
Probing the Intrinsic Properties of Short Gamma-
Ray Bursts using Gravitational Wave Detections
Calum de Saint Croix 
Chris Messenger* 
Siong Heng 
Martin Hendry 
Xilong Fan



Outline

• Joint GRB-GW detections 

• The aim 

• The model 

• Single event 

• Combining information 

• The simulation 

• Results 

• Conclusions

2 Rezzolla et al, 2011, ApJL, 732, L6 



Joint GRB-GW observations

• sGRBs are likely due to the merger of 
BNS systems [Eichler et al, 1989, Nature 340, 
126, Narayan et al, 1992, ApJ. 395, L83] 

• Advanced detectors expect to see BNS 
systems at design up to 450Mpc (z ~ 
0.1). 

• sGRBs are seen to far higher distances. 

• Rates of events are consistent (beaming 
is an important factor). 

• Advanced detectors expect to see ~1 
joint event per year. [Clark et al, 2015, ApJ, 
809, 53] 

• 3rd gen is a different story
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Although some of these counterparts have been discussed pre-
viously in the literature, we examine them together to better
highlight their relative strengths and weaknesses. Drawing on
the properties of the various counterparts, in Section 6 we make
specific recommendations for optimizing the follow-up with
γ -ray satellites, wide-field optical telescopes (Palomar Tran-
sient Factory (PTF), Pan-STARRS, LSST), and radio telescopes
(Expanded Very Large Array (EVLA), ASKAP). We summarize
our conclusions in Section 7.

2. SHORT-DURATION GAMMA-RAY BURSTS

The most commonly discussed EM counterpart of NS–NS/
NS–BH mergers is an SGRB, powered by accretion onto the
central compact object (e.g., Paczynski 1986; Eichler et al. 1989;
Narayan et al. 1992; Rezzolla et al. 2011). The Swift satellite and
rapid follow-up observations with ground-based telescopes have
revolutionized our understanding of SGRBs by detecting and
localizing a significant number of their afterglows for the first
time (e.g., Berger et al. 2005; Fox et al. 2005; Hjorth et al. 2005;
Bloom et al. 2006). This has enabled the discovery that SGRBs
originate from more evolved stellar populations than those of
long-duration GRBs, consistent with an origin associated with
NS–NS mergers (Berger et al. 2005; Bloom et al. 2006; Leibler
& Berger 2010; Berger 2011; Fong et al. 2011). The study of
SGRB afterglows has also established a scale for the energy
release and circumburst density that are lower than for long
GRBs, with E ! 1051 erg and n ! 0.1 cm−3 (Berger et al.
2005; Soderberg et al. 2006; Berger 2007). These observations
have also provided evidence for collimation in at least one case
(GRB 051221A), with a jet half-opening angle of θj ≈ 0.12
(Burrows et al. 2006; Soderberg et al. 2006), and upper or lower
limits in additional cases (Fox et al. 2005; Grupe et al. 2006;
Berger 2007), overall suggestive of wider opening angles than
for long GRBs.

Despite this progress, it is not yet established that all SGRBs
are uniquely associated with NS–NS/NS–BH mergers (e.g.,
Hurley et al. 2005; Metzger et al. 2008b), nor that all mergers
lead to an energetic GRB. The energy of the GRB jet, for
instance, may depend sensitively on the mass of the remnant
accretion disk, which from numerical simulations appears to
vary by orders of magnitude (∼10−3 to 0.1 M⊙), depending on
the properties of the binary and the high-density equation of
state (Ruffert et al. 1997; Janka et al. 1999; Lee 2001; Rosswog
et al. 2003; Shibata & Taniguchi 2008; Duez et al. 2010; Chawla
et al. 2010; Kyutoku et al. 2011).

Although SGRBs are bright, they occur relatively rarely
within the range of ALIGO/Virgo. To illustrate this point,
in Figure 2 we plot the cumulative rate at which SGRBs
are currently detected above a redshift z, ṄGRB,obs(<z). This
distribution includes 19 SGRBs with well-determined redshifts,
obtained from host galaxy associations (e.g., Berger 2009).
Since its launch in late 2004 Swift has detected SGRBs at a rate
of ∼10 yr−1, of which ∼1/3 have measured redshifts. Shown for
comparison are the sensitivity ranges Dr ≈ 1.5 × 196[410] ≈
295[615] Mpc for detection of NS–NS[NS–BH] mergers by
ALIGO/Virgo,7 where the factor of ≈1.5 (included only in this
7 Throughout this paper we adopt the fiducial values for Dr ≈ 200 Mpc from
Abadie et al. (2010a), who define detections as events with S/N of 8 in a single
detector, assuming NS/BH masses of 1.4/10 M⊙. This choice is conservative
because for a network of N detectors, the sensitivity range at fixed S/N
increases Dr ∝ N1/2. On the other hand, the real detection range of a network
depends on the data quality (e.g., Gaussianity and stationarity) and detection
pipeline. Once a value for Dr is chosen, all of the results presented in this paper
may be rescaled accordingly.

Figure 2. Cumulative detection rate of SGRBs with measured redshifts < z
(thick solid line), calculated using 19 (mostly Swift) SGRBs (e.g., Berger 2011).
Dashed vertical lines mark the estimated sensitivity range of ALIGO/Virgo
to NS–NS and NS–BH mergers, respectively, including a boost due to the
face-on binary orientation. The thin solid line shows an approximate fit to
ṄGRB,obs(< z) at low redshift. The dot-dashed line shows an estimate of the
total SGRB detection rate (with or without redshift information) by an all-sky
γ -ray telescope with a sensitivity similar to Fermi/GBM.

section and Section 3.1; see Schutz 2011 and Equation (4))
accounts for the stronger GW signal from face-on mergers,
which characterize the geometry of GRB jets (e.g., Kochanek
& Piran 1993).

Figure 2 illustrates the striking fact that no SGRBs with
known redshifts have yet occurred within the ALIGO/Virgo
range for NS–NS mergers, while only two SGRBs (061201
and 080905A) have occurred within the NS–BH range. Though
selection effects and low-number statistics undoubtedly distort
the true redshift distribution from that shown in Figure 2, at low
redshift the distribution should nevertheless scale as ṄGRB,obs ∝
z3.8 By fitting the lowest redshift bins to a distribution of this
form, we find that !0.03(0.3) SGRBs per year are currently
being localized by Swift within the ALIGO/Virgo range for
NS–NS(NS–BH) mergers.9 Thus, even assuming that Swift (or
a mission with similar capabilities) operates simultaneously
with ALIGO/Virgo, SGRBs are clearly not ideal counterparts
to localize a large number of mergers. Obtaining a single GW
redshift in this fashion could require a decade of observations.

Localization is of course only one desirable virtue of an
EM counterpart. Due to the short duration of both SGRBs
and the GW signal, and the short expected delay (!seconds)
between them, a time coincidence between these events is
sufficient to enable a statistically confident association. Even
if the redshift cannot be obtained, a coincident detection will
still confirm the astrophysical nature of the GW signal, prove
the connection between SGRBs and NS–NS/NS–BH mergers,
and allow studies of the dependence of the binary inclination on
the properties of the GRB jet (e.g., Kochanek & Piran 1993).
Coincidence searches for GW bursts using the time and sky
coordinates of detected SGRBs were already conducted during

8 In general interpolating the observed SGRB redshift distribution depends
on the luminosity function. Here we have assumed that SGRBs are well
approximated as standard candles (see O’Shaughnessy et al. 2008 for a more
general discussion).
9 The sensitivity range for a GW detection may be increased somewhat if the
search is restricted to the time interval and sky position of the SGRB in the
case of a γ -ray-triggered search (Kochanek & Piran 1993), but this does not
alter our conclusion that SGRBs are a rare occurrence in the range of
ALIGO/Virgo.
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The aim

• This talk will address the issue of what we can 
learn from combining information. 

• The example we choose is the intrinsic 
luminosity distribution of sGRBs. 

• Specifically those without an identified host 
galaxy. 

• The additional information extracted from the 
GW detection can help us determine L. 

• A collection of such detections can determine 
the distribution of L. 

• Existing results for GRBs [Wanderman & Piran, 2015, 
MNRAS, 448, 3026, Pescalli et al, 2015, MNRAS, 447, 1911, 
Howell et al, 2014, MNRAS, 444, 15]

4 The LIGO Collaboration. 2012, ApJ, 755, 2



The model

• We have assumed that every BNS merger generates a sGRB, but only see the sGRB 
if the inclination angle (𝜄) is < the jet opening angle (𝜃jet). 

• We assume that we have a very well localised sGRB without a host galaxy. 

• The only EM information we have about the event is the peak flux (f) with a 30% 
Gaussian uncertainty. 

• The jet half-opening angle (𝜃jet) is drawn from a uniform distribution (5o,30o) degs. 

• We have access to the full Bayesian posterior on the GW parameters but he relevant 
GW parameters are distance (D) and inclination (𝜄). 

• The peak luminosity (L) of the sGRB is drawn from a power-law distribution and has a 
fixed lower and upper cut-off. 

• We aim to determine the spectral index (𝛾).
5



Combining information 
- single event

• The flux measurement provides 
massive degeneracy between 
distance and luminosity (and jet 
angle). 

• The GW measurement gives some 
(poor) distance constraints, but … 

• The constraint on the inclination 
angle from the jet improves the 
distance and reduces the 
luminosity uncertainty. 

• See Siong Heng’s talk.
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Combining information - multiple events

• We use a Hierarchical Bayesian approach. 

• The global spectral index parameter 𝛾 governs the luminosity prior on all events.

p(�|{f, G}, I) � p(�|I)
N�

i=1

����
p(fi|Di, Li, �i)p(Gi|Di, �i)p(Di, �i|I)p(�i|�i, I)p(Li|�, I)dDidLid�id�i
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N�
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n�
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��
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posterior on L 
distribution parameters

likelihood of flux

samples - drawn from 
GW posterior

conditional 
prior on 𝜃 

L prior

• We use a simple trick to perform marginalisation over D,𝜄 - involves simple summing 
over GW samples.
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Simulation

• We simulated 1000 joint sGRB-GW 
events. 

• We assumed an H-L-V Advanced 
network at design sensitivity. 

• All sGRB luminosities were 
sampled from a power-law 
distribution with index 𝛾 = -1.4. 

• Distances were uniform in volume 
up to the advanced network 
horizon distance (450 Mpc). 

• Posterior GW samples were 
obtained using lalinference. 

• No SNR cuts were applied.
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Results

• The individual sources 
(dashed curves) do not 
particularly constrain the 
power-law index. 

• Multiple observations are 
far more powerful. 

• The spectral index is 
constrained to ±0.2 after 
O(10) joint detections. 

• After O(100) this is ±0.1.

Fig: Preliminary results from Calum de Sainte Croix’s Masters project showing the evolution of the 95% credible region 
as the number of joint detections is increased. Inset: the individual posterior probability distributions on the power-law 
index/exponent (coloured dashed lines) from 100 joint sGRB-GW detections. The solid black line is the combined 
posterior and the vertical black dashed-dotted line is the true simulated value.
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Should the luminosity of an sGRB be close to the characteristic minimum, this would imply
that the slope of the distribution is more likely to be steep, with many more low luminosities,
and with a high index (↵). Injections such as these would result in a distribution similar in form
to those shown in Fig 5.

Figure 6: Posterior distribution over ex-
ponenet space in the almost-perfect observa-
tion scheme, p(↵|S,D,M, I).

Figure 7: 95% confidence interval bounds of
the posterior distributions of ↵ cumulatively
as joint observations increase. Where
observational uncertainty is of the form of a
Normal distribution.

Figure 8: Posterior distribution over ex-
ponenet space in the current observational un-
certainty scheme, p(↵|S,D,M, I).

Figure 9: 95% confidence interval bounds of
the posterior distributions of ↵ cumulatively
as joint observations increase. In the current
observational capability scheme.

Figures 6 and 7 show the combination of 100 joint detections. The simulated data used for
these results was constructed in the case where flux, distance, and inclination are drawn from
a normal distributions with means of the true flux, distance, and inclination and with standard
deviation equal to 20% of the each respective mean. The luminosity function of the sGRB
events that was drawn from was an inverse power law with exponent, ↵ = 1.40. By applying
the method to a combination of 20, 60, and 100 joint observations, the exponent is infered by
the analysis as: 1.27 ± 0.14, 1.41 ± 0.07, and 1.39 ± 0.05 respectively to 95% confidence. The
95% confidence interval is defined by the limits of the boundary that, centered on the peak of
the probability distribution, covers 95% of the total area under the curve.

Similarly, Figures 8 and 9 show the combination of 100 joint detections. However, the
simulated data used for these results was constructed in the case where flux is drawn from a
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Conclusions

• So using the relationships between the EM and 
GW parameters we can infer parameter(s) 
describing the signal population. 

• We only need O(10) sources to make a 
constraining measurement (error scale 
consistent with existing EM methods. 
[Wanderman & Piran, 2015, MNRAS, 448, 3026] 

• This is not unfeasible for Advanced Detectors 
but not likely given the expected rates. 

• 3rd generation detectors will see the majority 
of BNS mergers with an sGRB counterpart. 

• So powerful inference will be possible.
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More conclusions

• Hold on, what about the ~30% of all 
sGRBs that have a redshift/host-galaxy 
and therefore a distance? 

• Can’t we do this right now without 
GWs? 

• Ultimately, with GWs luminosities for 
nearly all sGRBs can be used. 

• There are lots of additional selection 
effects that should be included. 

• We can also add additional parameters 
(broken power-law?, more complicated 
parameter dependence?, …) and 
perform model selection.
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Thank you for your 
attention.
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