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ABSTRACT

Aims. We aim to estimate the rate of compact binaries and compare these with similar estimates based on either the observation
of these binaries or population synthesis models. Since the merger of these compact objects are likely to produce short gamma-ray
bursts, conclusions about the opening angle of these bursts can be made.
Methods. We use a set of observed redshift measurements of short gamma-ray bursts to model the rate of these merger events in the
nearby universe. Various corrections are included in the calculation, such as the field-of-view of the satellite missions, the beaming
factors of gamma-ray burst and other parameters.
Results. The computed rate estimates are compared to other rate estimates, based on observations of binary neutron stars and popu-
lation synthesis models. Given the upper limit established by LIGO/Virgo measurements, it is possible to draw conclusions about the
beaming angle of gamma-ray bursts.

Key words. gravitational waves – gamma-ray burst: general

1. Introduction

Short gamma-ray bursts (GRB) are powerful explosions in the
depth of the universe, probably created by the merger of two
compact objects, such as two neutron stars (NS-NS) or a neu-
tron star and a black hole (NS-BH). These events will be sources
of strong gravitational waves (GW), which are being searched
for with ground-based GW detectors such as LIGO and Virgo.
Efforts have been made to estimate the local rates of these events
based on the observations of a few known neutron-star binary
systems and star population models. If short GRBs are indeed
created by a merger of two compact objects, the observation
of the redshift distribution can be used to determine the local
merger rate in a complementary way, which is the main sub-
ject of this work. Furthermore, known limits on the rate of these
events from LIGO/Virgo observations can be used to constrain
parameters related to GRB physics, such as the opening angle of
the outflows in GRB.

This paper is organized as follows. After the introduction,
the available redshift data for short GRBs is reviewed, before
the fit model is explained and the sources of uncertainties are
discussed. The results of the calculations are then discussed, and
compared with other rate estimates and the implications for GRB
parameters.

1.1. Gamma-ray bursts

Gamma ray bursts are intensive bursts of high-energy gamma
rays, distributed uniformly over the sky, lasting milliseconds to
hundreds of seconds. Several thousands bursts have been dis-
covered to date, with the very prominent feature of a bimodal
distribution of the burst durations, with a minimum around two

� Appendices are only available in electronic form at
http://www.aanda.org

seconds (Kouveliotou et al. 1993; Horvath 2002). Bursts with a
duration shorter than two seconds are called short GRB’s, and
bursts lasting longer than two seconds are labeled long GRBs.
Long GRBs have been associated with star-forming galaxies and
core-collapse supernovae (Campana et al. 2006; Lee et al. 2004;
Hjorth et al. 2003; Fruchter 2006; Woosley & Bloom 2006).
Short GRBs, on the other hand, had been a mystery for a long
time, but early observations with SWIFT (Gehrels et al. 2005;
Barthelmy et al. 2005a) indicated that the progenitor of these
events is the merger of two compact objects (Eichler et al. 1989;
Narayan et al. 1992).

Besides the merger scenario, some of the short GRBs are
probably caused by soft gamma repeaters (SGR), rapidly rotat-
ing magnetically-powered neutron stars, creating sporadic “star
quakes” in the crust that generate bursts of gamma radiation
(Mereghetti 2008; Woods & Thompson 2004). It has been esti-
mated that up to ∼25% of all SGRBs are caused by SGRs (Tanvir
et al. 2005; Levan et al. 2008).

Throughout this paper, we will use a new GRB classifica-
tion scheme suggested by Zhang et al. (2009), which labels a
GRB with a probable merger progenitor as type-I GRB (i.e. the
“short”-GRB class) and GRBs that might have been created by
a core collapse supernovae as type-II GRB (i.e. the “long”-GRB
class). Although this classification is not unambiguous (there are
unclear cases such as GRB 060614, or a sub-class might ex-
ist related to e.g. soft gamma-repeaters, Chapman et al. 2008a;
Czerny et al. 2011), this notation is based on the probable un-
derlying physics instead of a single observational quantity, the
duration of the burst.

1.2. Associated gravitational wave observations

As mentioned just above, type-I GRBs might be sources of grav-
itational waves searched for with gravitational wave detectors,
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Table 1. 28 type-I gamma ray bursts with possible redshift measurements and T90 duration equal to or shorter than four secondsa .

GRB Instrument Optical afterglow Duration [s] Redshift Classification
020531 HETE yes 1.0 1.0 probable
040924 HETE yes ∼1.5 0.859 reliable
050416 SWIFT/XRT yes 2.4± 0.2 0.6535± 0.002 reliable
050509B SWIFT/XRT no? 0.03 0.2248± 0.0002 implausible
050709 HETE yes 0.22± 0.05 0.1606± 0.0001 reliable
050724 SWIFT/XRT yes 3.0± 1.0 0.2576± 0.0004 reliable
050813 SWIFT/XRT yes? 0.6± 0.1 0.722 probable
050906 SWIFT/BAT no 0.128± 0.016 0.43 implausible
051016B SWIFT/XRT yes 4.0± 0.1 0.9364 reliable
051221A SWIFT/XRT yes 1.4± 0.2 0.5465 reliable
060502B SWIFT/XRT no 0.09± 0.02 0.287 reliable
060505 SWIFT/XRT yes 4± 1 0.089 probable
060801 SWIFT/XRT no 0.5± 0.1 1.131 reliable
061006 SWIFT/XRT yes 130± 10 0.4377± 0.0002 reliable
061201 SWIFT/XRT yes 0.8± 0.1 0.111 reliable
061210 SWIFT/XRT no 85± 5 0.41 implausible
061217 SWIFT/XRT no 0.3± 0.05 0.827 probable
070209 SWIFT/BAT no 0.10± 0.02 0.314 implausible
070406 SWIFT/BAT no 0.7± 0.2 0.11 implausible
070429B SWIFT/XRT yes? 0.5± 0.1 0.9023± 0.0002 reliable
070714B SWIFT/XRT yes 64± 5 0.9225± 0.0001 reliable
070724 SWIFT/XRT no 0.4± 0.04 0.457 probable
070810B SWIFT/XRT no? 0.08± 0.01 0.49 probable
071227 SWIFT/XRT yes 1.8± 0.4 0.384 reliable
080121 SWIFT/XRT no 0.7± 0.2 0.046 probable
080520 SWIFT/XRT yes 2.8± 0.7 1.545 reliable
090417A SWIFT/BAT no 0.072± 0.018 0.088 implausible
090510 SWIFT/XRT yes 0.3± 0.1 0.903± 0.003 reliable

Notes. The data for these GRB’s are taken from (O’Shaughnessy et al. 2008b) and from diverse GCN circulars (http://gcn.gsfc.nasa.gov/
gcn3_archive.html). Reliable redshift values are marked in bold, while implausible redshift values are marked in italics. (a) The duration refers
to the earth frame. No cosmological correction was applied because of the a priori unknown redshift.

such as LIGO and Virgo. The LIGO detectors, described in de-
tail in (Abbott et al. 2004b; Barish & Weiss 1999), consist of two
instruments at two sites in the US, while Virgo consists of one
instrument located near Pisa in Italy (Acernese et al. 2006).

Several results of searches for merger signals have been pub-
lished, with upper limits on the rates of merger events (Abbott
et al. 2004a, 2005a,b, 2006, 2007), along with triggered searches
for merger signals associated with type-I GRBs (Abbott et al.
2008; Abadie et al. 2010), but so far, no GWs have been de-
tected. These detectors are currently undergoing significant en-
hancements, before a new data-taking campaign commences in
∼2015 with a 10-fold increase in sensitivity with respect to the
initial configuration, probing a 1000-fold volume in space.

2. Used data and redshifts

Because the redshifts are a very crucial piece of information in
this work, we re-examine the list of type-I GRBs associated with
a redshift measurement in detail, to determine whether the asso-
ciation is justified. Table 1 lists all 28 type-I GRBs with a possi-
ble associated redshift over the five year period that we consider;
the values are taken from (O’Shaughnessy et al. 2008b) and di-
verse GCN circulars1. Each redshift association is classified into
three groups:

– Reliable redshifts: GRBs with a very high probability that
the associated redshift is correct, which is the case when
an optical counterpart has been identified, or when only one

1 http://gcn.gsfc.nasa.gov/gcn3_archive.html

galaxy is located in the error-circle of the observation. These
GRBs are used in datasets labeled “A” and “B”.

– Probable redshifts: GRBs with a good chance that the red-
shift association is valid, in the case of e.g. two galaxies re-
maining in the error-circle, or when the observations lead to
controversial results. These GRBs are used in the dataset la-
beled “B”.

– Implausible redshifts: GRBs with a very low probability that
the assigned redshift is correct, as in the cases without iden-
tification of an optical counterpart or when many galaxies
reside in the error circle. These GRBs are not used in this
analysis.

The full discussion of the classification is given in Appendix A,
and summarized in Table 1. In total, 15 GRBs have been clas-
sified with a reliable redshift association (dataset “A”) and 7 ad-
ditional GRBs with a probable redshift association (dataset “B”
with 22 data-points in total). The 6 GRBs with an implausible as-
sociation are not considered in this analysis. A bias might exist
whereby we tend to favor redshift estimates from nearby GRBs,
since these are in general brighter and the underlying galaxy can
be identified more easily, but this uncertainty is not taken into
account.

3. Description of the fit model

We describe the model used to fit the observed redshift values,
and the parameters needed to convert the fit results into an astro-
physical rate.
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3.1. The fit model

We now describe the model used for the fit, which is a gen-
eral one of the rate of astronomical objects as a function of
their cosmological redshifts. These models are described e.g. by
Chapman et al. (2008b,a) and Guetta & Piran (2005) and are
used to model the distribution of type-I GRBs. This model ex-
presses the number of observable objects with a redshift lower
than some redshift z∗, and is given by:

N(z∗) = N0

∫ z∗

0
dz

R(z)
1 + z

dV(z)
dz

∫ Lmax

Lmin(Plim,z)
Φ(L)dL. (1)

In this equation, N(z∗) is the number of type-I GRB above some
minimum luminosity with a redshift lower than z∗, R(z) is the
rate-function (in units per volume) at a redshift z, Φ(L) is the
luminosity function, and dV(z)/dz is the volume of a comoving
shell at redshift z. The standard cosmology parameters used are
ΩM = 0.27, Ωλ = 0.73, and h = 0.71. The rate function R(z)
describes the change in the intrinsic rate of objects as a function
of redshift z, and all functions used for the fits are described in
Appendix B. The luminosity function Φ(L) describes the dis-
tribution of sources as a function of their luminosity, which
are given in Appendix C. The upper integration limit is set to
Lmax = 1055 erg, while the lower limit depends on the threshold
of the satellite and the redshift as

Lmin(z) =
4π

1 + z
D2

lum(z) Plim. (2)

The detection threshold Plim is taken for the SWIFT satellite,
and is roughly Plim ≈ 10−8 erg/cm2 as can be seen in Fig. 12 of
Sakamoto et al. (2008).

The fit of the model is performed by a least squares fit-
ting function from the scipy module of python2, which uses a
modified version of the Levenberg-Marquardt algorithm to min-
imize a function representing the difference between the ob-
served data and the fitted model. For each dataset, every possi-
ble combination of rate function and luminosity function is used
in Eq. (1), yielding 16 different fit functions for each dataset.
A Kolmogorov-Smirnov (KS) probability is calculated to esti-
mate the goodness-of-fit of each of these fit functions, and only
fits with a KS probability of more than 80% are kept for further
analysis.

The norm of this equation, N0, denotes the number density
of GRBs at zero redshift. To obtain the local rate rlocal, one need
to take into account the observing period (T = 5 years) and the
fraction of type-I GRBs used for the fit, compared to the total
number of type-I GRBs observed during this period. The latter
correction factors are f = 28/15 for dataset “A” and f = 28/22
for dataset “B”. The local rate is given as

rlocal =
f N0

T
· (3)

This yields the local, uncorrected rate, which has to be corrected
for several effects, as described in the next subsection.

3.2. Model-dependent parameters

Several corrections must be applied to the local rate to obtain
the true rate of binary mergers. These corrections include the
beaming factor of GRBs f −1

b , the field-of-view of the satellite

2 http://www.scipy.org

υ, the fraction of mergers producing a type-I GRB, η, and the
fraction of type-I GRBs created by a merger, σ. The general ex-
pression to obtain the true, corrected rate from the uncorrected,
local rate is

rcorr = rlocal
f −1
b σ

η υ
· (4)

3.2.1. Beaming factor

There is convincing evidence that the outflows of GRBs are
strongly beamed (Stanek et al. 1999; Harrison et al. 1999;
Grupe et al. 2006b; Burrows et al. 2006), which we consider
in this work. Since gamma-ray bursts are only visible if the
Earth is inside the cone of the outflow, the true rate will be
higher than deduced from the redshift fits alone, by a factor
f −1
b = 1/(1 − cos(θ)), the beaming factor. The angle θ is the

opening angle of the outflow.
In the standard model of GRBs (see e.g. Piran 2005;

Mészáros 2006, for reviews), the outflowing matter, initially
with a Lorentz factor of Γ0, is confined to a cone of opening an-
gle θ. This angle changes when the Lorentz factor of the outflow
decelerates and becomes comparable to θ−1; the jet then starts
spreading sideways and an achromatic drop in the light curve
(jet-break) is expected. Calculations have been performed that
show a dependency of the jet-break tb on the jet opening angle
as θ = 0.057 ζ t3/8

b (Sari et al. 1999; Frail et al. 2001), with ζ
defined as

ζ =

(
1 + z

2

)−3/8 ( ηγ
0.2

)1/8
(

Eγ,iso

1053 erg

)−1/8 ( n
0.1 cm−3

)1/8
· (5)

Here z is the redshift of the source, ηγ the efficiency of convert-
ing the energy of the outflow into gamma rays, n is the mean
circumburst density, and Eγ,iso the isotropic equivalent gamma-
ray energy.

It should be noted that the observer is in general not directly
located on the jet axis, but at an angle θoff relative to this axis
(van Eerten et al. 2010), so that θmeas = θtrue + θoff. A typical
observer is more likely to be positioned at a large angle off-axis,
with a mean value of

〈θoff〉 =
∫ θtrue

0
p(θ) θ dθ =

3
4
θtrue, (6)

where we have used the normalized probability density function
p(θ) = 3θ2/θ3true. The true average opening angle of a GRB is
then given by

θtrue = θmeas − θoff � 4
7
θmeas, (7)

which is only about half the angle inferred by measurements of
the jet-break times as explained above.

Evidence of jet-breaks in type-I GRBs are very rare, and
summarized in Table 2. The following list gives some more de-
tails about these findings:

– GRB 050709: The afterglow of this GRB has was in
Panaitescu (2006) where no jet-break was found within
10 days of the time of the burst. Two different circumburst
densities have been used (n = 10 cm−3 and n = 10−5 cm−3),
with the latter being more realistic in the case of a type-I
GRB, yielding an opening angle of θ > 6◦ (Panaitescu 2006).
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Table 2. List of opening angles or their lower limits.

GRB Angle in degrees Beaming factor f −1
b with correction

050709 >1.5a <9000
050724 8–15a , >25b <30 or ∼90–300
051221A 4c , 3.7d ∼1250 or ∼1470
061021 4.5ζ = 4.8d ∼870

Notes. The values in this table are obtained from the angle by using f −1
b = 1/

(
1 − cos( 4

7θ)
)
; see text for details, including the definition of ζ.

References. (a) Panaitescu (2006); (b) Grupe et al. (2006a); (c) Burrows et al. (2006); (d) Racusin et al. (2009).

– GRB 050724: The afterglow for this GRB was also analyzed
by Panaitescu (2006) who claimed to have seen a jet-break
one day after the burst time and suggested an opening angle
of θ = 10−15◦ or a somewhat tighter value of θ = 8−12◦,
assuming energy injected into the afterglow from long-lived
X-ray flares (Panaitescu 2006). The density was assumed to
be in the range n = 0.1−1000 cm−3. This result is doubted
by Grupe et al. (2006b) who claimed that the opening angle
is larger than 25◦ for n = 0.1 cm−3.

– GRB 051221A: The analysis of the lightcurve for this GRB
identified three breaks, the last one of which was assumed
to be the jet break, corresponding to an opening angle of
θ = 4◦ or θ = 8◦, depending on the ambient density (n =
10−4 cm−3 and n = 0.1 cm−3, respectively) (Burrows et al.
2006). Again, the low-density value seems more appropriate
for type-I GRBs. A value of θ = 3.7◦ is given in Racusin
et al. (2009).

– GRB 061021: The jet-break times and the corresponding
opening angles for this GRB can be found in Racusin et al.
(2009), with an assumed circumstellar density of n � 1 cm−3.
In the case of a type-I GRBs, however, the more proba-
ble place is a much less dense region, so a choice of n �
10−4 cm−3 seems more appropriate. Using the mean redshift
for type-I GRBs in Eq. (5) and a mean isotropic equiva-
lent energy of Eγ,ISO � 1050 erg, a more realistic value for
ζ = 1.0573 has been used.

The findings of the opening angles of type-I GRBs are sum-
marized in Table 2, taking into account the correction factor of
4/7. The beaming factors range between <30 to up to ∼9000,
which represents either the observational spread in the real
value or a multimodal distribution from different processes (i.e.
SGR, NS-NS merger, NS-BH merger). In the remainder of this
paper, a value of f −1

b = 500 is used, corresponding to an angle
of 6.3◦, which seem to be a reasonable choice and agrees with
the range of 13 � f −1

b � 104 as found in Soderberg et al. (2006)
and Levinson et al. (2002). We note that these estimates are
based on only four reliable jet break measurements. This might
imply that the majority of GRBs have jet breaks at a much later
time, leading to a much larger beaming factor. However, the
four presented cases indicate that at least some GRBs have a
beaming factor in the deduced range.

3.2.2. Fraction of type-I GRB originating from a merger

Not every type-I GRB is caused by a merger event, some pos-
sibly being created from a soft-gamma repeater or different pro-
cess. As up to 25% of all type-I GRBs might be created by a SGR
(Tanvir et al. 2005; Levan et al. 2008), an assumption that 75%
have a merger progenitor seems reasonable; therefore a value of

σ = 0.75 will be assumed in the remainder of this paper. Since
this is the basic assumption on which this work is based, we con-
sider this value to be fixed.

3.2.3. Fraction of mergers producing a type-I GRB

Not every merger will lead to a type-I GRB, because one mate-
rial object is needed to create the observed ultra-relativistic out-
flow. This implies that one of the two objects must be a neutron
star, while the other object is either a neutron star or a black
hole. Even then, it is hard to estimate the fraction of mergers
that might create a type-I GRB; a recent investigation inferred
η = 0.01−0.4 in the case of NS-BH systems (Belczynski et al.
2008b), with an even larger spread in the case of NS-NS systems
(Belczynski et al. 2008a). The recent discovery of a 2 M
 neu-
tron star (Demorest et al. 2010b) makes it far more plausible that
two coalescing neutron stars generate type-I GRBs (Ozel et al.
2010), resulting in a much larger value of η. A value of η = 0.5
is used as a first guess for the latter analysis, but we investigate
also the outcome of choosing any possible value between 0 and
1.

3.2.4. Field-of-view

Most of the GRBs considered in this work are detected by
SWIFT, which has a field-of-view (FOV) of 1.4 sr half-coded
(Barthelmy et al. 2005b). This corresponds to about 10% vis-
ibility of the sky (υ = 0.1) at any time for SWIFT. Although
GRB data from other missions have been used3 and the actual
sky coverage is not constant, a value of 10% seems reasonable
throughout the period considered in this paper. We also assume
a 100% duty cycle of the satellites over the entire period of
five years we consider, which is not exactly true, but the error
associated with this parameter is much smaller than the other
parameters.

4. Fit results and discussion

Following the above discussion of the parameters, the true cor-
rected rate rcorr can be obtained from the uncorrected local rate
rlocal with the expression

rcorr = 7500 rlocal

⎛⎜⎜⎜⎜⎝ f −1
b

500

⎞⎟⎟⎟⎟⎠
(
σ

0.75

) (
0.50
η

) (
0.10
υ

)
, (8)

in which the prefactor clearly reflects the default choices (and is
equal to 500 · 0.75/(0.50 · 0.10)).

Table D.1 summarizes the final sample of models, includ-
ing their fitted parameters and the goodness-of-fit values, when

3 From HETE, http://space.mit.edu/HETE/
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Fig. 1. Histogram of the fit results across the different rate functions
and luminosity functions (as listed in Table D.1). The left plot shows
the result for dataset “A” (reliable redshift values), while the right
plot shows the results for dataset “B” (reliable and probable redshift
values). The individual rates are always above zero with a minimum
rate of 0.25 Myr−1 Mpc−3 for dataset “A” and 0.066 Myr−1 Mpc−3 for
dataset “B”.

using the parameters shown in Eq. (8). For dataset “A”, the low-
est rate (1.1 Myr−1 Mpc−3) is obtained from the model with the
delay rate function and power luminosity function, while the
maximum rate (11.3 Myr−1 Mpc−3) is obtained from the model
with a constant rate function and lognormal luminosity func-
tion. The histogram of the rates are shown, for both datasets,
in Fig. 1, and in Fig. 2 as a bar plot, indicating the 20%, 50%
and 80% quantiles. For dataset “B”, the rates are between 2.6
and 31.6 Myr−1 Mpc−3. As dataset “B” includes redshift values
that are more uncertain and on average closer, it is unsurprising
that this set yields higher rate values. To be conservative, only
results from dataset “A” are used hereafter.

4.1. Constraints on GRB parameters

The effect of the uncertainty in the parameters f −1
b and η is

shown in Fig. 3, which shows the minimum rate obtained
from a model (i.e. model “delay power” in Table D.1), as a
function of the opening angle θ and the fraction of mergers
creating a type-I GRB, η. These lower limits vary between
0.01 Myr−1 Mpc−3 and 104 Myr−1 Mpc−3, while the upper limits
are between 0.1 Myr−1 Mpc−3 and 105 Myr−1 Mpc−3. The black

Fig. 2. Ranges of the computed rates using dataset “A” with only the
reliable redshift values and dataset “B” with both the reliable and prob-
able redshift values. The red dot indicates the median value, the blue
bar the 20% to 80% quantile range, while the yellow bar covers the
total rate range.

Fig. 3. Plot of the rate for model “delay power”, which yields the min-
imum rate (see Appendix B), as a function of the GRB opening angle
θ and the parameter η. The other parameters are kept constant as they
are more reliable. The color show the rate in units of Myr−1 Mpc−3, and
the black lines delineate the areas excluded by GW upper limits in the
case of NS-NS and NS-BH binaries (LIGO Scientific Collaboration and
Virgo Collaboration 2010b); the lower left areas are excluded.

lines show the 90% upper limits to merger rates as a result
of LIGO/Virgo searches, which are 43.6 Myr−1 Mpc−3 for NS-
BH mergers and 172 Myr−1 Mpc−3 for NS-NS mergers (LIGO
Scientific Collaboration and Virgo Collaboration 2010b). The
excluded areas to the lower left of these lines impose constraints
on the opening angle θ of the outflow in GRBs. When assum-
ing that most type-I GRBs are created by NS-BH mergers, an
opening angle of smaller than ∼1◦ is excluded. This plot also in-
dicates that η might not be too small, agreeing with the results
obtained in Belczynski et al. (2008b) and Ozel et al. (2010).

4.2. Comparison with other rate estimates

We now compare the rates deduced in this paper with other rate
estimates. Two cases are considered: the coalescence rate of two

A97, page 5 of 10

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201016166&pdf_id=1
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201016166&pdf_id=2
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201016166&pdf_id=3


A&A 529, A97 (2011)

Table 3. Comparison of realistic rate estimates from this work
with the estimates given in LIGO Scientific Collaboration and Virgo
Collaboration (2010a).

Rlow Rre Rhigh Rmax

NS-NS (Myr−1 Mpc−3) 0.01 1 10 50
NS-BH (Myr−1 Mpc−3) 6 × 10−4 0.03 1
this work (Myr−1 Mpc−3) 0.03 7.8 — 104

Rlow Rre Rhigh Rmax

NS-NS (L−1
10 Myr−1) 0.5 50 500 2500

NS-BH (L−1
10 Myr−1) 0.03 1.5 50

this work (L−1
10 Myr−1) 1.5 390 — 5 × 105

Notes. In this table, Rlow is identified with the pessimistic estimate
(the minimum rate obtained in this work), Rpl with the plausible es-
timate (the median rate obtained in this work), Rhigh with the plausi-
ble optimistic estimate, and Rmax with the upper limit (the upper limit
in this work as well). The conversion factor between the two units is
0.0198 L10/Mpc3 (Kopparapu et al. 2008).

neutron stars and the rate of coalescence of a neutron star with a
black hole. For a NS-NS merger the rate is deduced from known
binary pulsars in our Milky Way, and was estimated to be realis-
tically around 1 Myr−1 Mpc−3, although they could be as high
as 50 Myr−1 Mpc−3 (LIGO Scientific Collaboration and Virgo
Collaboration 2010a). The rates predicted for NS-BH are much
more uncertain, and have been estimated using population syn-
thesis models. Realistic rates are around 0.03 Myr−1 Mpc−3, al-
though they could be as high as 1 Myr−1 Mpc−3 (O’Shaughnessy
et al. 2008a). A recent investigation of star formation found the
rate of NS-BH binaries is possibly significantly higher by a fac-
tor of ∼20, when a lower metallicity is assumed in the models
(Belczynski et al. 2010).

The rates estimated in this work range from 1.1 Myr−1 Mpc−3

to 11.3 Myr−1 Mpc−3, with a median value at ∼7.8 Myr−1 Mpc−3

for the choice of plausible parameters used at the beginning
of this section. When including the uncertainties in the beam-
ing factor f −1

b , ranging from 30 (corresponding to 26◦) to 9000
(corresponding to 1.5◦), and for the fraction of mergers pro-
ducing a type-I GRB η, from 0.01 to 1.0, the minimum rate
becomes 0.03 Myr−1 Mpc−3, while the maximum rate becomes
10 200 Myr−1 Mpc−3. Table 3 compares these rate estimates with
the ones given in LIGO Scientific Collaboration and Virgo
Collaboration (2010a). The plausible pessimistic rate estimate
Rlow is identified with the minimum rate in the present study, and
the realistic rate estimate Rre is identified with the median value
estimated here using the plausible parameter choices. This value,
∼7.8 Myr−1 Mpc−3, is very similar to the high rate estimate
Rhigh for NS-NS mergers given in LIGO Scientific Collaboration
and Virgo Collaboration 2010a, see Table 3). It should also be
noted that the maximum rate estimate of 10 200 Myr−1 Mpc−3

is much higher than the excluded values from LIGO/Virgo
measurements, which are 43.6 Myr−1 Mpc−3 for NS-BH merg-
ers and 172 Myr−1 Mpc−3 for NS-NS mergers (LIGO Scientific
Collaboration and Virgo Collaboration 2010b). For complete-
ness, Table 3 also shows the rates in units of L−1

10 Myr−1.

5. Summary and conclusion
This work has utilized redshift measurements of type-I GRBs
(i.e. short GRBs) to obtain the local rate of NS-NS and NS-BH
mergers, respectively. The list of available redshifts have been
revisited in detail, to assess the reliability of each redshift value.
For the 22 type-I GRBs observed between 2004 and 2009, 15

have been found to have reliable redshifts, and 7 to have probable
values; the redshifts of the remaining six type-I GRB were found
to be too uncertain and were excluded from the analysis.

A cumulative distribution was constructed using the two
datasets of redshift values, which had been fitted by models us-
ing different functions for the rate and luminosity. A KS-test cri-
terion was used to select models with reliable fits. To obtain the
true local rate, the fit results were corrected for several factors,
including the fraction of mergers producing a type-I GRB, η, the
number of type-I GRBs created by a merger, and the beaming
factor of the GRBs.

The obtained rates are consistent with the high-rate estimates
given in LIGO Scientific Collaboration and Virgo Collaboration
(2010a), with a median rate of 7.8 Myr−1 Mpc−3. When includ-
ing the uncertainties from the beaming factor and parameter
η, the rate is found to vary between 0.01 Myr−1 Mpc−3 and
105 Myr−1 Mpc−3. However, results from LIGO/Virgo observa-
tions, placing an upper limit on the rates of NS-NS and NS-
BH mergers, can be used to constrain the opening angles of
GRBs; the investigation indicates that opening angles of �1◦ are
excluded.

Further work is required to improve the accuracy of the re-
sults, i.e. by taking into account the fluxes measured for GRBs,
or constraining the ranges of some parameters used in this work.
Ultimately, only direct detections of gravitational waves from
mergers will yield a more precise rate, and if associated with
type-I GRBs, the physical properties of gamma-ray bursts will
also be able to be constrained.
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Appendix A: Detailed redshift discussions

GRB 020531. HETE detected this short GRB with a duration
of 0.2–1 s [GCN1399]4 and follow-up observations revealed var-
ious sources in the IPN error circle [GCN1408, GCN1415], in-
cluding two new asteroids [GCN1400]. One of these sources was
found to weaken in brightness [GCN1426] very close to an ex-
tended object, i.e. the probable host galaxy [GCN1427], which
has a spectroscopic redshift of z = 1.0 [GCN1428]. A different
fading source was found just outside the error box [GCN1434],
making this a probable redshift estimate only.

GRB 040924. This is a short GRB with a duration of ∼1.5 s
[GCN2754] for which an optical afterglow (OA) has been
identified [GCN2734]. A spectroscopic analysis of the very
likely host galaxy [GCN2750] revealed a redshift of z = 0.859
[GCN2800].

GRB 050416. This is a SWIFT/XRT GRB [GCN3264,
GCN3268] with a duration of 2.4± 0.2 s [GCN3273], and be-
cause an optical transient was observed [GCN3265, GCN3266]
the measured redshift of z = 0.6535±0.0002 [GCN3542] is very
likely.

GRB 050509B. GRB 050509B was found only within the XRT
error circle [GCN3395] with a radius of 8′′. Further investiga-
tions showed that there are at least four more sources in the
XRT error circle, one of them a probable high-redshift galaxy
[GCN3401]. The chance association of a low redshift galaxy is
reported to be very small [GCN3418], hence this redshift esti-
mation is implausible.

GRB 050709. Although a long duration is reported for this
GRB of ∼130 s [GCN3653], the lightcurve and other spec-
tral features classify it as a type-I GRB [GCN3570, GCN3653].
The association of the afterglow with the probable host galaxy
[GCN3605, GCN3612] makes the redshift estimation of z =
0.16 reliable.

GRB 050724. GRB 050724 has a T90 duration of strictly 3±1 s,
but because it could belong to the type-I GRB class [GCN3667]
it is considered in the sample. Four objects were found in the
XRT error circle [GCN3672], of which two are identified as
Galactic stars [GCN3675, GCN3679]. Additional observations
hale us improve our confidence, that the object labelled as “D” is
the host galaxy with a redshift of 0.258 [GCN3690, GCN3700].

GRB 050813. This SWIFT GRB with a duration of 0.6± 0.1 s
[GCN3793] has been found at a position with several faint ex-
tended objects, probably forming a galaxy cluster at high red-
shift, which makes this cluster the most likely source of that
GRB [GCN3798]. Measurements of the redshift of the galax-
ies suggest a value of z = 0.722 [GCN3801], although a redshift
of z = 0.65 also seems plausible [GCN3808]. The more con-
servative value of 0.722 will be used in this work as a probable
value.

4 Each citation from the Gamma-ray Coordinate Netwok (GCN) will
be given in this format. The citation can be found on the website
http://gcn.gsfc.nasa.gov/gcn3_archive.html

GRB 050906. SWIFT detected this very short GRB (T90 =
0.128 ± 0.016 s [GCN3935]) without finding the source with
XRT, leaving only the BAT error circle to search for an after-
glow [GCN3927, GCN3935]. Since this circle contains the mas-
sive star-forming galaxy IC 328 at z = 0.031, a galaxy cluster
at z = 0.43, and field galaxies of unknown redshift, any value is
unlikely.

GRB 051016B. For this SWIFT GRB with a duration of
4± 0.1 s [GCN4104], a probable optical afterglow was found
[GCN4111], in a galaxy with redshift z = 0.9364 [GCN4186];
this makes the redshift value reliable.

GRB 051221A. This GRB had a duration of 1.4 ± 0.2 s
[GCN4365], and an optical afterglow was detected [GCN4375].
The measured redshift of z = 0.5465 [GCN4384] is therefore
reliable.

GRB 060502B. GRB 060502B was a very short GRB with a
duration of 0.09± 0.02 s [GCN5064], for which two sources
were found in the XRT error circle [GCN5066, GCN5071]. One
is assumed to be a star, while the other appears to be an extended
object, whose reliable redshift is measured to be z = 0.287
[GCN5238].

GRB 060505. This GRB has a nominal T90 duration of 4 ± 1 s
[GCN5142], and therefore not clearly assigned to either type-I
or type-II. The position of the optical afterglow was found to be
4′′.3 from the galaxy 2dFGRS S173Z112, with a redshift of z =
0.089 [GCN5123]. The distance in projection of this late-type
galaxy was found to be 7 kpc [GCN5123]. No supernova was
found to be associated with this GRB [GCN5161], suggesting
that this might be either a merger-driven GRB or a GRB at a
much larger distance. The redshift value is classified as probable.

GRB 060801. This short GRB (duration of 0.5± 0.1 s
[GCN5381]) was found in the SWIFT/XRT instrument
[GCN5378], which revealed four objects in its field
[GCN5384, GCN6386]. In the revised XRT error circle
[GCN5389], two objects remained, of which one is extended.
The redshift of that extended object is z = 1.131 [GCN5470],
making it a reliable estimation.

GRB 061006. An optical afterglow was found for this
GRB [GCN5718], revealing the reliable redshift to be
z = 0.4377± 0.0002 (Berger et al. 2007). The formal duration
is 130± 10 s [GCN5704], but initial short spikes lasting ∼0.5 s,
on which SWIFT did not trigger [GCN5702, GCN5710], places
this GRB in the type-I category.

GRB 061201. This short GRB (duration of 0.8 ± 0.1 s
[GCN5882]) had an optical afterglow [GCN5896], but no galaxy
was found at its position. Close-by objects include a galaxy at
redshift 0.111 [GCN5952], as well as the galaxy cluster Abell
995, for which a mean redshift of z ∼ 0.0835 was determined
[GCN5995]. The offset of the GRB from the galaxy would be
34 kpc in the first case, and 800 kpc in the second case (from
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the center of the cluster). The value of z = 0.111 is used in the
further analysis5.

GRB 061210. This GRB has a nominal duration of T90 = 85 ±
5 s [GCN5905], but an initial short spike of duration ∼60 ms
places it into the type-I regime. This GRB has been located in the
XRT error circle containing three galaxies [GCN5922]. Since no
optical transient was found, the association with a given galaxy
as host is doubtful, which makes the redshift implausible.

GRB 061217. This short GRB, with a T90 of 0.30 ± 0.05 s
[GCN5930], exhibited no optical afterglow, but the XRT posi-
tion was found to be within 11 arcsec of a galaxy [GCN5948].
Two objects have been found in a more deeper observation, with
the brighter object proposed to be the host galaxy of this GRB
[GCN5949, GCN5953]. A subsequent observation of the pro-
posed host galaxy yields a redshift of z = 0.827 [GCN5965],
so the source would have a isotropic-equivalent energy release
of about 8 × 1049 erg [GCN5965], which is rather high for a
type-I GRB. This makes the redshift probable only.

GRB 070209. The localization of this GRB within the BAT er-
ror circle contained no single source within the BAT error cir-
cle, but three X-ray sources in its proximity [GCN6095]. None
of these sources were found to be the afterglow of this GRB
[GCN6119], making the measured redshift of the source closest
to the GRB position of z = 0.314 [GCN6101] very unlikely.

GRB 070406. A short GRB with a T90 of 0.7 ± 0.2 s
[GCN6261], for which a bright source was detected in the XRT
error circle, whose redshift is 0.703 [GCN6262]. Spectral fea-
tures indicate this to be a quasar, and unrelated to the burst.
Further investigations showed no hint of a fading afterglow, and
the large number of faint sources found in the XRT error circle
make this redshift estimate of z = 0.11 [GCN6249] uncertain.

GRB 070429B. This BAT GRB has a duration of 0.5 ± 0.1 s
[GCN6365], and two faint objects were found in the XRT er-
ror circle [GCN6372]. For the brighter objects, a redshift of
z = 0.9023± 0.0002 was determined [GCN7104] (Cenko et al.
2008), as well as evidence that this object contains a fading
source [GCN7145]. Therefore, the measured redshift is reliable.

GRB 070714B. This long GRB with a standard T90 time of
64± 5 s shows spectral features of a type-I GRB, especially the
zero spectral lag [GCN6623]. An optical transient was found in
the XRT [GCN6630], and the host’s galaxy redshift is found to
be z = 0.9225± 0.0001 [GCN6836] (Cenko et al. 2008), which
makes this a reliable redshift.

GRB 070724. This SWIFT GRB [GCN6654] had a duration
of 0.4 ± 0.04 s [GCN6656], and two sources were found in the
XRT error circle, none of which showed variations [GCN6673].
The redshift of one of the source was found to be z = 0.457
[GCN6665], making this a probable estimate.

5 Using the value of 0.0835 changes the outcomes of the fits and the
results of this work insignificantly – it is therefore safe to use a redshift
value of 0.111.

GRB 070810B. This is a short GRB with a duration of only
0.08 ± 0.01 s [GCN6753]. Several possible sources has been
identified in the XRT error circle, among them a nearby bright
galaxy at z = 0.0385 (source S1) and a cluster of galaxies at a
redshift of z = 0.49 [GCN6756] with an X-ray source (source
S2 in [GCN6754]). In a latter observation, the second source no
longer was detected, making this the probable position of the
afterglow with a redshift of 0.49.

GRB 071227. For this GRB, an optical afterglow was
found [GCN7157] to coincide with the single source in the
XRT error circle [GCN7151]. The redshift of z = 0.384
[GCN7152, GCN7154] is therefore reliable.

GRB 080121. The only redshift reported for this GRB is z =
0.046 for two galaxies in the BAT error circle [GCN7210]. In
this field, many other galaxies are present that might belong to a
group of galaxies [GCN7210]. Since no XRT position could be
determined [GCN7209], the redshift value is probable.

GRB 080520. For this short GRB with a duration of 2.8± 0.7 s
[GCN7761], an optical afterglow was found [GCN7753] for
which a redshift of z = 1.545 was determined [GCN7757]. This
is a reliable redshift estimation.

GRB 090417A. This GRB with a duration of 0.072± 0.018 s
[GCN9138], was found to be close to a low-redshift galaxy
[GCN9134] with a redshift of 0.088 [GCN9136]. Since no
optical afterglow has been found for this GRB, the redshift val-
ues are implausible.

GRB 090510. For this short GRB with a duration of 0.3± 0.1 s
[GCN9337] an optical afterglow has been found [GCN9338],
which gives a reliable redshift of z = 0.903 [GCN9353].

Appendix B: Rate models

The rate functions used to fit the data according to Eq. (1), except
for the trivial case of the “constant” rate, are given by:

1. The “sfr” rate that follows the star formation rate (model
“SF2”) described in Porciani & Madau (2001) and Guetta
& Piran (2005):

R(z) ≡ RSF2(z) = Rs,0
23 exp (3.4 z)

exp (3.4 z) + 22
· (B.1)

2. The “merger” rate of two compact objects was derived in
Guetta & Piran (2005) by studying six observed double neu-
tron stars (Champion et al. 2004). This rate follows a time-
delay distribution (∝1/τ)

R(z) = RM,0

∫ t(z)

0
dτRSF2 (z(t − τ)) /τ. (B.2)

3. The “delay” rate similar to the “merger” rate, but with a con-
stant time-delay distribution

R(z) = RD,0

∫ t(z)

0
dτ RSF2 (z(t − τ)) . (B.3)
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Appendix C: Luminosity models

This section describes the luminosity functions used to fit the
data according to Eq. (1).

1. A single power-law distribution, which is often used to de-
scribe the pdf of luminosity in astrophysics (with two param-
eters: Φ0 and α)

Φ(L) = Φ0

(
L
L0

)−α
· (C.1)

2. A broken power-law distribution, describing e.g. two under-
lying populations in the luminosity (Guetta & Piran 2005)
(with four parameters: Φ0, L0, α and β)

Φ(L) = Φ0

(
L
L0

)−α
for L < L0, (C.2)

Φ(L) = Φ0

(
L
L0

)−β
for L >= L0. (C.3)

3. The Schechter distribution, used for example in Andreon
et al. (2006) (with three parameters: Φ0, L0 and α)

Φ(L) = Φ0

(
L
L0

)−α
exp(−L/L0). (C.4)

4. The log-normal distribution, describing a standard candle,
e.g. a population with about the same luminosity (following
(Chapman et al. 2008a), with three parameters: Φ0, L0, and
σ)

Φ(L) = Φ0
1
L

exp

(−(log L − log L0)2

2σ2

)
· (C.5)

Appendix D: Fit results

Table D.1. Fit results with a KS-probability of at least 80%, which have
been used in this work.

Data Model ln L0 α, σ KS Rate
[Mpc−3 Myr−1]

A constant power — 1.8 0.99 9.22
A constant schechter 50.5 1.8 1.00 11.24
A constant lognormal 24.1 8.1 1.00 11.29
A sfr power — 2.0 0.81 7.76
A sfr schechter 49.3 1.9 1.00 9.20
A sfr lognormal 45.3 2.5 1.00 8.59
A merger power — 2.2 0.81 2.94
A merger schechter 49.4 2.2 1.00 3.99
A merger lognormal 44.0 2.7 1.00 3.74
A delay power — 2.3 0.95 1.07
A delay schechter 49.8 2.3 1.00 1.49
A delay lognormal 35.5 4.6 1.00 1.47
B constant power — 1.9 0.99 23.91
B constant schechter 55.1 1.9 0.96 31.28
B constant lognormal –510.2 37.0 0.96 31.25
B sfr power — 2.1 0.94 19.12
B sfr schechter 54.4 2.2 1.00 31.60
B sfr lognormal –383.5 28.7 1.00 31.51
B merger power — 2.3 0.94 7.04
B merger schechter 55.3 2.4 1.00 13.30
B merger lognormal –317.1 24.2 1.00 13.27
B delay power — 2.3 1.00 2.63
B delay schechter 55.7 2.5 0.98 4.37
B delay lognormal –316.0 23.9 0.98 4.35
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