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gests a BNS as the source of the gravitational-wave sig-
nal, as the total masses of known BNS systems are be-
tween 2.57M� and 2.88M�, with components between
1.17 and ⇠1.6M� [53]. Neutron stars in general have pre-
cisely measured masses as large as 2.01 ± 0.04M� [54],
whereas stellar-mass black holes found in binaries in our
galaxy have masses substantially greater than the compo-
nents of GW170817 [55–57].

Gravitational-wave observations alone are able to mea-
sure the masses of the two objects and set a lower limit
on their compactness, but the results presented here do not
exclude objects more compact than neutron stars such as
quark stars, black holes or more exotic objects [58–62].
The detection of GRB 170817A and subsequent electro-
magnetic emission demonstrates the presence of matter.
Moreover, although a neutron star–black hole system is not
ruled out, the consistency of the mass estimates with the
dynamically measured masses of known neutron stars in
binaries, and their inconsistency with the masses of known
black holes in galactic binary systems, suggests the source
was composed of two neutron stars.

DATA

At the time of GW170817, the Advanced LIGO detec-
tors and the Advanced Virgo detector were in observing
mode. The maximum distances at which LIGO-Livingston
and LIGO-Hanford could detect a BNS system (SNR = 8),
known as the detector horizon [33, 64, 65], were 218 Mpc
and 107 Mpc, while for Virgo the horizon was 58 Mpc.
The GEO600 detector [66] was also operating at the time,
but its sensitivity was insufficient to contribute to the anal-
ysis of the inspiral. The configuration of the detectors at
the time of GW170817 is summarized in [30].

A time-frequency representation [63] of the data from
all three detectors around the time of the signal is shown in
Figure 1. The signal is clearly visible in the LIGO-Hanford
and LIGO-Livingston data. The signal is not visible in the
Virgo data due to the lower BNS horizon and the direction
of the source with respect to the detector’s antenna pattern.

Figure 1 illustrates the data as it was analyzed to deter-
mine astrophysical source properties. After data collection,
several independently-measured terrestrial contributions to
the detector noise were subtracted from the LIGO data us-
ing Wiener filtering [71], as described in [72–75]. This
subtraction removed calibration lines and 60 Hz AC power
mains harmonics from both LIGO data streams. The sen-
sitivity of the LIGO-Hanford was particularly improved by
the subtraction of laser pointing noise; several broad peaks
in the 150–800 Hz region were effectively removed, in-
creasing the BNS horizon of that detector by 26%.

Additionally, a short instrumental noise transient ap-
peared in the LIGO-Livingston detector 1.1 s before the
coalescence time of GW170817 as shown in Figure 2.
This transient noise, or glitch [76], produced a very brief

FIG. 1. Time-frequency representations [63] of data containing
the gravitational-wave event GW170817, observed by the LIGO-
Hanford (top), LIGO-Livingston (middle), and Virgo (bottom)
detectors. Times are shown relative to August 17, 2017 12:41:04
UTC. The amplitude scale in each detector is normalized to that
detector’s noise amplitude spectral density. In the LIGO data, in-
dependently observable noise sources and a glitch that occurred
in the LIGO-Livingston detector have been subtracted, as de-
scribed in the text. This noise mitigation is the same as that used
for the results presented in the Source Properties section.

(less than 5 ms) saturation in the digital-to-analog con-
verter of the feedback signal controlling the position of the
test masses. Similar glitches are registered roughly once
every few hours in each of the LIGO detectors with no
temporal correlation between the LIGO sites. Their cause
remains unknown. To mitigate the effect on the results
presented in the Detection section, the search analyses ap-
plied a window function to zero out the data around the
glitch [69, 77], following the treatment of other high am-
plitude glitches used in the O1 analysis [78]. To accurately
determine the properties of GW170817 (as reported in the
Source Properties section) in addition to the noise subtrac-
tion described above, the glitch was modeled with a time-
frequency wavelet reconstruction [70] and subtracted from
the data, as shown in Figure 2.

Detection of gravitational waves 
from binary neutron stars

• On August 17, 2017, at 12:41:04 UTC the 
Advanced LIGO and Advanced Virgo 
gravitational-wave detectors made the first 
ever observation of a binary neutron star 
inspiral 

• Gamma-ray burst was observed 1.7s after 
merger of binary neutron stars: direct 
confirmation of the link between gamma-ray 
burst and binary neutron stars!!  

• Also have observations across the 
electromagnetic spectrum (see yesterday’s 
talks by B. Schutz & P. Shawhan)

SNR: 26.4

SNR: 18.8

SNR: 2.0

Abbott et al., PRL 119, 161101 (2017)
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Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and wavelength
relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger. First, the shaded dashes represent the times when
information was reported in a GCN Circular. The names of the relevant instruments, facilities, or observing teams are collected at the beginning of the row. Second,
representative observations (see Table 1) in each band are shown as solid circles with their areas approximately scaled by brightness; the solid lines indicate when the
source was detectable by at least one telescope. Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray, and
radio bands. They are respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Section 2.1), the
Fermi-GBM and INTEGRAL/SPI-ACS lightcurves matched in time resolution and phase (see Section 2.2), 1 5×1 5 postage stamps extracted from the initial six
observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 days; Buckley et al. 2017; McCully et al. 2017b), ESO-NTT (at
tc+1.4 days; Smartt et al. 2017), the SOAR 4 m telescope (at tc+1.4 days; Nicholl et al. 2017d), and ESO-VLT-XShooter (at tc+2.4 days; Smartt et al. 2017) as
described in Section 2.3, and the first X-ray and radio detections of the same source by Chandra (see Section 3.3) and JVLA (see Section 3.4). In order to show
representative spectral energy distributions, each spectrum is normalized to its maximum and shifted arbitrarily along the linear y-axis (no absolute scale). The high
background in the SALT spectrum below 4500Å prevents the identification of spectral features in this band (for details McCully et al. 2017b).
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Gamma-ray burst astrophysics
• The estimated luminosities from short 

GRBs are used to estimate the short GRB 
luminosity function 

• Short GRB redshift is usually inferred via 
host galaxy identification 

• Only about ~20–30% of all observed short 
GRBs have associated redshifts 

• How does luminosity vary with jet 
structure? 

• Gravitational waves can provide direct 
measure of distance and inclination 

• Distance ➡ GRB luminosity/energy 
• Inclination ➡ viewing angle ➡ GRB jet 

structure
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the time delay parameter t
d

and the “SFR fraction” f
SFR

for the
two SFR models that we consider and for the two samples. The
best-fit values and the 1� uncertainty ranges are summarized in
Table 3. As expected the maximal likelihood for the uncontami-
nated sample arises when all bursts have a delay (the “SFR frac-
tion” vanishes) and in this case we recover the delay times derived
earlier. On the other hand once we consider the full sample we find
that the maximal likelihood is obtained for f

SFR

= 0.30+0.18
�0.15

for the full sample (A) and f
SFR

= 0.18+0.17
�0.12 for the full sam-

ple (B) with SFR1 and f
SFR

= 0.20+0.15
�0.10 for the full sample

(A) and f
SFR

= 0.11+0.13
�0.07 for the full sample (B) with SFR2.

This number is to be compared with the fraction of Collapsars in
the full sample which can be read from the last line in Table 1
f
C

= f
Collapsar

= 1 � f
Non�Collapsar

= 0.34. The f
SFR

val-
ues for both SFR models are significantly inconsistent with zero
but they are consistent with f

C

of the full sample, providing an
independent evidence that Swift short GRBs contain a significant
fraction of short Collapsars (Bromberg et al. 2013). One cannot
rule out, of course, the possibility that all bursts are genuine non-
Collapsars and that there is a population of non-Collapsars sGRBs
that follows the SFR without time delay. Such a possibility has
been found in some population synthesis models (Belczynski et al.
2002).

As a demonstration of the quality of the fit we compare
the predictions of the model for BATSE, Fermi and Swift with
the observations. Figure 6 and Figure 7 compare the observed
samples of BATSE, Fermi and Swift with the best-fit mod-
els of both a constant time delay and a power law time de-
lay with SFR1 and SFR212. For the peak-flux distribution we
have used the effective full sky observing time of BATSE and
Fermi i.e. observations period times the field of view (4.44 yr
for BATSE and 3.65 yr for Fermi), and corrected accordingly
the first four bins with peak-flux < 2.37ph cm�2s�1 where
we have only BATSE bursts in our sample. We obtain good fits
for the models (we denote here the results corresponding the
two SFR models in the format [SFR1;SFR2]) with �2/d.o.f. =

[21.4/19; 21.4/19], [15.3/12; 15.5/12] and [19.4/23; 19.7/23]
for BATSE, Fermi and both, respectively for the constant time delay
model and �2/d.o.f. = [22.7/19; 22.7/19], [16.7/12; 16.6/12]
and [21.0/23; 21.0/23] for BATSE, Fermi and both, respectively
for the power law time delay model. We have also tested the lu-
minosity and redshift distributions of our Swift sample using a
Kolmogorov-Smirnov (KS) test. For the constant time delay model
we find a KS probabilities13 of [0.24; 0.19] and [0.36; 0.34] for the
luminosity and redshift distributions respectively. We find KS val-
ues of [0.64; 0.67] and [0.63; 0.62] for the luminosity and redshift
distributions respectively for the power law time delay model.

5 DISCUSSION

We have carried out a joint analysis of the BATSE, Fermi and
Swift sGRB data to determine the luminosity function and the rate
of these bursts. It turns out that the rate is determined mostly by the
Swift data (that has a redshift) while the BATSE-Fermi data is es-
sential to determine the luminosity function. The combined data set

12 We divide the data to bins equally spaced in logP, then, to improve sta-
tistical accuracy, we merge adjacent bins which have less than 5 bursts.
13 A model is considered rejected for probabilities lower than some thresh-
old, usually P

KS

< 0.05. All higher values cannot be rejected and prefer-
ring one over the other is not statistically significant.

Figure 6. Top panel: peak-flux distribution and the models found for
BATSE and Fermi together (see text for details). The modeled peak-flux dis-
tributions are consistent with the observed sample: �2 = 19.4, 19.7, 21.0
and 21.0 (d.o.f.=23) for the log-normal time delay model with SFR1 or
SFR2, and the power-law time delay model with SFR1 or SFR2, respec-
tively. Bottom panel: the observed (12 bursts with f

NC

> 0.6) and the
predicted luminosity cumulative distribution for the log-normal time de-
lay model (thick lines) and the power-law time delay model (thin lines).
For both the peak-fluxes and the luminosity distributions, the black solid
line and the magenta dashed line corresponds to SFR1 and SFR2 respec-
tively. The modeled luminosity distributions are not inconsistent with the
observed sample: P

KS

= 0.24, 0.19 for the log-normal time delay model
with SFR1, SFR2 and P

KS

= 0.64, 0.67 for the power-law time delay
model with SFR1, SFR2.

give, of course better constraints on both. We have found best fit
parameters for the luminosity function and the rate of sGRBs. We
focused on a sub-group of the Swift sGRB sample that has a high
probability for being non-Collapsars. We have also considered the
full sample and found evidence that it is composed of two distinct
populations, in agreements with the expectation that this sample
includes both non-Collapsar and Collapsars with short durations.

The (logarithmic) luminosity function is best fitted with a bro-
ken power-law with a break at luminosity of L⇤ = 2 ⇥ 10

52 erg/s
and with indices of ↵

L

' 1 and �
L

' 2 for all the SFR and time
delay models we have studied. These power-law indices are consis-

c� 0000 RAS, MNRAS 000, 000–000

Wanderman & Piran 
MNRAS 2014
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Fig. 7.— The derived local luminosity function of HL-LGRBs assuming a simple luminosity function evo-
lution model with same luminosity function shape but an evolving break luminosity Lb ∝ (1 + z)2.3. The
broken power law LF gives α1 = 1.5, α2 = 2.5 and Lb = 51.6 erg s−1.
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Gamma-ray burst jet structure
21

Figure 4. GRB 170817A is a dim outlier in the distribu-
tions of E

iso

and L
iso

, shown as a function of redshift for
all GBM-detected GRBs with measured redshifts. Redshifts
are taken from GRBOX (http://www.astro.caltech.edu/
grbox/grbox.php) and Fong et al. (2015). Short and long
duration GRBs are separated by the standard T

90

= 2 s
threshold. For GRBs with spectra best modeled by a power
law, we take this value as an upper limit, marking them
with downward pointing arrows. The power law spectra lack
a constraint on the curvature, which must exist, and there-
fore, will overestimate the total value in the extrapolated
energy range. The green curve demonstrates how the (ap-
proximate) GBM detection threshold varies as a function of
redshift. All quantities are calculated in the standard
1 keV–10MeV energy band.

the Lorentz factor and the emissivity. Here the observed
energetics are significantly lower than they would be if
we were within ✓

j

.
In the top-hat scenario, o↵-axis values of physical

quantities can be related to the on-axis values through
the angle dependence of the relativistic Doppler factor:

�D(✓) = [�(1 � � cos ✓)]�1 ⇡ 2�/(1 + ✓2�2), (18)

where ✓ is the angle between the velocity vector v and
the line of sight, and � = v/c. The relation for duration
and peak energy is linear with �D (see, e.g., Granot et al.
2002a):

T90(o↵ � axis)

T90(on � axis)
=

Ep(on � axis)

Ep(o↵ � axis)
=

�D(0)

�D(✓j � ⇣)

=
1 � � cos(✓j � ⇣)

1 � �
�
= b ⇡ 1 + �2(⇣ � ✓j)

2, (19)

whereas E
�,iso(o↵ � axis) scales approximately / b�2

for a viewing angle ⇣ between ✓j and 2✓j. The duration
in the on-axis scenario may be longer than inferred from
the above equation, as the variable gamma-ray flux can
be discerned above detector noise for a longer fraction of
the total activity compared to emission viewed o↵-axis.

We use the observed quantities for GRB 170817A,
E

p

⇡ 200 keV, E
�,iso = 5.3 ⇥ 1046 erg and T90 ⇡

2 s, as values observed o↵-axis. If we assume that
the on-axis values for GRB 170817A are consistent
with typical values observed for SGRBs, we obtain
E

p

= 6(b/30) MeV, E
�,iso = 5 ⇥ 1049(b/30)2 erg and

T90 = 7 ⇥ 10�2(b/30)�1 s. In particular using a fiducial
range on E

�,iso(on � axis) corresponding to the two or-
ders of magnitude spread shown in figure 4 we obtain
b ⇡ �2(⇣ � ✓j)2 ⇡ 30 within a factor 3, which is a con-
straint on the values of �, ⇣ and ✓j.

If we assume a viewing angle of ⇣ = 30� and � = 300
the uncertainty on b yields ⇣ � ✓j ' 1 ± 0.5 deg, a solid
angle covering only 1% of a full sphere. Hence this con-
figuration would require a fine tuning of the line of sight.
However, if we assume � = 30 then the uncertainty on
b yields ⇣ � ✓j ' 10 ± 4 deg, a solid angle that cov-
ers 10% of a full sphere, which is plausible without too
much fine tuning. This argument only weakly depends
on the particular value ⇣, and illustrates that for large
� a top-hat jet scenario is disfavored due to the sharp
emission fall-o↵ at the edges.

Scenario (ii): A more complex geometry involves a
structured jet (Rossi et al. 2002, or Granot 2007 and
references therein) which provides a wider range of an-
gles from which the observer could still detect emission,
and therefore does not require a fine-tuned viewing an-
gle. Structured jet emission profiles include a uniform
ultra-relativistic core surrounded by a power-law decay-
ing wing where the energy and Lorentz factor depend
on the distance from the jet axis (Pescalli et al. 2015),
a Gaussian with a smooth edge and fallo↵ outside the
core (Zhang & Mészáros 2002; Kumar & Granot 2003),
and a two-component jet with an ultra-relativistic nar-
row core and slightly slower outer jet (Frail et al. 2000;
Berger et al. 2003; Racusin et al. 2008; Filgas et al.
2011), among other possibilities.
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Figure 5. The three potential jet viewing geometries and jet profiles that could explain the observed properties of GRB 170817A,
as described by scenarios (i)–(iii) in Section 6.2.

Structured jets can naturally explain the broad ob-
served energetics distribution. Because SGRBs involve
relativistic velocities, radiation is strongly beamed into
angle ✓

b

. If the observed brightness depends on viewing
geometry, i.e., is not uniform across the angle ✓j, then
the part of the beam that we observe may be o↵-axis to
the brightest part of the jet but we may still be within
✓
b

of some dimmer part of the emitting region, though
in this case we would expect the � factor to vary as well.

Scenario (iii): Given the closeness of this burst it is
possible that the observed emission is due to a di↵erent
mechanism from other SGRBs, one that is intrinsically
dim and thus undetectable at usual SGRB distances.
We believe this explanation to be unlikely as the main
emission episode of GRB 170817A is a typical SGRB (as
measured by the observed gamma-ray properties). It is
possible that the soft tail emission arises from a dis-
tinct mechanism. One explanation is “cocoon” emission
from the relativistic jet shocking its surrounding non-
relativistic material (Lazzati et al. 2017). We showed
that “cocoon” emission could explain the ther-
mal tail in Section 5.1. A possible full model for
GRB 170817A is o↵-axis emission from a top-hat jet pro-
viding the main emission episode, with “cocoon” emis-
sion arising from the jet’s interaction with the surround-
ing torus that powers the main jet. The softer emission
is near the detection limits of GBM and would not be
detected to much greater distances, suggesting it may be
a common property of SGRBs that is otherwise missed.

Scenario (iv): If GRB 170817A is viewed within both
the collimated jet and the beaming angle, and the

emission is constant across the traditional top-hat jet,
then GRB 170817A is intrinsically much dimmer by or-
ders of magnitude compared to other observed GRBs.
This would mean that top-hat jets have an intrinsic dis-
tribution covering 6 orders of magnitude, which is dif-
ficult to envision given the limited mass ranges in the
merger of two NSs (although see Metzger & Berger
(2012) and references therein). A broader intrinsic
luminosity distribution might be accommodated if we
assume that at least some SGRBs arise from the merg-
ing of a NS with a BH. It is possible, for example, that
the brightest events may arise from NS–BH mergers with
optimal mass ratio and spin parameters. Another pos-
sibility is that this broad luminosity range could arise
from other properties of the system, such as the mag-
netic field strength of the progenitors or the intrinsic
jet-opening angle distribution.

Observations of GW170817/GRB 170817A at other
wavelengths (which are not explored in this Letter) will
be necessary for a full understanding of this event. For
example, evidence for X-ray emission that only
arises at late times may provide evidence for this
event occurring o↵-axis (see e.g., Mészáros et al.
1998; Granot et al. 2002b; Yamazaki et al. 2002).
However, future joint detections of GW-GRB events can
also provide a fuller understanding of the intrinsic ener-
getics distributions and the e↵ect geometry has on our
observed brightness. Here the inclination constraint is
not particularly informative as the inclination angle con-
straint, ⇣  36�, is comparable to the highest lower limit
for a half-jet opening angle, ✓

j

> 25 deg (Fong et al.
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mechanism from other SGRBs, one that is intrinsically
dim and thus undetectable at usual SGRB distances.
We believe this explanation to be unlikely as the main
emission episode of GRB 170817A is a typical SGRB (as
measured by the observed gamma-ray properties). It is
possible that the soft tail emission arises from a dis-
tinct mechanism. One explanation is “cocoon” emission
from the relativistic jet shocking its surrounding non-
relativistic material (Lazzati et al. 2017). We showed
that “cocoon” emission could explain the ther-
mal tail in Section 5.1. A possible full model for
GRB 170817A is o↵-axis emission from a top-hat jet pro-
viding the main emission episode, with “cocoon” emis-
sion arising from the jet’s interaction with the surround-
ing torus that powers the main jet. The softer emission
is near the detection limits of GBM and would not be
detected to much greater distances, suggesting it may be
a common property of SGRBs that is otherwise missed.

Scenario (iv): If GRB 170817A is viewed within both
the collimated jet and the beaming angle, and the

emission is constant across the traditional top-hat jet,
then GRB 170817A is intrinsically much dimmer by or-
ders of magnitude compared to other observed GRBs.
This would mean that top-hat jets have an intrinsic dis-
tribution covering 6 orders of magnitude, which is dif-
ficult to envision given the limited mass ranges in the
merger of two NSs (although see Metzger & Berger
(2012) and references therein). A broader intrinsic
luminosity distribution might be accommodated if we
assume that at least some SGRBs arise from the merg-
ing of a NS with a BH. It is possible, for example, that
the brightest events may arise from NS–BH mergers with
optimal mass ratio and spin parameters. Another pos-
sibility is that this broad luminosity range could arise
from other properties of the system, such as the mag-
netic field strength of the progenitors or the intrinsic
jet-opening angle distribution.

Observations of GW170817/GRB 170817A at other
wavelengths (which are not explored in this Letter) will
be necessary for a full understanding of this event. For
example, evidence for X-ray emission that only
arises at late times may provide evidence for this
event occurring o↵-axis (see e.g., Mészáros et al.
1998; Granot et al. 2002b; Yamazaki et al. 2002).
However, future joint detections of GW-GRB events can
also provide a fuller understanding of the intrinsic ener-
getics distributions and the e↵ect geometry has on our
observed brightness. Here the inclination constraint is
not particularly informative as the inclination angle con-
straint, ⇣  36�, is comparable to the highest lower limit
for a half-jet opening angle, ✓
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> 25 deg (Fong et al.
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Combining GW & EM observations
• We have shown that we can learn new information from combining GW and EM 

observations: Fan, Messenger & Heng, ApJ (2014) arXiv:1406.1544 
• For a joint short GRB-BNS detection, we can obtain the intrinsic luminosity function of 

sGRBs: Fan, Messenger & Heng PRL (2017) arXiv:1706.05639 
• Fan et al. (2017) method used to confirm luminosity 

• A BNS detection allows us to constrain  
d, cosi, + others. 

• An short GRB detection without an 
identified host gives us flux, a function of 
θjet, d, and L, + others. 

• Require θjet > i 
   
   d - distance 
     i - inclination angle 
 θjet - GRB half opening angle 
    L - GRB luminosity

z

yx

sGRB constraints BNS constraints

additional  
information 

(sGRB luminosity)
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The procedure
• From Bayes’ theorem, we can write down the posterior for all parameters as 
• The short GRB likelihood is 

• The measured flux is mapped to the short GRB luminosity, L, by 

• Assume peak flux observed by ideal (lossless) short GRB detector 

• Typically, the isotropic luminosity is calculated because θjet is not always known; 
with GWs, we can include our assumptions of θjet in our luminosity estimation

p(S|�,�, I) = 1

�F�

p
2⇡

exp

 
� (F� � Fth)

2

2�2
F�

!

D: gravitational wave data 
S: EM data (short GRB observations) 
𝜸:  parameters common to GW & EM 
ω: parameters for GW only 
Φ: parameters for EM only 
θ: {𝛾, ω, Φ} 
I: additional information

p(✓|S,D, I) / p(�,!,�|I)p(D|�,!, I)p(S|�,�, I)

posterior priors joint EM-GW likelihood

Measured flux
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Fan, Messenger & Heng PRL (2017) arXiv:1706.05639

Fth(d, L) =
L

4⇡d2
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FIG. 1: Joint and marginalised posterior distributions on the dis-
tance and cosine inclination for a GW analysis and a joint sGRB-
GW analysis. The example shown here is for a source at d = 302
Mpc, cos ◆ = �0.99, ✓jet = 14.44�, Liso = 5 ⇥ 1049 erg. The dis-
tance and cos ◆ values are indicated on the figure by an asterisk. The
corresponding GW signal-to-noise ratio is 15.88. Vertical lines in
the marginalised posterior plots indicate the true simulated values.
The restrictions imposed by the sGRB jet half opening angle (verti-
cal dash-dotted lines) cause significant reduction in the distance and
inclination angle uncertainties.

distributions. The joint sGRB-GW analysis allows us to ap-
ply jet half opening angle priors which constrain the inclina-
tion angle and consequently significantly improves the dis-
tance estimate. The combined sGRB-GW posterior shown in
Fig. 1 are produced by applying Eqs. 2-5 and are not obtained
by the direct application of a threshold on the half opening an-
gle posterior. For this particular case study, the 95% credible
intervals for distance and cos ◆ are improved by factors of ⇠
2.5 and 8, respectively.

In Fig. 2 we show the marginalized probability density on
the sGRB isotropic luminosity in our case study for 2 di↵er-
ent scenarios. The first is the luminosity posterior assuming
a joint sGRB-GW detection where we have marginalised all
parameters excluding the luminosity using Eq. 6. The second
curve is the posterior obtained using only an sGRB detection
together with a correctly identified host galaxy at the true dis-
tance d0. In this case the distance is then assumed known and
the corresponding luminosity posterior is given by

p(Liso|S, d=d0, I) /
"

p(S|�,�, I)p(�,� |I)�(d� d0) d�d�.

(7)
In this case study the 95% credible intervals show that the joint
sGRB-GW luminosity estimation is comparable with that of
the sGRB-host galaxy observation.

Currently, isotropic luminosity estimates for sGRBs rely on
obtaining redshift measurements of their assumed host galax-
ies. Only ⇠ 30% of all detected sGRB have an identified host
galaxy [34] ([29]), while all sGRBs observed in conjunction
with GW counterparts will have a distance estimate directly
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FIG. 2: The marginalized probability density on sGRB isotropic lu-
minosity for our case study. The bold red curve shows the result for a
joint sGRB-GW observation and the thin blue curve shows the result
for an sGRB observation with an identified host galaxy and corre-
sponding exactly known distance. The vertical red and black dash-
dotted lines represent the the 95% credible regions for each case re-
spectively. The blue dashed curve shows the assumed prior for both
cases (given by Eq. 5). The simulated value of isotropic luminosity
is indicated by the vertical magenta dash-dotted line.

from the GW observation. For sGRBs with identified host
galaxies, the flux measurement uncertainty contributes to the
spread in the isotropic luminosity posterior. For an sGRB-
GW observation, all additional posterior width is due to the
uncertainty remaining in the distance after the degeneracy be-
tween inclination angle and distance has been constrained by
the joint sGRB-GW detection.

We examine the e↵ectiveness of our proposed joint sGRB-
GW analysis by examining the posterior credible intervals for
the inferred source distance and sGRB isotropic luminosity
using 1000 simulated signals as described previously.

In Fig. 3, we compare the 95% credible intervals on the dis-
tance posterior distributions obtained using joint sGRB-GW
observations with those obtained for GW observations alone.
Observing a sGRB in conjunction with a GW provides an ad-
ditional constraints on the inclination angle which reduces the
uncertainty in the source distance estimation. The 95% cred-
ible regions can be as much as ⇠ 10 times smaller for joint
sGRB-GW analyses. In general, however, the median ratio is
0.65. The fiducial detection threshold for ground based detec-
tors is signal-to-noise ratio (SNR) ⇠12 and if we restrict our
analysis to only consider signals above this value then we find
that the distance uncertainty reduction has a narrower range
and shifts to lower values with a median ratio of 0.45. The
fact that it is most likely that a joint sGRB-GW observation
will occur close to the horizon distance of the GW detector
network is already accounted for in the distance prior. How-

Example

GRB+galaxy

GW+GRB

Simulation 
luminosity

d = 302 Mpc, 
cosι = −0.99, 
θjet = 14.44◦, 
Liso = 5 × 1049 erg
 
GW SNR = 16
σFɣ = 0.3 Fɣ

Fan, Messenger & Heng PRL (2017) arXiv:1706.05639

https://arxiv.org/abs/1706.05639
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Luminosity estimation
• Here we do the same for luminosity except we compare with the 

case of an short GRB with an identified host galaxy where the 
distance is known exactly (no GWs). 

• We find that the median 
of the ratio distribution is 
~2. 

• Hence luminosity 
inference is comparable 
to the ideal non-GW case 
(host with exact distance).
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all: 1000; SNR > 12: 272;  
SNR > 12 & d > 300 Mpc: 64
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Short GRB luminosity function
• Adv detectors expect to see BNS systems 

up to ~400Mpc (z ~ 0.1) 
• A+ horizon is ~750Mpc (z ~ 0.25) 

• For 3rd generation detectors will likely 
detect BNS mergers to z ~ 1 to 2 

• The furthest short GRB observed thus far 
has z ~ 2 

• A collection of joint GRB-GW detections 
can determine the distribution of L. 

• We simulate a series of joint GRB-GW 
detections, assuming an isotropic BNS 
distribution and every merger emits a GRB 

• We build a hierarchical Bayesian model 
that takes in distance and inclination from 
GW inference plus observed GRB flux to 
estimate the hyper-parameters 𝛂 and β  

• assign uniform prior of 3-30 degrees to jet angle 
and marginalise out

The LIGO Collaboration. 2012, ApJ, 755, 2 12

Figure 1: Example of a broken power-law, plotted in log-space. ↵ = 1. � = 2 and
L⇤ = 1050ergs�1, where ↵, � and L⇤ are the exponents of the distribution and the break
luminosity, as seen in equation 2.

amplitudes of the two di↵erent polarisations. These amplitudes are then dependant on the
orientation of the detector with the plane of the BNS orbit, represented by the inclination angle
◆. Finally, the amplitude of the signal drops o↵ with the inverse of the distance.

By adding a second detector, the sky location may be determined with some accuracy. This
can be done simply by using the time-delay between the two detections to constrain the location
to an annulus on the sky. To further improve the sky localisation, the relative phases and
amplitudes between detectors can be included in the analysis [32]. This is possible if the
two detectors have di↵erent orientations to one another, and therefore di↵erent orientations
with respect to the source. However, with only two detectors the sky location remains poorly
constrained at hundreds of square degrees, if not over a thousand. By adding a third detector,
using only time delay, the location of the source may be constrained to two areas, mirrored in
the plane of the detector. With the phase and amplitude information once again included in the
analysis, this may be constrained to a single area on the sky with an area of ⇠ 230 � 320deg2,
with a small percentage being constrained to tens of deg2 [33]. With the chirp mass and the sky
location constrained, degeneracy is still left in the distance and inclination, due to the amplitudes
dependence on the two parameters [34].

The degeneracy in distance and inclination angle cannot be lifted using purely GW data. This
leaves errors on the distance of the same scale as the value itself. A successful EM follow-up can
help constrain the distance more accurately. In the case of a full follow-up including optical data,
a redshift could be observed directly, or the host galaxy identified. However, an observation of
only the sGRB is also enough to improve the distance measurement. The observation of an
accompanied sGRB requires the observer to lie within one of the sGRB beams. This allows
constraints to be put on the inclination angle, as the BNS must be orientated in such a way that
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sGRB luminosity function inference

• The estimates of 𝛂 and β tend to improve with the number of joint detections 
• It is possible to discriminate between single and broken power law 

luminosity function by calculating the Bayes factor
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(a) 5 events (b) 10 events

(c) 20 events (d) 50 events

Figure 4: Combined posteriors after 5, 10, 20 and 50 events. The blue marker represents the
true values of the hyper-parameters

(a) ↵ (b) � (c) L⇤ � log10
L⇤

1049ergs�1

Figure 5: Plots of the 68% (Green) and 95% (Blue) confidence intervals for the three hyper-
parameters of the broken power-law for 1 - 100 events. The broken line marks the true value for
each parameter.
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Number of joint GRB-GW detections Number of joint GRB-GW detections

C. McIsaac, F. Hayes, D. Williams, C. Messenger, J. Veitch, X. Fan, ISH 
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Short GRB jet angle
• We can also add inference on the short GRB jet angle by combining inclination 

inferred from detected binary neutron stars (regardless of GRB observations) 
• Below, we assume a top-hat beam with a fixed jet angle of cos(θjet) = 0.8

 14
Number of GW detections

Preliminary
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Short GRB jet angle
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Preliminary
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Mapping GRB jet structure
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• Use Gaussian Process Regression (GPR) to model shot GRB jet structure 
• Assume there is a universal jet structure for short GRBs 
• GPR is a non-parametric approach 

• Preliminary results below for 126 BNS aLIGO detections at design sensitivity 
• Selection effect means fewer observations at large viewing angle also: preliminary!

Viewing angle θ
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Viewing angle θ0 90 0 90

Gaussian beam profile Structured beam profile
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Some personal thoughts
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! 5!

It is pretty obvious that due to its short baseline, HHLV has a very poor localization of 
sources, sometimes the 90% confidence region being hundreds of square degrees. This is 
especially so for sources lying close to the plane of the three sites. Even the best survey 
telescopes might not be able to follow-up on identifying the host galaxy within the 90% 
confidence region in a significant portion over the sky. 

 

 

 

 

 

 

!

A fourth site that is not in the plane formed 
by the three LIGO and Virgo sites, and far 
away from all of them, greatly improves 
source localization ability. We see that 
HILV could resolve the sources by an 
order of magnitude or more in certain 
regions of the sky as does AHLV. For 50% 
of the sources, the 90% confidence region 
is 5 square degrees for AHLV and 8 square 
degrees for HILV, as opposed to about 30 
square degrees for HHLV. 

In addition to providing a better 
localization of sources, HILV (and also 
AHLV, but not shown here) resolves 
degeneracies in parameter estimation. An 
example of this is shown in Figure 4 
where we plot the likelihood surfaces for 
the joint distribution of RA and dec.  The 
likelihood is bimodal for the three-site 

network of HHLV when the source happens to lie in a certain region of the sky, as in this 
example. The sky position is strictly bimodal in the case of a 3-site network, if only timing 

Figure 2 Angular resolution of various networks depicted in terms of error ellipses on the sky within which the 
source is has a 90% likelihood to be found for HHLV, IHLV and AHLV.  
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Figure 3 Cumulative probability density of 90% confidence 
region within which a source is localized. There is 50% 
chance that a source randomly selected from our catalogue 
is localized to within 5 sq deg in AHLV, 8 sq deg in IHLV 
and 30 sq deg in HHLV, at 90% confidence level. 

 

T1200219 (Before A+….)

Javed Rana 
(see his poster!)

https://dcc.ligo.org/LIGO-T1200219/public

• HLI network will increase the detection 
volume by ~1.7 with respect to just HL 

• Similarly HLVI ~1.5 times with respect to HLV 
• From GWTC-1 paper, BNS rate is  

110—3840 Gpc-3yr-1  
• https://arxiv.org/abs/1811.12907 

• Corresponds to ~3—130 BNS detections per 
year for single A+ (325 Mpc range) 

• LIGO-India will improve sky localisation 

• Estimating GRB jet structure possible within 
O(year)….? 

• Better sky localisation of BNS will aid GRB 
detection despite greater source distance/
dimmer GRB signal 

• New missions will also aid GRB detection! 
• eg. Daksha: see V. Bahlerao
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Summary & discussion
• Advance LIGO and Advance Virgo observations of BNS inspirals 

will further improve out understanding of GRB astrophysics 
• Using only short GRB and GW observations, we present a method 

for estimating the short GRB luminosity without requiring additional 
information 

• The uncertainty in the short GRB luminosity inference with GWs is 
comparable to non-GW cases (host with exact distance). 

• LIGO-India in a network of gen 2.5 detectors will further expand the 
frontiers 

• The Einstein Telescope and Cosmic Explorer will detect all BNS up 
to z~1 to 2 
- obtain luminosities for ~60% more short GRBs 
- determine short GRB luminosity function and GRB jet structure 
- postmerger observations will shed more light on the complex astrophysics 

behind GRBs (and more) 
• Method is applicable to all joint observations with GWs 

- eg. X-ray, IR,…
 18
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Third generation detectors
• Third generation (3G) gravitational wave detectors are designed to be about 10 

times more sensitive than Advanced LIGO & Advanced Virgo (second generation) 
• see D. Reitze’s talk yesterday 

• Einstein telescope and Cosmic Explorer are two proposed 3G detectors 
• Einstein telescope, B. Sathyaprakash et al. CQG 29(12) 2012, http://www.et-gw.eu 
• Cosmic Explorer, B.P. Abbott et al. arXiv:1607.08697, https://dcc.ligo.org/LIGO-P1600143/public
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F 2
+,⇥(✓,�, ) = F 1

+,⇥(✓,�+ 2⇡
3 , ), (2)

F 3
+,⇥(✓,�, ) = F 1

+,⇥(✓,�� 2⇡
3 , ),

where the above equations assume that the detector is
at the center of a spherical coordinate system in which
✓ and � are the azimuthal angle and polar angle of the
source respectively, and  is the GW polarization an-
gle. The superscripts indicate the 3 interferometers in
the configuration.

A single interferometer with arms separated by 60� will

have a response smaller by a factor of
p
3
2 compared to

an 90� interferometer. However, the sum of three 60�

separated interferometers will enhance the response by a
factor of

p
3, giving an overall factor of 3

2 larger than a
single 90� interferometric detector configuration[38]. The
CE’s antenna pattern can be written as

F+(✓,�, ) =
1
2 (1 + cos2 ✓) cos 2� cos 2 (3)

� cos ✓ sin 2� sin 2 ,

F⇥(✓,�, ) = � 1
2 (1 + cos2 ✓) cos 2� sin 2 

� cos ✓ sin 2� cos 2 .

B. Duration of Binary Neutron Star Signals

In a GW detector, di↵erent noise sources limit the sen-
sitivity of the detector in di↵erent frequency bands [39].
For example, from 1Hz to 10Hz, seismic noise and gravity
gradient noise are the main contributors. From 10Hz to
200Hz, the performance is limited by quantum noise and
thermal noise from the suspension and mirror coatings.
For frequencies beyond 200Hz, shot noise is the primary
source of noise [40].

There are many proposed technologies designed to im-
prove the sensitivity of the ET [41–43]. The ET is ex-
pected to have improved sensitivity across the frequency
band accessible to ground-based detectors compared to
second generation detectors. For CE, the exact technolo-
gies that will be employed are still undergoing research
and study. The current sensitivity curve of CE is ob-
tained using the existing technologies and well defined
extrapolations from them. As CE will make use of the
available technologies at the time that it is built, the sen-
sitivity curve should not be considered the design target
of CE [37]. The estimated amplitude spectrum density
of the ET [43] and CE are presented in Figure 1. The
design sensitivity of aLIGO and Advanced VIRGO are
also shown for comparison. Compared to aLIGO and
Advanced Virgo, the ET’s sensitivity from 10Hz is im-
proved by at least a factor of 10, the improvement can
even be up to a factor of 106 in the frequency band below
10Hz. CE’s sensitivity is also improved by up to a factor
of 103 from 1Hz to 10Hz compared to second generation
detectors, and is improved by ⇠ 30 times above 10Hz.

Di↵erent relative improvements in sensitivity as a func-
tion of frequency can lead to di↵erent impacts on the sky
localization capability. Better sensitivity in the medium

FIG. 1: The amplitude spectrum density for the ET
(Green), CE (Red), aLIGO Hanford/Livingston (blue)

and Advanced Virgo (Orange). Both aLIGO and
Advanced Virgo are at their respective design

sensitivities.

to high frequency band can e↵ectively increase the SNR
for a GW event and thus reduce the localization error.
On the other hand, improvement in the low frequency
band might not increase the SNR as much, but it will sub-
stantially extend the in-band duration of the signal from
the order of seconds/minutes to the order of hours/days.
We can express the time remaining prior to merger for a
compact binary system as a function of the instantaneous
GW frequency[44] using

⌧c =
5

256

c5

G
5
3

(⇡fs)�
8
3

M 5
3

, (4)

where ⌧c is the time to merger, c the speed of light,
G the gravitational constant, M the chirp mass and fs
the starting frequency considered for the GW. Figure 2
shows the time to merger for a 1.4M� � 1.4M� merger
as a function of fs. Also plotted are 10M� � 10M� and
30M� � 30M� BBH mergers for comparison. The in-
band duration of a GW from a given compact binary
system in a detector can be obtained by replacing the
starting frequency fs with the low frequency cut-o↵ of
the detector in Eq.4. As indicated in Figure 2, for BNS
systems, if the detector’s low frequency cut-o↵ is reduced
to 2Hz, the in-band duration of the signal will be close to
1 day, and will be more than 5 days if the low frequency
cut-o↵ is 1Hz. This is substantially longer than the in-
band duration for aLIGO and Advanced VIRGO, where
the low frequency cut-o↵ is 10Hz. The in-band duration
of BBH signals are expected to be shorter. For the ET
with low cut-o↵ frequency at 1Hz, 10M� � 10M� BBH
signals will last for ⇠ 5 hours.
Such a long duration allows the detector to observe

the signal along the detector’s trajectory on earth as
the earth rotates, and therefore makes the detector’s re-
sponse explicitly time-dependent. To illustrate this time-
dependence, in Figure 3 two source sky locations are se-
lected and the change over 5 days of the ET and CE
detector response to sources at those locations is shown.

Advanced LIGO
Advanced Virgo

several days to merger

http://www.et-gw.eu
https://dcc.ligo.org/LIGO-P1600143/public
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Early warning with 3G detectors
• We use Fischer Matrix analysis to determine the uncertainty on 

parameter estimates (distance, inclination, sky location,…) for the 
Einstein Telescope (ET) and Cosmic Explorer (CE) 

• How longer before merger can we obtain an SNR of at least 8 and 
a sky location estimate of 100 square degrees or less?

 20

9

(a) (b)

(c) (d)

(e)

FIG. 6: Histograms of the fraction of detectable events that achieve the early warning criteria as a function of time
to merger for the ET detector. Panel a, b, c, d, and e are for events at 40, 200, 400, 800, and 1600Mpc respectively.
The x-axes indicate the time to merger when the signal meets the early warning criteria. The y-axes indicate the
fraction of detectable events that achieve these early warning criteria. Note that at distances � 400Mpc, since a
large fraction of the times until merger will fall within 1 hour, for greater clarity the scale of the axes varies from

panel to panel. Only those signals which achieve the early warning criteria at least 100 seconds prior to merger will
be counted.

which of these two factors has a more important role in
terms of localizing BNS mergers. We here investigate the
relative importance of these two factors.

To test this, we repeat the simulations for the ET
shown in Section IVA. While we still enable a time-
dependent detector response, we fix the time delay be-
tween the center of the earth and the ET at the begin-
ning of the signals. This is because turning on and o↵ the

Doppler shift should allow us to see more easily its impor-
tance. The results are shown in Figure 9. It can be seen
that at all distances, the cumulative distributions are
almost identical, with only marginal discrepancy. This
suggests that the Doppler e↵ect is not important and the
modulation of the detector response is the main cause of
improved sky localization.

M.L. Chan, C. Messenger, I.S. Heng & M. Hendry, PRD 2018, arXiv:1803.09680 

Einstein Telescope only

40 Mpc 200 Mpc
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Early warning with 3G detectors
• How longer before merger can we obtain an SNR of at least 8 and 

a sky location estimate of 100 square degrees or less?

 21

ET-CE network

10

(a) (b)

(c) (d)

(e)

FIG. 7: The same as Figure 6 but using the ET and CE as a network. For the same source distance, the scale of the
panels is the same as is shown in Figure 6, to allow a convenient comparison.

C. Calibration Errors

Previous studies have dealt with calibration errors in
the context of second generation detectors [48–51]. We
present here a brief discussion of the impact of calibration
errors on localization for third generation detectors. It is
recognized that bias in the output of a detector can be
introduced by errors in its calibration – i.e., di↵erences
between the actual response function and the measured
response function of the detector. These di↵erences can
then a↵ect the noise and cause amplitude errors and tim-
ing errors in the gravitational wave strain used for analy-
sis. Inference on the location of the source of a GW from

the output strain can therefore be biased.

Amplitude errors will a↵ect the localization by intro-
ducing a bias in the measurement of distance, inclination
and polarization angles. With second generation detec-
tors, these parameters cannot be measured precisely. For
example, the uncertainty on distance can be ⇠ 40% for
an event with SNR ⇠ 8 [49]. Therefore, systematic er-
rors caused by amplitude uncertainties are not expected
to be dominant. However, the fractional uncertainty on
distance of a GW from BNS is inversely proportional to
SNR. It is conceivable that when the ET and CE are op-
erational, higher SNR and the extended in-band duration
will increase the accuracy with which these parameters

11

(a)

(b)

FIG. 8: Histograms showing the fraction of detectable
events that meet the early warning criteria as a function

of time to merger for a population of BNS sources
distributed uniformly in comoving volume. Panel a
shows the results for the ET and panel b for the ET

and CE as a network.

FIG. 9: The cumulative distribution of the size of 90%
credible regions for sources at fixed distances, with and
without the Doppler shift e↵ect. The x-axis shows the
size of the 90% credible region and the upper limit of

the x-axis corresponds to the size of the whole sky. The
yellow, black, green, red, and blue lines represent BNS
sources at 40, 200, 400, 800, and 1600Mpc respectively.
The solid lines and the dashed lines show the results
with and without including the Doppler shift of the

waves respectively.

can be determined. The amplitude error-induced bias
may therefore be comparable to the uncertainty on the
measurement of the parameters. Moreover, we assumed
in this work that the actual value of the detector response
will agree with the theoretical calculation. As shown in
Figure 9, the time evolution of the detector response is
crucial for localization of BNS mergers with third gener-
ation detectors. Any uncertainty in the amplitude of the
waves or the detector response will certainly a↵ect that.
As a result, the inference without accounting for these
errors may systematically shift the probable locations of
the source away from its true location. Amplitude errors
are therefore expected to have a larger e↵ect in parame-
ter estimation for third generation detectors and need to
be quantified.
Localization can also be a↵ected by timing errors of a

signal through timing triangulation. The accuracy with
which the arrival time of a signal is determined is in-
versely proportional to the SNR of a wave cycle at the
frequencies at which the detectors are most sensitive.
For advanced detectors, such as aLIGO and Advanced
VIRGO, this happens at ⇠ 100Hz giving a timing accu-
racy O(10�3) seconds. Timing errors (i.e., the errors in-
trinsic to timing when the data sample is taken) therefore
would have to be comparable to a millisecond in order to
be significant. However, as third generation detectors
will have improved sensitivity, the SNRs for a fraction
of detectable sources will therefore be high enough that
timing error may be significant. It is therefore necessary
to quantify timing errors for third generation detectors.

V. CONCLUSION

The ET and CE are two currently proposed third gen-
eration detectors. Due to the huge improvement in the
sensitivity in the frequency band below 10Hz, the in-band
durations of the gravitational waves detected from BNS
mergers will be hours or even days long. Therefore the
Earth’s rotation will become important, leading to sev-
eral e↵ects that become relevant for such long in-band
duration signals. The long in-band duration allows us to
observe the signal from di↵erent positions along the de-
tector trajectory as the earth rotates. This in turn leads
to a time-dependent detector response during the signal
and also causes the wave to be Doppler modulated.
Using the Fisher matrix and taking the earth’s rotation

into consideration, we have estimated the localization ca-
pabilities of the ET and CE individually and as a network
for BNS sources at distances equal to 40, 200, 400, 800
and 1600Mpc and for a population of BNS sources that
is distributed uniformly in comoving volume. We have
found that for BNS at 40 and 200Mpc, the ET alone will
be able to localize most of the signals to within 100deg2

with 90% confidence. If we assume EM follow up ob-
servation is achievable for BNS whose associated 90%
credible region is  100deg2, this means the ET alone
will be able to provide support for multi-messenger as-

• BNS population distributed uniformly in a 
co-moving volume  

• 1% of detectable events corresponds to 
~102 to 103 BNS detections per year

400 Mpc 800 Mpc

M.L. Chan, C. Messenger, I.S. Heng & M. Hendry, PRD 2018, arXiv:1803.09680 
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ET-CE network: BNS @ 400 Mpc

log10(fractional distance uncertainty) log10(fractional inclination uncertainty)

log10(fractional polarisation angle uncertainty)

Uncertainties when signals 
meet early warning criteria
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ET-CE network: uniformly distributed population of BNS

log10(fractional distance uncertainty) log10(fractional inclination uncertainty)

log10(fractional polarisation angle uncertainty)

Uncertainties when signals 
meet early warning criteria
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What happened after the merger?
CONTENTS 6
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BH 
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NS 

BH 
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BH 
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≤  1 kHz 
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tidal disruption 

𝑀𝑏𝑖𝑛𝑎𝑟𝑦  < 3 𝑀⊙ 
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NS 
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2 – 4 kHz  𝑀𝑁𝑆,𝑚𝑎𝑥 < 𝑀𝑏𝑖𝑛𝑎𝑟𝑦 

Figure 1. Schematic diagram of the evolution of compact binary coalescences. The
frequency of the emitted GW is indicated for the di↵erent stages. NS-NS inspirals are
observable for a few seconds to minutes. Upon the merger of the NSs, a binary with
total mass Mbinary & 3M� promptly collapses into a BH. For non-equal-mass binaries,
the forming BH will be surrounded by an accretion disk. NS-NS binaries with total
mass MNS,max < Mbinary < 3M� (where MNS,max is the mass limit of non-rotating
NSs) form a hypermassive NS with strong di↵erential rotation, which assumes a non-
axisymmetric ellipsoid shape. The hypermassive NS survives for milliseconds to a
second, eventually collapsing into a BH, potentially with an accretion disk. Very low
mass NS-NS binaries (Mbinary < MNS,max) can leave a stable NS behind. For BH-NS

binaries, after an inspiral phase observable for seconds to minutes, the NS either gets
tidally disrupted (if tidal disruption at radius Rtidal occurs before the NS could reach
the ISCO at RISCO), or it plunges into the BH (if Rtidal < RISCO). Tidal disruption
results in a BH with an accretion disk, while no accretion disk forms upon plunge. This
merger phase, along with the ringdown of the BH after plunge, lasts for milliseconds.

location and inclination of the sources is ⇠ 4⇡(D
h

/2.26)3/3 [46]. Using the current best-

guess rates of mergers, this gives tens of NS-NS and a few NS-BH binaries detected with

advanced detectors each year [46]. Additional advanced detectors, such as KAGRA [6]

or LIGO India [64], can significantly increase this range [9]. Third generation detectors

are expected to reach an order of magnitude farther than advanced detectors, i.e. to

several Gpc, and hence will be able to observe tens of thousands of events a year (e.g.,

[65]).

2.1.2. Merger phase — Depending on the binary system, the merger can progress in

multiple distinct directions with qualitatively di↵erent GW and gamma-ray emission.

• After the two neutron stars merge, possible scenarios are: 
1. Prompt formation of a black hole 
2. Formation of a hypermassive neutron star that will collapses to a black hole (~1s) 
3.Formation of a supramassive neutron star that will collapse to a black hole (<104 s) 
4. Formation of a stable neutron star  

• The newly formed black hole or neutron star (stable or unstable) will emit a 
distinct gravitational wave signature 

• However, these signals were too weak to be observed for this merger

supramassive NS

Bartos, Brady and Marka, CQG 2012
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Observed neutron star masses
• The neutron star masses 

are 0.86 and 2.26 times 
the mass of the Sun 

• These masses are 
consistent with other 
known neutron stars 

• The total mass of the 
system is 2.74 times the 
mass of the Sun 

• The rate of rotation (spin) 
of the neutron star 
contributes to uncertainty  
in the mass ratio estimate

5

a successful follow-up campaign that identified an electro-
magnetic counterpart [51].

The luminosity distance to the source is 40+8

�14

Mpc, the
closest ever observed gravitational-wave source and, by as-
sociation, the closest short gamma-ray burst with a distance
measurement [46]. The distance measurement is correlated
with the inclination angle cos ✓JN = Ĵ · N̂ where Ĵ is the
unit vector in the direction of the total angular momentum
of the system and N̂ is that from the source towards the
observer [140]. We find that the data are consistent with an
anti-aligned source: cos ✓JN  �0.54, and the viewing
angle ⇥ ⌘ min(✓JN , 180� � ✓JN) is ⇥  56�. Since the
luminosity distance of this source can be determined inde-
pendently of the gravitational wave data alone, we can the
association with NGC 4993 to break the distance degen-
eracy with cos ✓JN . The estimated Hubble flow velocity
near NGC 4993 of 3017 ± 166 km s�1 [141] provides a
redshift, which in a flat cosmology with H

0

= 67.90 ±
0.55 km s�1 Mpc�1 [97], constrains cos ✓JN < �0.88
and ⇥  28�. The constraint varies with the assumptions
made about H

0

[141].
From the gravitational-wave phase and the ⇠ 3000 cy-

cles in the frequency range considered, we constrain
the chirp mass in the detector frame to be Mdet =
1.1977+0.0008

�0.0003 M� [52]. The mass parameters in the de-
tector frame are related to the rest-frame masses of the
source by its redshift z as mdet = m(1 + z) [142]. As-
suming the above cosmology [97], and correcting for the
motion of the Solar System Barycenter with respect to the
Cosmic Microwave Background [143], the gravitational-
wave distance measurement alone implies a cosmological
redshift of 0.008+0.002

�0.003, which is consistent with that of
NGC 4993 [51, 141, 144, 145]. Without the host galaxy,
the uncertainty in the source’s chirp mass M is domi-
nated by the uncertainty in its luminosity distance. Inde-
pendent of the waveform model or the choice of priors,
described below, the source-frame chirp mass is M =
1.188+0.004

�0.002 M�.
While the chirp mass is well constrained, our estimates

of the component masses are affected by the degeneracy
between mass ratio q and the aligned spin components �

1z

and �
2z [39, 146–150]. Therefore, the estimates of q and

the component masses depend on assumptions made about
the admissible values of the spins. While � < 1 for black
holes, and quark stars allow even larger spin values, real-
istic NS equations of state typically imply more stringent
limits. For the set of EOS studied in [151] � < 0.7, al-
though other EOS can exceed this bound. We began by
assuming |�|  0.89, a limit imposed by available rapid
waveform models, with an isotropic prior on spin direction.
With these priors we recover q 2 (0.4, 1.0) and a con-
straint on the effective aligned spin of the system [127, 152]
of �

e↵

2 (�0.01, 0.17). The aligned spin components
are consistent with zero, with stricter bounds than in previ-
ous BBH observations [27, 29, 30]. Analysis using the ef-
fective precessing phenomenological waveforms of [128],
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FIG. 4. Two-dimensional posterior distribution for the compo-
nent masses m

1

and m
2

in the rest frame of the source for the
low-spin scenario (|�| < 0.05, blue) and the high-spin scenario
(|�| < 0.89, red). The colored contours enclose 90% of the prob-
ability from the joint posterior probability density function for
m

1

and m
2

. The shape of the two dimensional posterior is de-
termined by a line of constant M and its width is determined by
the uncertainty in M. The widths of the marginal distributions
(shown on axes, dashed lines enclose 90% probability away from
equal mass of 1.36M�) is strongly affected by the choice of spin
priors. The result using the low-spin prior (blue) is consistent
with the masses of all known binary neutron star systems.

which do not contain tidal effects, demonstrates that spin
components in the orbital plane are not constrained.

From M and q, we obtain a measure of the com-
ponent masses m

1

2 (1.36, 2.26)M� and m
2

2
(0.86, 1.36)M�, shown in Figure 4. As discussed in the
Introduction, these values are within the range of known
neutron-star masses and below those of known black holes.
In combination with electromagnetic observations, we re-
gard this as evidence of the BNS nature of GW170817.

The fastest-spinning known neutron star has a dimen-
sionless spin <⇠ 0.4 [159], and the possible BNS J1807-
2500B has spin <⇠ 0.2 [160], after allowing for a broad
range of equations of state. However, among BNS that
will merge within a Hubble time, PSR J0737-3039A [161]
has the most extreme spin, less than ⇠ 0.04 after spin-
down is extrapolated to merger. If we restrict the spin
magnitude in our analysis to |�|  0.05, consistent with
the observed population, we recover the mass ratio q 2
(0.7, 1.0) and component masses m

1

2 (1.36, 1.60)M�
and m

2

2 (1.17, 1.36)M� (see Figure 4). We also recover
�

e↵

2 (�0.01, 0.02), where the upper limit is consistent
with the low-spin prior.

Our first analysis allows the tidal deformabilities of the

Abbott et al., PRL 119, 161101 (2017) 26
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Sub-luminous population?
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Giant flares from the highly-magnetized NSs
known as magnetars can be detected outside
our galaxy, with the sole extragalactic exam-
ple tied to its host coming from SGR 0525-
66, in the Large Magellanic Cloud (Evans et al.
1980). A giant flare from the galactic magne-
tar SGR 1806-20 showed a gamma-ray spectrum
measured by the Konus-Wind instrument that
was well-fit by a black-body with temperature
⇠175 keV (Hurley et al. 2005), harder than a reg-
ular magnetar burst. This hard spectrum led
to the idea that giant flares from magnetars in
nearby galaxies might be a sub-population hid-
ing among the general SGRB population (Hurley
et al. 2005). Tanvir et al. (2005) found a stronger
correlation of BATSE SGRBs with early-type
than late-type galaxies, which is not expected if
nearby SGRBs arise from giant magnetar flares
in nearby galaxies, but is consistent with a BNS
origin. GRB 170817A is clearly associated with
a BNS merger, but even without the connection
to GW170817, the spectrum of GRB 170817A
in the GBM data strongly disfavored the BB fit
expected for a giant magnetar flare. Another
possible signature of a giant magnetar flare is
the ringing in its tail at the NS period of a few
seconds, which could be detected by GBM or
by SPI-ACS for flares outside our galaxy provid-
ing it was close enough. A search for periodic
or quasi-periodic emission in the GBM data for
GRB 170817A (Goldstein et al. 2017) found no
periodic modulation, providing another discrim-
inant between SGRBs and nearby extragalactic
giant magnetar flares that might be masquerad-
ing as SGRBs.

6.4. Predicted Detection Rates

The intrinsic specific volumetric SGRB rate is often
quoted to be around 10 Gpc�3 yr�1 (see, e.g., Guetta
& Piran (2006); Coward et al. (2012); Fong
et al. (2015), with the value originating from
Nakar et al. (2006) who noted that the true rate
could be much higher). However, unlike GW signals,
SGRBs do not have a clear relationship between the ob-
served distance and brightness. As discussed in the pre-
vious section, this can be due to intrinsic variations in
SGRB luminosities, as well as structure in the jet. In
this Section, we investigate the former scenario present-
ing the implications of GW170817/GRB 170817A for
future GW and SGRB observations in terms of a simple
standard model for the SGRB luminosity distribution.
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Figure 6. Predicted detection rates per year as a function of
redshift. The red, blue and green solid lines refer to the GBM
observed SGRB rate assuming a minimum luminosity L

min

of 1 ⇥ 1047 erg s�1, and ↵L = 1, �L = 2 and �L = {1, 0.5, 0}
in Eq. (21), respectively. The purple solid line refers to the
base model with L

min

of 5⇥1049 erg s�1. The four curves are
normalized by imposing 40 triggered SGRB per year. As �L

increases, the observed rate is no longer volumetric at lower
and lower redshifts, because a fraction of SGRBs becomes
too dim to be detected. For reference, the red, blue and
green dot-dashed curves show the local SGRB occurrence
rate for L

min

= 1 ⇥ 1047 erg s�1 and �L = {1, 0.5, 0}, respec-
tively. The black line and gray band show the BNS merger
rate 1540+3200

�1220

Gpc�3yr�1 determined with the detection of
GW170817 (LIGO Scientific Collaboration & Virgo Collabo-
ration 2017). For comparison, the measured SGRBs redshift
distribution from Table 2 is shown in cyan, and is broadly
compatible with all of the models. The dotted cyan line
refer to the redshift of GRB 170817A host galaxy.

Similar interpretations for other, perhaps more elabo-
rate, models are straightforward.

We model the SGRB luminosity function as a broken
power law, with a logarithmic distribution3

�
o

(Liso) =

8
><

>:

⇣
L

iso

L?

⌘�↵L

Liso < L
?

⇣
L

iso

L?

⌘��L

Liso > L
?

, (20)

where Liso is the peak isotropic luminosity (in the source
frame) between 1 keV and 10 MeV, and ↵

L

and �
L

give
the power law decay below and above the break at L

?

4.
Here, we follow Wanderman & Piran (2015) in using

3 To get the linear distribution of luminosities, both ↵L and �L

must be increased by 1.
4 Other studies use a smaller energy band when defining the

luminosity, and this has an impact on the value of L?, although
not on the slopes of the power law components.

Abbott et al., ApJL 848(2) 2017
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