
Gamma-ray	Bursts	from	the	Swi$	
Burst	Alert	Telescope:		

Probing	Intrinsic	Distribu=ons	with	
Trigger	Simula=ons		

CEA	Saclay,	2015/09/15	

Amy	Lien	
Goddard	Space	Flight	Center	



Special	Thanks	to	
• Takanori	Sakamoto	(Aoyama	Gakuin	University)	
• ScoE	Barthelmy	(GSFC)	
• The	Swi$/BAT	team:	
• Neil	Gehrels	(GSFC),	Craig	Markwardt	(GSFC),	
Jay	Cummings	(GSFC),	David	Palmer	(LANL),	
Hans	Krimm	(GSFC),	Wayne	Baumgartner	
(GSFC),	Nicholas	Collins	(GSFC),	Michael	
StamaLkos	(OSU),	Tilan	UkwaQa	(LANL)	

• Nora	Troja	(GSFC),	John	Cannizzo	(GSFC),	Kevin	
Chen	(Berkeley),	Carlo	Graziani	(U	Chicago)	



Outline	
•  Gamma-ray	bursts	(GRBs)	
•  SwiX	Burst	Alert	Telescope	(BAT)	
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– The	BAT	trigger	simulator	

•  GRB	rate	
–  ImplicaLon	on	the	high-redshiX	star-formaLon	
history	
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What	are	gamma-ray	bursts?	
•  Short	pulses	in	gamma	rays	
– Diverse	light	curve	shapes	
– AXerglows	in	x	rays,	opLcal,	and	radio	
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What	are	gamma-ray	bursts?	
•  Short	pulses	in	gamma	rays	
– Diverse	light	curve	shapes	
– AXerglows	in	x	rays,	opLcal,	and	radio	

•  Extremely	bright	
•  Visible	out	to	very	high	redshiX	
– RedshiX	range:		
				0.03	–	9.38	
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GRB090423	(z=8.2;	640	million	years;	Tanvir	et	al.	2009;	Salvaterra	et	al.	2009)	

GRB090423	



What	are	gamma-ray	bursts?	
•  Short	pulses	in	gamma	rays	
– Diverse	light	curve	shapes	
– AXerglows	in	x	rays,	opLcal,	and	radio	

•  Extremely	bright	
•  Visible	out	to	very	high	redshiX	
– RedshiX	range:		
				0.03	–	9.38	

•  Long	and	Short	bursts	
– Based	on	BATSE		
				observaLons	

	

2	sec	

Short	GRBs	 Long	GRBs	
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What	are	gamma-ray	bursts?	
Long	GRBs	 Short	GRBs	

•  Deaths	of	massive	Stars	
•  Supernovae	
•  Black	holes	
•  AcceleraLon	of	high-energy		
			parLcles	

•  Compact-object	mergers	
•  Black	holes	
•  Neutron	stars	

•  GravitaLonal	wave	

Figure	Credit:	NASA/SwiX	Mission	MulLmedia	
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A.	Rate	trigger:	

Stage	1:	Rate	trigger	

Stage	2:	Image	threshold	
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A.	Rate	trigger:	 B.	Image	trigger:	

GRB141121A	

Stage	2:	Image	threshold	

Stage	1:	Rate	trigger	

GRB140629A	
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A.	Rate	trigger:	 B.	Image	trigger:	

GRB141121A	

Stage	2:	Image	threshold	

Stage	1:	Rate	trigger	

GRB140629A	
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10	Years	of	Swi$	
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FIG. 5.— All-sky map showing classification of the BAT 70 month survey sources. The figure uses a Hammer-Aitoff projection in galactic coordinates; the flux
of the source is proportional to the size of the circle. The source type is encoded by the color of the circle.

The fluxes of the counterparts to BAT sources were ex-
tracted in the eight BAT bands from the mosaicked maps us-
ing the pixel containing the position of the identified counter-
part. For sources where a counterpart is not known, we use
the fitted BAT position to extract the flux in the eight bands.
The errors associated with the flux values were calculated by
computing the rms value in the mosaicked maps in an area
around each source with a radius of 100 pixels (4.5 degrees).
An exclusion zone around the source with radius of 15 pixels
(40.5 arcminutes) was applied to the central source and any
nearby sources that fell in the background calculation area.

We normalize the measured fluxes in each band to the Crab
as described in Tueller et al. (2010) by using the equation

BAT source flux =
✓

BAT source count rate
Crab count rate

◆
Crab flux.

We take the Crab counts spectrum to be

F(E) = 10.17 E-2.15
✓

photons
cm2 sec keV

◆
, (5)

(see Tueller et al. (2010)). The total Crab flux is then

Crab flux =
Z 195 keV

14 keV
E F(E) dE = 2.386⇥10-8

⇣ ergs
cm2 sec

⌘
.

(6)
After normalizing the 8 band flux values to the Crab, the

BAT spectra are then packed into standard pulse height analy-
sis fits files with the appropriate keywords for spectral fitting.

As in Tueller et al. (2010), we fit these 8-channel spectra
with a power law model in order to find the flux of each
source. We use a BAT spectral response matrix generated

by the BAT software batdrmgen that has been Crab nor-
malized to be compatible with the BAT spectra. We use the
XSPEC fitting software to fit the 8-channel spectra with the
pegpwrlw model (power law with pegged normalization)
over the 14–195 keV BAT survey energy range. We list the
spectral index and flux determined from the fit in Table 6.

The 90% confidence intervals for the overall flux and the
spectral index were found by using the error function in
XSPEC and are given in Table 6. For the highest significance
BAT sources (> 100 sigma), this procedure does not produce
a good fit (reduced �2 � 1). However, this is to be expected
from the very high significance of each data point, the coarse
energy binning, and because a simple power law is not a good
model for the spectra of many galactic objects. We list the
reduced �2 for each source in Table 6 as an indicator of which
sources are not well fit with a power law model, but leave a
more detailed spectral analysis to a later work.

We present the eight band BAT spectra themselves in Ta-
ble 5. The printed version of this table lists only a few ob-
jects for space reasons. However, the full table listing all the
sources can be found in an electronic version on the ApJ web-
site. We also provide pha fits files for all the BAT spectra and
an ASCII table at the Swift-BAT survey website.

Figure 6 shows the spectra of four representative sources
from the BAT 70 month survey.

4.4. Confused Sources
Sources are labeled as confused in our table (i.e., they have

a value in the contamination fraction column of Table 6) when
the highest pixel associated with the BAT source in the mo-
saicked maps (the “central pixel” value) has a significant con-
tribution from adjacent sources. This includes the cases when

Baumgartner	et	al.	2013	
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BAT	Observing	Time	
• ～ 11+-1%	deadLme	for	the	South	AtlanLc	Anomaly	(SAA)	
• ～ 11+-1%	due	to	slewing	
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SwiX	GRBs	to	date:	
～ 11	Years	aXer	Launch	

•  986	GRBs	Lll	now	(GRB150911A)	
–  About	2	GRBs	per	weak	

•  326	GRBs	have	redshiX	measurements	
•  Complete	results	will	be	in		
						the	3rd	BAT	GRB	catalog	

Figure	credit:	PSU	webpage	

Cake	Credit:	Judith	Racusin		

896	long	GRBs	
• 	～	13	sGRB	with	E.E	
• 	～	18	Ultra-long	GRB	

				90	short	GRBs	
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dependent	



Burst	DuraLons	

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

found	in	ground	analyses	
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～ 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	



Spectral	Fits	
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Epeak	
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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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BAT	SensiLvity	on	GRB	detecLons	
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Short-hard	vs	long-soX?	
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RedshiX	and	Luminosity	DistribuLon	
•  Thanks	to	the	ground-based	follow-up	campaign	
•  RedshiX	list	compiled	by	Kevin	Chen	(U	of	California,	Berkeley)	

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

•  Spectroscopic:	65%	
•  Photo-z:	9%	
•  Host	galaxy	spectrum:	28%	
•  Host	galaxy	photo-z:	3%	
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Do	we	have	all	we	need	to	
find	GRB	rate?		



Finding	intrinsic	GRB	rate:	
A	naïve	theorist	approach…..	

z	
BAT	detecLon	threshold	

+	
Luminosity	FuncLon	

?	
?	

z	

DONE!	However…	

ObservaLon	 Intrinsic	
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?	
e.g.,	Fynbo	et	al.	2009	



1.	Rate	trigger	followed	by	image	threshold:		
• 	>	500	different	trigger	criteria		
• 	Each	trigger	criterion	has	different		
• 	energy	bands,	Lme	periods,	signal-to-noise	thresholds,	etc	

• 	Image	threshold:	AddiLonal	thresholds	for	localizaLon	
	

Trigger	Algorithm	of	the	BAT	

2.	Image	trigger:	CreaLng	images	every	～	min	to	look	for	bursts	
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Background	
2																							Create	Image	

•  Check	image	threshold	
•  Signal-to-noise	raLo	using	image	background	

•  LocalizaLon	
•  Known	souce?	Check	with	on-board	sky	catalog	

Triggered!	
(Sigmal-to-noise	raLo	>	6.5)	
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Using	SwiX’s	Data	to	Probe		
The	Intrinsic	GRB	Rate	

•  DifficulLes	of	reconstrucLng	the	intrinsic	rate	
from	the	observed	rate:	
– SwiX	is	not	a	single-threshold	telescope	
– The	selecLon	bias	from	observaLons	

•  Goal	of	this	work:	
– Search	for	the	intrinsic	rate	by	simulaLng	the	
complex	SwiX	trigger	algorithm	

– Trigger	simulator:	Generally	follows	the	same	
process	as	the	actual	BAT	trigger	algorithm	
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SensiLvity	Comparisons	

Real	BAT-detected	GRBs	(Sakamoto	et	al.	2009):	
•  Total	triggered	bursts:	324	
•  303	rate	trigger	
•  21	image	trigger			

Our	simulaLons:	
•  Total	triggered	bursts:	1400	
•  1347	rate	trigger	
•  53	image	trigger			

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

properLes	

Create	
simulated	
lightcurves	

Run	
through	all	
Swi$	trigger	

criteria	

Match	with	
actual	Swi$	
detected	

GRB	sample	

•  RedshiX	and	Luminosity	distribuLons		
				(funcLonal	form	from	Wanderman	et	al.	2010)	
•  Spectral	distribuLon	(Epeak,	alpha,	beta	of	the	BAND	funcLon)	
•  Pulse	shapes	(from	real	SwiX	observaLons)	

General	Approach:	
A	Semi-Monte-Carlo	SimulaLon	
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IniLal	guess	
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properLes	

Create	
simulated	
lightcurves	

Run	
through	all	
Swi$	trigger	

criteria	

Match	with	
actual	Swi$	
detected	

GRB	sample	

•  Different	burst	incident	angles	
•  Different	background	levels	
•  OpLon	of	including	spectral	(Epeak)	evoluLon	

General	Approach:	
A	Semi-Monte-Carlo	SimulaLon	
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properLes	

Create	
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Run	
through	all	
Swi$	trigger	

criteria	

Match	with	
actual	Swi$	
detected	

GRB	sample	

•  Rate	triggers	
•  Image	triggers	

General	Approach:	
A	Semi-Monte-Carlo	SimulaLon	
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IniLal	guess	
of	GRB	

properLes	

Create	
simulated	
lightcurves	

Run	
through	all	
Swi$	trigger	

criteria	

Match	with	
actual	Swi$	
detected	

GRB	sample	

•  RedshiX	sample	(Fynbo	et	al.	2009)	
•  Peak-flux	sample	(Sakamoto	et	al.	2011)	
•  SwiX’s	detecLon	per	year	(e.g.,	Gehrels	et	al.	2012)	
•  Epeak,	Eiso	(e.g.,	Butler	et	al.	2007,	2010)	

General	Approach:	
A	Semi-Monte-Carlo	SimulaLon	

	

Intro			Swi$			Catalog			Trigger	Simulation			GRB	rate			Summary	



IniLal	guess	
of	GRB	

properLes	

Create	
simulated	
lightcurves	

Run	
through	all	
Swi$	trigger	

criteria	

Match	with	
actual	Swi$	
detected	

GRB	sample	

If	does	not	match	well	L	

General	Approach:	
A	Semi-Monte-Carlo	SimulaLon	

	

Intro			Swi$			Catalog			Trigger	Simulation			GRB	rate			Summary	



IniLal	guess	
of	GRB	

properLes	

Create	
simulated	
lightcurves	

Run	
through	all	
Swi$	trigger	

criteria	

Match	with	
actual	Swi$	
detected	

GRB	sample	

If	does	not	match	well	L	

General	Approach:	
A	Semi-Monte-Carlo	SimulaLon	

	

Intro			Swi$			Catalog			Trigger	Simulation			GRB	rate			Summary	

>	5700	Years…..	
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General	Approach:	
A	Semi-Monte-Carlo	SimulaLon	

	

Intro			Swi$			Catalog			Trigger	Simulation			GRB	rate			Summary	



Results	from	the	Best-Fit	Sample:	
The	RedshiX	and	Peak-flux	DistribuLons	

KS-test	significance:	99.79%			 KS-test	significance:	 85.59−81.93
+14.10%

PredicLon	for	SwiX:	～ 96	bursts	per	year		
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This	Work	

The	GRB	Rate		
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Lien	et	al.	(2014)	



This	Work	

SFR	shape	from		
Hopkins	&	Beacom	(2006)	

The	GRB	Rate		
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This	Work	

SFR	shape	from	
Yuksel	et	al.	(2008)	

SFR	shape	from		
Hopkins	&	Beacom	(2006)	

The	GRB	Rate		
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PossibiliLes:	
1. Higher	star-formaLon	rate	in	the	early	universe	
2. The	raLo	of	GRB/SN	evolves	(e.g.,	Woosley	&	Heger	2012)	

3. Luminosity	evoluLon	(e.g.,	Virgili	et	al.	2011)	

Lien	et	al.	(2014)	
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Figure 20. The distribution of model predictions from the posterior as in
Figure 16 for the real set of 66 Swift GRBs using the random forest classifier
for the detection fraction.

5.5. Computational Cost
The main computational costs of this entire analysis proce-

dure were:

1. Producing the training data

2. Performing MLA model fitting and hyper-parameter
optimization

3. Using the MLA models to compute the detection frac-
tion.

These steps are in roughly decreasing order of cost, from CPU
weeks to days. However, all three are one-time initialization
costs and can be run massively parallel to reduce wall-time.

After this initialization is complete, however, subsequent
analysis of real or simulated data is performed extremely
quickly. A single likelihood evaluation takes < 0.1 ms, mean-
ing that a Bayesian analysis can be computed in less than a
minute on a laptop. Providing this same kind of accurate mea-
surement of the detection fraction without the MLAs would
take orders of magnitude more time; while O(10

5

) samples
were used for training the MLA mdoels, O(10

10

) evaluations
were used in measuring the detection fraction as a function of
redshift. The precision of the detection fraction would need to
be reduced significantly to make the overall cost comparable.
Furthermore, we now are equipped with an accurate model of
the Swift detection algorithm.

6. COMPARISON TO PREVIOUS WORK

In this section we will briefly review a selection of simi-
lar work that has been performed. These studies used GRB
observations and subsequent redshift measurements in order
to estimate the redshift or luminosity distribution of GRBs in

the Universe. These are in addition to the obvious compari-
son between our work and that of Lien et al. (2014). Studies
reviewed are those of Butler et al. (2010), Wanderman and Pi-
ran (2010), Salvaterra et al. (2012), Howell et al. (2014), Yu
et al. (2015), and Petrosian et al. (2015).

The paper by Butler et al. (2010) used an extensive set of
GRBs both with and without redshift measurements to fit in-
trinsic distributions for GRB redshift, luminosity, peak flux,
and more. This fitting was performed using PyMC, a python
package for Markov chain Monte Carlo analyses, marginaliz-
ing over all redshifts when no measurement is available; the
log-likelihood function used is un-binned, similar to the one
used in our study. The detection fraction (a.k.a. detection effi-
ciency) used by Butler et al. (2010), however, is a probability
dependent solely on the photon count rate. Their results for
n

1

, n
2

, and z

1

are consistent with 90% confidence intervals
that we measure.

Wanderman and Piran (2010) performs a careful study of
the GRB rate and luminosity distribution via a Monte-Carlo
approach. This study adopts an empirical probability func-
tion to determine whether a burst is detectable based on the
peak flux. In addition, they also introduce an empirical func-
tion to estimate the probability of obtaining a redshift mea-
surement based on the GRB peak flux. Since we adopt the
same functional form as Wanderman and Piran (2010), it
is possible to compare the values of the same parameters.
However, in this paper we quantify the parameter uncertain-
ties of the GRB rate, and assume an un-changed luminosity
function from Lien et al. (2014), which is different the one
found in Wanderman and Piran (2010). The parameters found
by Wanderman and Piran (2010) are n0 ⇠ 1.25, n1 ⇠ 2.07,
and n

2

⇠ �1.36 (as listed in Table 2 of by Wanderman and
Piran (2010)). These values of n

1

and n

2

are consistent with
our findings; the value of n

0

is at the upper end of our range,
but this difference is likely due to the difference in luminosity
distribution.

Salvaterra et al. (2012) constructs a sub-sample of Swift
long GRBs that is complete in redshift by selecting bursts
that satisfy certain observational criteria that are optimal for
follow-up observations. In addition, these authors select only
bright bursts with 1-s peak photon fluxes greater than 2.6 pho-
tons s

�1

cm

�2, in order to achieve a high completeness of
90% in redshift measurements. They use this sub-sample to
estimate the luminosity function and GRB rate via maximum
likelihood estimation – using the same likelihood as our study
and marginalizing over a flat z distribution if no value was
measured for a GRB –, and found that either the rate or the lu-
minosity function is required to evolve strongly with redshift,
in order to explain the observational data. The Swift detection
efficiency is modeled as a threshold on the GRB flux. The rate
model fits of Salvaterra et al. (2012) are not directly compara-
ble to ours due to a different functional form based off of the
SFR.

The study of Howell et al. (2014) takes advantage of some
of the work done by Lien et al. (2014) in using the detec-
tion efficiency computed from simulated GRB populations.
The authors perform a time-dependent analysis that consid-
ers the rarest events – the largest redshift or the highest peak
flux – and how these values progress over observational time.
These are used to fit the intrinsic redshift and luminosity dis-
tributions of GRBs and infer 90% confidence intervals. How-
ell et al. (2014) measures a local GRB rate density consistent
with our constraints on n

0

. Other rate parameters were held
fixed to values obtained by Lien et al. (2014) and are thus also

	

Intro			Swi$			Catalog			Trigger	SimulaLon			GRB	rate			Summary	

Graff	et	al.	(2015)	

Exploring	UncertainLes		
with	Machine-Learning	Algorithm	
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Figure 20. The distribution of model predictions from the posterior as in
Figure 16 for the real set of 66 Swift GRBs using the random forest classifier
for the detection fraction.

5.5. Computational Cost
The main computational costs of this entire analysis proce-
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1. Producing the training data

2. Performing MLA model fitting and hyper-parameter
optimization

3. Using the MLA models to compute the detection frac-
tion.

These steps are in roughly decreasing order of cost, from CPU
weeks to days. However, all three are one-time initialization
costs and can be run massively parallel to reduce wall-time.
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analysis of real or simulated data is performed extremely
quickly. A single likelihood evaluation takes < 0.1 ms, mean-
ing that a Bayesian analysis can be computed in less than a
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and more. This fitting was performed using PyMC, a python
package for Markov chain Monte Carlo analyses, marginaliz-
ing over all redshifts when no measurement is available; the
log-likelihood function used is un-binned, similar to the one
used in our study. The detection fraction (a.k.a. detection effi-
ciency) used by Butler et al. (2010), however, is a probability
dependent solely on the photon count rate. Their results for
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Wanderman and Piran (2010) performs a careful study of
the GRB rate and luminosity distribution via a Monte-Carlo
approach. This study adopts an empirical probability func-
tion to determine whether a burst is detectable based on the
peak flux. In addition, they also introduce an empirical func-
tion to estimate the probability of obtaining a redshift mea-
surement based on the GRB peak flux. Since we adopt the
same functional form as Wanderman and Piran (2010), it
is possible to compare the values of the same parameters.
However, in this paper we quantify the parameter uncertain-
ties of the GRB rate, and assume an un-changed luminosity
function from Lien et al. (2014), which is different the one
found in Wanderman and Piran (2010). The parameters found
by Wanderman and Piran (2010) are n0 ⇠ 1.25, n1 ⇠ 2.07,
and n

2
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and n
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are consistent with
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long GRBs that is complete in redshift by selecting bursts
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tons s

�1

cm

�2, in order to achieve a high completeness of
90% in redshift measurements. They use this sub-sample to
estimate the luminosity function and GRB rate via maximum
likelihood estimation – using the same likelihood as our study
and marginalizing over a flat z distribution if no value was
measured for a GRB –, and found that either the rate or the lu-
minosity function is required to evolve strongly with redshift,
in order to explain the observational data. The Swift detection
efficiency is modeled as a threshold on the GRB flux. The rate
model fits of Salvaterra et al. (2012) are not directly compara-
ble to ours due to a different functional form based off of the
SFR.

The study of Howell et al. (2014) takes advantage of some
of the work done by Lien et al. (2014) in using the detec-
tion efficiency computed from simulated GRB populations.
The authors perform a time-dependent analysis that consid-
ers the rarest events – the largest redshift or the highest peak
flux – and how these values progress over observational time.
These are used to fit the intrinsic redshift and luminosity dis-
tributions of GRBs and infer 90% confidence intervals. How-
ell et al. (2014) measures a local GRB rate density consistent
with our constraints on n

0

. Other rate parameters were held
fixed to values obtained by Lien et al. (2014) and are thus also
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Graff	et	al.	(2015)	

Exploring	UncertainLes		
with	Machine-Learning	Algorithm	

GRB	rate	at	high	redshiX	is	
unconstrained	à	More	data	needed!	



Summary	

•  GRBs	are	important	in	many	aspects	of	
astrophysics	and	cosmology:	
–  Star-formaLon	history,	Stellar	evoluLon,	supernovae,	
black	holes,	gravitaLonal	waves,	high-energy	parLcle	
acceleraLons	

•  Understanding	instrumental	biases	is	important	
for	probing	intrinsic	GRB	characterisLcs.	

•  Measurements	of	GRB	redshiX	(parLcularly	at	
high	redshiX)	and	broadband	spectra	are	crucial.	
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Thank	You!	



Back-up	slides	



GRBs,	Supernovae,	and	Star	FormaLon	
•  Long	GRBs	(T90	>	2	sec)	
–  Related	to	core-collapse	supernovae	(Type	Ibc)	
–  Related	to	the	death	of	massive	stars	
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HASAN YÜKSEL1,2 , MATTHEW D. KISTLER1,2, JOHN F. BEACOM1,2,3 , AND ANDREW M. HOPKINS4

Draft version July 1, 2008

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	formaLon	
•  ParLcularly	crucial		
				at	high	redshiX	
					(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	DetecLons	
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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
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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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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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				at	high	redshiX	
					(e.g.,	Ciardi	&	Leob	2000,		
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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	DetecLons	
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Do	we	have	enough	
informaLon?	



SwiX	GRBs	to	date	
•  926	GRBs	Lll	now.	
•  In	this	presentaLon:	919	GRBs	Lll	GRB141109B	
•  314	have	redshiX	measurements	

81	short	GRBs	

839	long	GRBs	
• 	～	13	sGRB	with	E.E	
• 	～	15	Ultra-long	GRB	

Short	GRB	

Short	GRB	with		
Extended	emission	

Long	GRB	

Ultra-Long	GRB	



SwiX	GRBs	to	date:	
10	Years	aXer	Launch	

•  926	GRBs	Lll	now	
–  About	2	GRBs	per	weak	

•  314	GRBs	have	redshiX	measurements	
•  Complete	results	will	be	in		
						the	3rd	BAT	GRB	catalog	

Figure	credit:	PSU	webpage	

Cake	Credit:	Judith	Racusin		

866	long	GRBs	
• 	～	13	sGRB	with	E.E	
• 	～	15	Ultra-long	GRB	
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				89	short	GRBs	
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				89	short	GRBs	



Burst	DuraLons	

T90:	A	duraLon	encloses	90%	of	GRB	photons		



Burst	DuraLons	
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T90:	A	duraLon	encloses	90%	of	GRB	photons		
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DistribuLon	is	instrument	
dependent	

T90:	A	duraLon	encloses	90%	of	GRB	photons		



BAT	selecLon	effect	on	GRB	spectra	
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Photon	Energy	

CPL	

Epeak	



BAT	selecLon	effect	on	GRB	spectra	
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BAT	selecLon	effect	on	GRB	spectra	

	

Intro			Swi$			Catalog			Trigger	SimulaLon			GRB	rate			Summary	



•  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-fiQed	
with	simple	power	law.	
•  175	GRBs	are	fiQed	beQer	
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	
71	keV	

BATSE	

HETE-2	

Epeak	[keV]	

～90	keV	

～300	keV	



Burst	DuraLon	vs	Spectrum	

Burst	DuraLon	



SensiLvity	Comparisons	

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

Our	simulaLons:	
•  Total	triggered	bursts:	1400	
•  1347	rate	trigger	
•  53	image	trigger			

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



Summary	
•  AdopLng	the	complex	BAT-trigger	algorithm	improve	the	

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

•  Need	more	bursts	from	high	redshiX	to	create	a	good	
match	with	the	observaLons.	

•  Very	high	GRB	rate	at	large	redshiX,	unless	luminosity	
evoluLon	is	considered.	

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

•  The	3rd	BAT	GRB	catalog	is	coming	soon!	SuggesLons	
welcome!	
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