rate histories. We convert each of these into integrated
light curves by multiplying each energy channel by the energy bin width and summing over the energy bins. The count
rates are converted into counts by multiplying each time bin by the bin width. The signal-to-noise ratio (S/N) for
each time bin is calculated by subtracting the background counts from the total counts, and dividing by the square
root of the background counts. The source region is determined by those time bins that have a S/N in excess of 3.5
o, relative to the background model. The sum of the rate histories over these (possibly discrete) time bins defines the
spectrum for the ‘fluence’ (F) sample. The time bin with the highest S/N selects the spectrum for the ‘peak flux’ (P)
sample. The source selections are propagated to each detector’s light curve, including that of the BGOs.

The sum of the duration of the selected time bins is defined as the ‘accumulation time’, which serves as a proxy for
the duration of the burst, as seen in panel (a) of Figure 1. Notably, this can be modeled as the sum of two Gaussians,
much like the more familiar Tyo distribution (Koshut et al. 1996). Panel (b) shows the accumulation times for the
short GRBs (Tyo < 2.0 s, Kouveliotou et al. 1993) as a separate histogram. Interestingly, there is very little overlap of
the short GRB distribution (in grey) into the accumulation time distribution of long GRBs. Finally, panel (c) shows
that there are substantial differences between Tyy and the accumulation time. One difference is that 10% of the burst
fluence is omitted in the Tyg, by design, resulting in a considerable number of bursts that fall below the line of equality
(dashed). The other main difference is that the accumulation time omits quiescent portions of the light curve, so many
bursts fall above the equality line (accumulation time shorter than Tyg).

The data is then joint fit with RMfit? (currently at version 4.3.2, available at the Fermi Science Support Center),
using a set of standard model functions (section 2.4). For a fit statistic, we have chosen a variant of the Cash-
statistic likelihood (Cash 1979), called C-Stat in RMfit and pstat in Xspec (Arnaud et al. 2011). C-Stat assumes the
background model uncertainty to be negligible, which is a good approximation for the propagated uncertainties of a
background model that is interpolated to a time interval much shorter than the intervals the model is based upon.
Since the background uncertainties would ordinarily be combined with signal uncertainties using quadratic sum, the
signal always dominates the total uncertainties. One can account for the Gaussian uncertainties in the background
correctly by using the pgstat statistic in Xspec. This statistic was not provided by RMfit at the time of the publication
of the most recent GBM Spectroscopy Catalog (Gruber et al. 2014).

2.3. Detector Response Matrices

Performing spectral analysis successfully is highly dependent upon the correct modeling of the detector response
matrices. The response matrices in turn are dependent upon the source position, relative to each detector normal.
Since the Fermi spacecraft is in constant motion while in sky survey mode (the default mode), the detector response is
a function of time. GBM uses OGIP? standard response Flexible Image Transport System (FITS) files for the response
matrices. This standard allows for multiple RESPONSE extensions in a single file, to represent a time sequence. For
long spectral accumulations (> 20 s), each matrix is weighted by the fraction of the total counts for the corresponding
period of time covered by the matrix and then the weighted matrices are summed together. The GBM response

2 https://fermi.gsfc.nasa.gov/ssc/data/analysis/rmfit/

3 The FITS standard is maintained by the NASA HEASARC Office of Guest Investigators Program FITS Working Group:
https://heasarc.gsfc.nasa.gov/docs/heasarc/ofwg/ofwg_intro.html
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generator creates a new response matrix for every 2 degrees of slew. These files are distinguished from single-matrix
files by the ‘.rsp2’ filename extension. The standard GBM burst data product, however, has only contained the
single-matrix files (with extension ‘.rsp’) by default since launch. Only the bursts longer than about 20 s require rsp2
files, so these were generated on an as-needed basis. Several types of errors were found while this Catalog was being
generated. The first and most important of these was that the rsp2 files were not systematically updated whenever a
burst localization was changed. The improvement in location accuracy could have come from other spacecrafts, days
after the trigger, for example. Or else, the GBM team may decide to refine the location analysis after discussion of
the burst trigger. Given the inherent latency in obtaining a ‘final’ location, it was possible to create an initial set of
response files using a localization that was superseded by a refined analysis. We have gone through the entire set of
bursts in this Catalog to fix this and other errors that had manifested. Where the new matrix files had significant
differences, we have redone the spectral analyses. The updated response files are available at the HEASARC website.

2.4. Models

For consistency between the several previous editions of GBM (and BATSE) Spectroscopy Catalogs, we chose four
spectral models to fit the spectra of GRBs in our sample. All models are formulated in units of photon flux with energy
(E) in keV and multiplied by a normalization constant A (photon s=! cm™2 keV~1). Both COMP and BAND are
parameterized such that the characteristic energy is given as the energy of the peak in the differential v f, spectrum
(Epeax). The pivot energy (Ep:,) normalizes the model to the energy range under consideration and helps reduce
cross-correlation of other parameters. In all cases, Ep;, is held fixed at 100 keV.

o PLAW: A single power-law, with two free parameters; normalization (A) and power law index ()

frLaw(E) = A <EE >A (1)

piv

e COMP: An exponentially-attenuated power law (‘comptonized’), with normalization (A), low-energy power-law
index (o) and characteristic energy (Epeax)

ALY

fecomp(E)=A < By

(2)

piv

e BAND: The Band GRB function, with normalization (A), low-energy power-law index («), high-energy power-
law index (/) and characteristic energy (Epeak)

@ 2)E —B)Eeq
)" exp {_ (%:ejk }’ B> gzr; -

E_\A (@=B) Bpear |77 (@) Fpea
(100 ov) exp (8 —a) {100 ch(oH»;)} , B< e

( 100Eke\/

feanp(E) = A (3)

e SBPL: A smoothly broken power law, with normalization (A), low-energy power-law index (A1), high-energy
power-law index ()\y), a characteristic break energy (FEpreax) and the break scale (A), in decades of energy. As
in Gruber et al. (2014), we keep the value of A fixed at 0.3.

b
fsBpL(E) =A<EE ) 10(a—apiv) @

piv
where:
q —q o
a =mAln (e—;e) , apiv = mA In (M) ’
log E Eb
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Figure 1. Panel (a) shows the distribution of the accumulation times based on the 3.50 S/N selections. In panel (b), the

shaded region represents the accumulation times of short GRBs (Tyo < 2 s). Panel (c¢) shows the comparison between Tyo and
accumulation times.

2.5. Probability Density Histogram

The spectral parameter distributions presented in the following section are histogrammed probability density plots,
that were created via Monte Carlo sampling from the probability density function (PDF) of each quantity from each
GRB (Goldstein et al. 2016). In brief, for a quantity of interest from a total of N GRBs in our sample, we first
determine the edges of our bins, then we take a sample from each of the N PDFs and place them in corresponding
bins. This is done for a number of iterations (typically >1000), randomly sampling from the PDF's and recording the
counts in each bin for each iteration. This process creates a PDF for each bin of the histogram, from which we choose
the median as the centroid of the bin and the error bars represent the 68% credible interval centered at the median.
This Monte Carlo sampling method allows us to represent the underlying distribution more accurately, especially at the
extremes of the distribution where a combination of several low probability densities can produce a finite probability
density in the histogram.

3. PARAMETER DISTRIBUTIONS

Distributions of the best-fit spectral parameters allow us to place each new burst in relation to the ensemble of all
bursts. Comparisons may be made between the F' and P spectral fits in general, where differences in the mean and
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FWHM values of the fitted parameters offer clues as to whether the peak in a burst is somehow special. Additionally,
differences between spectral parameter distributions of long and short GRBs may reveal something about the differences
between merger versus collapsar jet environments. Many such analyses have been made in the previous Catalogs in
this series and will not be discussed here. First, we will establish that this new iteration of the Catalog is not vastly
different from the previous ones. Differences between the distributions of long and short bursts will be examined next.
Finally, we will cover cases where there are differences that are derived from changes in our analysis protocol, such as
the move to capture two-tailed uncertainties in the fitted parameters.

3.1. The GOOD and BEST Sample

We classify fitted burst models as GOOD if the parameter error of all model parameters are within certain limits; we
have chosen our threshold such that =70% of the parameter uncertainties across the board satisfy the cut-off. Figures
2, 3 and 4, depicting the cumulative distribution function (CDF) for errors of Epeqr, 8 and Ao respectively were used
as motivation for this approach. Note that for many GRBs there can be several models which qualify as GOOD.

We simultaneously require the following criteria to be satisfied in order for a model to be considered GOOD:

e Amplitude: Positive relative error < 0.44 & Negative relative error < 0.83
e Low-energy Index: Positive error < 0.37 & Negative error < 0.51

e High-energy Index: Positive error < 1.0 & Negative error < 0.53

® Epeqr: Positive relative error < 0.35 & Negative relative error < 0.43

® Ep.cqr: Positive relative error < 1.0 & Negative relative error < 1.5

We also identify a BEST model in order to determine which of the GOOD models is the best representation of the
burst emission. In addition to the aforesaid constraints for the GOOD sample, we compare the differences in C-Stat
(A C-Stat) per degree of freedom between the various models. The idea of the BEST parameter sample is to obtain
the best estimate of the observed properties of a GRB. Besides the necessity of having constrained parameters, already
required for the GOOD sample, we compare the difference in C-Stat (AC-Stat) per degree of freedom between the
various models in order to assess if a statistically more complex model, i.e., a model with more free fit parameters is
preferred over a simpler model. If the AC-Stat observed in the data exceeds a critical value (AC-Stat,.;;), then the
statistically more complex model is preferred. Following the analysis done in Gruber et al. (2014), we use AC-Stat i
= 8.58 for PLAW versus COMP and AC-Stat..;; = 11.83 for COMP versus BAND. Since BAND and SBPL have
the same number of degrees of freedom, the model with the lower C-Stat was preferred among them. Applying these
criteria, the number of bursts that classify as GOOD and BEST for each model can be seen in Table 1, alongside a
comparison with the previous spectral catalog (Gruber et al. 2014).

Table 1. GOOD and BEST GRB Models

PLAW COMP BAND SBPL

Fluence spectra

This Catalog GOOD 2295 (99.9%) 1616 (70.3%) 666 (29.0%) 1013 (44.0%)
Gruber et al. (2014) GOOD 941 (99.7%) 684 (72.5%) 342 (36.2%) 392 (41.5%)
This Catalog BEST 693 (30.2%) 1311 (57.0%) 209 (9.0%) 82 (3.5%)
Gruber et al. (2014) BEST 282 (29.9%) 516 (54.7%) 81 (8.6%) 62 (6.6%)

Peak flux spectra

This Catalog GOOD 2287 (99.5%) 1047 (45.5%) 328 (14.2%) 522 (22.6%)
Gruber et al. (2014) GOOD 932 (98.7%) 430 (45.6%) 153 (16.2%) 196 (20.8%)
This Catalog BEST 1248 (54.3%) 931 (40.5%) 79 (3.4%) 29 (1.2%)

Gruber et al. (2014)BEST 514 (54.4%)) 375 (39.7%) 25 (2.6%) 18 (1.9%)
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Figure 2. CDF of Ejcqr relative errors obtained from GOOD F and GOOD P spectral fits. The blue and coral dashed lines
indicate the positive and negative uncertainty cutoffs respectively for the GOOD criteria.
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Figure 3. CDF of BAND g errors obtained from GOOD F and GOOD P spectral fits.

3.2. Time-integrated (F) Spectral Fits

The time-integrated spectral distributions depict the overall emission properties and do not take into account any
spectral evolution. Figure 5 shows the Epeqi/Fluence ratio (in units of area) (Goldstein et al. 2010) distribution for
all COMP GOOD F spectral fits, with short GRBs highlighted in grey. This ‘energy ratio’ plot further highlights the
robustness of bimodality observed in GRB duration. The low-energy indices a or A; (from COMP, BAND or SBPL,
as appropriate), as shown in Figure 6a, are distributed about a -1.1 power law typical of most GRBs. About 17%
of the BEST low-energy indices (Figure 6b) have a@ > —2/3, violating the synchrotron “line-of-death” (Preece et al.
1998), while 82% of the indices have a > —3/2, violating the synchrotron slow-cooling limit (Cohen et al. 1997). The
distribution of high-energy indices 5 or Ay (from BAND or SBPL) in Figure 6¢, peak at a slope of about -2.1 and
have a long tail toward steeper indices. The very steep high-energy indices indicate that the spectrum of these GRBs
closely mimic a COMP model, which is equivalent to a BAND function with a high-energy index of —oco. Figure 7
shows the difference between the time-integrated low- and high-energy spectral indices, AS = (a — ). This quantity
is useful as the synchrotron shock model (SSM) (Baring 2006) makes predictions of this value in a number of cases
and the power-law index, p, of the electron distribution can be inferred from AS.

The GOOD and BEST E,, distributions (shown in Figure Ge, 6f) generally peak around 150-200 keV and cover
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Figure 5. Distribution of Epcqr/Fluence ratio for all COMP GOOD F spectral fits. The solid grey histogram contains bursts
with Tgo S 2 s.

just over two orders of magnitude, which is consistent with previous findings (Goldstein et al. 2012; Gruber et al.
2014). As discussed in Kaneko et al. (2006), although the SBPL is parameterized with Ej, the Epeqr can be derived
from the functional form. We have calculated the E,.qx for all bursts with a low-energy index shallower than -2 and
a high-energy index steeper than -2. The value of E,.qi can strongly affect the measurement of the low-energy index
of the spectrum, as shown in Figure 8. A general trend appears to show that spectra with smaller E,.qr values also
have smaller values of the low-energy power-law index. Asymmetric uncertainties for the SBPL Ep.,; have not been
calculated for this catalog.

3.3. Peak Flux (P) Spectral Fits

The peak flux spectrum depicts the brightest portion of each burst, on a fixed timescale of 1.024 s for long GRBs
and 64 ms for short GRBs. The time bin with the highest significance is chosen for the ‘peak flux’ (P) sample. The
low-energy indices, shown in Figure 9a, have a median value of about -1.3 and show a bimodal distribution. This is due
to the fact that most GRBs of the P sample are best fit by the PLAW function, as less photon fluence accumulation
leads to a decrease in S/N. About 22% of the BEST low-energy indices (Figure 9b) have o > —2/3, violating the
synchrotron “line-of-death” , while 70% of the indices have o > —3/2, violating the synchrotron cooling limit; both
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shown in (a), (¢) and (e) respectively. The BEST parameter distribution (gray filled histogram) and its constituents are shown
in (b), (d) and (f).
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Table 2. The median parameter values and the 68% CL of the distribution of the GOOD sample

Model Low-energy High-energy Epeak FEvreak Photon Flux Energy Flux
Index Index (keV) (keV) (photons s™*cm™2) (10" 7erg s~ tem™?)

Fluence spectra

PLAW  —1.557033 2.54739% 3421738
COMP  —0.9379:39 191759 2.621123 3.0673:65
BAND  —0.847035  —229707%; 15977 111+ 3.467493 476132
SBPL  —1.00702%  —2.3270%2 1617337 1127448 3191554 4.1518-39
BEST  —1.08%07% —2.20%035 1807137 107755 2.371558 2.9417:99
Peak flux spectra
PLAW  —1.50%0 30 4.81+552 7.367,%3°
.37 7! .
COMP  —0.697573 242133 8.687 1579 13.25+36,81
BAND —057'03 23073 22070 100 163177 27.37+903;
SBPL  —0.787031  —2.40707% 2147352 140712° 13.4912135 22.561735:2;
BEST  —13070%7 —2.34703% 233792 163742° 4.6275°20 6.46137:5°
160 ' I I ' II:IBANID_
[ SBPL
140 ]
120 1
9]
0 100 ]
=]
Ke]
u— 80f ]
o
* 60 - 1
40F ]
20 p
0 0 1 2 3 :l= 5
AS(a - B)

Figure 7. Distribution of AS, the difference between low- and high-energy spectral indices (o — 3) for the GOOD F spectral
fits.

of these are significantly larger percentages than those from the F' spectra. The high-energy indices in Figure 9c¢ peak
at about -2.3 and again have a long tail towards steeper indices. The lower number of GOOD spectral fits compared
to the F spectra is likely due to the poorer statistics resulting from shorter integration times. Shown in Figure 10 is
the AS distribution for the P spectra, which suffers a deficit in values compared to the F' spectral fits largely due to
the inability of the data to sufficiently constrain the high-energy power-law index.

In Figure 9e, 9f, we show the Epeqi distribution for the P spectra. The Epeqp distribution for the BEST sample
peaks at around 250 keV and covers just over two orders of magnitude, which is consistent with previous findings
(Goldstein et al. 2012; Gruber et al. 2014). It should be noted that the data over the short timescales in the P spectra
do not often favor either the BAND or the SBPL model, resulting in large errors on parameters.
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Figure 8. Comparison of the low-energy index and Epeqi for three models from the GOOD F spectral fits.
Table 3. The median parameter values and the 68% CL of the BEST model fits
Data set Low-energy  High-energy Epeak Evreak Photon Flux Energy Flux
Index Index (keV) (keV)  (photons s *cm™2) (10 7erg s”'em™?)
Fluence spectra
This Catalog BEST -1.08794%  —2.2070%S 1807397 107758 2.37+3-83 2.94%7:99
Gruber et al. (2014) -1.087943 2147027 1967336 103742 2.38713-08 3.03T7 %0
Goldstein et al. (2012)  —1.05794%  _2.25+0:31 2051359 1237240 2.927F3-9 4.0375%
Kaneko et al. (2006) —1.147939  —2.331032 2517522 204178
Peak flux spectra

This Catalog BEST -1.307977 234702 2331316 1637436 4.627532 6.467375°
Gruber et al. (2014) —1.327074 2247026 2617553 1337349 4571582 6.49737;5°
Coldstein et al. (2012)  —1.12736  —2.27+044 2231952 1727358 5.3910%:° 8.355%a"
Nava et al. (2011) (—0.567530)  —2.3970-23 225739} 13,5770
Kaneko et al. (2006) —1.02%928  —2.3370:2¢ 2817539 205172

Note: “ Low-energy index of the peak-flux spectra with curved functlon only.

3.4. Long vs. Short GRBs

Over the ten years of operations covered in this Catalog, GBM triggered on 395 short GRBs, 17% of the total
number of bursts. The idea that short GRBs and long GRBs represent two distinct populations was bolstered by the
comparison between their hardness ratios (Kouveliotou et al. 1993; Bhat et al. 2016). Short GRBs are significantly
harder, as determined by the ratio of the counts in two broad energy bands (25 — 100, 100 — 300 keV) (Kouveliotou
et al. 1993). Spectral fit parameters should reflect this dichotomy in hardness in two ways. First, the median values
for Epcax should be significantly different, with the higher value being associated with short bursts. Secondly, a low-
energy power law index that is higher than another (e.g.—1 vs.—2) is said to be harder, as a positive uptick requires
an increase in higher-energy photons, all other things being equal. Here, we can verify both of these by comparing the
median fitted spectral parameters between short and long bursts in Table 4. This is in agreement with results from
early on in the mission (Nava et al. 2011).

The hard nature of short bursts is even more dramatic when considering the distributions of the fitted parameters.
Figures 12 and 13 compare Epcax between long and short GRBs for the fluence and peak-flux spectral fits respectively.
In order to improve the sample size of the short burst population, we present fits from the total ensemble of bursts; one
for each of the three models that have an energy-related parameter (COMP, BAND and SBPL). Similarly, Figures 14
and 15 compare the low-energy indices between long and short GRBs for all four models (including PLAW) from the
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Figure 11. Comparison of the low-energy index and Epeqx for three models from the GOOD P spectral fits.

fluence and peak-flux spectral fits respectively. Clearly, it is highly improbable that the long and short distributions
are the same for the Fpc. and low-energy index distributions. Figures 16 and 17 compare the high-energy indices
between long and short GRBs for BAND and SBPL from the fluence and peak-flux spectral fits respectively. Although

the presence of a high-energy power-law component is a clear signal of ‘hardness’, the fitted index itself seems to be
invariant between the two classes of GRBs.

4. REST-FRAME PROPERTIES

Calculating the rest-frame energetics is key to understanding the central engine and emission physics of a GRB.
Using 10 years of GBM data, and the known redshift for ~130 GRBs, we provide one of the largest samples of GRB
energetics to date.

GBM is found to detect more long GRBs than short, which is reflected in our redshift sample with 13 short GRBs
and 122 long GRBs. The distribution of the redshift for both short GRBs (black) and long GRBs (blue) are shown
in Figure 18. GRB 170817A, which was determined to be in coincidence with the neutron star merger event (Abbott
et al. 2017a), GW170817, is found to have a much lower redshift (z = 0.009) than the rest of the sample.

4.1. Rest-frame Properties using the BAND Spectral model

We use the BAND model as discussed in Sec. 2.4, which provides the peak energy (Epcqr), amplitude, and the
indices of a and  as well as the measured fluence in the Fermi-GBM bandpass (10-1000 keV). For the GRBs with
known redshift (z), we calculated the k-corrected, isotropic-equivalent gamma-ray energy of the GRB in the co-moving
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Table 4. The median parameter values and the 68% CL for all long and short GRBs
Long GRBs Short GRBs
Model | Low-energy Index High-energy Index FEpear (keV) | Low-energy Index High-energy Index Epear (keV)
Fluence Spectra
PLAW ~1.58%513 ~1.3515:99
COMP —1.0179:3¢ 2051578 —0.5979%9 5347559
BAND —0.84703% —2.417958 1441229 —0.46705% —2.9874%¢ 4137553
SBPL ~1.03+9-47 —2.4019-38 160735° —0.661955 —2.7919-87 4761350
Peak Flux Spectra

PLAW —~1.52+%:49 ~1.33%511
COMP —0.80754% 2241430 —0.397993 5321732
BAND —0.6419:% —2.69127% 166133° —0.2279-92 —4.187228 4267535
SBPL —0.857055 —2.6279-58 1811572 —0.4970 5% —3.2671.%% 4157552
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Figure 12. Comparison of Epeqr between long and short GRBs from F' spectral fits.
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bolometric bandpass of 1 keV to 10 MeV and the estimated uncertainty on the prompt energy release.
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Figure 14. Comparison of low-energy indices between long and short GRBs from F' spectral fits.

In order to calculate the k-correction, we use the fluence in the Fermi GBM bandpass and expand the spectral
model given in (Band et al. 1993) to the co-moving bolometric bandpass of 1 keV to 10 MeV (Bloom et al. 2001). The

k-value is defined as
SiEy, Ea
k — 142142 (5)
S[elaez]

where S is the fluence for a range of given energies, F1 = 1 keV, E5 = 10 MeV, e; = 10 keV, e5 = 1000 keV. The

isotropic energy can then be calculated by

47w D?
Eiso = ?;Sobsk/’ (6>

with Dy being the luminosity distance and S, being the observed fluence. The distribution of the F;,, is presented
in Figure 19 and shows that the long GRBs have E;,, centered around 10°3 erg. The limited number of short GRBs
with redshift does not provide much insight into their distribution but the outlier in this plot is GRB 170817A which
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Figure 15. Comparison of low-energy indices between long and short GRBs from P spectral fits.

was found to have a lower redshift than the other GRBs.

The peak rest frame energy ( ;SZ}Z) is determined by E;ijC = ;sz(l +z), where E;SZk is the observed peak energy
from the F spectra. The distribution of E;:gff is shown in Figure 19 to span from 10 keV to 3000 keV. Neither short
nor long GRBs appear to exhibit a preference for a particular rest frame Ej.,; but there does appear to be a separate
group of GRBs with E,..x > 1 MeV. Using the spectra of the brightest time bin, we can determine the isotropic

luminosity for the GRBs with redshift using
Liso = ATD}S|p1 p2) (7)
The distribution of L;s,, shown in Figure 19, shows that neither the short nor the long GRBs have preference for L;,.

However, GRB 170817A has a L;,, few order of magnitudes lower than the rest. The E,, Ef:gtk, and L4, with their
uncertainties are shown in Table 5.

4.2. Rest-frame Properties using the COMP Spectral model
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Figure 17. Comparison of high-energy indices between long and short GRBs from P spectral fits.

The COMP spectral model (Sec. 2.4) is also used to determine the E;,, E7°5t and L, in a similar way to Sec. 4.1

pea
and using the spectral shape from Eq. 2. The values and uncertainties for F;,,, E7¢! and L;,, are presented in Table

peak
5.
The distribution of the E;;, in Figure 20, shows that the short and long GRBs do not have a preference for the F;,.
However, GRB 170817A is again at the low end of the Fj;,, distribution. The distribution of E;gj}fc using the COMP
model spans from 10 kev to 3000 keV with a group of GRBs with Epcqr > 1 MeV, similar to the BAND model. The
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Figure 18. The distribution of long and short GRBs with respect to redshift. We find that there are more long GRBs in our
sample. GRB 170817A is the outlier in this plot with a much lower redshift of 0.009.
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Figure 19. Distribution of the k-corrected isotropic energy (left), rest peak energy (middle) and isotropic luminosity (right)
using the parameters of the Band spectral model.

L;s, distribution for the COMP model also shows no preference for a value and GRB 170817A has a lower value than
the rest of the GRBs.

5. COMPARISON TO PREVIOUS ANALYSIS

The number of GRBs with GOOD spectral fits presented in this catalog is similar to the total contained in the
BATSE 5B spectroscopy catalog (Goldstein et al. 2013). Additionally, the methodology and instrument characteristics
are similar, therefore these two data sets can be easily compared.

Of particular interest for determining the emission mechanism that converts the bulk relativistic outflow into ra-
diation is the low-energy power-law index. Under the assumption that the emission is dominated by synchrotron
radiation, the low-energy photon index should be no harder than —2/3 in the case of non-adiabatic cooling, and no
harder than —3/2 in the case of adiabatic cooling (Rybicki & Lightman 1979; Katz 1994). As has been widely noted
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Figure 20. Distribution of the isotropic energy (left), rest peak energy (middle) and isotropic luminosity (right) for the
Comptonized spectral model.

previously (e.g. Preece et al. 1998; Gonzélez et al. 2003; Medvedev 2006), BATSE-detected GRBs had a significant
fraction of events that have measured low-energy indices that violate these conditions, and have been termed the
synchrotron ‘line-of-death’ problem. A comparison of the GBM data with the BATSE data, shown in Figure 21,
indicates some overall agreement in the distribution of the low-energy index, however GBM, on the average, measures
a slightly harder index than what was measured in BATSE. The GBM response extends down to ~8 keV, whereas
the BATSE response extended to ~20 keV, therefore, the measurement of the low-energy index by GBM is likely
more conclusive in most cases. This leads to an increasingly worrisome case for synchrotron radiation as the primary
emission mechanism because fewer GBM bursts are compatible with that interpretation.

Another interesting comparison between the BATSE and GBM bursts is the high-energy power-law index. Figure 22
shows that the GBM measurement of the high-energy index is generally shifted towards harder spectra compared to
BATSE. This creates an issue for a sizable fraction of GRBs because the Band function becomes unphysical at a
B > —2 and leads to an infinite flux if extrapolated in energy. Previous studies of early GBM GRBs also detected
by the Fermi LAT have shown that in many cases, the high-energy index is biased toward harder values for GBM
data (Ackermann et al. 2012). Therefore, the shift in the GBM distribution may result in an issue with the fitting
of the spectrum rather than an insight into the true spectrum. Although GBM has an energy range that extends far
beyond the data used in the BATSE 5B catalog (40 MeV vs. 2 MeV), the much smaller effective area of GBM may
contribute to the bias in fitting the spectral indices.

A spectral feature of GRBs that has been of particular interest to the community is the Epeak, since it was previously
thought to be an indicator used to standardize GRB energetics for purposes of studying cosmology (Lloyd et al.
2000; Yonetoku et al. 2004; Amati 2006; Ghirlanda, G. et al. 2007). In Figure 23 we show the comparison of Epecax
measurements between GBM and BATSE. These distributions broadly agree, although it is clear that the larger energy
range of the GBM allows the measurement of Fpeax down to ~ 10 keV and an expanded population of GRBs with
Epeqr values in the MeV range.

6. SUMMARY

The third GBM spectral catalog includes 2297 GRBs detected by GBM during its first 10 years of operation. The
spectral properties presented here are from time-integrated and peak-flux analysis, produced using four photon models
which were chosen based on their empirical importance to the shape of many GRB spectra. The analysis of each burst
was performed as objectively as possible, in an attempt to minimize biased systematic errors inherent in a subjective
analyses. We have described subsets of the full results in the form of data cuts based on parameter uncertainties
(GOOD models), as well as employing model comparison techniques to select the most statistically preferred model
for each GRB (BEST models).

We have illustrated alternative means to classify bursts as long or short; based on their accumulation times (Figure
1) and using the Epeax/Fluence ratio (Figure 5). These plots, alongside the classical Ty distribution (von Kienlin et al.
2020), highlight the robustness of bimodalilty observed in GRB distribution. The parameter distributions shown here
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Figure 22. Comparison of the high-energy power-law index as measured by GBM to that measured by BATSE. The high-
energy index measured by GBM appears to be generally harder and thus a larger fraction represent an unphysical power law.

are largely similar to those in previous studies (Goldstein et al. 2012; Gruber et al. 2014) yet contain some important
differences. Importantly, the energy ratio technique can be implemented solely from parameter values found in this
Catalog. Bursts with energy ratios > 1 are very likely to belong to the short class of bursts. It is also not tied up with
issues derived from Tyg, which omits 10% of the burst fluence. This is seen clearly in Figure 1c for those values where
Too is less than the accumulation time (Tyy > accumulation time is expected, as the latter doesn’t count quiescent
portions of the burst).

The Probability Density Histograms presented in section 3 capture the two-tailed uncertainties of the fitted param-
eters; Figures 2, 3 and 4, depicting the CDF for errors of Epeqr, BAND 8 and SBPL Ay respectively, showcase the
differences in distribution of positive and negative uncertainties for these parameters. The GOOD criteria cutoffs (sec.
3.1) has been altered, accounting for the introduction of asymmetric uncertainties.

The current models for GRB prompt emission can be split into two categories: magnetic (e.g., Lee et al. (2000)) or
internal/external shock driven (e.g., Rees & Meszaros (1992). The AS distribution is hence an interesting result; as
comparing it to predictions made by the SSM provides useful insights into the emission mechanisms of GRBs. The
results obtained here are compatible and in line with results obtained by Preece et al. (2002) and previous GBM
catalogs (Goldstein et al. 2012; Gruber et al. 2014). Thus, we conclude that the predictions of the SSM model, in its



GBM SPECTROSCOPY CATALOG 21

-
N
o

[ BATSE Band [ BATSE Band
[ BATSE Comp [ BATSE Comp

=
'
o

[ GBM Band [ GBM Band
[ GBM Comp

-
N
o

[ GBM Comp

o
N
o

v 100 %)
om om
o o 100 -
O O
w 80 Y—
o O go
— —
[} [}
Qo 60 Ke]
e £ 60
> >
= ] =
40 201
201 20 1

10! 102 10° 10!
Fluence Epeak [keV] Peak Flux Epeak [keV]

Figure 23. Comparison of Fpeax as measured by GBM to that measured by BATSE. The Band function results in a broader
distribution of Epeax for GBM, expanding toward lower energies.

simplest form, are not reconcilable by observations made by GBM. In its 10 years of operation, GBM has observed
130 GRBs with known redshifts, hence providing one of the largest samples of rest-frame properties (E;:g};, E;s, and
L;so) to date. This helps us assess our current understanding of the central engine and emission physics of a GRB.

This catalog should be treated as a starting point for future research on interesting bursts and ideas. As has been
the case in previous GRB spectral catalogs, we hope this catalog will be of great assistance and importance to the
search for the physical properties of GRBs and other related studies.
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