
AA52CH02-Berger ARI 30 July 2014 6:55

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

8

7

6

5

4

3

2

1

0

–1

05
07

09
08

09
05

A

05
05

09
B

07
07

24
A

07
12

27

05
12

21
A

13
06

03
B

Short GRBs
Long GRB−SNe
060505/060614
Type Ib/c SNe

Redshift

M
ag

ni
tu

de
s f

ai
nt

er
 th

an
 S

N
 1

99
8b

w

−1.5 −1 −0.5 0 0.5
0

0.1

0.2

Figure 2
Limits on supernovae (SNe) associated with short GRBs ( filled triangles) relative to the peak absolute
magnitude of the canonical long GRB-SN 1998bw. Also shown are the distribution of SN peak magnitudes
for long GRBs ( filled circles; hatched region marks the median and standard deviation for the population;
Hjorth & Bloom 2012), local Type Ib/c SNe (histogram; Drout et al. 2011), and two unusual long GRBs that
lacked associated SNe (open triangles; 060505 and 060614; Della Valle et al. 2006, Fynbo et al. 2006,
Gal-Yam et al. 2006, Gehrels et al. 2006). The latter may represent a long duration or extended emission tail
of the short GRB population. With the exception of GRB 050509B, all short bursts with limits on associated
SNe occurred in star-forming galaxies, indicating that despite the overall star-formation activity, the short
GRB progenitors were not massive stars. The inset shows the overall duration distribution of the short
GRBs considered in this review (histogram); the durations of the 7 short GRBs with SN limits are marked by
arrows. The dotted vertical line marks the claimed duration separating Swift noncollapsar and collapsar
progenitors according to the analysis by Bromberg et al. (2013), and yet three of the short GRBs lacking SN
associations have longer durations.

coincident hosts (GRBs 050724A and 100117A; Berger et al. 2005b, Fong et al. 2011), two addi-
tional cases with subarcsecond afterglow positions and likely elliptical hosts with large projected
offsets (GRBs 070809 and 090515; Berger 2010), and four additional likely cases (probabilities of
about 1–5%) based on Swift/XRT positions alone (GRBs 050509B, 060502B, 070729, 100625A)
(Gehrels et al. 2005; Bloom et al. 2006, 2007; Fong et al. 2013). Overall, about 20% of short
GRBs are associated with early-type host galaxies (Fong et al. 2013). In nearly all cases, the iden-
tification of the hosts as early-type galaxies is based on spectroscopic observations that reveal no
star-formation activity (to !0.1 M⊙ year−1), optical/near-IR spectral energy distributions that are
matched by a single stellar population with an age of "1 Gyr, and/or morphological information
based on HST observations. I explore the host-galaxy demographics distribution, and its impli-
cations for the progenitor population, in the next section, but it is clear from the occurrence of at
least some short GRBs in elliptical galaxies that the progenitors belong to an old stellar population.

6. SHORT GAMMA-RAY BURST GALAXY-SCALE ENVIRONMENTS
Having established that the progenitors of short GRBs are generally distinct from those of long
GRBs on the basis of the lack of SN associations and their occurrence in elliptical galaxies, I now
turn to the question of what the progenitors are and what we can infer about their nature from the
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Figure 19
Optical (blue) and near-IR (red ) observations of short GRB 130603B from ground-based telescopes
(!2 days) and from the Hubble Space Telescope (HST) (Berger, Fong & Chornock 2013; Cucchiara et al. 2013;
Fong et al. 2013; Tanvir et al. 2013; de Ugarte Postigo et al. 2014). The dotted lines are a fit to the early
afterglow evolution, which underestimates the near-IR flux detected in the HST observations. The excess
emission can be explained as emission from an r-process kilonova, resulting from a compact object binary
merger. Theoretical kilonova models from Barnes & Kasen (2013) that take into account the opacities of
r-process elements are shown as dashed and solid lines for ejecta masses of 0.01 and 0.1 M⊙, respectively.
From Berger, Fong & Chornock (2013).

Coupled with current estimates for the rate of NS-NS mergers, this indicates that compact object
binary mergers may be the dominant site of r-process nucleosynthesis.

Detailed multiepoch and multiband follow-up observations of future nearby short GRBs will
establish the ubiquity of kilonova associations and determine the range of ejecta masses. In par-
ticular, near-IR spectroscopy may reveal broad absorption features that will uniquely establish a
nonafterglow origin and will also provide a rough measure of the typical ejecta velocities. The
key challenges for such searches are the need for short GRBs at z! 0.3, which occur at a rate of
!1 year−1; a fast-fading afterglow to avoid significant contamination; and rapid follow-up with
HST in the optical and near-IR. A key strategy to confirm a kilonova origin for any late-time ex-
cess emission is the use of multiple near-IR and optical filters to trace the expected sharp spectral
cutoff at ∼1 µm.

10. SHORT GAMMA-RAY BURSTS AS ELECTROMAGNETIC
COUNTERPARTS OF GRAVITATIONAL WAVE SOURCES
Several lines of evidence, presented in the previous sections, point to compact object mergers as the
progenitors of short GRBs. As a result, existing observations of short GRBs and their afterglows
can uniquely shed light on the on- and off-axis EM signatures that will accompany GW sources
detected by Advanced LIGO/Virgo. The frequency range of these GW detectors is designed to
uncover the final inspiral and merger of compact object binaries (NS-NS, NS-BH, BH-BH). The
expected EM counterparts of Advanced LIGO/Virgo sources, and their detectability with existing
and upcoming facilities, are a topic of growing interest, which has been explored in several recent
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Figure 5
Demographics of the galaxies hosting short GRBs. (a) A breakdown into late type (blue), early type (orange), host-less ( green), and
inconclusive ( yellow) for all identified hosts based on subarcsecond positions and Swift/XRT positions (Table 2). (b) Same as panel a,
but with the host-less events assigned to the other categories based on the galaxies with the lowest probability of chance coincidence in
each case (Berger 2010, Fong & Berger 2013). (c) Same as panel b, but for short GRBs with a probability of a noncollapsar origin of
PNC ! 0.9 on the basis of analysis by Bromberg et al. (2013). Regardless of the sample selection, late-type galaxies dominate the host
sample. This indicates that star-formation activity plays a role in the short GRB rate. Adapted from Fong et al. (2013).

expected U/LIRG fraction for a progenitor population that tracks stellar mass alone is ∼1%
(Caputi et al. 2006), whereas for progenitors that track only star formation it is ∼25% (Le Floc’h
et al. 2005, Caputi et al. 2007). The observed fraction in the short GRB sample is ∼5–10% percent,
suggesting that the progenitor population is influenced by both stellar mass and star-formation
activity and indicating a broad age distribution.

6.3. Stellar Masses and Stellar Population Ages
The distribution of host-galaxy stellar masses and stellar population ages can also shed light on the
progenitor age distribution. The stellar masses inferred from modeling of the host optical/near-
IR spectral energy distributions with single stellar population models span M ∗ ≈ 108.5−11.8 M⊙.
The median for the full sample is ⟨M ∗⟩ ≈ 1010.0 M⊙, whereas for the star-forming hosts alone it
is ⟨M ∗⟩ ≈ 109.7 M⊙ (Figure 6; Leibler & Berger 2010). The stellar masses of long GRB hosts
are substantially lower, having a median value of about 109.2 M⊙ (Savaglio, Glazebrook & Le
Borgne 2009; Leibler & Berger 2010). This indicates that even the star-forming hosts of short
GRBs are typically more massive than the hosts of long GRBs and points to stellar mass playing a
more dominant role in determining the rate of short GRBs.

A comparison with the mass function of field galaxies is even more illuminating. In Figure 6,
I compare the cumulative distributions of stellar masses for the early- and late-type hosts of short
GRBs with the expected distributions for mass selection from the field galaxy mass function (Bell
et al. 2003, Ilbert et al. 2010). For a progenitor population that tracks stellar mass alone, we
expect that the observed stellar mass distribution of short GRB hosts will closely track the mass-
weighted mass distribution of field galaxies. Although this is indeed the case for the early-type mass
function, the late-type hosts of short GRBs have systematically lower stellar masses than expected
from mass selection alone (Leibler & Berger 2010). This indicates that in late-type galaxies the
short GRB rate per unit stellar mass is higher than in early-type galaxies, owing to the presence
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Figure 1

Phases of a neutron star merger as a function of time, showing the associated observational signatures and underlying
physical phenomena. Coalescence inset courtesy of D. Price and S. Rosswog [see also (15)].

forms. Obtaining an accurate source position is multiplicative, as it enables a much larger
range of electromagnetic facilities (often more sensitive, but with narrower fields of view,

e.g. the Hubble Space Telescope) to obtain complementary observations.
Due to their transient nature, discovering the EM counterparts of NSNS/NSBH merg-

ers requires follow-up observations with time-sensitive facilities. NASA’s Swift and Fermi

satellites provide nearly continuous coverage of the sky at hard X-ray and gamma-ray wave-
lengths. Several optical/IR transient surveys have been in operation over the last several

years, with more coming online in the next several years, culminating in the Large Syn-

optic Survey Telescope (9). Wide-field radio arrays, such as LOFAR (10), provide nearly
continuous coverage of the northern hemisphere sky in the hundreds of MHz radio band.

NSNS/NSBH mergers also represent an important topic in Nuclear Astrophysics. The
neutron star equation of state (EOS) plays an important role in the GW signal, both

during the late inspiral phase and in the fate of the post-merger remnant. The ejecta

from NS mergers are an astrophysical source of rapid neutron-capture (r-process) nuclei,
the origin of which has remained a mystery for almost 70 years (11, 12). The short-lived,

neutron-rich nuclei produced during the r-process serve as probes of the nuclear force in

asymmetric conditions and of the limits of nuclear stability (13). Significant efforts are
underway to improve experimental capabilities to measure the masses and lifetimes of these

nuclei, including the Facility for Rare Isotope Beams (14).
This review summarizes the state-of-the art in the predicted EM emission from NSNS

and NSBH mergers. The structure of the paper follows the time evolution of the merger
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Figure 17
(Bottom) Blastwave isotropic-equivalent kinetic energy (EK,iso) versus circumburst density (n) for individual
short GRBs based on their optical afterglow emission (arrows indicate optical nondetections). The lines span
EK,iso = (0.3–3) × Eγ ,iso. The gray diagonal thick solid and thin dashed lines delineate the phase-space
required for the detections of radio counterparts to Advanced LIGO/Virgo gravitational wave sources
(hatched gray region; based on the models of Nakar & Piran 2011). The gray diagonal thick solid line is for an
off-axis short GRB afterglow with fiducial parameters (Section 8), whereas the gray diagonal thin dashed line
is for an isotropic mildly relativistic outflow. The short GRB results point to an energy-density scale that will
generally prevent radio detections of Advanced LIGO/Virgo sources in searches that cover a full error
region (Section 10). (Top) Cumulative distribution of the circumburst densities (for EK,iso = Eγ ,iso). The
median circumburst density is !0.15 cm−3, which is at least an order of magnitude lower than for long
GRBs and points to explosions in more tenuous environments.

050709 instead indicate n ! 0.05 cm−3 (see also Fox et al. 2005); the radio limits for GRBs 070724A
and 110112A are not constraining beyond the information available from the optical detections.

8.4. Jets and Implications for the Energy Scale and Event Rates
The collimation of GRB outflows has direct implications for the true energy scale and event rate,
as well as for our understanding of the energy extraction mechanism. The signature of collimation
in GRB afterglows is the so-called jet break that occurs at the time (tj) when the bulk Lorentz factor
of the outflow declines to "(tj) ≈ 1/θj (Rhoads 1999; Sari, Piran & Halpern 1999). The break is
due to a combination of an edge effect, when the entire emitting surface of the jet becomes visible,
and sideways expansion of the outflow. Together, these effects lead to a change in the evolution
of the synchrotron spectrum. In particular, at frequencies above the spectral peak (ν " νm) the jet
break is manifested as a steepening in the decline rate from roughly Fν ∝ t−1 to Fν ∝ t−p . This is
relevant for the optical and X-ray bands. In the radio band, which is located below νm for typical
jet break timescales, the evolution transitions from a mild rise to a shallow decline, subsequently
followed by Fν ∝ t−p when νm declines below the radio band. Because the jet break is due to
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EK,iso = (0.3–3) × Eγ ,iso. The gray diagonal thick solid and thin dashed lines delineate the phase-space
required for the detections of radio counterparts to Advanced LIGO/Virgo gravitational wave sources
(hatched gray region; based on the models of Nakar & Piran 2011). The gray diagonal thick solid line is for an
off-axis short GRB afterglow with fiducial parameters (Section 8), whereas the gray diagonal thin dashed line
is for an isotropic mildly relativistic outflow. The short GRB results point to an energy-density scale that will
generally prevent radio detections of Advanced LIGO/Virgo sources in searches that cover a full error
region (Section 10). (Top) Cumulative distribution of the circumburst densities (for EK,iso = Eγ ,iso). The
median circumburst density is !0.15 cm−3, which is at least an order of magnitude lower than for long
GRBs and points to explosions in more tenuous environments.

050709 instead indicate n ! 0.05 cm−3 (see also Fox et al. 2005); the radio limits for GRBs 070724A
and 110112A are not constraining beyond the information available from the optical detections.

8.4. Jets and Implications for the Energy Scale and Event Rates
The collimation of GRB outflows has direct implications for the true energy scale and event rate,
as well as for our understanding of the energy extraction mechanism. The signature of collimation
in GRB afterglows is the so-called jet break that occurs at the time (tj) when the bulk Lorentz factor
of the outflow declines to "(tj) ≈ 1/θj (Rhoads 1999; Sari, Piran & Halpern 1999). The break is
due to a combination of an edge effect, when the entire emitting surface of the jet becomes visible,
and sideways expansion of the outflow. Together, these effects lead to a change in the evolution
of the synchrotron spectrum. In particular, at frequencies above the spectral peak (ν " νm) the jet
break is manifested as a steepening in the decline rate from roughly Fν ∝ t−1 to Fν ∝ t−p . This is
relevant for the optical and X-ray bands. In the radio band, which is located below νm for typical
jet break timescales, the evolution transitions from a mild rise to a shallow decline, subsequently
followed by Fν ∝ t−p when νm declines below the radio band. Because the jet break is due to
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Fig. 2. Cumulative flux density distribution of orphan afterglows at three characteristic frequencies: R band for the optical (red line), 3 keV for
the X–ray (blue line) and 443 GHz for the mm band (green line - representative of ALMA frequency range). Upper limits of past searches of OA
in the optical band are shown by the red symbols (to be compared with the red solid line). The optical R flux distribution is representative of the
OA at z ≤ 4.5 because, at higher redshift, their R band flux suffers from Lyα suppression. An optical extinction (according to the distribution of
Covino et al. 2013) has been applied to the optical fluxes.

Fig. 3. Average duration of the simulated population of OA with flux
above the corresponding x–axis value. The bars represent the 1σ scatter
around the average. Typical timescales are shown by the dashed hori-
zontal lines (as labelled). Linear fits are shown by the dotted lines (fit
parameters are reported in Tab. 1.

of variation of the flux density distributions obtained by varying
the micro–physical parameters (as described in §2).

All the flux density distributions shown in Fig. 2 represent
the flux at the time when the OA reaches its maximum emission.
On average, OA should reach its maximumflux hundreds of days

after the burst. At these times the afterglow emission spectrum
peaks at relatively low frequencies (in the mm and radio band).
This accounts for the relative normalizations of the flux cumu-
lative distributions at different frequencies in Fig. 2. The three
curves, however, converge at very low fluxes (not shown in Fig.
2 for clarity) to the total rate of OA which is set by the nor-
malization of the population synthesis code to the rate of GRBs
detected in the γ–ray band by Swift, BATSE and Fermi (G13).
This can be already seen in the 443 GHz curve of Fig. 2 and
corresponds to 10 OA deg−2 yr−1.

3.2. Orphan afterglows timescales

Surveys can detect orphan afterglows as transient events when
the OA flux is above the survey limiting flux. The latter, there-
fore, determines the rate of detectable OA. However, the survey
limiting flux will also determine the OA characteristic duration
⟨T ⟩. At a fixed frequency, the duration of OA above the survey
limiting flux is longer the deeper is the survey. We define ⟨T ⟩
as the time interval during which the OA flux is larger than the
survey flux limit Flim. Fig. 3 shows the average duration of OA
above Flim for the three frequencies considered as reference in
this work. In general, given the typical flux limits of optical and
X–ray surveys (see also §4), OA will appear as daily transients.
At GHz frequencies, instead they will be much slower transients
with duration of even tens–hundreds of days (see also Ghirlanda
et al. 2014). Note that this timescale represents the duration of
the OA above a given survey limit and it is only due to the in-
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fore, determines the rate of detectable OA. However, the survey
limiting flux will also determine the OA characteristic duration
⟨T ⟩. At a fixed frequency, the duration of OA above the survey
limiting flux is longer the deeper is the survey. We define ⟨T ⟩
as the time interval during which the OA flux is larger than the
survey flux limit Flim. Fig. 3 shows the average duration of OA
above Flim for the three frequencies considered as reference in
this work. In general, given the typical flux limits of optical and
X–ray surveys (see also §4), OA will appear as daily transients.
At GHz frequencies, instead they will be much slower transients
with duration of even tens–hundreds of days (see also Ghirlanda
et al. 2014). Note that this timescale represents the duration of
the OA above a given survey limit and it is only due to the in-
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Figure 16. Fraction of off-axis GRBs over the total within a given redshift.
The curves represent an estimate of the fraction of GRBs with redshift lower
than z, observed by Swift/BAT, whose viewing angle is larger than ✓

jet

(blue curve) or larger than ✓
jet

+ �

�1.

where P (✓
v

, z, p
lim

) is the viewing angle probability, dV/dz is the
differential comoving volume, and the factor 1 + z accounts for
cosmological time dilation. The viewing angle probability is

P (✓
v

, z, p
lim

) =

⇢
sin ✓

v

✓
v

6 ✓
v,lim

(z, p
lim

)

0 ✓
v

> ✓
v,lim

(z, p
lim

)

(14)

The limiting viewing angle ✓
v,lim

corresponds (through Eq. 11) to
the limiting luminosity L

lim

computed as

L
lim

= 4⇡d2
L

p
lim

R1
0

dN

dE

E dE
R

(1+z)E

high

(1+z)E

low

dN

dE

dE
(15)

where E
low

(E
high

) is the lower (upper) limit of the observer band,
d
L

is the luminosity distance, and dN/dE(E
peak

,↵,�) is the rest
frame spectrum.

We define the total rate ˙N
tot

(< z) of observable GRBs within
redshift z as the integral of Eq. 13 over redshift from 0 to z and over
✓
v

from 0 to ⇡/2; similarly, the rate ˙N
o↵

(< z) of off-axis GRBs
within redshift z is the integral over redshift from 0 to z and over
the viewing angle from ✓

v

+ �

�1 to ⇡/2. Since we are interested
in the ratio of these two quantities, we do not need to bother about
the normalization.

In Fig. 16 we show the percent of bursts with ✓
v

> ✓
jet

(blue
curve) and with ✓

v

> ✓
jet

+ �

�1 (red curve) at redshift lower
than z, assuming a limiting flux p

lim

= 0.4 ph s�1

cm

�2 in the
15-150 keV band, to reproduce the Swift/BAT band and limiting
flux. Standard flat ⇤CDM cosmology was assumed, with Planck
parameters H

0

= 67.3 km s

�1

Mpc

�1 and ⌦

m,0

= 0.315 (Planck
Collaboration 2013). These results indicate that we cannot overlook
the possibility that a significant fraction of GRBs are observed off-
axis, especially at low redshift.

5.1 Low luminosity GRBs

Recently, some authors (e. g. Liang et al. 2007; Zhang 2008; He
et al. 2009; Bromberg et al. 2011) argued that a unique pop-
ulation of low luminosity Gamma-Ray Bursts exists, based on
some common features of GRB060218, GRB980425, GRB031203
and GRB100316D. These features include, apart from the low in-
ferred isotropic equivalent luminosity, an apparently single pulsed,

smooth light curve (low variability), and a low average E
peak

.
Since all such bursts were at a low redshift (z . 0.1), the rate
of like events per unit comoving volume in the Universe is very
high (higher than the rate of “normal” GRBs), but we do not see
the majority of these events because of selection effects. The re-
sults discussed in this paper suggest that the apparently peculiar
features of these GRBs can be interpreted instead as being just the
indication that they were observed off-axis. Moreover, in Pescalli
et al. (2015) we have shown that the observed rate of low luminos-
ity GRBs is consistent with what one would expect if they were
just ordinary bursts seen off-axis. Based on these considerations,
we argue that there is no need to invoke a new separate population
of low luminosity GRBs.

6 DISCUSSION AND CONCLUSIONS

In this work we set up a simple physical model of a single GRB
pulse based on shell curvature only, as a tool to explore the effect
of the viewing angle on GRB light curves. Compared to other sim-
ilar (and more refined) models (e. g. Ryde & Petrosian 2002; Der-
mer 2004; Genet & Granot 2009), our model includes the effect of
an off-axis viewing angle. We show that the inclusion of such ef-
fect is important because a large fraction (⇠ 40%) of nearby bursts
(z < 0.1) are likely observed off-axis. Admittedly, the assumptions
behind the pulse model are at best a very rough approximation of
reality. The general trend of the effect of the viewing angle, though,
is largely insensitive of the simplifications adopted: a slightly off-
axis viewing angle is enough to produce a significant pulse broad-
ening, without affecting the pulse separation. This in turn leads to
pulse overlap, which smears out variability at all frequencies, re-
sulting in a smoother light curve and spectral evolution.

This is mainly a consequence of two assumptions: (i) that the
emission is isotropic in the comoving frame and (ii) that all pulses
are produced around a typical radius. By relaxing (i), i. e. allow-
ing for a strongly anisotropic emission in the comoving frame, one
could reduce (in case the anisotropy favours forward emission) or
enhance (in case the anisotropy favours backwards emission) the
flux received by off-axis observers. By relaxing (ii), on the other
hand, one may have that the pulse separation depends on the view-
ing angle as well. One would then need to explain, though, why the
observed pulse width distribution does not vary in time (Ramirez-
Ruiz & Fenimore 1999; Piran 2005), despite the change of the
emission radius.

Given the above considerations, we conclude that:

(i) if the GRB jet is seen off-axis, single pulses appear longer
and their spectrum appears softer than in the on-axis case;

(ii) if a burst is made up of a superposition of pulses, its vari-
ability is smeared out by pulse broadening if the jet is observed
off-axis, with respect to the on-axis case;

(iii) if single pulses feature an intrinsic hard-to-soft spectral evo-
lution, pulse overlap can turn it into an intensity-tracking behaviour.

As discussed in §5.1, the results support the idea that prompt
emission properties of so-called low luminosity GRBs can be inter-
preted as indications that they are just ordinary bursts seen off-axis.
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What	  GW	  can	  tell	  about	  GRB	  progenitors/central	  engine	  ?	  
1)  Jet	  properces	  (structure	  and	  angle)	  
2)  Masses	  of	  the	  progenitors	  (from	  GW	  power)	  
3)  Orbit	  inclinacon	  
4)  Spin	  	  
5)  …	  several	  events	  …	  populacon	  properces	  
6)  Evolucon	  and	  formacon	  of	  the	  progenitors	  (i.e.	  also	  disentangling	  different	  

progenitors	  channels)	  
7)  Standard	  sirens	  
8)  Link	  between	  theory/observacons	  and	  simulacons	  

Current	  projects	  on	  SGRBs	  
[Milano	  group:	  Campana,	  Colpi,	  Covino,	  D’Avanzo,	  Ghirlanda,	  Ghisellini,	  Melandri,	  
Nappo	  (PhD),	  Pescalli	  (PhD),	  Salafia	  (PhD),	  Salvaterra,	  Tagliaferri]	  
-‐  Properces	  of	  the	  populacon	  of	  SGRBs	  (on-‐off/axis)	  
-‐  Jet	  properces	  and	  structure	  
-‐  Progenitor	  –	  SGRB	  conneccon	  (link	  bwt	  theory	  and	  obs)	  
-‐  Parameter	  space	  (energeccs,	  environment,	  jets,	  host	  galaxies)	  
-‐  Increase	  the	  small	  sample	  (mainly	  need	  redshii	  and	  mulc-‐λ	  follow	  up)	  


