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ABSTRACT

We present the second Swift Burst Alert Telescope (BAT) catalog of gamma-
ray bursts (GRBs), which contains 476 bursts detected by the BAT between 2004
December 19 and 2009 December 21. This catalog (hereafter the BAT2 catalog)
presents burst trigger time, location, 90% error radius, duration, fluence, peak
flux, time-averaged spectral parameters and time-resolved spectral parameters
measured by the BAT. In the correlation study of various observed parame-
ters extracted from the BAT prompt emission data, we distinguish among long-
duration GRBs (L-GRBs), short-duration GRBs (S-GRBs), and short-duration
GRBs with extended emission (S-GRBs with E.E.) to investigate differences in
the prompt emission properties. The fraction of L-GRBs, S-GRBs and S-GRBs
with E.E. in the catalog are 89%, 8% and 2% respectively. We compare the BAT
prompt emission properties with the BATSE, BeppoSAX and HETE-2 GRB sam-
ples. We also correlate the observed prompt emission properties with the redshifts
for the GRBs with known redshift. The BAT Ty and Ty durations peak at 70 s
and 30 s, respectively. We confirm that the spectra of the BAT S-GRBs are gen-
erally harder than those of the L-GRBs. The time-averaged spectra of the BAT
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S-GRBs with E.E. are similar to those of the L-GRBs. Whereas, the spectra
of the initial short spikes of the S-GRBs with E.E. are similar to those of the
S-GRBs. We show that the BAT GRB sampies are significantly softer than the
BATSE bright GRBs, and that the time-averaged E:E:h of the BAT GRDBs peaks
at 80 keV which is significantly lower energy than those of the BATSE sample
which peak at 320 keV. The time-averaged spectral properties of the BAT GRB
sample are similar to those of the HETE-2 GRB samples. By time-resolved spec-
tral analysis, we find that only 10% of the BAT observed photon indices are
outside the allowed region of the synchrotron shock model. We see no obvious
observed trend in the BAT Ty and the observed spectra with redshifts. The Ty
and Ty distributions measured at the 140-220) keV band in the GRB rest frame
from the BAT known redshift GRBs peak at 19 & and 8 s, respectively. We also
provide an update on the status of the on-orbit BAT calibrations.

Subject headings: gamma rays: bursts

1. Introduction

The Swift mission (Gehrels et al. 2004) has revolutionized our understanding of gamma-
ray bursts (GRBs) and their usage to study the early universe with the sophisticated on-board
localization capability of the Swift Burst Alert Telescope (BAT; Barthelmy et al. (2005a)).
The autonomous spacecraft slews to point the X-Ray Telescope (XRT;Burrows et al. (2005))
and the UV /Optical Telescope (UVOT; Roming et al. (2005)) to the GRB location to start
an immediate follow-up observation, The precise GRB location provided by Swift permits
coordinated multi-wavelength observations on the ground. Since the release of the first BAT
GRB catalog (Sakamoto et al. 2008), there have been more notable discoveries. On April 23,
2009, Swift BAT detected GRB 090423 at a redshift of 8.2, This implies that massive stars
were produced about 630 Myt after the Big Bang (Thnvir et al. 2009; Salvaterra et al.
2009). In GRB 080319B, extraordinary, bright, variable optical emission, which peaked at
the visual magnitude of 5.3, has been observed while the prompt gamma-ray emission was
still active. This observation suggests for the first time that there can exist a prompt optical
emission component that tracks the gamma-ray light curve but belongs to a different spectral
component (Racusin et al. 2008). Swift has been increasing the number of identifications of
host galaxies for short duration bursts. Based on the Swift sample, we are observing a wide
variety of burst characteristics (e.g., Berger 2009). Furthermore, progress is being made
in studying the properties of host galaxies of dark bursts, allowing us to understand the
differences in the birth places of dark GRBs, as compared to the hosts of GRBe with bright
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optical afterglows (e.g,. Perley et al. 2009).

The first BAT GRB catalog (the BAT1 catalog; Sakamoto et al. (2008)) consisted of 237
bursts from 2004 December 19 to 2007 June 16. The BAT1 catalog contained burst trigger
time, location, 90% error radius, duration, Auence, peak flux and time-averaged spectral
parameters. Here we present the second BAT GRB catalog (the BAT2 catalog), including
476 GRBs detected by BAT from 2004 December 19 to 2009 December 21. The GRB samples
in the BAT1 catalog have been re-analyzed by the latest BAT software and calibration files.
In addition to the parameters in the BAT1 catalog, the BAT2 catalog includes time-resolved
spectral parameters. The catalog also presents correlations between the prompt emission
properties of known-redshift GRBs.

In §2, we summarize the updates to the in-orbit calibration of the BAT instrument. In
83, we describe the analysis methods used in compiling the catalog. In §4, we describe the
content of the tables in the catalog and show the prompt emission properties of the BAT
GRBs from the catalog. Our conclusions are summarized in §5. All quoted errors in this
work are at the 90% confidence level.

2. Updates to In-orbit Calibrations

The BAT is a highly sensitive, large field of view (FOV) (2.2 sr for > 10% coded FOV),
coded-aperture telescope that detects and localizes GRBs in real time. The BAT detector
plane is composed of 32,768 pieces of CdZnTe (CZT: 4 x 4 x 2 mm), and the coded-aperture
mask is composed of ~ 52,000 lead tiles (5 x 5 x 1 mm) with a 1 m separation between mask
and detector plane. The energy range is 14-150 keV for imaging, which is a technique to
subtract the background based on the modulation resulting from the coded mask, and spectra
cen be obtained with no position information up to 350 keV. Further detailed descriptions
and references of the BAT instrument can be found in the BAT1 GRB catalog.

There have been two major updates to the energy calibration of the BAT since the
publication of the BAT1 catalog. The first update is the identification of a problem in the
energy response above 100 keV. The mobility-lifetime products of electrons and holes (ur)
which are used to model the energy response of an individual CZT detector (Sato et al. 2005;
Suzuki et al. 2005) are found to be 1.7 times larger than those originally determined in the
ground calibration. This fix eliminates the ad-hoc correction formerly applied above 100
keV to reproduce the assumed photon index and flux values based on the Crab spectrum
(see below) and also reduces the level of systematic errors (see Figure 1). These changes
in the energy response and the systematic error are available to the public (BAT CALDB
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The second update is a correction to the measured gain of the detectors. An analysis of
four years of on-board ! Am spectra shows a shift of 2.5 keV in the position of the 59.5 keV
line, The BAT team has developed new calibration files (coefficients to convert from PHA
channel to energy) to correct this gain change as a function of time. After applying the new
gain correction, the scatter of the 59.5 keV line energy is ~0.1 keV over the four-year period.
The calibration file to correct this time-dependent gain change will be released to the public
in summer of 2011.

Figure 2 shows the Crab photon index and the flux in the 15-150 keV band as a function
of incident angle using the latest BAT software and calibration files. Both the photon index
and the flux are within 5% and +10%, respectively, of the assumed Crab values® based on
Rothschild et al. (1998) and Jung (1989) over the BAT field of view. The deviation of the
derived parameters from the Crab canonical values are larger toward the edge of the BAT
field of view. Therefore, a larger systematic error in the spectral parameters could exist if
the source is located at the edge of the field of BAT. We also notice that the photon index
is systematically harder by ~0.02 than the Crab canonical value of —2.15 for observations
with 8 < 10°.

3. Analysis for the GRB catalog

We used standard BAT software (HEASOFT 6.8) and the latest calibration database
to process the BAT GRBs from December 2004 (GRB 041217) to December 2009 (GRB
(091221). The various data types of the BAT instrument are described in details in Barthelmy et al.
(2005a). The GRBs included in the BAT1 catalog have been reprocessed, The BAT?2 catalog
sample also include bursts which did not trigger BAT in flight, but were found in ground
processing. The burst pipeline script, batgrbproduct, was used to process the BAT event
data. Since the burst emission is longer than the interval during which the instrument col-
lected data in event mode for GRB 060124 and GRB 060218, we used both event data and
survey data (Detector Plane Histogram data) to calculate the fluence and the time-averaged
spectral parameters. We used raw light curve data (quad-rate data) to measure the durations
of most of the bursts found in ground processing because the event data does not cover the
whole burst episode for these bursts. For most bursts we use battblocks, one of the tasks
run in batgrbproduct, to determine the burst duration using the Bayesian Block algorithm

! The assumed Crab values in the BAT energy range are —2.15 for the photon index and 2.11 % 10~ ergs
cem~? 87! for the fiux in the 15-150 keV band.
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(Scargle 1998).? For some bursts battblocks failed to find a valid burst interval. In these
cases, we fitted the light curve with background subtracted using the modulation resulting
from the coded mask (a called mask-weighted light curve) over the full BAT energy range.
We applied s linear-rise, exponential decay model (“BURS" model in ftools qdp?) to find
the burst time intervals (T\gq, Tho, T5o and peak 1-s intervals) and created the Tyop and peak
1-s PHA files (80 channels) based on these time intervals. We include comments in Table 1
for the bursts which have anomalies either in the data or the processing,

For the time-averaged spectral analysis, we used the time interval from the emission
start time to the emission end time (Tjg interval) which is determined by Bayesian-block
tachnique (battblocks). For many bursts, the spacecraft slew for the XRT and UVOT
pointing occurred while the prompt emission was ongoing. This creates a complication for
the derivation of the spectral response since the BAT energy response generator, batdrmgen,
can only produce a response at a single fixed incident angle of the source, To find a response
during a slew, we created detector energy response matrices (DRM) for each five-second
period during the time T interval, taking into account the changing position of the GRB
in detector coordinates especially during the spacecraft slew. We then weighted these DRMs
by the five-second count rates and created an averaged DRM using addrmf. The count-
weighted BAT DRM have been tested on a subset of GRBs which were simultaneously
datected by the Konus-Wind and the Suzaku Wide-band All-sky Monitor instruments. The
joint spectral analysis using the weighted BAT DRM for the jointly detected GRBs shows
no systematic trend in the BAT-derived parameters compared to the spectral parameters
derived by other GRB instruments (Sakamoto et al. 2011).

We extracted time-resolved spectra for the relevant intervals determined with battblocks.
Since the first and the last intervals identified by battblocks are the pre- and post-burst
backgrounds, the spectrum for these two intervals were not created. For the time-resolved
spectral analysis, we created a DRM for each spectrum by taking into account the GRB posi-
tion in detector coordinates and updating the keywords of the spectral files using batupdatephakw
before running batdrmgen to generate the DRM. We also created individual DRMs for the
peak spectra used to calculate the peak flux (see below).

*batgrbproduct calls battblocks using, in turn, mask-weighted light curves with bin widths 4 ms, 16ms,
s and 16s to measure Tgo and Thp curations. It then applies a set of criteria starting with the shortest bin
size 1o declde whether or not to accept a duration estimate. If a measured duration is greater than 2 times
the bin size, and 30% greater than the previous best estimate, then the current estimate becomes the new
best eslimate.

Shttp:/ /heasarc.gsfc.nasa. gov/docs/software// ftools/others/qdp/qdp. html
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The spectra were fitted with a simple power-law (PL) model,
PL

E o
f(E) = K (mw) (1)

where o is the power-law photon index and K§" is the normalization at 50 keV in units
of photons em™? 87! keV~!. We also used a cutoff power-law (CPL) model,

OPL
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where a“PL is the power-law photon index, Eje is the peak energy in the vF, spectrum
and K5~ is the normalization at 50 keV in units of photons em™ s™! keV~!. All of the
BAT spectra are acceptably fit by either a PL or 8 CPL model. The same criterion as in
the BAT1 catalog, Ax? between a PL and a CPL fit greater than 6 (Ax? = 3, — x&pL >
6), was used to determine if the CPL model is a better spectral model for the data. Note
that none of the BAT spectra show a significant improvement in x* with a Band function
(Band et al. 1993) fit compared to that of a CPL model fit.

The fluence, the 1-s and the 20-ms peak fluxes were derived from the spectral fits. The
fluences were calculated by fitting the time-averaged spectrum with the best fit spectral
model. The 1-s and 20-ms peak Auxes were calculated by fitting the spectrum of the 1-s
and the 20 ms interval bracketing the highest peak in the light curve. Those intervals were
identified by battblocks. Similarly, we used the best fit spectral model to calculate the
peak fluxes, Since the shortest burst duration observed by BAT is around 20 ms, we chose
this window size to measure the peak fux on the shortest time scale. Note that since the
total number of photons for a 20-ms spectrum is generally small, we created a spectrum in
10 logarithmically spaced channels from 14 keV to 150 keV to use for the fit. We are not
always able to report & 20-ms peak flux. For 20 GRBs, an unexplained systematic effect
leads to an unacceptable reduced x* (x2 > 2) in both the PL and CPL fit. Furthermore, for
31 GRBs we could not create the 20-ms peak spectrum because battblocks failed to find
the interval.

For GRBs with known redshift, we caleulated the Ty and Ty durations in the 140-220
keV band in the GRB rest frame. By fixing the energy range in the GRB rest frame, there is
no need to apply a correction to the measured duration because of the difference in the GRB
width as a function of the observed energy band (e.g., Fenimore et al. 1995). We created
the light curves in the energy range 140/(1+2) keV to 220/(1+z) keV with batbinevt. This
energy band was chosen so that the redshift of the nearest GRB #=0.1257 (GRB 060614),
constrains the upper boundary: 220 keV / (14+0.1257) = 195 keV, and the most distant
GRB z=8.26 (GRB 090423), constrains the lower boundary: 140 keV / (1+48.26) = 15 keV,
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where 15 to 195 keV is the BAT observed energy range. We used the same algorithm in
tatgrbproduct to find the best Ty and Tss durations in the observed 140/(1+z) - 220/(1+z)
keV band. We then divided the duration by (1+4z) to correct for the time dilation effect due
to cosmic expansion.

4. The Catalog

The BAT2 catalog includes GRBs detected by BAT in five years of operation between
2004 December 19 and 2009 December 31. The 476 GRBs in the catalog include 25 GRBs
found in ground processing (eight of the 25 were found by the BAT slew survey; Copete et al.
(2007)) and four possible GRBs. The definition of a possible GRB is an event for which the
BAT image significance based on the ground analysis is less than 6 ¢ and there is no XRT
X-ray counterpart. The first column of Table 1 is the GRB name. The next column is the
BAT trigger number. The next column specifies the BAT trigger time in UTC in the form
of YYYY-MM-DD hh:mm:ss.sss where YYYY is year, MM month, DD day of month, hh
hour, mm minute, and ss.sss second. Note that the definition of the BAT trigger time is the
gtart time of the image from which the GRB is detected on-board. The next six columns
give, respectively, the location derived in ground processing for BAT* and XRT in equatorial
(J2000) coordinates, the signal-to-noise ratio of the BAT image at that location, and the
radius of the 90% confidence region in areminutes. The 90% error radius is calculated based
on the signal-to-noise ratio of the image using the following equation derived from the BAT
hard X-ray survey process®

roox = 10.02 x SNR™7 (arcmin),

where SNR is the signal-to-noise ratio of the GRB point source in BAT image. However, due
to limitations in our knowledge of the BAT point spread function, we quote the minimum
allowed value of rge; as 1' in the catalog. The next two columns specify the burst durations
which econtain from 5% to 95% (Tps) and from 256% to 75% (7o) of the total burst fluence.

‘batgrbproduct creates a BAT sky image in the 15-350 keV band using event data from before the
autonomous spacecraft slew to a GRB location. The foreground and background intervals used Lo create the
image are determined by battblocks. If battblocks failed to find the intervals, batgrbproduct uses the
same intervals identified by the BAT on-board software. The tool batcelldetect is used to find the GRB
location in the background subtracted image.

Shttp:/ /heasarc.gsfc.nasa.gov /docs /swift /analysis /bat_digest. html
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These durations are calculated in the 15-350 keV band.® The next two columns are the start
&nd stop times measured from the BAT trigger time of the available event data. The last
column contains the comments.

The energy fluences calculated in various energy bands are summarized in Table 2. The
frst column is the GRB name. The next column specifies the spectral model which was
used in deriving the fluences (PL: simple power-law model; Eq.(1), CPL: cutoff power-law
model; Eq.(2)). The next five columns are the fluences in the 15-25 keV, 25-50 keV, 50-100
keV, 100-150 keV, and 15-150 keV bands. The unit of fluence is 10~® ergs em™2. The next
two columns specify the start and stop times relative to the BAT trigger time of the interval
used to caleulate the fluences. The last column contains the comments. Note that fluences
are not reported for GRBs with incomplete data.

Table 3 and 4 summarize the 1-s peak photon and energy fluxes, respectively, in various
energy bands. The first column is the GRB name. The next column specifies the spectral
mode! used in deriving the 1-s peak flux. The next five columns are the peak photon and
energy fluxes in the 15-25 keV, 25-50 keV, 50-100 keV, 100-150 keV, and 15-150 keV band.
The unit of the flux is photons em~? s~ for the peak photon flux and 10~* ergs cm2 5!
for the peak energy flux. The penultimate column in Table 3 specifies the start time relative
to the BAT trigger time for the peak second. The last column contains the comments.

Table 5 shows the 20-ms peak energy and photon flux in the 15-150 keV band. The
first column is the GRB name. The next column shows the spectral mode! used in deriving
the fux. The next two columns are the peak energy flux and photon flux in the 15-150 keV
band. The unit of the flux is photons em—2 s~ for the peak photon flux and 10~ ergs cm—2
8! for the peak energy flux. The next column specifies the start time relative to the BAT
trigger time for the 20-ms peak. The last column contains the comments.

The time-averaged spectral parameters are listed in Table 6. The first column is the
GRB name. The next three columns are the photon index, the normalization at 50 keV in
units of 10~* photons em™* s keV~', and ¥? of the fit for a PL model. The next four
columns are the photon index, E2b%, in units of keV, the normalization at 50 keV in units
of 107® photons em™? s~! keV~! and ¥? of the fit in 8 CPL model. The spectral parameters
in a CPL are only shown for the bursts which meet the criteria described in Section 3. The
number of degrees of freedom is 57 for a PL fit and 56 for a CPL fit except for GRB 060124
acd GRB 060218 (see the comment column of the table). The lest column contains the
comments.

5The coded mask is transparent to photons above 150 keV. Thus, photons above 150 ke'V are treated as
background in the mask-weighted method. The effective upper boundary is thus ~150 keV
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The time-resolved spectral parameters are listed in Table 7. The total number of time-
resolved spectra is 3323. The first column is the GRB name. The next two columns specify
the start and the stop time relative to the BAT trigger time of the interval used to extract
the spectrum. The next four columns are the photon index, the normalization at 50 keV in
units of 10~ photons em—2 s~ keV~!, x® of the fit for 2 PL model and the energy flux in
the 15-150 keV band in units of 10~® ergs em™ s~!. The next five columns are the photon
index, Eo%, in units of keV, the normalization at 50 keV in units of 10~ photons em ™2 57!
keV~1, ¥? of the fit in a CPL model, and the energy flux in units of 10~® ergs em—? 5. The
last column contains the comment. As in Table 6, we only show CPL parameters for the fits
which meet our Ay*® criteria,

Table 8 shows the Ty and T durations measured in the 140-220 keV band in the GRB
rest frame for the GRBs with known redshift. The first column is the GRB name. The Ty
and Tys durations in the GRB rest frame are in the second and the third columns. The last
column contains the comments.

Table 9 lists redshift measurements of Swift GRBs and their associated references.

4.1, Short GRBs with Extended Emission

A distinet class of short duration GRBs (S-GRBs) has been claimed based on their
prompt emission properties, called S-GRB with extended emission (E.E.)(e.g., Norris et al.
2000; Barthelmy et al. 2005b). The initial short spike of a S-GRB with E.E. shows negligible
spectral lag which is one of the strong indications that the burst is a S-GRB (Norris et al.
2000). 10 GRBs in our catalog have been classified as S-GRBs with E.E. by Norris et al.
(2010) and these are labeled as such throughout this paper.” The BAT light curves of 10
S-GRBs with E.E. included in this catalog are shown in Figure 3. The initial short spike
is usually composed of multiple pulses with a total duration of less than 2 seconds. The
E.E. lasts from a few tens to a few hundreds of seconds. We distinguish among long GRBs
(L-GRBs), 5-GRBs and a S-GRBs with an E.E. throughout the paper to investigate the
prompt emission properties of these three different classes of GRBs. Table 10 summarizes
the statistics of the samples in the catalog based on the classifications. The fractions of
L-GRBs, S-GRBs and S-GRBs with E.E. in the catalog are 89%, 8% and 2%, respectively.
The spectral parameters and the energy fluences of the initial short spike are reported in

"GRB 060614 is classified as a L-GRB because the duration of the initial spike is ~6 s long. GRB 050911
iy also classifed as o [-GRB because our standard pipeline process does not detect the significant extended
emission as reported on Norris et al. (2010}, The Tog of GRB 0560811 based on our analysis Is 16.2 s.
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Tables 11 and 12. Note that our definition of S-GRBs is whether Tog is smaller than 2 s or
not. The GRBs classified as 5S-GRBs or S-GRBs with E.E. in our study are also identified
in Table 1.

4.2. BAT GRB Position and Sky Locations

Figure 4 shows the angular difference between the BAT ground position and the en-
hanced XRT position (Evans et al. 2009). The BAT ground position is within 1.1°, 1.8’ and
3.5 from the XRT position for 68%, 90% and 99% of the bursts, respectively. Figure 5 shows
the sky map of the 476 BAT GRBs in galactic coordinates. L-GRBs, S-GRBs and 5-GRBs
with E.E. are marked in different colors.

4.3. Durations and Hardness

The histograms of Ty and Ty in the BAT full energy band are shown in Figure 6.
The average of the BAT Ty, and Ty durations are 71 and 31 s, respectively. In Figure 7, we
compare the Tyy distributions of BAT, BATSE, BeppoSAX and HETE-2. The BATSE Ty, are
extracted from the 4B catalog (Paciesas et al. 1999), and they are measured in the 50-300 keV
band. The BeppoSAX Ty, are extracted from Frontera et al. (2009), and they are measured
using the light curve of the GRBM instrument in the 40-700 keV band. The HETE-2 Ty are
extracted from Pélangeon et al. (2008), and they are measured using the light curve of the
FREGATE instrument in the 6-80 keV band. There ig a clear shift in the peak of the L-GRB
populations measured with different instruments. The peak of L-GRBs Ty distribution from
the BATSE, the BeppoSAX and the HETE-2 samples are around 10-30 s, whereas the BAT
distribution is around 70 s. It is clear from this comparison that the duration measurement
depends upon the sensitivity of the instruments. Another distinct difference in the BATSE
distribution compared to that of the BAT, the BeppoSAX and the HETE-2 distributions is
a clear bimodality between S-GRBs and L-GRBs (e.g., Kouveliotou et al. 1993). The lack
of S-GRBs in imaging instruments such as the BAT and HETE2 is a result of the larger
number of photons needed to “image” a GRB with these instruments. This requirement is
usually difficult to achieve for S-GRBs because they are usually faint and their emissions
are short, However, note that BAT has been triggering and localizing 5-GRBs at a much
higher rate than other GRB imaging instruments because of its large effective area and its
sophisticated flight software. As mentioned in Frontera et al. (2009), the lack of S-GRBs in
the BeppoSAX samples is likely to be due to the lower efficiency of the trigger system to
S-GRBs.
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Figure 8 shows the fluence ratio between the 50-100 keV and the 25-50 keV band versus
the Ty and Tjp durations of the BAT GRBs. It is clear from the figures that there is
not a large number of S-GRBs that have soft spectra. Most of the S-GRBs have a fluence
ratio of about 2. On the other hand, the averaged fluence ratio of the [-GRBs is 1.3. The
Kolmogorov-Smironov (K-S) test probability of the fuence ratio between L-GRBs and S-
GRBs is 8.3 x 107%", Based on this comparison, we can conclude that the S-GRBs are
generally harder than the L-GRBs. However, note that there is a large overlap in hardness
between L-GRBs and S-GRBs in the BAT sample. The S-GRBs with E.E. overlap the
L-GRB samples.

The comparisons in the fluence ratio-Ty, plane for the BAT, the BATSE, the BeppoSAX
and the HETE-2 GRBs are shown in Figure 9. Both fluences and Ty values for the BATSE
sample are extracted from the 4B catalog. For the BeppoSAX sample, we used the best fit
simple power-law model in the catalog (Frontera et al, 2009) to calculate the fluence ratios in
the 50-100 keV and the 25-50 keV band. For the HETE-2 sample, we calculated the Ruences
in those energy bands using the spectral parameters reported in Sakamoto et al. (2005) and
Pélangeon et al. (2008). We only calculated the fluences for sources listed with CPL or Band
parameters.®* The Ty values of the HETE-2 sample are from Pélangeon et al. (2008), As
seen in Figure 9, the GRB samples of different missions are overlaid on each other.

4.4. Peak Fluxes and Fluences

Figure 10 shows the 1-s and the 20-ms peak photon fluxes versus the fluence in the
15-150 keV band. As we showed in the BAT1 catalog, there is a positive correlation between
peak photon flux and fuence. Based on the correlation between the 20 ms peak fiux and
the 15-150 keV fluence (lower panel of Figure 10), it is now clear that most of the BAT
S-GRBs populate a low fluence but high peak flux region. For S-GRBs, the 1-s peak flux
is systematically lower than the 20-ms peak flux because the 1-s time window is usually
predominantly larger than the actual SS-GRB duration used for calculating the flux. That
the S-GRB population has low fluence and high peak flux in the BAT sample could be due to
the selection effect of the imaging requirement in the trigger algorithm (e.g. more detected
photons are needed to image the source).

The fluence in the 50-150 keV band versus that in the 15-50 keV band for the BAT
(GRBs is shown in the top panel of Figure 11. On this figure we also indicate the distribution

8Because of this spectral model requirement, we are excluding a large number of X-ray flashes in the
HETE-2 sample where a PL is the usual accepted model.
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expected for a Band function with a low energy photon index of —1 and a high energy
photon of —2.5. Comparing to these lines we see that 43% of the BAT GRBs have ESby,
> 100 keV , 50% of the BAT GRBs have 30 keV < E®®_ < 100 keV, and 7% of the BAT
GRBs have E‘“p;':k < 30 keV. The S-GRBs generally have low fluences with hard spectra and
& small overlap with the L-GRB properties. On the other hand, the 5-GRBs with E.E. lie in
the same region as the [-GRBs. However, the initial short spikes of the S-GRBs with E.E.
have similar characteristics to the S-GRBs. The bottom of Figure 11 compares the BAT,
the BATSE, and the HETE-2 GRBs in the same fluence-fluence plane. The fluences for the
BATSE sample and the HETE-2 are calculated using the best fit spectral parameters of a
CPL model and a Band function as reported in Kaneko et al. (2006) and Pélangeon et al.
(2008). The majority of the BATSE bursts have high fluences with hard spectra. The HETE-
2 and the BAT samples have a similar characteristics in the fluences. The similar number of
GRBsintherangeE;ﬁh > 100 keV and 30 keV < E3%, < 100 keV is consistent with the
HETE-2 GRB sample (Sakamoto et al. 2005). The systematically smaller number of GRBs
with a soft spectrum {E"p;‘fh < 30 keV) in the BAT is likely due to a lack of sensitivity below
15 keV for the BAT. Differences in BAT, HETE-2 and BATSE are very likely due to the
different response and trigger energy as shown in Figure 12.

4.5. Time-averaged Spectral Parameters

Figure 13 shows the histograms of the BAT time-averaged photon index from a PL fit
for L-GRBs, S-GRBs, 5-GRBs with E.E. and the initial short spikes of the S-GRBs with
EE. A Gaussian fit to the histogram of PL photon indices of L-GRBs shows a peak at —1.6
with a o of 0.3. This BAT photon index based on a PL fit is systematically steeper than the
typical low-energy photon index a (~ —1) and also shallower than the high-energy photon
index 8 (~ —2.5) based on a Band function fit (e.g., Kaneko et al. 2006). As demonstrated
in the detailed spectral simulation study of Sakamoto et al. (2009), the distribution of the
BAT photon index in a PL fit refiects the fact that more than half of ES2%, in BAT GRBs are
located within the BAT energy range (15-150 keV). This is consistent with the discussion
in section 4.4 that 50% of ESgy, in the BAT GRBs are located 30 keV < ES, < 100 keV
assuming typical spectral parameters from a fit to a Band function. The histogram of PL
photon indices of S-GRBs has a shift toward a shallower index compared to that of the
L-GRBs. The time-averaged PL photon index for the S-GRBs is —1.2. We used a K-S
test to check whether the L-GRBs and the S-GRBs are drawn from the same population.
The K-S test statistic of 10~7 strongly indicates that the time-averaged PL photon index
distributions of the L-GRBs and 5-GRBs are different. We confirm in the BAT GRB sample
that S-GRBs in general have & harder spectrum than that of L-GRBs (e.g., Kouveliotou et al.



13_

1993; Ghirlanda et al. 2009). Although the number in the former sample is limited, the time-
averaged PL photon index of S-GRBs with E.E. is consistent with the L-GRBs. On the other
hand, the PL photon index of the initial short spikes of the S-GRBs with E.E. is much more
consistent with that of the S-GRBs.

Figure 14 shows the BAT time-averaged photon index from a PL fit versus the fluence
in the 15-150 keV band. Similar to the trend in Figure 11 and 13, the S-GRBs are located
in a lower fluence and a harder spectral region compared to the L-GRBs. The time-averaged
properties of the S-GRBs with E.E. overlap with the L-GRBs in the PL photon index -
fluence plane. The initial short spikes of the S-GRBs with E.E. seem consistent with the
properties of S-GRBs in this plane, but lie in a systematically higher fluence region than the
S-GRBs.

The low-energy photon index a and ES%, from a CPL fit are shown for the BAT,
the BATSE and the HETE2 GRBs in Figure 15. 77 out of 456 time-averaged spectra
(17%) in the BAT sample show a significant improvement of x* in a CPL fit over a PL fit
(Ax? > 6). The BATSE and the HETE-2 spectral parameters from a CPL fit are taken
from Kaneko et al. (2006) and Pélangeon et al. (2008) respectively. The low-energy photon
index o is consistent among all the instruments. However, most of the E“‘P;":k of the BATSE
GRBs are larger than 100 keV, whereas the majority of E‘;:h in the BAT and the HETE2
GRBs are less than 100 keV. This is more clearly represented in the histograms of Eﬁ_"k
skown in Figure 16. The Gaussian fits to the log-normal Eog, histograms of the BAT, the
BATSE and the HETE-2 samples reveal the peaks to be at 79 keV, 320 keV, and 65 keV
with & in log(ES%,) of 0.18, 0.22, and 0.31 respectively. The K-S test probabilities in the
log-normal E3%, distributions for the BAT and the BATSE bursts, and the BAT and the
HETE-2 bursts are 9 x 107 and 0.15 respectively. As clearly seen in these histograms,
although the peaks and the widths of the ES%, distributions differ among the instruments,
they are overlapping. Moreover, there is no sign of a bimodal E’;"ﬁ distribution in the
maasurements from a single instrument. Therefore, we may conclude that “true” Egit, has
a single broad log-normal distribution. The difference of the Eggs, distributions among the
GRB instruments is very likely due to an instrumental selection effect.

4.6. Time-resolved Spectral Parameters

We have chosen 3284 out of 3323 time-resolved spectra, for further study, based on the
goodness of fit (x2 < 2) and also the constraints on the spectral parameters. Figure 17
compares the distributions of the photon index in a PL fit between the time-resolved and
the time-averaged spectral samples. Fitting a Gaussian to each of the histograms gives, for
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the time-resolved sample a peak at —1.53 with ¢ of 0.47, and for the time-averaged sample
& peak at —1.57 with ¢ of 0.32. The K-S test probability for the time-resolved and the time-
averaged PL photon index distribution is 107, Therefore, there is a marginal difference
in the photon index of a PL fit between the time-resolved and the time-averaged spectra,
especially in the widths of their distributions.

Figure 18 shows the differences in EZo%, from the CPL fit between the time-resolved
and the time-averaged spectra. 472 out of 3284 time-resolved spectra show a significant
improvement of x* in a CPL fit over a PL fit (Ax® > 6). The Gaussian fits to these log-
normal Eges, histograms show a peak at 68 keV with log(Eggs, ) of 0.23 for the time-resolved
sample and a peak at 77 keV with lﬂg[E:";“} of 0.19 for the time-averaged spectra. We found
a K-8 probability of 0.04 for the comparison in E;':l distributions between the time-resolved
and the time-averaged spectra. Therefore, there is no significant difference in EpZ%, based
on a CPL fit between the BAT time-resolved and the time-averaged spectra.

Ghirlanda et al. (2009) suggested a possible resemblance between the low-energy photon
index a of the S-GRBs and the initial part of the spectrum of the L-GRBs in the BATSE
GRBs. Figure 13 shows a significant difference in the time-averaged photon index for a PL fit
in the BAT data between the L-GRBs and the S-GRBs. Therefore, it is worth investigating
this difference using our time-resolved spectral results. Figure 19 shows the histograms of the
BAT photon index in a PL fit for the initial spectra of the L-GRBs and the time-averaged
photon index of the S-GRBs. The initial spectrum is chosen to be the first spectrum of
the time-resolved spectra for each burst. The K-S test probability comparing the initial PL
photon indices of the L-GRBs and the time-averaged photon indices of the S-GRBs is 0.02.
Therefore, the K-S test shows no clear indication that the PL photon indices in the initial
intervals of the L-GRBs and the time-averaged PL photon indices of the S-GRBs are drawn
from the same parent population in the BAT data.

One of the important questions about prompt emission from GRBs is whether or not
the observed spectrum is correctly represented by the synchrotron shock model (SSM)
(Rees & Mészdros 1992; Sari et al. 1996). According to Preece et al. (1998), 23% of the
BATSE time-resolved spectra have low-energy photon indices which violate the SSM limit
from —3/2 to —2/3 (the so called “line of death” problem). Although the BAT photon index
based on a PL fit does not represent the low-energy photon index « of the Band function
if Egs, is located inside the BAT energy range (see section 4.5), the BAT photon index
should be the actual low energy photon index a if Egey is located above the BAT energy
range. Therefore, the photon index derived from a PL fit in the BAT time-resolved spectra
is the interesting dataset to investigate the line of death problem. Figure 20 shows the BAT
photon index versus the energy flux in the 15-150 keV band using time-resolved spectra with
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a PL fit. We only used the results for which the 90% error of the photon index has been
constrained within +0.5. Out of 2968 points in the figure, 18 spectra (0.6%) exceed the hard
side of the line of death (>—2/3) by >1.6 ¢ level. Figure 21 shows the distribution of the
low-energy photon index o versus El;"j';k of the BAT time-resolved spectra for which there is
a significant improvement of y* in a CPL fit over a PL fit. Just as in the PL fit samples, we
only used spectra where the low-energy photon index a is constrained within 0.5 at the
90% confidence level. The low-energy photon index of 23 out of 234 spectra are harder than
—2/3 by >1.6 & level. There is only one time-resolved spectrum (GRB 090618 from 110.5 s
to 112.272 s from the trigger time) which violates the softer side of the line of death (<—3/2)
at the significance level of >1.6 . Therefore, the total fraction of the BAT spectra in the
CPL samples which violate either line of death is ~10%. Although there are the spectra
whicn violate the line of death in the BAT data, it is likely that the number of the BAT
spectra which violate the limit is a factor of two smaller than the BATSE result. Figures
22, 23 and 24 show the BAT light curves with shading of the time intervals exceeding the
line of death. We notice that the intervals exceeding the line of death are mostly in bright
spikes in the light curves. Furthermore, in some bursts, the rising part of the light curve
(e.g. GRB 080319B) exceeds the limit. Although it is hard to conclude which part of the
light curve violates the line of death because of the small number of samples in our study, we
do see a general trend that 1) a bright peak and 2) a rising part of a peak in the light curve
tend to exceed the line of death limit, This is consistent with the BATSE results that the
initial part of the FRED pulses tend to violate the line of death (Lu et al. 2010). However,
we do want to stress that majority of the photon indices derived from the BAT spectra are
consistent with the expectation of the SSM.

An interesting result from the Fermi mission is that in at least one burst, GRB 0909028,
(Abdo et al. 2009) which has a strong GeV detection by the Large Area Telescope shows the
presence of an underlying power-law component in addition to a Band function component
in the time-resolved spectra. The extra power-law component emerges not only in the GeV
energy range but also in the <50 keV energy range. We decided to investigate if such a feature
is present as well in the BAT time-resolved spectra. To do this, we perform BAT spectral
simulations using the spectral parameters of the interval b of GRB 090902B (from 4.6 s to 9.6
s) as reported in Abdo et al. (2009): the Band function parameters of « = 0.07, § = -3.9
and .E‘“P‘:i = 908 keV, and the extra power-law photon index of —1.94. We simulate 10,000
spectra using the BAT energy response of 30° off-axis with the xspec fakeit command.
The background from the real data is included in the simulation. When then checked to
see how well the two models, PL. and CPL, fit the simulated spectra. Figure 25 shows one
example of a simulated spectrum fitted by a PL model. Since the input spectrum has a steep
power-law (photon index of —1.94) and then breaks to a very flat power-law (photon index
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cf 0.07) around 50 keV, the BAT simulated spectrum shows a significant deviation from a
PL fit. In this example, the reduced x* in a PL fit is 2.93. Figure 26 shows the reduced
x° distribution of all the BAT simulated spectra when fitted by a PL model. A Gaussian
fit to this histogram yields a peak of 2.58 with o of 0.28. 99.97% of the simulated spectra
show a reduced x* > 1.7. None of the CPL fits to the simulated spectra shows a significant
improvement over a PL fit. By comparison when we look at the real BAT spectra, we find
that the reduced y* distributions of the time-averaged and the time-resolved spectra fitted
either by a PL or a CPL model are well centered around 1 (Figure 27). There are only two
time-resolved spectra (out of 3284) which show a reduced x* > 1.7. For these two spectra,
the residuals from the best fit models are not similar to the residuals seen in Figure 26. For
the time-averaged spectra, the poorest reduced %2 is 1.54. We can therefore conclude that
we do not confirm the existence of an extra power-law component which extends below 50
kaV in the BAT GRB spectra. Although GRB 090902B and other Fermi GRBs for which
datections of the extra power-law component are claimed could be a special type of GRB
which has never been observed by the BAT, we believe that confirmations from other GRB
instruments are required to validate the exstence of the extra power-law component, and
especially its presence in the hard X-ray range of the spectrum.

4.7. Observed Properties vs. Redshifts

Figure 28 shows the observed BAT Ty duration versus redshift. We also plot the
celculated Ty that we would observe if three particular GRBs, GRB 050525A (z=0.606),
GRB 061126 (z=1.1588) and GRB 061222B (z=3.355) had occurred at different redshifts.
If high-z bursts have the same duration distribution in the rest frame as low-z bursts, then
we would expect the duration of a high-redshift GRB tends to be longer as shown in the
trajectories. Due to the intrinsic scatter in duration and also the relatively small number
of high-redshift GRBs, it is difficult to conclude whether we see a clear indication of the
time-dilation effect in the data.

Figure 29 shows the observed photon index of the time-averaged spectra in a PL fit
versus redshift. If there is an intrinsic spectral shape in the GRB rest frame, we would
expect the observed spectra to be softer when the redshift is higher. The overlaid curves in
the figure show the expected BAT observed PL photon index as a function of redshift for
a model burst with EZZ, of 300 keV, 100 keV and 30 keV. We used the Ep.u-T' relation
(Sakamoto et al. 2009) to convert Epg, into the BAT PL photon index for these curves,
There is no obvious observed trend because of the intrinsic scatter in the data and relatively
small sample of high-redshift GRBs.
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The distributions of the peak flux and the fluence as a function of redshift are shown
in Figures 30 and 31. Although the peak flux and the fluence measured in the narrow BAT
energy band are not bolometric measurements, there is no obvious correlation between those
parameters and the redshifts. The fluence and the peak flux of the low redshift GRBs are
scattered from the lowest to the highest values. The high redshift (GRBs are located in the
small peak flux and the fluence region, but they are not the dimmest populations of the BAT
known redshift GRBs.

4.8. Rest-frame Properties

Figure 32 shows the distribution of Ty and Ty, durations calculated in the 140-220 keV
band in the GRB rest frame as a function of redshift. The averaged Ty and Tk durations
in the rest frame are 18.5 s and 8.0 s respectively. The respective correlation coefficients
between Ty and Ty and the redshifts are 0.09 in 122 samples (null probability of 0.3) and
0.1 in 121 samples (null probability of 0.3). Therefore, there is no clear trend between the
duration in the GRB rest fame and the redshift.

Figure 33 shows the correlation between EJE, and the isotropic-equivalent energy Eig,.
The Ejg, and Ej, values of the GRB samples from BATSE, BeppoSAX and HETE-2 are
extracted from Amati (2006). We only select the Swift GRBs for which we reported the
time-averaged CPL fits in this catalog and that also have redshift measurements. For those
bursts, we fit the spectrum with a Band function to measure ET5, and Eiy,. Ei, is calculated
bv integrating over the 1 keV - 10 MeV band in the GRB rest frame. We used the same
cosmological parameters of Amati (2006) in the calculation of Ei, for the Swift GRBs.
Table 13 summarizes the values of EL55, and Ei, of Swift GRBs. As shown in Figure 33, the
Swift GRB samples are consistent with the samples from other GRB missions, and follow
the relation originaily proposed by Amati et al. (2002).

5. Summary

The BAT2 catalog includes 476 GRBs detected by BAT during 5 years of operation.
We present the observed temporal and spectral properties of the BAT GRBs mainly based
on BAT event data. In this catalog, we present not only the time-averaged but also the
time-resolved spectral properties of the BAT GRBs. We also distinguish among L-GRBs, S-
GRBs, and S-GRBs with E.E. to investigate possible distinct characteristics in the prompt
emission properties. Comparisons of the prompt emission properties among the BATSE,
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the BeppoSAX and the HETE-2 GRB samples are shown. The observed prompt emission
properties for the BAT known redshift GRBs are also presented.

We have shown that the BAT Ty and Ty durations peak around 70 s and 30 s, re-
spectively, whereas the BATSE, the BeppoSAX and the HETE-2 Ty, durations peak around
10-30 s. This can be understood by the differences in the sensitivities of the instruments.
We have confirmed that the spectra of the BAT S-GRBs are generally harder than those
cf the L-GRBs. The overall hardness of the S-GRBs with E.E. is comparable to that of
the L-GRBs, whereas, the hardness of the initial short spikes of the S-GRBs with E.E. is
comparable to that of the S-GRBs. By comparing the BAT GRBs with the BATSE and the
HETE-2 samples using the fluences in the 50-150 keV and the 15-50 keV bands, we have
shown that the majority of the BAT GRBs are systematically softer than the bright BATSE
GRBs, whereas the HETE-2 samples overlap with the BAT GRBs in this fluence-fluence
plane. We have confirmed that the photon indicies of PL fits to the BAT S-GRBs are harder
than those of the L-GRBs in the time-averaged spectral analysis. The distribution of the
time-averaged PL photon indices of the S-GRBs with E.E. is consistent with that of the
L-GRBs. However, the PL photon indicies of the initial short spikes of the S-GRBs with
E.E. are much more similar to those of the S-GRBs. The time-averaged Ep‘*:t of the BAT
GRBs based on a CPL fit shows a log-normal distribution in the peak around B0 keV which
is significantly smaller than that of the BATSE GRBs which peak around 320 keV. There
is no significant difference in the E2%, based on a CPL fit between the time-averaged and
the time-resolved spectra in the BAT data. We have confirmed that only 10% of the BAT
photon indices in the BAT time-resolved spectra are outside the allowed range of the line of
death (the limit from the SSM). The intervals which violate the line of death are at bright
peaks and/or at a rising part of a peak. We see no obvious observed trend in the BAT Ty
and the observed spectra with redshifts. The Ty and Ty durations calculated in the 140-220
keV band in the GRB rest frame for the BAT known redshift sample are peaked at 19 s and
8 s, respectively. The BAT GRB samples are consistent with the EZC, - Ei, relation (Amati
relation).

We would like to thank C. R. Shrader for instructing tools (CGRO ftools) to read
BATSE data by xspec. We would also like to thank the anonymous referee for comments
and suggestions that materially improved the paper.
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Table 2. BAT GRB energy fluence
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050418 CPL TToE64 143.0 £ 5.7 121.04+ 8.2 108.0+128 5110159 -8.35 +B0.50
C30421 PL 21+08 3T=09 484 L7 36L18 143140 +0.05 +18.11
C50a22 PL T2x1.5 d1x1lB 21.2433 ITi=4) 596481 =11.30 +68.70
C50602B PL TOz08 12109 162+18 11.8£20 4T.1+d3 -17.32 +3.18
CHOGGE PL 0.0+ 4.0 BRBL 4B B3LT.1 Tis B89 251.0 £ 18.1 =-10.08 +52.51
50807 - — — — — - — == (2)
0506094 PFL 8.3+ 10 134 £0.8 8.T=15 §a+ 13 Bex33 -6.26 +8.06
0305008 PL 0,08 £ 0.03 0.16 = 0.04 0.26 £ 0.08 0.2+01 0.Txm2 0.0 +0.03
G30525A CPL 2200+ 8.8 4400 £ 7.8 555.0 4+ 8.8 299.0+ 8.1 1610.0 &+ 20.0 .12 +112.68
050528 FL 121+22 143+20 12,1 += 3.0 82433 WT=T0 -8.20 +4.98

050603 PL 863154 MTO0XT71 Brox11.2 2330%161 TO3.0+ 289 =17.%7 +33.23

“The event data are not available.

*The event data of the part of the burst emission are not available.

35{100-150) is an upper limit.
“5(50-100) is an upper limit,



Table 3. BAT GRB 1-s peak photon flux

CRB Spectral ¥, (16-25)  Fp,(35-50) F7, (50-100)  F7,(100-160)  F(,(15-150)  Stert Note
Name Model {photons em~2 s~1) (s)

041217 PL 206+02% 2244017 1.70+£014 0796+0106 682048 4326

0412194 - — - - — (1)

0412198 — - - - — — - (1}

041218C PL 0884014 ©GI8L004 045008 0.19 + 0.02 243+023 4200

041220 PL 052+003 058+002 0462002 0.22 £0.02 178013 002

041223 PL 1514011 2204010 238+010 1484005 T58£0.20 43500

241224 PL 082+0G14 O0O5£010 079004  CG400.03 285+020  -0.06

Da1226 PL DOF=0.02 011002 0.004+002 0.05 £ 0.01 034+008 4331

041228 PL 06240105 05664004 034£003 0.13 £ 0.02 165 £0.24  +22.03

050117 FL 0614003 0704003 0.70+0.03 0414008 232016 +87.32

050124 CPL 420063 11.9+£08 19515 11.1+22 46.6£33 0.1

250126 PL 0.64 0.91 156 2.21 4.22 +121 (34,567

050128 FL 6734102 139413 2232+23 18.7+2.8 6164566 454

050202 FL 058031 109034  L5T£05S 122 0.69 4.46 +1.31 0.4

0502154 PL 027016 078+£028 186046 2.11 4+ 0.80 5024127  45.6

0602158 FL 0784020 12440323 147042 0.98 £ 0.42 4474100  +D.1

0502194 FL 2784047 6384067 116+12 0.7+ L7 Adxal +9.5

0502168 CPL 230+26  50.7+4.1 69649 02+59 184.04 100 428

050223 PL 0654026 122+030 176£055 1.37 £ 0.67 500+132 418

50306 PL 288+0.71 639+£0986 11115 106 £ 2.0 0439 41070

050315 PL 267088 247036  3.30£0.567 1.85 £ D48 1L.3+1d 4346

OpO3LE — == - — = is - @

050319 PL 1801035 2604036 2682060 1.56 4 0.52 BA24 143 0B

050326 PL B134£040 20008 436414 48+21 UT0£3.6 0.1

050401 CPL BEE:163 21.2+21 a7+41 20653 902479 4243

50406 PL 0.53+018 O065+£020 0.5T£032 0.30 4 0.25 204 +0.75 403

050410 PL 181 £062 296068 A51L112 233+ 110 07427 3.5

050412 PL 023011 074+022 1954038 247-L0.72 542+=107 411

(504184  CPL BE4E0.82 H44£1.13  LIELOMM - 199418 +0.0 is)

504168 PL 4274087 106413 213+3.1 21.2+3.1 573454 +0.1

CED&LE PL 2794038 657L055 12310 IL7£14 334£25 +0.7

oa0421 PL D48+0.19 0824021 10504 0.75 £ 0.45 310£097 04

050423 FL 0.98£019 0512020 055:038 080k—— - L76%087 4602 {8)

c505028  CPL 112020 310+082 447052 2.01 081 10.7+1.2 +0.3

050505 FL 130043 3204064 617008 5.80+1.32 16.7425 +1.0

OBO50T - - - - - - - (2

“The event data ure not availabla.

The event clata of the part. of the burst emission are not aveilsble

3F 75 (15-26) s an upper limit.
“F3y, (25-50) is an upper mit.
* P, (50-100) is an upper limit.

"F:h{lm-lﬁﬂ] in an upper limit.
T‘&{l&lﬁﬂ-}l I8 an upper limit,



Table 4. BAT GRB l-s peak energy flux

= — — — —_— ——— —

GRB  Speetral  FE.(1535) FR..(25-80) FE.(50-100) F3..(100-150) FE.(15160) Note
Name hlodel {(10~5 args cm=2 5~ 1)

41217 PL 65408 12.7:£08 193417 157421 54.2 +432

412194 = = — — (1)

0412198 — - - — — - (1)

0412180 PL 27204 44204 54407 37408 163418

041220 PL 1602 3.3+03 52405 44407 M45+13

041223 PL 48404 12.8 - 0.6 27.7+1.3 20419 T46+32

041224 PL 25404 5404 9.0+ 1.0 79413 24.94+ 26

041226 PL 03401 0.6+03 1.14+04 10405 29+04

041228 PL 2.0+ 0.5 31405 3.8+08 26+0.8 MAa=18

050117 PL 1.6+02 40+03 B.1 & 0.6 52410 notLy

080124 CPL 4208 11.93-0.9 19.5+1.5 11423 466433

030126 PL 0.8 0.9 1.8 22 43 (3.4,5,8,7T)

030124 PL 6.7 1.0 135+1.3 223+23 18.7+28 61.6 457

050202 PL 0.64+0.3 11403 16408 1207 4513

050213A FL 03+02 0.8+03 1.6+ 0.5 21408 B0+ 13

0502158 PL 0602 12402 1604 1004 4510

0502184 PL 2LB+05 84407 16+12 0.7+ L7 s1.44 31

0302188 CPL 2.0+26 50.7+31 B9.6-+49 402459 184.0 4 10.0

050223 PL 0.74+0.3 12103 18208 14+07 50+1.3

050808 PL 29407 6.44+1.0 111415 10020 304430

050815 PL 27404 35404 33406 19403 113414

080318 - - — - - — {2

050318 PL 2.040.4 27404 27406 1.6+05 Bot14

080326 PL B1-+0.4 210+ 06 86+14 44.8+21 11704 3.6

050401 CPL BHE1.5 212421 417+ 41 9.6+ 5.3 992478

050406 PL 0.5+09 0.7+0.2 06404 0.34+0.3 20408

050410 PL L8406 40+07 35+ 1.1 23+14 107+ 27

030412 PL 0.240.1 0.7+0.2 20404 25407 54411

D50418A CPL 56400 g4£1.1 18+08 0.1 va+1e (8)

0504188 PL 4308 106413 212421 21.2£3.1 573454

050418 PL 29:k0.4 6606 12.341.0 11714 W\WALLE

050421 FL 0.5+0.2 08402 Li04 0.8+ 0.5 81410

050422 PL 0.4+02 0.5+ 0.2 06404 0.8 1LE+0.9

0505028 CPL 11402 31+03 4505 2.0+08 10,712

050505 PL 14+04 43408 f2+1.0 59413 16.7£2.6

050507 - - — — - (2)

The event dats are not available.

*The evant dats of the part of the burst emission are not evailable.
IFELe(15-25) (5 an upper limit.

*Flne(25-50) is an upper limit.

$F L (B0-100) is an upper 1lmit,

S (100-150) Is an upper Limit,

TFEe(15-150) in sn upper kmit.



Table 5, BAT GRB 20-msec peak photon and energy flux

= —— ——}
CRB  Spectral Foue(15-150) FF, (15-160) Start  Note
Name  Model (10"" ergaem~24!) (photons em~? =) (s)

041217 CPL 7554810 0.5+33 +3.63
412194 - . — - (1
0412198 - - - - (1)
041719C PL 208 + 10.8 4116 +8.13

041220 PL 20118 3110 4025

41223 PL 1240+ 1727.1 11.3+22 +34.30
041224 CFL 446 165 59021 +0.68

041926 PL 131471 L4407 +2.75
041228 - - - +2.48  (2)
050117 CPL 4194166 40412 88,02
050124 CPL 80,1+ 20.4 0.6+ 2.6 +0.36
050126 PL 285132 20414 +3.44

oa0128 PL 154.0 4 54.7 AT+ 4.5 +6.18
050202 PL $N1.9+153 43414 40,08
0502164 PL 16.7+10.3 19410 +0.40
0502158 PL 17.0+ 108 1.6+09 +1.52
0502194 PL T1.5 4 81.1 BOL2S +10.52
0502198 PL 344.0 = 103.0 36.4 + 9.6 +3.08
n50223 CPL WBT£TS 24+10 +7.74

050306 CPL T03+356 75437 +107.96
050316 PL 22.7+112 37414 40,86

050318 - - - - (%)
030319 CPL 18.7+73 36+13 +0.66

PL 1610 + 30.1 16.0+2.4 +0.48
050401 - - - +2517 (3
050406 PL 11.3 1.3+06 +0.60  (4)
050410 CPL BLO 50+£26 4784 (4)
050412 PL 12.6 467 L5408 +21.66
0504168A  CPL 2504121 T4+33 +0.12
0504168 PL 620+ 5328 BHL42 +0.20

DG0418 CPL 46.1 £ 20.3 6.7£20 +2.36

pBo421 PL 154 £0.1 14408 4183

050422 PL 12.0+£75 16407 +2.52
0405020 PL 212400 2400 +0.59
050606 PL 33.8=183 47422 237

050507 = - —~ - (3

!"The event data are not availahle.
*Reduced x? is greater then 2.

3 The event data of the part of the burst emisslon are not mmilable,

$FDua(15-150) is an upper limit.
*F3, (15-150) is un upper limit.
fhattblods failed hocsuse of the weak nature of the burst.
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Table 6. BAT time-averaged spectral parameters

GRB afl Ki(a)  xfy . afe Este K () xip, Note
(keV)
27 —14s7tRge ATorit ™z | -0esstlRt msill oSl ez
0412194 — - - — - - — (1)
0412198 - — - - — (1)

0412180 —zm';'“-“' :m.n-i'“ 44.6 — = - -
78158 =y = . = .
041220 167250 g mr:,[;l 30.5

041223  —1.1587% 1060%;5 334 - - -
T

41224 -"n;‘-r&'ﬂ u.z;d, i o 008438 eaotlly 101*37 369

01226 -1l e L - — —

041238 —1.61 by u.tﬁﬁ 646 — — : =

os0117  -1.519%% 45T 44 | —1anidine 13035323 .4*13 32.2

s34 —Latzriol  yggiil  gsg _n6oatiAR  1pnotB  guytdls g

050126 —mnn:_;lgi% m.a:fi 723 - —

050128  -i.368F T 631 | —omefdie 1artR4 metlE  ws
% ;

aw, mas el w5 - = -

1 -1.326"% aath 430 - - — -
0502158 —nnig;% w.u:‘i}i 57.6 - - —
O50219A HIMFE:EEE mm;a 100.7 -n.mf“?ﬁ 90,6755 40.41;:;' 39.0
0502198 "mtﬁh W05 794 a-u.mt,&;m wreted it s1e
oso22s  —Ls26t) 2467 48.3 -
060306 —Lﬁj%ﬁ ﬁ&.l*ﬂ 50.5 | -1.086%038 1403t 93t 53.3
:ﬁu -2087 00 27.9%]] 523 —

15 - " — ; - — - @
050319 —1.mii;iﬁ u:i;g 45.4 - —_ =
050326 -l.mts;w 2100538 469 =— — : =

050401 'lmzﬂ:jﬂ 249 41.4 = - - =
060406  -2404lgaes 124735 736 0.4067 25% ““‘%’{ u.rﬂ%}?—“ 65.6
080410 —l.ﬂu; 'm.a;H 664 | —0.812°038  7E6MILY  1900%  ame
050412 -0.720'0 171+0 303 = = = =
O50416A  ~3,18070 08 :m.s?‘,i'! 586 | -0.@7atdIm u:r*iig 4570 522 (8)

! gratd i
oouien 13788 gsothls  mg | 0P gg7r o v ol ‘
050418 -tﬂaﬁég m.;ffi-l{ 571 | -12027038  opsTHSR  oedl 502
050421  -1.593% LE 0 are = '

080422 — _ﬁﬁ s 4B = = = =

*In units of 10~4 phem™2 51 keV =",

bIn units of 10~% ph am—2 5= eVl

!The event data are not svaiinble.

*The event dasa of tho part of the burst emiasion are not svailable.
"No error bacanse of reduced chi2 3 2.

*KE} =291 0§ for the spectrum basod on the event date and KEF = 28.11(}'{ for the spectrie based on the
DPH data.

SKET = 4470} for the spectrum based on the event data and KIF = 3.415? for the spectrum bssed on the
DPH data.

SKET" I an upper Hmit,



Table 7. BAT time-resolved spectral parameters

Note

Fopr(15-150)(b)

KT )

ﬂm

x' Fpo(15180)(b)

KE(m)

Bpeas
V)

Y T T O ) S A L [ O S (At I

g
0
?

@ @ - * o L LA
13333333335353585555
§2599832533388333433
235333333983a52353a8

i JERNSESnARESe
e
L e i o g O
A FEEEELL LR
HITEH HEHELLL
- 8 -

HEHEHHHEHEEH

Inunits of 10 phem= 0! V-1,

Not enough statistios to perform the apoctral fit.
No error because reduced chid is greater than 2.
Fr(15-150) is an upper Hmit.
Bad quality of the spectrum.
SSpectral parnmiters are not constrained by o CPL fis.

81y weits of 104 phoem~? g~ eV~ 1.
Bln units of 10" sege em = w1,

1] = " - -
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Table 8: BAT GRB Ty and Ty durations in the 140-220 keV band at the GRB rest frame.

GRB Toe  Tg° Note
(s) (s
050126  8.73 4.80
050223 - — N
050315 13.99 6.93
050318 568 3.02
050319 33.20 28.15
050401 837 6.53
050416A — — (1)
050505 11.37 4.55
050509B — — (1)
050525A 4.24 2.89
050603 253 057
050724 — (1)
050730 28.67 13.00
050801 110 0.79
050802 472 229
050814 2481 791
050820A —
050904 26.48 12.50
050008 111 0.50
050922C 156 0.63
051016B — — (1)
051109A 11.78 8.36
051111 18.82 6.27
051221A 017 0.08
060115 28.80 19.86
060124 394 273
060206 1.10 0.43
060210 3574 6.24
060218 - - ()
060223A 193 0.70
060418 19.28 6.43
060S02A 6.69 295
060505 — — (1)
060510B 44.87 19.78

Yhasthlocks failed because of the weak signal in the light curve.
2The event data of the part of the burst emission are not available.



Table 9: Redshifts of Swift GRBs

GRB Redshift Reference

050126  1.290 @)
050223  0.584 (3)
050315  1.950 (4)
050318  1.444 (4)

050319  3.2425 (1)
050401  2.8983 (1)
050416A  0.6528 (5)
050505  4.275 (6)

0505098  0.226 (7)
050525A  0.606 (8)
050603  2.821 (9)

050724 0258 (10)
050730  3.9693  (10)

050801 138 (1)
050802  1.7102 (1)
050814 5.3 (11)

050820A  2.6147 (1)
050824  0.8278 (1)
050826  0.296 (12)
050904  6.295 (13)
050908  3.3467 (1)
050922C  2.1995 (1)

'Fynbo et al. ApJS, 185, 526 (2009)

2Horger E. et al. ApJ, 629, 328 (2005)
IPellizza, L.J. et al. AkA, 459, L5 (2008)
“Berger, E. et al. ApJ, 634, 501 (2005)
5Soderberg, A.M. et al. ApJ, 661, 982 (2007)
SBerger, E. et al. ApJ, 642, 079 (2006)
TGehrels, N. et al. Nature, 437, 851 (2005)
8Dells Valle, M. et al. ApJ, 642, L103 (2006)
%Barger, E. et al. GCN Cire. 3520
W0Barger, E. et al. Nature, 438, 988 (2005)
U Jekobsson, P. et al. A&A, 447, 897 (2006)
12Mirabal, N. et al. ApJ, 661, L127 (2007)
13K awai, N. et al. Nature, 440, 184 (2006)



Table 10: Statistics of the BAT2 GRB catalog

Class Number of GRBs Fraction Classification
L-GRB 424 89% Tw=>2s
S-GRB 38 8% Tw<2s
S-GRB w/E.E. 10 2%  Norriset al. (2010)
Unknown 4 1%  Incomplete/lost data

Table 11. Spectral parameters of the initial short spikes of the short GRBs with E.E.
GRB  start  stop aft KE{a) v
(s) (s)

050724 —0.024 0416 -1.50"9 4 u 51527409 50,9
051227 —0848 0828 ~-094102  ELOTIS 656
061006 —23.24 —2220 -0.867007 4453*7T 508
061210  —0.004 0080 —0. aatg }3 o755.11 3008 58.2

070714B -1 -2 -0 gs_u o 1582172 43.0
071227 —0.144 1872 -0 m_n i 98.671231 510
080503 —0.048 0436 -1.627023 13067153 66.0
090531B 0252 1300 -—0.99%3i% 143.4*‘}&‘,‘ 63.3
090715A —012 084 099701 3489%3%3 550

090916 00 035 -13&‘“‘ mjﬂ 72.6

In units of 10~ ph cm™2 s~! keV-1.
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Table 12. BAT GRB energy fluence of the initial short spkes of the short GRB with E.E.

GRB  Spectral §(15-25) S(26-50) S(50-100) S(100-150)  S(15-150)

Name Model (107® ergs cm™2)
060724 PL 29+04 B53+04 T7H+08 5.7+09 21.5L19
051227 PL 08+02 20+03 42+06 43+10 113116
061006 PL 33+03 89+04 19608 210+14 527+23
061210 PL 14402 424+04 100508 12415 284424
070714B PL 3.7+04 84+05 182+10 195+16 51B8X26
071227 PL l4+£04 39406 B83=+1l1 BB+18 224129
080503 PL 09+£02 15+02 2004 15+04 5909

090531B PL 12402 31+03 63%x06 63 +10 168+16
090715A PL 2706 6709 13415 13524 363+40
090916 PL 09+03 19+04 29%+06 23x08 B0+16




99

Table 13. Ey, and Eis, values for Swift GRBs.

GRB z Evak Elo
(keV) f_ll:lErﬂ erg)

050416A 0.6528 225 0121“335
050525A 0.606 120%8- 26708
060115  3.5328 207192 65157
060206  4.0559 41ﬂ’:{% 45752
060707  3.4240 2741% 477188
060908  1.8836 4141@3 81:1_2
060927  5.4636 2760  13%3

071010B 0.047 882  26t0%
071117  1.3308 112%315 g5t16
0804138  1.1014 163131  1.7+22
080603B 2.6892 277t 66762
080605  1.6403 766151 31750

0809164 0.6887 2001120 1.8t 13
090205  4.6497 214728 09i3_§
090423 826 41071 95738

090424  0.544 236717 3‘.’%&
0909268 1.24 17513 54138
091018  0.971 55158 nT*S?
091029 2752 22013 851D
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Fig. 1.— Systematic error as a function of energy. The current systematic error is shown in
a solid line and the previous systematic error (used in the analysis of the BAT1 catalog) is
shown in a dashed line.
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Fig. 2— Power-law photon index (top) and the flux in the 15-150 keV band as a function
of the incident angle of the Crab observed in different time periods. The horizontal dashed
lines are the Crab canonical values of —2.15 for the photon index and 2.11 x 10~® ergs em—2
s~! for the flux. The dashed dotted lines are +5% of the photon index and £10% of the flux
canonical values.
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¢ Long GRBs
A% « Short GRBs
-90 « Short ORBs wE E

Fig. 5.— Sky distribution of the 476 BAT bursts in Galactic coordinates with long GRBs
in black, short GRBs in red and short GRBs with extended emissions in green.
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Fig. 22.— The BAT light curves with the intervals for which the spectra exceed the limits
of the SSM as shaded. The red shading indicates intervals exceeding the limit by > 3.2 0.
The yellow shading indicates intervals exceeding the limit by > 1.6 o.
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Fig. 25.— A simulated BAT spectrum with a Band function plus an additional power-law
component (see text). The solid line shows a fit to a PL model.
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