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The	Swi*	Burst	Alert	Telescope	(BAT)	
•  Telescope	that	trigger	GRBs	
•  ～	90	burst	per	year	(～	2	per	week)	

•  15	-	150	keV		
•  Field-of-view:	～ 2	sr		
				(～	1/6	of	the	sky)	
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The	3rd	BAT	GRB	catalog	
•  ～ 1000	GRBs	seen	by	BAT	?ll	GRB151027B	
•  Characteris?cs	of	prompt	emission	
•  Burst	dura?ons,	spectral	analysis	

•  GRB	redshi*	list	
•  GRB	trigger	method,	burst	incident	angles	
•  Discussions	of	instrumental	sensi?vity	and	their	effects	

on	GRB	detec?ons	
•  Search	for	extended	emission	beyond	event	data	(survey	

data)	
•  All	results	and	data	are	public	on:		
Aaaaaaaa	
Website	will	con?nue	to	be	updated	with	recent	bursts	
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BAT	Observing	Time	
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Fig. 4.— Fraction of the BAT observing time (i.e., the time when BAT is able to trigger

bursts) as a function of year. The fraction remains very stable at ⇠ 0.78.

for energy calibration, and batgrbproduct12 to perform a series of standard analyses of the

event data, which includes filtering out hot pixels of the detectors, occultation time periods,

refined-position analysis, duration estimation, making light curves with di↵erent time seg-

ments and bin sizes, and generating spectra. We adopt the default options of batgrbproduct,

except the minimum partial coding fraction (pcodethresh), which is set to 0.05 instead of

0.0.

The burst durations estimated by batgrbproduct include T
100

, T
90

, and T
50

, which corre-

spond to the durations that contain 100%, 90%, and 50% of the burst emission, respectively.

Specifically, the start and end times of T
90

in this standard pipeline are defined as the times

when the fraction of photons in the accumulated light curve reaches 5% and 95%13. Simi-

larly, the start and end time of T
50

is defined as the times when the accumulated light curve

reaches 25% and 75%. These definitions for T
90

and T
50

are commonly adopted for quantify-

ing burst durations by other teams, including BATSE, BeppoSAX, and Fermi (Koshut et al.

12http://heasarc.gsfc.nasa.gov/ftools/caldb/help/batgrbproduct.html

13http://heasarc.gsfc.nasa.gov/ftools/caldb/help/battblocks.html
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BAT	Observing	Time	
• ～ 11+-1%	dead?me	for	the	South	Atlan?c	Anomaly	(SAA)	
• ～ 11+-1%	due	to	slewing	– 9 –

Fig. 4.— Fraction of the BAT observing time (i.e., the time when BAT is able to trigger

bursts) as a function of year. The fraction remains very stable at ⇠ 0.78.

for energy calibration, and batgrbproduct12 to perform a series of standard analyses of the

event data, which includes filtering out hot pixels of the detectors, occultation time periods,

refined-position analysis, duration estimation, making light curves with di↵erent time seg-

ments and bin sizes, and generating spectra. We adopt the default options of batgrbproduct,

except the minimum partial coding fraction (pcodethresh), which is set to 0.05 instead of

0.0.

The burst durations estimated by batgrbproduct include T
100

, T
90

, and T
50

, which corre-

spond to the durations that contain 100%, 90%, and 50% of the burst emission, respectively.

Specifically, the start and end times of T
90

in this standard pipeline are defined as the times

when the fraction of photons in the accumulated light curve reaches 5% and 95%13. Simi-

larly, the start and end time of T
50

is defined as the times when the accumulated light curve

reaches 25% and 75%. These definitions for T
90

and T
50

are commonly adopted for quantify-

ing burst durations by other teams, including BATSE, BeppoSAX, and Fermi (Koshut et al.

12http://heasarc.gsfc.nasa.gov/ftools/caldb/help/batgrbproduct.html

13http://heasarc.gsfc.nasa.gov/ftools/caldb/help/battblocks.html

– 10 –

Fig. 5.— Fraction of the BAT slew time (red bars), and the time in SAA (black bars), as a

function of year. Note that this is the SAA time for BAT only, which determines the SAA

time based on instant count rate and backlog in the ring bu↵er. XRT and UVOT adopts a

more strict criteria for SAA using the sky location, and thus have a larger SAA time fraction

in general.

1996; Paciesas et al. 1999; Frontera et al. 2009; von Kienlin et al. 2014). In this paper, we

follow the convention and use the T
90

= 2 s as the separation between the long and short

GRBs categories (Kouveliotou et al. 1993). Specifically, the bursts that are referred to as

short GRBs in this paper have T
90

 2 s, without taking into account of the uncertainty in

T
90

.

The burst refined positions are generally also found by batgrbproduct by running bat-

celldetect on the image with the burst emission. This image will end before the spacecraft

slews if T
100

lasts beyond the slew time. These refined positions are not used in any of the

further analyses, such as calculating the mask-weighted light curve and spectrum. However,

we do use the signal-to-noise ratio reported with these refined positions to determine whether

the burst could be a questionable detection. For a few dozen bursts, the signal-to-noise ratio

associated with the refined positions found by this auto pipeline is lower than 7 (the typical

image-trigger threshold). However, most of these cases are due to a long quiescent period of

the burst emission before the spacecraft slews. We thus rerun the search for detections for
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BAT	Ac?ve	Detectors	– 22 –

Table 1: Summary of yearly GRB detection and the averaged number of BAT active detectors

from 2004 to 2014.

Year Number of detections Number of detections Average number of active

(with ground-detected GRBs) (no ground-detected GRBs) BAT detectors

2005 88 86 29413

2006 102 100 26997

2007 87 80 27147

2008 105 96 26478

2009 91 81 24387

2010 85 72 24050

2011 82 75 22817

2012 92 89 23017

2013 96 85 22053

2014 94 84 20413

Table 2: Summary of number of GRBs in each category.

GRB category Number of bursts (percentage)

Long 850 (84.49%)

Short 90 (8.95%)

Short with Extended Emission 12 (1.19%)

Ultra long (T
90

& 1000 s) 16 (1.59%)20

Bursts with un-constrained durations 66 (6.56%)

4.2. Burst durations

There are 990 GRBs that have available burst durations. However, there are 9 bursts

that do not have available errors associated with the T
90

, because the burst durations are

determined by the FRED-model fit. For the 16 GRBs without T
90

measurements, 10 of them

are missing burst durations because battblocks failed to find the burst durations due to the

weak nature of the bursts, and the rest of the 6 GRBs are those without event data. In

addition, there are 52 bursts that have incomplete GRB durations, i.e., the reported burst

durations are lower limits, mostly because the burst durations last longer than the available
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Swi$/BAT	GRBs	to	date	
• ～	1095	GRBs	?ll	now.	
•  In	this	presenta?on	(3rd	BAT	GRB	catalog):	1006	GRBs	?ll	GRB151027B	

56	ground-detected	
(not	during	slew)	

25	ground-detected	
during	slew	

	90	(9.0%)	short	GRBs	

850	(84.5%)	long	GRBs	
• 	～	12	(1.2%)	sGRB	with	E.E	
• 	～	16	(1.6%)	Ultra-long	GRB	

925	onboard	Triggers	
• 	162	(17%)	image	trigger	
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Burst	Dura?ons	
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dependent	
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Burst	Dura?ons	

Long	

2s	

Short	

Off-axis	 On-axis	

～ 30o	Off-axis	～	50o	Off-axis	

•  Short	GRBs	are	less-likely	to	be		
					detected	off-axis	
•  Some	off-axis	short	GRBs	are	

found	in	ground	analyses	
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GRB	Spectral	Analysis	

αPL	

PL	
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•  Following	the	2nd	BAT	GRB	catalog	(Sakamoto	et	al.	2011)	

•  (a)	simple	power	law	(PL)		
				(b)	cutoff	power	law	(CPL)	
•  Choose	CPL	If	Δχ2>	6	(false-posi?ve	rate:	0.62%;	

Sakamoto	et	al.	2008))	
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BAT	GRB		
Spectral	and	Temporal	Distribu?ons	

Burst	Dura?on	
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plot. There are 86 bursts that are better fitted by the CPL model in this plot (marked in

red).

This plot is very similar to the one presented in the BAT2 catalog. The conventional

two GRB classes, short-hard bursts and long-soft bursts, can be roughly identified in this

plot, though the separation of the two groups is not very obvious. The particularly soft

short burst with the hardness ratio of 0.47 and T
90

of 0.132 s is GRB140622A. Despite the

unusually soft spectrum, the fast fading XRT light curve of this burst is consistent with the

normal behavior of a short burst (Sakamoto et al. 2014; Burrows et al. 2014). Moreover, the

redshift of z ⇠ 0.96 measured from the emission lines from the possible host galaxy (Hartoog

et al. 2014) suggests that this is not a Galactic source and is unlikely to be a soft gamma

repeater (e.g., Mereghetti 2008).

Fig. 8.— Hardness ratio (i.e., fluence in 50-100 keV over fluence in 25-50 keV) versus T
90

.

The fluences are calculated using the best-fit models (either the simple PL or CPL). The

bursts that are better fitted by the CPL model are marked in red. Note that GRBs with

unconstrained durations, such as the ultra-long GRBs, are not included in this plot.

To further explore the di↵erence in spectral hardness of the short and long bursts, we



BAT	Sensi?vity	on	GRB	Detec?ons	
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BAT	Sensi?vity	on	GRB	detec?ons	

SWIFT-BAT 70 MONTH HARD X-RAY SURVEY 11

FIG. 10.— Sky coverage versus sensitivity achieved in the survey. The 0.43 mCrab sensitivity limit (for 50% sky coverage) corresponds to a flux of 1.03⇥
10-11 ergs cm-2 s-1 in the 14–195 keV band.

FIG. 11.— Measured 5� BAT sensitivity limit for pixels in the all-sky map,
as a function of effective exposure time, T , for the 3 month (red; Markwardt et
al. (2005)), 9 month (green; Tueller et al. (2008)), 22 month (blue; Tueller et
al. (2010)), and 70 month (purple) survey analyses. The contours are linearly
spaced and indicate the number of pixels with a given sensitivity and effective
exposure. The black dashed line represents a lower limit to the expected
Poisson noise level (see §5.2). The median achieved sensitivity is within
13% of the predicted value.
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BAT	Sensi?vity	on	GRB	Detec?ons	
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Swi$/BAT	GRBs	with	Redshi*s	
•  378	(～	1/3)	GRBs	have	redshi*	measurements	
–  Thanks	to	the	ground-based	follow-up	campaign	
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List	of	high-z	(z	>	5)	GRBs	to	date	
	

2005:	3	
2006:	3	
2007:	1	
2008:	1	
2009:	2	
2010:	0	
2011:	0	
2012:	2	
2013:	1	
2014:	2	
2015:	0	
2016:	0		

Table 1: Summary of Budget Allocation

GRB name Redshift Method Reference
GRB060522 5.11 ba Cenko S.B. et al. GCN Circ. 5155
GRB071025 5.20 ba Fynbo J.P.U. et al. ApJS 185 526 (2009)

GRB050502B 5.20+0.3
�0.3 hp Afonso P. et al. A&A 526 A154 (2011);

*Schulze et al. ApJ 808 73 (2015)
GRB140304A 5.28 ba de Ugarte Postigo A. et al. GCN Circ. 15924;

*Jeong S. et al. GCN Circ. 15936
GRB050814 5.30+0.3

�0.3 bp Jakobsson P. et al. AIPC 836 552 (2006)
GRB060927 5.46 ba Ruiz-Velasco A.E. et al. ApJ 669 1 (2007);

*Fynbo J.P.U. et al. ApJS 185 526 (2009)
GRB130606A 5.91 ba *Chornock R. et al. ApJ 774 26 (2013);

Castro-Tirado A.J. et al. arXiv:1312.5631 (2013)
GRB120521C 5.93+0.11

�0.14 bp Tanvir N.R. et al. GCN Circ. 13348;
*Laskar T. et al. ApJ 781 1 (2014)

GRB050904 6.29 ba Kawai N. et al. Nature 440 184 (2006)
GRB140515A 6.33 ba Chornock R. et al. GCN Circ. 16269;

*Chornock R. et al. arXiv:1405.7400 (2014)
GRB060116 6.60+0.15

�0.15 bp Grazian A. et al. GCN Circ. 4545
GRB080913 6.73 ba Greiner J. et al. ApJ 693 1610 (2009);

*Patel M. et al. A&A 512 L3 (2010)
GRB090423 8.26 ba *Tanvir N.R. et al. Nature 461 1254 (2009);

Salvaterra R. et al. Nature 461 1258 (2009)
GRB120923A 8.50 bp Tanvir N.R. arXiv:1307:6156 (2013);

provisional; formal results yet to be released
GRB090429B 9.38+0.14

�0.32 bp Cucchiara A. et al. ApJ 736 7 (2011)

1
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ba:	burst	absorp?on	lines	
bp:	burst	photo-z		
hp:	host	photo-z	



BAT	detectability	on	high-z	burst	
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BAT	detectability	on	high-z	burst	
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BAT	detectability	on	high-z	burst	
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Table 1: Summary of Budget Allocation

Peak Luminosity [erg/s]
Incident Angle [deg]

Highest Detectable Redshfit
1-10000 keV 15-150 keV ndet=20000 ndet=30000

2.70⇥ 1052 4.11⇥ 1051

56.29 1.2 1.4
44.99 3.0 3.8
26.56 4.2 5.0
0.076 4.5 5.6

Table 2: Summary of Budget Allocation

Peak Luminosity [erg/s]
Incident Angle [deg]

Highest Detectable Redshfit
1-10000 keV 15-150 keV ndet=20000 ndet=30000

2.70⇥ 1053 4.11⇥ 1052

56.29 3.80 4.40
44.99 9.70 9.90
26.56 9.90 9.90
0.076 9.90 9.90

Table 3: Summary of Budget Allocation

Peak Luminosity [erg/s]
Incident Angle [deg]

Highest Detectable Redshfit
1-10000 keV 15-150 keV ndet=20000 ndet=30000

1.00⇥ 1052 1.52⇥ 1051

56.29 0.70 0.90
44.99 1.80 2.40
26.56 2.50 3.00
0.076 3.00 3.60

1

Table 4: Summary of Budget Allocation

Peak Luminosity [erg/s]
Incident Angle [deg]

Highest Detectable Redshfit
1-10000 keV 15-150 keV ndet=20000 ndet=30000

5.00⇥ 1052 7.62⇥ 1051

56.29 1.50 1.80
44.99 4.20 5.00
26.56 5.40 6.90
0.076 6.40 8.10

Table 5: Summary of Budget Allocation

Peak Luminosity [erg/s]
Incident Angle [deg]

Highest Detectable Redshfit
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•  Use	light	curve	and	
spectra	from	
GRB130427A	

•  Trigger	simulator	for	
determining	the	
detectability	

					(Lien	et	al.	(2014),	h`p://
userpages.umbc.edu/~alien/
trigger_simulator/)	
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•  BAT	can	generally	
detect	burst	with	
luminosity	(obs	
15-150	keV)	>	1052	
erg/s	

•  Incident	angle	is	
important	
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Comparison	with	real	GRBs	

•  List	of	high-z	burst	detected	to	date	Table 1: Summary of Budget Allocation

GRB name Redshift Avg lumnosity Incident angle Partial coding
(obs 15-150 keV) fraction

GRB060522 5.11 4.20⇥ 1051 31.88 0.75
GRB071025 5.20 5.48⇥ 1051 30.56 0.49

GRB050502B 5.20 6.89⇥ 1051 10.21 0.99
GRB140304A 5.28 1.96⇥ 1052 25.20 0.74
GRB050814 5.30 3.31⇥ 1051 39.66 0.26
GRB060927 5.46 1.52⇥ 1052 16.60 0.82

GRB130606A 5.91 3.73⇥ 1051 22.74 0.97
GRB120521C 5.93 1.49⇥ 1052 19.15 0.68
GRB050904 6.29 1.06⇥ 1052 35.09 0.57

GRB140515A 6.33 1.14⇥ 1052 13.13 0.99
GRB060116 6.60 1.09⇥ 1052 37.93 0.21
GRB080913 6.73 3.75⇥ 1052 46.33 0.39
GRB090423 8.26 4.41⇥ 1052 25.03 0.92

GRB120923A 8.50 1.23⇥ 1052 16.96 0.80
GRB090429B 9.38 5.56⇥ 1052 24.51 0.84

Table 2: Summary of Budget Allocation

Incident angle FOV [sr (deg2)] Fraction of Sky
56.29 2.11 (6926.72) 0.168
44.99 1.14 (3742.40) 0.091
26.56 0.41 (1345.95) 0.033
0.076 0.18 (590.91) 0.014

Table 3: Summary of Budget Allocation

Peak Luminosity [erg/s]
Incident Angle [deg]

Highest Detectable Redshfit
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<	5.40	-	6.90	

<	8.10	–	9.90	

<	9.90	

<	5.5	–	7.60	
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Can	we	constrain	the	high-z	GRB	rate?	
	

•  Can	be	detected	out	to	z	>	9	if	occurs	fairly	on-axis	
(within	～ 26	deg)	

•  Assuming	ground	followup	teams	get	all	redshi*	
à	fz	=	1	

•  Sky	frac?on	=	π	(26)2/(4π(180/pi)2)	=	0.046	
•  Number	of	detec?on	=	1	
•  Obs	year	=	12	
•  All	sky	rate	=	(Number	of	detec?on)/(Sky	frac?on)/
(Obs	year)/fz	=		1.6/fz	yr-1	

•  All	sky	comoving	rate	=	0.8/fz	Gpc-3	yr-1	
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GRB090429B	



Lien	et	al.	(2014)	

SFR	shape	from	
Yuksel	et	al.	(2008)	
SFR	shape	from		
Hopkins	&	Beacom	(2006)	

The	GRB	Rate		

Lien	et	al.	(2014)	
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GRB	with		
L	>	5.0	x	1052	erg/s	



Summary	
•  3rd	BAT	GRB	catalog	available	on:
h`p://swi*.gsfc.nasa.gov/results/batgrbcat/	

					Website	will	con?nue	to	be	updated	with	recent	bursts	
–  Tables	
– Online	webpages	(quicklook	plots)	
– Original	data	product	

•  Burst	categories:	Long,	Short,	Short	with	EE,	Ultra-
long	(burst	longer	than	1000	s)	

•  Extended	emission	in	survey	data	
•  BAT	can	generally	detect	GRBs	with	1052	erg/s	(in	the	
obs	15-150	keV)	out	to	z	>	9	
–  Keep	searching!	
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Thank	You!	



Back-up	slides	



GRB090429B	

•  Sky_frac?on	=	24.51*24.51*pi/(4*pi*(180/
pi)^2)	=	0.46	

•  Ndet	=	1	
•  Obs_year	=	10	
•  All_sky_Rate	=	Ndet/Sky_frac?on/Obs_year	=		
1.82/yr	

•  All_sky_comov_Rate	=	3.7	



This	Work	

SFR	shape	from	
Yuksel	et	al.	(2008)	

SFR	shape	from		
Hopkins	&	Beacom	(2006)	

The	GRB	Rate		
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Event	Data		
(recording	each	photon)	

～	T0-250	s	to	～	T0+950	s	
Survey	Data	

(binned	in	～	5	min)	
Survey	Data	

(binned	in	～	5	min)	

Searching	for	extended	emissions	in	
the	BAT	survey	data	



Searching	for	extended	emissions	in	
the	BAT	survey	data	

•  Method:	
–  Searching	for	period	of	T0-0.2	day	to	T0+10	days	
–  From	2004	to	2013/08	(e.g.,	Baumgartner	et	al.	2013)	

Background	Posi?ons	(14-195	keV)	

Signal-to-noise	Ra?o	
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•  Method:	
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Signal-to-noise	Ra?o	
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Searching	for	extended	emissions	in	
the	BAT	survey	data	

•  Method:	
–  Searching	for	period	of	T0-0.2	day	to	T0+10	days	
–  From	2004	to	2013/08	(e.g.,	Baumgartner	et	al.	2013)	

Background	Posi?ons	(14-195	keV)	

Signal-to-noise	Ra?o	

4.3σ	

Expect	～ 1	false-detec?on		
in	our	sample	



Detec?ons	in	BAT	survey	data	
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Table 3: Lists of GRBs with confirmed detections in survey data. These GRBs are detected

using all the criteria we investigated (see Sect. ??)

GRB name detection time (since T0) [s] image exposure time [s] SNR in 14-195 keV

GRB121027A 1327.45 496.0 19.32

GRB121027A 5351.45 732.0 11.64

GRB111215A 703.0 840.0 12.27

GRB111209A 4814.0 2600.0 40.98

GRB111209A 10606.0 2584.0 14.08

GRB111209A 16427.0 2400.0 7.58

GRB111209A 565.0 630.0 92.73

GRB101225A 1372.0 300.0 10.28

GRB101225A 4936.0 2601.0 4.55

GRB101024A -5252.13 779.0 4.73

GRB100728A 981.73 792.0 4.83

GRB100316D -775.0 600.0 9.01

GRB091127 5192.90 409.0 4.36

GRB090417B 662.0 1140.0 23.51

GRB090404 44356.93 557.0 4.31

GRB090309 4075.176 2400.0 4.40

GRB080319B 938.1 799.0 11.26

GRB070518 57158.83 1381.0 4.92

GRB070419B 3724.13 2400.0 5.22

GRB060218 404.0 2327.0 19.20

GRB050730 356.2 390.0 8.53
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Previously	classified	as		
ultra-long	GRBs	
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Previously	classified	as		
ultra-long	GRBs	

Precursors	
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Table 3: Lists of GRBs with confirmed detections in survey data. These GRBs are detected

using all the criteria we investigated (see Sect. ??)

GRB name detection time (since T0) [s] image exposure time [s] SNR in 14-195 keV

GRB121027A 1327.45 496.0 19.32

GRB121027A 5351.45 732.0 11.64

GRB111215A 703.0 840.0 12.27

GRB111209A 4814.0 2600.0 40.98

GRB111209A 10606.0 2584.0 14.08

GRB111209A 16427.0 2400.0 7.58

GRB111209A 565.0 630.0 92.73

GRB101225A 1372.0 300.0 10.28

GRB101225A 4936.0 2601.0 4.55

GRB101024A -5252.13 779.0 4.73

GRB100728A 981.73 792.0 4.83

GRB100316D -775.0 600.0 9.01

GRB091127 5192.90 409.0 4.36

GRB090417B 662.0 1140.0 23.51

GRB090404 44356.93 557.0 4.31

GRB090309 4075.176 2400.0 4.40

GRB080319B 938.1 799.0 11.26

GRB070518 57158.83 1381.0 4.92

GRB070419B 3724.13 2400.0 5.22

GRB060218 404.0 2327.0 19.20

GRB050730 356.2 390.0 8.53

Previously	classified	as		
ultra-long	GRBs	

Precursors	

Super-bright	GRB	



Comparison	with	XRT	light	curves	
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Table 1: Summary of yearly GRB detection and the averaged number of BAT active detectors

from 2004 to 2014.

Year Number of detections Number of detections Number of active

(with ground-detected GRBs) (no ground-detected GRBs) BAT detector

2005 88 85 29413

2006 98 97 26997

2007 85 79 27147

2008 103 95 26478

2009 91 81 24387

2010 83 72 24050

2011 81 75 22817

2012 92 89 23017

2013 95 84 22053

2014 93 84 20413

Table 2: Summary of number of GRBs in each category.

GRB category Number of bursts (percentage)

Long 825 (85.58%)

Short 80 (8.30%)

Short with Extended Emission 15 (1.56%)

Long with T

90

& 1000 s 18 (1.87%)

Bursts with un-constrained durations 59 (6.12%)

The sky distribution (in Galactic coordinate) of all the BAT-detected GRBs are plotted

in Fig. 6, with blue stars representing short GRBs, red square showing the short GRBs with

extended emission (E. E.), and green triangle marking the bursts with duration longer than

1000 s (i.e., longer than the vent data range).

4.2. Burst durations

There are 954 GRBs that have available burst durations. However, there are 17 bursts

that do not have available errors associate with the T

90

, in which 9 GRBs do not have
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ABSTRACT
While the high-z frontier of star formation rate (SFR) studies has advanced rapidly, direct measurements

beyond z ∼ 4 remain difficult, as shown by significant disagreements among different results. Gamma-ray
bursts, owing to their brightness and association with massive stars, offer hope of clarifying this situation,
provided that the GRB rate can be properly related to the SFR. The Swift GRB data reveal an increasing
evolution in the GRB rate relative to the SFR at intermediate z; taking this into account, we use the highest-
z GRB data to make a new determination of the SFR at z = 4 − 7. Our results exceed the lowest direct
SFR measurements, and imply that no steep drop exists in the SFR up to at least z ∼ 6.5. We discuss the
implications of our result for cosmic reionization, the efficiency of the universe in producing stellar-mass black
holes, and “GRB feedback” in star-forming hosts.
Subject headings: gamma-rays: bursts — galaxies: evolution — stars: formation

1. INTRODUCTION

The history of star formation in the universe is of intense
interest to many in astrophysics, and it is natural to pursue
pushing the boundary of observations to as early of times
as possible. Our understanding of this history is increas-
ing, with a consistent picture now emerging up to redshift
z ∼ 4, as summarized in Fig. 1. The cosmic star for-
mation rate (SFR) measurements from the compilation of
Hopkins & Beacom (2006) are shown, along with new high-z
measurements based on observations of color-selected Lyman
Break Galaxies (LBG) (Bouwens et al. 2008; Mannucci et al.
2007; Verma et al. 2007) and Lyα Emitters (LAE) (Ota et al.
2008). Much current interest is on this high-z frontier, where
the primeval stars that may be responsible for reionizing the
universe reside. Due to the difficulties of making and in-
terpreting these measurements, different results disagree by
more than their quoted uncertainties.

Instead of inferring the formation rate of massive stars
from their observed populations, one may directly mea-
sure the SFR from their death rate, since their lives are
short. While it is not yet possible to detect ordinary core-
collapse supernovae at high z, long-duration gamma-ray
bursts, which have been shown to be associated with a spe-
cial class of core-collapse supernovae (Stanek et al. 2003;
Hjorth et al. 2003), have been detected to z = 6.3. The
brightness of GRBs across a broad range of wavelengths
makes them promising probes of the star formation his-
tory (SFH) (see, e.g., the early works of Totani 1997;
Wijers et al. 1998; Lamb & Reichart 2000; Blain & Natarajan
2000; Porciani & Madau 2001; Bromm & Loeb 2002). In the
last few years, Swift5 (Gehrels et al. 2004) has spearheaded
the detection of GRBs over an unprecedentedly-wide redshift
range, including many bursts at z ! 4. Surprisingly, ex-
amination of the Swift data reveals that GRB observations

1 Dept. of Physics, The Ohio State University, 191 W. Woodruff Ave.,
Columbus, OH 43210

2 Center for Cosmology and Astro-Particle Physics, The Ohio State Uni-
versity, 191 W. Woodruff Ave., Columbus, OH 43210

3 Dept. of Astronomy, The Ohio State University, 140 W. 18th Ave.,
Columbus, OH 43210

4 School of Physics, The University of Sydney, NSW 2006, Australia
5 See http://swift.gsfc.nasa.gov/docs/swift/archive/grb table.
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FIG. 1.— The cosmic star formation history. The compiled SFR data (light
circles) and fit (dotted line) of Hopkins & Beacom (2006) are shown, as well
as newer high-z data (the LAE points only sample Lyα Emitters). The results
of this work, as inferred using bright Swift gamma-ray bursts, are shown with
dark diamonds. The solid line is our new high-z fit given by Eq. 5.

are not tracing the SFH directly, instead implying some kind
of additional evolution (Daigne et al. 2006; Le & Dermer
2007; Yüksel & Kistler 2007; Salvaterra & Chincarini 2007;
Guetta & Piran 2007; Kistler et al. 2008; Salvaterra et al.
2008).

GRBs can still reveal the overall amount of star formation,
provided that we know how the GRB rate couples to the SFR.
In this study, we use the portion of the SFH that is sufficiently
well-determined to probe the range beyond z ≃ 4. We do this
by relating the many bursts observed in z ≃ 1−4 to the corre-
sponding SFR measurements, and by taking into account the
possibility of additional evolution of the GRB rate relative to
the SFR. This calibration eliminates the need for prior knowl-
edge of the absolute conversion factor between the SFR and
the GRB rate and allows us to properly relate the GRB counts
at z ≃ 4 − 7 to the SFR in that range. Additionally, we make
use of the estimated GRB luminosities to exclude faint low-z
GRBs that would not be visible in our high-z sample, i.e., to
compare “apples to apples”.

•  Long	GRBs	as	probes		
				of	star	forma?on	
•  Par?cularly	crucial		
				at	high	redshi*	
					(e.g.,	Ciardi	&	Leob	2000,		
															Tanvir	et	al.	2012)	

•  Important	to	
measure	long	GRB	
rate	(e.g.,	Butler	et	al.	2010;	
Wanderman	et	al.	2010;	Yuksel	
et	al.	2008)	

	
Yuksel	et	al.	(2008)	

Galaxy	surveys	

GRB	Detec?ons	
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1. INTRODUCTION

The history of star formation in the universe is of intense
interest to many in astrophysics, and it is natural to pursue
pushing the boundary of observations to as early of times
as possible. Our understanding of this history is increas-
ing, with a consistent picture now emerging up to redshift
z ∼ 4, as summarized in Fig. 1. The cosmic star for-
mation rate (SFR) measurements from the compilation of
Hopkins & Beacom (2006) are shown, along with new high-z
measurements based on observations of color-selected Lyman
Break Galaxies (LBG) (Bouwens et al. 2008; Mannucci et al.
2007; Verma et al. 2007) and Lyα Emitters (LAE) (Ota et al.
2008). Much current interest is on this high-z frontier, where
the primeval stars that may be responsible for reionizing the
universe reside. Due to the difficulties of making and in-
terpreting these measurements, different results disagree by
more than their quoted uncertainties.

Instead of inferring the formation rate of massive stars
from their observed populations, one may directly mea-
sure the SFR from their death rate, since their lives are
short. While it is not yet possible to detect ordinary core-
collapse supernovae at high z, long-duration gamma-ray
bursts, which have been shown to be associated with a spe-
cial class of core-collapse supernovae (Stanek et al. 2003;
Hjorth et al. 2003), have been detected to z = 6.3. The
brightness of GRBs across a broad range of wavelengths
makes them promising probes of the star formation his-
tory (SFH) (see, e.g., the early works of Totani 1997;
Wijers et al. 1998; Lamb & Reichart 2000; Blain & Natarajan
2000; Porciani & Madau 2001; Bromm & Loeb 2002). In the
last few years, Swift5 (Gehrels et al. 2004) has spearheaded
the detection of GRBs over an unprecedentedly-wide redshift
range, including many bursts at z ! 4. Surprisingly, ex-
amination of the Swift data reveals that GRB observations
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FIG. 1.— The cosmic star formation history. The compiled SFR data (light
circles) and fit (dotted line) of Hopkins & Beacom (2006) are shown, as well
as newer high-z data (the LAE points only sample Lyα Emitters). The results
of this work, as inferred using bright Swift gamma-ray bursts, are shown with
dark diamonds. The solid line is our new high-z fit given by Eq. 5.

are not tracing the SFH directly, instead implying some kind
of additional evolution (Daigne et al. 2006; Le & Dermer
2007; Yüksel & Kistler 2007; Salvaterra & Chincarini 2007;
Guetta & Piran 2007; Kistler et al. 2008; Salvaterra et al.
2008).

GRBs can still reveal the overall amount of star formation,
provided that we know how the GRB rate couples to the SFR.
In this study, we use the portion of the SFH that is sufficiently
well-determined to probe the range beyond z ≃ 4. We do this
by relating the many bursts observed in z ≃ 1−4 to the corre-
sponding SFR measurements, and by taking into account the
possibility of additional evolution of the GRB rate relative to
the SFR. This calibration eliminates the need for prior knowl-
edge of the absolute conversion factor between the SFR and
the GRB rate and allows us to properly relate the GRB counts
at z ≃ 4 − 7 to the SFR in that range. Additionally, we make
use of the estimated GRB luminosities to exclude faint low-z
GRBs that would not be visible in our high-z sample, i.e., to
compare “apples to apples”.
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Table 1
BAT GRB Summary

GRB Trigger Trigger Time R.A. Decl. R.A.(XRT) Decl.(XRT) SNimg Error T90 T50 Start Stop Note
Name Number (◦) (◦) (◦) (◦) (σ ) (′) (s) (s) (s) (s)

041217 100116 2004 Dec 17 07:28:25.920 164.790 −17.944 . . . . . . 19.3 1.4 5.65 2.71 −2 18
041219A 100318 2004 Dec 19 01:42:18.000 6.154 62.847 . . . . . . . . . . . . . . . . . . . . . . . . (1)
041219B 100367 2004 Dec 19 15:38:48.000 167.674 −33.458 . . . . . . . . . . . . . . . . . . . . . . . . (1)
041219C 100380 2004 Dec 19 20:30:34.000 343.882 −76.786 . . . . . . 13.2 1.8 10.00 4.00 −3 17
041220 100433 2004 Dec 20 22:58:26.599 291.301 60.596 . . . . . . 31.9 1.0 5.58 2.20 −300 302
041223 100585 2004 Dec 23 14:06:17.956 100.186 −37.072 . . . . . . 83.7 1.0 109.08 29.20 −299 303
041224 100703 2004 Dec 24 20:20:57.698 56.192 −6.666 . . . . . . 11.4 2.0 177.17 37.68 −299 303
041226 100815 2004 Dec 26 20:34:18.976 79.647 73.343 . . . . . . 5.6 3.3 89.50 52.72 −299 303 (11)
041228 100970 2004 Dec 28 10:49:14.142 336.649 5.027 . . . . . . 36.5 1.0 52.16 19.54 −299 303
050117 102861 2005 Jan 17 12:52:36.037 358.490 65.934 . . . . . . 53.8 1.0 166.65 83.51 −299 303

Notes.
1 The event data are not available.
2 Short-duration GRB.
3 The event data of the part of the burst emission are not available.
4 Short-duration GRB with an extended emission.
5 Battblocks failed because of the weak nature of the burst.
6 GRB found by the ground process.
7 The detector plane histogram data are used in the fluence calculation and the spectral analysis.
8 Possible GRB.
9 GRB found by the BAT slew survey process.
10 T90 and T50 are lower limit.
11 Re-calculate the image significance using the interval determined by the flight software.

(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and content.)

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 (DRMs) for each five-second period during the time
T100 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 DRMs have been tested on a subset of GRBs
which were simultaneously detected 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 was not
created. For the time-resolved spectral analysis, we created a
DRM for each spectrum by taking into account the GRB position
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).

The spectra were fitted with a simple power-law (PL) model,

f (E) = KPL
50

(
E

50 keV

)αPL

, (1)

where αPL is the PL photon index and KPL
50 is the normalization

at 50 keV in units of photons cm−2 s−1 keV−1. We also used a

cutoff power-law (CPL) model,

f (E) = KCPL
50

(
E

50 keV

)αCPL

exp
(−E(2 + αCPL)

Epeak

)
, (2)

where αCPL is the PL photon index, Epeak is the peak energy in
the ν Fν spectrum, and KCPL

50 is the normalization at 50 keV in
units of photons cm−2 s−1 keV−1. All of the BAT spectra are
acceptably fit by either a PL or a CPL model. The same criterion
as in the BAT1 catalog, ∆χ2 between a PL and a CPL fit greater
than 6 (∆χ2 ≡ χ2

PL − χ2
CPL > 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 χ2

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 fluxes 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
flux on the shortest timescale. 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 a
20 ms peak flux. For 29 GRBs, an unexplained systematic effect
leads to an unacceptable reduced χ2 (χ2

ν > 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 calculated the T90 and
T50 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

4
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Table 1
BAT GRB Summary
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050117 102861 2005 Jan 17 12:52:36.037 358.490 65.934 . . . . . . 53.8 1.0 166.65 83.51 −299 303

Notes.
1 The event data are not available.
2 Short-duration GRB.
3 The event data of the part of the burst emission are not available.
4 Short-duration GRB with an extended emission.
5 Battblocks failed because of the weak nature of the burst.
6 GRB found by the ground process.
7 The detector plane histogram data are used in the fluence calculation and the spectral analysis.
8 Possible GRB.
9 GRB found by the BAT slew survey process.
10 T90 and T50 are lower limit.
11 Re-calculate the image significance using the interval determined by the flight software.

(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and content.)

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 (DRMs) for each five-second period during the time
T100 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 DRMs have been tested on a subset of GRBs
which were simultaneously detected 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 was not
created. For the time-resolved spectral analysis, we created a
DRM for each spectrum by taking into account the GRB position
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).

The spectra were fitted with a simple power-law (PL) model,

f (E) = KPL
50

(
E

50 keV

)αPL

, (1)

where αPL is the PL photon index and KPL
50 is the normalization

at 50 keV in units of photons cm−2 s−1 keV−1. We also used a

cutoff power-law (CPL) model,

f (E) = KCPL
50

(
E

50 keV

)αCPL

exp
(−E(2 + αCPL)

Epeak

)
, (2)

where αCPL is the PL photon index, Epeak is the peak energy in
the ν Fν spectrum, and KCPL

50 is the normalization at 50 keV in
units of photons cm−2 s−1 keV−1. All of the BAT spectra are
acceptably fit by either a PL or a CPL model. The same criterion
as in the BAT1 catalog, ∆χ2 between a PL and a CPL fit greater
than 6 (∆χ2 ≡ χ2

PL − χ2
CPL > 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 χ2

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 fluxes 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
flux on the shortest timescale. 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 a
20 ms peak flux. For 29 GRBs, an unexplained systematic effect
leads to an unacceptable reduced χ2 (χ2

ν > 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 calculated the T90 and
T50 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
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•  Choose	CPL	If	Δχ2>	6	
•  Addi?onal	criteria	for	an	
acceptable	spectral	fit	
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In	BAT	sample,	short	GRBs	are	
only	slightly	harder	than	long	
GRBs.	
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•  Addi?onal	criteria	for	an	
acceptable	spectrum	

•  767	GRBs	are	well-fi`ed	
with	simple	power	law.	
•  76	GRBs	are	fi`ed	be`er	
with	cutoff	power	law	

				(all	long	GRBs)	
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•  Following	the	2nd	BAT	GRB	
catalog	(Sakamoto	et	al.	2011)	

•  (a)	simple	power	law	(PL)		
				(b)	cutoff	power	law	(CPL)	
•  Choose	CPL	If	Δχ2>	6	
•  Addi?onal	criteria	for	an	
acceptable	spectrum	

•  767	GRBs	are	well-fi`ed	
with	simple	power	law.	
•  76	GRBs	are	fi`ed	be`er	
with	cutoff	power	law	

Spectral	Fits	–	Cutoff	Power	Law	

Epeak	distribu?on	is		
instrument	dependent	
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•  Following	the	2nd	BAT	GRB	
catalog	(Sakamoto	et	al.	2011)	

•  (a)	Simple	power	law	(PL)		
				(b)	cutoff	power	law	(CPL)	
•  Choose	CPL	If	Δχ2>	6	
•  745	GRBs	are	well-fi`ed	
with	simple	power	law.	
•  175	GRBs	are	fi`ed	be`er	
with	cutoff	power	law	
–  Epeak	are	likely	to	be	in	the	
BAT-energy	range.	

Spectral	Fits	

The Astrophysical Journal Supplement Series, 195:2 (27pp), 2011 July Sakamoto et al.

Figure 14. Distribution of the BAT PL photon index vs. the energy fluence in the 15–150 keV band for the L-GRBs (light gray), the S-GRBs (red), the S-GRBs with
E.E. (blue), and the initial short spikes of the S-GRBs with E.E. (green).
(A color version of this figure is available in the online journal.)

Figure 15. Distributions of the photon index α and Epeak in a CPL fit for the BAT (black), the BATSE (red), and the HETE-2 (blue) GRBs.
(A color version of this figure is available in the online journal.)

Figure 16. Histograms of Epeak in a CPL fit for the BAT (top), the BATSE (middle), and the HETE-2 (bottom) GRBs.

16

Sakamoto	et	al.	2011	
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Furthermore, bursts that are better-fitted by the CPL model tend to have higher fluxes.

This is because a burst needs to be bright enough to obtain a decent spectrum (i.e., with

smaller uncertainties in each energy bins) that is capable of distinguishing the two models.

Fig. 11.— Left panel: Time-average energy flux (15-150 keV) vs. T

90

. Right panel: Time-

average photon flux (15-150 keV) vs. T

90

. For both plots, the fluxes are estimated by the

best-fit model (either simple PL or CPL). The bursts that are better-fitted by the CPL

model are marked in red.

Figure 12 shows the distribution of energy fluxes (left panel) and photon fluxes (right

panel) for all the 843 bursts with acceptable spectral fits. The fluxes are estimated from the

best-fitted model (either the simple PL for CPL). The distributions for both the energy and

photon fluxes are roughly Guassian, with an average of 6.37e-08 erg s�1 cm�2 for the energy

fluxes, and 0.80 s�1 cm�2 for the photon fluxes, respectively. Again, because we only plots

those bursts with acceptable spectral fits, the weak bursts with lower fluxes are likely to be

removed from this sample.

BAT selection e↵ects on GRB spectral shapes

Both the theoretical predictions from the synchrtron shock model (Rees & Meszaros 1992;

Preece et al. 1998, and reference therein) and emprical fits from observations with instru-

ments that have wide-energy coverages (e.g., BATSE and Fermi) suggest that the GRB

spectrum (photon flux as a function of photon energy) can be roughly described by a power-

law decay at lower energy, followed by some steepening after the energy E

peak

, the peak

energy in the ⌫F

⌫

spectrum, where F

⌫

is the energy flux.
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limit shown in Fig. 11. Similar to Fig. 11, the bursts that are fitted-better by the CPL model

has higher minimum fluxes.

Fig. 19.— Left panel: 1s-peak energy flux (15-150 keV) vs. T
90

. Right panel: 1s-peak photon

flux (15-150 keV) vs. T

90

. For both plots, the fluxes are estimated by the best-fit model

(either simple PL or CPL). The bursts that are better-fitted by the CPL model are marked

in red.

20-ms peak fluxes for short GRBs

Because most of the short bursts are shorter than one second, we also generate peak spectra

for the 20-ms duration to have values that are better representing the peak fluxes for short

bursts. As mentioned in Sect 3.1, the 20-ms peak spectra are made with larger energy

bins with only ten energy bands, to have reasonable number of counts in each energy bin.

However, despite the larger energy bins used, there are only 267 bursts with acceptable

spectral fits for the 20-ms spectral analyses, which is significant lower than those from the

1-s peak spectral analyses and the time-averaged T

100

spectral analyses. There are no 20-ms

spectra that are fitted better by the CPL model.

Figure 20 shows the correlation between the photon indices ↵

PL

from the 20ms-peak

spectral analyses and the time-averaged T

100

spectral analyses. Comparing the the similar

plot made for the 1s-peak spectral fits, there correlation between the ↵
PL

from the 20ms-peak

and T

100

spectra are less significant. Results also show that the long and short bursts follow

similar trend.



Ultra-Long	GRBs	
•  	～ 15	GRBs	
•  Burst	dura?on	>	

1000	s	(beyond	
event	data)	

•  Burst	dura?ons	
here	are	very	crude	
es?ma?ons	

GRB	Name	 Burst	DuraNon	in	BAT	

GRB121027A	 	～ 5500	s	

GRB111215A	 	～	1123	s	

GRB111209A	 	～	17627	s	

GRB101225A	 	～	6237	s	

GRB101024A	 	～	5661	s		

GRB100728A	 	～	1378	s	

GRB100316D	 	～	2028	s	

GRB091127	 	～	5397	s	

GRB090417B	 	～	1232	s	

GRB090404	 	～	44635	s	

GRB090309(?)	 	～	5275	s	

GRB080319B	 	～	1338	s	

GRB070518	 	～	57849	s	

GRB070419B	 	～	4924	s	

GRB060218	 	～	1568	s	



Sensi?vity	Comparisons	

Real	BAT-detected	GRBs	(2005-2009):	
•  Total	triggered	bursts:	409	
•  338	rate	trigger	
•  71	image	trigger			

Our	simula?ons:	
•  Total	triggered	bursts:	1400	
•  1347	rate	trigger	
•  53	image	trigger			

•  Grid	ID:	ID	name	on	the	detector’s	plane,	related	to	incoming	angle	



Swi$/BAT	GRB	Detec?on	Overlook	
(old	table)		
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Table 1: Summary of yearly GRB detection and the averaged number of BAT active detectors

from 2004 to 2014.

Year Number of detections Number of detections Number of active

(with ground-detected GRBs) (no ground-detected GRBs) BAT detector

2005 88 86 29413

2006 101 100 26997

2007 86 80 27147

2008 102 94 26478

2009 91 82 24387

2010 85 72 24050

2011 80 75 22817

2012 92 89 23017

2013 96 85 22053

2014 91 83 20413

Table 2: Summary of number of GRBs in each category.

GRB category Number of bursts (percentage)

Long 825 (85.58%)

Short 80 (8.30%)

Short with Extended Emission 15 (1.56%)

Long with T

90

& 1000 s 18 (1.87%)

Bursts with un-constrained durations 59 (6.12%)

The sky distribution (in Galactic coordinate) of all the BAT-detected GRBs are plotted

in Fig. 6, with blue stars representing short GRBs, red square showing the short GRBs with

extended emission (E. E.), and green triangle marking the bursts with duration longer than

1000 s (i.e., longer than the vent data range).

4.2. Burst durations

There are 954 GRBs that have available burst durations. However, there are 17 bursts

that do not have available errors associate with the T

90

, in which 9 GRBs do not have



Summary	
•  Adop?ng	the	complex	BAT-trigger	algorithm	improve	the	

sensi?vity	and	hence	more	dim	(low-flux)	bursts	are	
needed	in	the	intrinsic	sample.	

•  Need	more	bursts	from	high	redshi*	to	create	a	good	
match	with	the	observa?ons.	

•  Very	high	GRB	rate	at	large	redshi*,	unless	luminosity	
evolu?on	is	considered.	

•  It	seems	like	some	kind	of	rela?on	between	bursts’	energy	
output	(e.g.,	Lpeak)	and	spectral	parameters	(e.g.,	Epeak)	is	
needed	to	generate	good	match	with	the	observa?ons.	

•  The	3rd	BAT	GRB	catalog	is	coming	soon!	Sugges?ons	
welcome!	
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FIG. 10.— Sky coverage versus sensitivity achieved in the survey. The 0.43 mCrab sensitivity limit (for 50% sky coverage) corresponds to a flux of 1.03⇥
10-11 ergs cm-2 s-1 in the 14–195 keV band.

FIG. 11.— Measured 5� BAT sensitivity limit for pixels in the all-sky map,
as a function of effective exposure time, T , for the 3 month (red; Markwardt et
al. (2005)), 9 month (green; Tueller et al. (2008)), 22 month (blue; Tueller et
al. (2010)), and 70 month (purple) survey analyses. The contours are linearly
spaced and indicate the number of pixels with a given sensitivity and effective
exposure. The black dashed line represents a lower limit to the expected
Poisson noise level (see §5.2). The median achieved sensitivity is within
13% of the predicted value.
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Redshi*	Distribu?on	
•  Thanks	to	the	ground-based	follow-up	campaign	
•  Redshi*	list	compiled	by	Kevin	Chen	(U	of	California,	Berkeley)	

•  Info	from	papers,	GCNs,	online	list	(e.g.,	GRBOX	by	Dan	Perley)	

•  Spectroscopic:	65%	
•  Photo-z:	9%	
•  Host	galaxy	spectrum:	28%	
•  Host	galaxy	photo-z:	3%	
	



BAT	Sensi?vity	on	GRB	detec?ons	

3	x	10-8	erg	s-1	cm-2	
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limit shown in Fig. 11. Similar to Fig. 11, the bursts that are fitted-better by the CPL model

has higher minimum fluxes.

Fig. 19.— Left panel: 1s-peak energy flux (15-150 keV) vs. T
90

. Right panel: 1s-peak photon

flux (15-150 keV) vs. T

90

. For both plots, the fluxes are estimated by the best-fit model

(either simple PL or CPL). The bursts that are better-fitted by the CPL model are marked

in red.

20-ms peak fluxes for short GRBs

Because most of the short bursts are shorter than one second, we also generate peak spectra

for the 20-ms duration to have values that are better representing the peak fluxes for short

bursts. As mentioned in Sect 3.1, the 20-ms peak spectra are made with larger energy

bins with only ten energy bands, to have reasonable number of counts in each energy bin.

However, despite the larger energy bins used, there are only 267 bursts with acceptable

spectral fits for the 20-ms spectral analyses, which is significant lower than those from the

1-s peak spectral analyses and the time-averaged T

100

spectral analyses. There are no 20-ms

spectra that are fitted better by the CPL model.

Figure 20 shows the correlation between the photon indices ↵

PL

from the 20ms-peak

spectral analyses and the time-averaged T

100

spectral analyses. Comparing the the similar

plot made for the 1s-peak spectral fits, there correlation between the ↵
PL

from the 20ms-peak

and T

100

spectra are less significant. Results also show that the long and short bursts follow

similar trend.

1-s	peak	flux	vs	T90	
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High-z	rate	es?ma?on	

•  List	of	high-z	burst	detected	to-date	Table 1: Summary of Budget Allocation

GRB name Redshift Avg lumnosity Incident angle Partial coding
(obs 15-150 keV) fraction

GRB060522 5.11 4.20⇥ 1051 31.88 0.75
GRB071025 5.20 5.48⇥ 1051 30.56 0.49

GRB050502B 5.20 6.89⇥ 1051 10.21 0.99
GRB140304A 5.28 1.96⇥ 1052 25.20 0.74
GRB050814 5.30 3.31⇥ 1051 39.66 0.26
GRB060927 5.46 1.52⇥ 1052 16.60 0.82

GRB130606A 5.91 3.73⇥ 1051 22.74 0.97
GRB120521C 5.93 1.49⇥ 1052 19.15 0.68
GRB050904 6.29 1.06⇥ 1052 35.09 0.57

GRB140515A 6.33 1.14⇥ 1052 13.13 0.99
GRB060116 6.60 1.09⇥ 1052 37.93 0.21
GRB080913 6.73 3.75⇥ 1052 46.33 0.39
GRB090423 8.26 4.41⇥ 1052 25.03 0.92

GRB120923A 8.50 1.23⇥ 1052 16.96 0.80
GRB090429B 9.38 5.56⇥ 1052 24.51 0.84

Table 2: Summary of Budget Allocation

Incident angle FOV [sr (deg2)] Fraction of Sky
56.29 2.11 (6926.72) 0.168
44.99 1.14 (3742.40) 0.091
26.56 0.41 (1345.95) 0.033
0.076 0.18 (590.91) 0.014

Table 3: Summary of Budget Allocation

Peak Luminosity [erg/s]
Incident Angle [deg]

Highest Detectable Redshfit
1-10000 keV 15-150 keV ndet=20000 ndet=30000

2.70⇥ 1052 4.11⇥ 1051

56.29 1.2 1.4
44.99 3.0 3.8
26.56 4.2 5.0
0.076 4.5 5.6

1

<	6.40	-	8.10	
<	5.40	-	6.90	

<	8.10	–	9.90	

<	8.10	–	9.90	

<	8.10	–	9.90	

<	9.90	

<	5.5	–	7.60	


