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Figure 2. The joint, multimessenger detection of GW170817 and GRB 170817A. Top: The summed GBM lightcurve for
sodium iodide (NaI) detectors 1, 2, and 5 for GRB 170817A between 10 and 50 keV, matching the 100 ms time bins of SPI-ACS
data. The background estimate from Goldstein et al. (2016) is overlaid in red. Second: The same as the top panel but in the
50–300 keV energy range. Third: The SPI-ACS lightcurve with the energy range starting approximately at 100 keV and with
a high energy limit of least 80 MeV. Bottom: The time-frequency map of GW170817 was obtained by coherently combining
LIGO-Hanford and LIGO-Livingston data. All times here are referenced to the GW170817 trigger time TGW
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Multi-Messenger Observations of  
a Binary Neutron Star Merger

for the LIGO-Virgo Collaborations
Vicky Kalogera

In the mid-1960s, gamma-ray bursts (GRBs) were discovered
by the Vela satellites, and their cosmic origin was first established
by Klebesadel et al. (1973). GRBs are classified as long or short,
based on their duration and spectral hardness(Dezalay et al. 1992;
Kouveliotou et al. 1993). Uncovering the progenitors of GRBs
has been one of the key challenges in high-energy astrophysics
ever since(Lee & Ramirez-Ruiz 2007). It has long been
suggested that short GRBs might be related to neutron star
mergers (Goodman 1986; Paczynski 1986; Eichler et al. 1989;
Narayan et al. 1992).

In 2005, the field of short gamma-ray burst (sGRB) studies
experienced a breakthrough (for reviews see Nakar 2007; Berger
2014) with the identification of the first host galaxies of sGRBs
and multi-wavelength observation (from X-ray to optical and
radio) of their afterglows (Berger et al. 2005; Fox et al. 2005;
Gehrels et al. 2005; Hjorth et al. 2005b; Villasenor et al. 2005).
These observations provided strong hints that sGRBs might be
associated with mergers of neutron stars with other neutron stars
or with black holes. These hints included: (i) their association with
both elliptical and star-forming galaxies (Barthelmy et al. 2005;
Prochaska et al. 2006; Berger et al. 2007; Ofek et al. 2007; Troja
et al. 2008; D’Avanzo et al. 2009; Fong et al. 2013), due to a very
wide range of delay times, as predicted theoretically(Bagot et al.
1998; Fryer et al. 1999; Belczynski et al. 2002); (ii) a broad
distribution of spatial offsets from host-galaxy centers(Berger
2010; Fong & Berger 2013; Tunnicliffe et al. 2014), which was
predicted to arise from supernova kicks(Narayan et al. 1992;
Bloom et al. 1999); and (iii) the absence of associated
supernovae(Fox et al. 2005; Hjorth et al. 2005c, 2005a;
Soderberg et al. 2006; Kocevski et al. 2010; Berger et al.
2013a). Despite these strong hints, proof that sGRBs were
powered by neutron star mergers remained elusive, and interest
intensified in following up gravitational-wave detections electro-
magnetically(Metzger & Berger 2012; Nissanke et al. 2013).

Evidence of beaming in some sGRBs was initially found by
Soderberg et al. (2006) and Burrows et al. (2006) and confirmed

by subsequent sGRB discoveries (see the compilation and
analysis by Fong et al. 2015 and also Troja et al. 2016). Neutron
star binary mergers are also expected, however, to produce
isotropic electromagnetic signals, which include (i) early optical
and infrared emission, a so-called kilonova/macronova (hereafter
kilonova; Li & Paczyński 1998; Kulkarni 2005; Rosswog 2005;
Metzger et al. 2010; Roberts et al. 2011; Barnes & Kasen 2013;
Kasen et al. 2013; Tanaka & Hotokezaka 2013; Grossman et al.
2014; Barnes et al. 2016; Tanaka 2016; Metzger 2017) due to
radioactive decay of rapid neutron-capture process (r-process)
nuclei(Lattimer & Schramm 1974, 1976) synthesized in
dynamical and accretion-disk-wind ejecta during the merger;
and (ii) delayed radio emission from the interaction of the merger
ejecta with the ambient medium (Nakar & Piran 2011; Piran et al.
2013; Hotokezaka & Piran 2015; Hotokezaka et al. 2016). The
late-time infrared excess associated with GRB 130603B was
interpreted as the signature of r-process nucleosynthesis (Berger
et al. 2013b; Tanvir et al. 2013), and more candidates were
identified later (for a compilation see Jin et al. 2016).
Here, we report on the global effort958 that led to the first joint

detection of gravitational and electromagnetic radiation from a
single source. An ∼ 100 s long gravitational-wave signal
(GW170817) was followed by an sGRB (GRB 170817A) and
an optical transient (SSS17a/AT 2017gfo) found in the host
galaxy NGC 4993. The source was detected across the
electromagnetic spectrum—in the X-ray, ultraviolet, optical,
infrared, and radio bands—over hours, days, and weeks. These
observations support the hypothesis that GW170817 was
produced by the merger of two neutron stars in NGC4993,
followed by an sGRB and a kilonova powered by the radioactive
decay of r-process nuclei synthesized in the ejecta.

Figure 1. Localization of the gravitational-wave, gamma-ray, and optical signals. The left panel shows an orthographic projection of the 90% credible regions from
LIGO (190 deg2; light green), the initial LIGO-Virgo localization (31 deg2; dark green), IPN triangulation from the time delay between Fermi and INTEGRAL (light
blue), and Fermi-GBM (dark blue). The inset shows the location of the apparent host galaxy NGC 4993 in the Swope optical discovery image at 10.9 hr after the
merger (top right) and the DLT40 pre-discovery image from 20.5 days prior to merger (bottom right). The reticle marks the position of the transient in both images.

958 A follow-up program established during initial LIGO-Virgo observations
(Abadie et al. 2012) was greatly expanded in preparation for Advanced LIGO-
Virgo observations. Partners have followed up binary black hole detections,
starting with GW150914 (Abbott et al. 2016a), but have discovered no firm
electromagnetic counterparts to those events.
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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 4500Å prevents the identification of spectral features in this band (for details McCully et al. 2017b).
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∼100 s (calculated starting from 24 Hz) in the detectors’
sensitive band, the inspiral signal ended at 12∶41:04.4 UTC.
In addition, a γ-ray burst was observed 1.7 s after the
coalescence time [39–45]. The combination of data from
the LIGO and Virgo detectors allowed a precise sky
position localization to an area of 28 deg2. This measure-
ment enabled an electromagnetic follow-up campaign that
identified a counterpart near the galaxy NGC 4993, con-
sistent with the localization and distance inferred from
gravitational-wave data [46–50].
From the gravitational-wave signal, the best measured

combination of the masses is the chirp mass [51]
M ¼ 1.188þ0.004

−0.002M⊙. From the union of 90% credible
intervals obtained using different waveform models (see
Sec. IV for details), the total mass of the system is between
2.73 and 3.29 M⊙. The individual masses are in the broad
range of 0.86 to 2.26 M⊙, due to correlations between their
uncertainties. This suggests a BNS as the source of the
gravitational-wave signal, as the total masses of known
BNS systems are between 2.57 and 2.88 M⊙ with compo-
nents between 1.17 and ∼1.6 M⊙ [52]. Neutron stars in
general have precisely measured masses as large as 2.01#
0.04 M⊙ [53], whereas stellar-mass black holes found in
binaries in our galaxy have masses substantially greater
than the components of GW170817 [54–56].
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 [57–61].
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.

II. 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 the LIGO-
Livingston and LIGO-Hanford detectors could detect a
BNS system (SNR ¼ 8), known as the detector horizon
[32,62,63], were 218 Mpc and 107 Mpc, while for Virgo
the horizon was 58 Mpc. The GEO600 detector [64] was
also operating at the time, but its sensitivity was insufficient
to contribute to the analysis of the inspiral. The configu-
ration of the detectors at the time of GW170817 is
summarized in [29].
A time-frequency representation [65] of the data from

all three detectors around the time of the signal is shown in
Fig 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 they were analyzed to

determine astrophysical source properties. After data col-
lection, several independently measured terrestrial contribu-
tions to the detector noise were subtracted from the LIGO
data usingWiener filtering [66], as described in [67–70]. This
subtraction removed calibration lines and 60 Hz ac power
mains harmonics from both LIGO data streams. The sensi-
tivity of the LIGO-Hanford detector was particularly
improved by the subtraction of laser pointing noise; several
broad peaks in the 150–800 Hz region were effectively
removed, increasing the BNS horizon of that detector
by 26%.

FIG. 1. Time-frequency representations [65] 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,
independently observable noise sources and a glitch that occurred
in the LIGO-Livingston detector have been subtracted, as
described in the text. This noise mitigation is the same as that
used for the results presented in Sec. IV.
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Additionally, a short instrumental noise transient
appeared in the LIGO-Livingston detector 1.1 s before
the coalescence time of GW170817 as shown in Fig. 2.
This transient noise, or glitch [71], produced a very brief
(less than 5 ms) saturation in the digital-to-analog converter
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
Sec. III, the search analyses applied a window function to
zero out the data around the glitch [72,73], following the
treatment of other high-amplitude glitches used in the
O1 analysis [74]. To accurately determine the properties
of GW170817 (as reported in Sec. IV) in addition to the
noise subtraction described above, the glitch was modeled
with a time-frequency wavelet reconstruction [75] and
subtracted from the data, as shown in Fig. 2.
Following the procedures developed for prior gravita-

tional-wave detections [29,78], we conclude there is no
environmental disturbance observed by LIGO environmen-
tal sensors [79] that could account for the GW170817
signal.
The Virgo data, used for sky localization and an

estimation of the source properties, are shown in the
bottom panel of Fig. 1. The Virgo data are nonstationary
above 150 Hz due to scattered light from the output optics
modulated by alignment fluctuations and below 30 Hz due
to seismic noise from anthropogenic activity. Occasional
noise excess around the European power mains frequency
of 50 Hz is also present. No noise subtraction was applied
to the Virgo data prior to this analysis. The low signal
amplitude observed in Virgo significantly constrained the
sky position, but meant that the Virgo data did not
contribute significantly to other parameters. As a result,
the estimation of the source’s parameters reported in
Sec. IV is not impacted by the nonstationarity of Virgo
data at the time of the event. Moreover, no unusual
disturbance was observed by Virgo environmental sensors.
Data used in this study can be found in [80].

III. DETECTION

GW170817 was initially identified as a single-detector
event with the LIGO-Hanford detector by a low-latency
binary-coalescence search [81–83] using template wave-
forms computed in post-Newtonian theory [11,13,36,84].
The two LIGO detectors and the Virgo detector were all
taking data at the time; however, the saturation at the LIGO-
Livingston detector prevented the search from registering a
simultaneous event in both LIGO detectors, and the low-
latency transfer of Virgo data was delayed.
Visual inspection of the LIGO-Hanford and LIGO-

Livingston detector data showed the presence of a clear,
long-duration chirp signal in time-frequency representations
of the detector strain data. As a result, an initial alert was

generated reporting a highly significant detection of a binary
neutron star signal [85] in coincidence with the independ-
ently observed γ-ray burst GRB 170817A [39–41].
A rapid binary-coalescence reanalysis [86,87], with the

time series around the glitch suppressed with a window
function [73], as shown in Fig. 2, confirmed the presence of
a significant coincident signal in the LIGO detectors. The
source was rapidly localized to a region of 31 deg2,
shown in Fig. 3, using data from all three detectors [88].
This sky map was issued to observing partners, allowing
the identification of an electromagnetic counterpart
[46,48,50,77].
The combined SNR of GW170817 is estimated to be

32.4, with values 18.8, 26.4, and 2.0 in the LIGO-Hanford,

FIG. 2. Mitigation of the glitch in LIGO-Livingston data. Times
are shown relative to August 17, 2017 12∶41:04 UTC. Top panel:
A time-frequency representation [65] of the raw LIGO-Living-
ston data used in the initial identification of GW170817 [76]. The
coalescence time reported by the search is at time 0.4 s in this
figure and the glitch occurs 1.1 s before this time. The time-
frequency track of GW170817 is clearly visible despite the
presence of the glitch. Bottom panel: The raw LIGO-Livingston
strain data (orange curve) showing the glitch in the time domain.
To mitigate the glitch in the rapid reanalysis that produced the sky
map shown in Fig. 3 [77], the raw detector data were multiplied
by an inverse Tukey window (gray curve, right axis) that zeroed
out the data around the glitch [73]. To mitigate the glitch in the
measurement of the source’s properties, a model of the glitch
based on a wavelet reconstruction [75] (blue curve) was sub-
tracted from the data. The time-series data visualized in this figure
have been bandpassed between 30 Hz and 2 kHz so that the
detector’s sensitive band is emphasized. The gravitational-wave
strain amplitude of GW170817 is of the order of 10−22 and so is
not visible in the bottom panel.
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to the one observed at the LIGO-Livingston detector during
GW170817. After applying the glitch subtraction tech-
nique, we found that the bias in recovered parameters
relative to their known values was well within their
uncertainties. This can be understood by noting that a
small time cut out of the coherent integration of the phase
evolution has little impact on the recovered parameters. To
corroborate these results, the test was also repeated with a
window function applied, as shown in Fig. 2 [73].
The source was localized to a region of the sky 28 deg2

in area, and 380 Mpc3 in volume, near the southern end of
the constellation Hydra, by using a combination of the
timing, phase, and amplitude of the source as observed in
the three detectors [138,139]. The third detector, Virgo, was
essential in localizing the source to a single region of the
sky, as shown in Fig. 3. The small sky area triggered a
successful follow-up campaign that identified an electro-
magnetic counterpart [50].
The luminosity distance to the source is 40þ8

−14 Mpc, the
closest ever observed gravitational-wave source and, by
association, the closest short γ-ray burst with a distance
measurement [45]. The distance measurement is correlated
with the inclination angle cos θJN ¼ 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
antialigned source: cos θJN ≤ −0.54, and the viewing angle
Θ≡minðθJN; 180° − θJNÞ is Θ ≤ 56°. Since the luminos-
ity distance of this source can be determined independently
of the gravitational wave data alone, we can use the
association with NGC 4993 to break the distance degen-
eracy with cos θJN . The estimated Hubble flow velocity
near NGC 4993 of 3017% 166 km s−1 [141] provides a
redshift, which in a flat cosmology with H0 ¼ 67.90%
0.55 km s−1 Mpc−1 [90], constrains cos θJN < −0.88 and
Θ < 28°. The constraint varies with the assumptions made
about H0 [141].

From the gravitational-wave phase and the ∼3000 cycles
in the frequency range considered, we constrain the chirp
mass in the detector frame to be Mdet ¼ 1.1977þ0.0008

−0.0003M⊙
[51]. The mass parameters in the detector frame are related
to the rest-frame masses of the source by its redshift z as
mdet ¼ mð1þ zÞ [142]. Assuming the above cosmology
[90], and correcting for the motion of the Solar System
Barycenter with respect to the Cosmic Microwave
Background [143], the gravitational-wave distance meas-
urement alone implies a cosmological redshift of
0.008þ0.002

−0.003 , which is consistent with that of NGC 4993
[50,141,144,145]. Without the host galaxy, the uncertainty
in the source’s chirp mass M is dominated by the
uncertainty in its luminosity distance. Independent of the
waveform model or the choice of priors, described below,
the source-frame chirp mass is M ¼ 1.188þ0.004

−0.002M⊙.
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 χ1z
and χ2z [38,146–150]. Therefore, the estimates of q and
the component masses depend on assumptions made
about the admissible values of the spins. While χ < 1
for black holes, and quark stars allow even larger spin
values, realistic NS equations of state typically imply
more stringent limits. For the set of EOS studied in [151]
χ < 0.7, although other EOS can exceed this bound. We
began by assuming jχj ≤ 0.89, a limit imposed by
available rapid waveform models, with an isotropic prior
on the spin direction. With these priors we recover q ∈
ð0.4; 1.0Þ and a constraint on the effective aligned spin of
the system [127,152] of χeff ∈ ð−0.01; 0.17Þ. The aligned
spin components are consistent with zero, with stricter
bounds than in previous BBH observations [26,28,29].
Analysis using the effective precessing phenomenological
waveforms of [128], which do not contain tidal effects,
demonstrates that spin components in the orbital plane are
not constrained.

TABLE I. Source properties for GW170817: we give ranges encompassing the 90% credible intervals for different assumptions of the
waveform model to bound systematic uncertainty. The mass values are quoted in the frame of the source, accounting for uncertainty in
the source redshift.

Low-spin priors ðjχj ≤ 0.05Þ High-spin priors ðjχj ≤ 0.89Þ
Primary mass m1 1.36–1.60 M⊙ 1.36–2.26 M⊙
Secondary mass m2 1.17–1.36 M⊙ 0.86–1.36 M⊙
Chirp mass M 1.188þ0.004

−0.002M⊙ 1.188þ0.004
−0.002M⊙

Mass ratio m2=m1 0.7–1.0 0.4–1.0
Total mass mtot 2.74þ0.04

−0.01M⊙ 2.82þ0.47
−0.09M⊙

Radiated energy Erad > 0.025M⊙c2 > 0.025M⊙c2
Luminosity distance DL 40þ8

−14 Mpc 40þ8
−14 Mpc

Viewing angle Θ ≤ 55° ≤ 56°
Using NGC 4993 location ≤ 28° ≤ 28°
Combined dimensionless tidal deformability ~Λ ≤ 800 ≤ 700
Dimensionless tidal deformability Λð1.4M⊙Þ ≤ 800 ≤ 1400
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From M and q, we obtain a measure of the component
masses m1 ∈ ð1.36; 2.26ÞM⊙ and m2 ∈ ð0.86; 1.36ÞM⊙,
shown in Fig. 4. As discussed in Sec. I, these values are
within the range of known neutron-star masses and below
those of known black holes. In combination with electro-
magnetic observations, we regard this as evidence of the
BNS nature of GW170817.
The fastest-spinning known neutron star has a dimension-

less spin≲0.4 [153], and the possible BNS J1807-2500B has
spin≲0.2 [154], after allowing for a broad range of equations
of state. However, among BNS that will merge within a
Hubble time, PSR J0737-3039A [155] 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
jχj ≤ 0.05, consistent with the observed population, we
recover the mass ratio q ∈ ð0.7; 1.0Þ and component masses
m1 ∈ ð1.36;1.60ÞM⊙ andm2 ∈ ð1.17; 1.36ÞM⊙ (see Fig. 4).
We also recover χeff ∈ ð−0.01; 0.02Þ, where the upper limit
is consistent with the low-spin prior.
Our first analysis allows the tidal deformabilities of the

high-mass and low-mass component, Λ1 and Λ2, to vary
independently. Figure 5 shows the resulting 90% and
50% contours on the posterior distribution with the
post-Newtonian waveform model for the high-spin and

low-spin priors. As a comparison, we show predictions
coming from a set of candidate equations of state for
neutron-star matter [156–160], generated using fits from
[161]. All EOS support masses of 2.01# 0.04M⊙.
Assuming that both components are neutron stars described
by the same equation of state, a single function ΛðmÞ is
computed from the static l ¼ 2 perturbation of a Tolman-
Oppenheimer-Volkoff solution [103]. The shaded regions in
Fig. 5 represent the values of the tidal deformabilitiesΛ1 and
Λ2 generated using an equation of state from the 90% most
probable fraction of the values ofm1 andm2, consistent with
the posterior shown in Fig. 4. We find that our constraints on
Λ1 and Λ2 disfavor equations of state that predict less
compact stars, since the mass range we recover generates
Λ values outside the 90% probability region. This is con-
sistent with radius constraints from x-ray observations of
neutron stars [162–166]. Analysis methods, in development,
that a priori assume the same EOS governs both stars should
improve our constraints [167].
To leading order in Λ1 and Λ2, the gravitational-wave

phase is determined by the parameter

~Λ ¼ 16

13

ðm1 þ 12m2Þm4
1Λ1 þ ðm2 þ 12m1Þm4

2Λ2

ðm1 þm2Þ5
ð1Þ

[101,117]. Assuming a uniform prior on ~Λ, we place a 90%
upper limit of ~Λ ≤ 800 in the low-spin case and ~Λ ≤ 700 in
the high-spin case. We can also constrain the functionΛðmÞ
more directly by expanding ΛðmÞ linearly about m ¼
1.4M⊙ (as in [112,115]), which gives Λð1.4M⊙Þ ≤ 1400
for the high-spin prior and Λð1.4M⊙Þ ≤ 800 for the low-
spin prior. A 95% upper bound inferred with the low-spin
prior, Λð1.4M⊙Þ ≤ 970, begins to compete with the 95%
upper bound of 1000 derived from x-ray observations
in [168].
Since the energy emitted in gravitational waves depends

critically on the EOS of neutron-star matter, with a wide
range consistent with constraints above, we are only able to
place a lower bound on the energy emitted before the onset
of strong tidal effects at fGW∼600Hz asErad > 0.025M⊙c2.
This is consistent with Erad obtained from numerical
simulations and fits for BNS systems consistent with
GW170817 [114,169–171].
We estimate systematic errors from waveform modeling

by comparing the post-Newtonian results with parameters
recovered using an effective-one-body model [124] aug-
mented with tidal effects extracted from numerical relativity
with hydrodynamics [172]. This does not change the
90% credible intervals for component masses and effective
spin under low-spin priors, but in the case of high-spin priors,
we obtain the more restrictive m1 ∈ ð1.36; 1.93ÞM⊙, m2 ∈
ð0.99; 1.36ÞM⊙, and χeff ∈ ð0.0; 0.09Þ. Recovered tidal
deformabilities indicate shifts in the posterior distributions
towards smaller values, with upper bounds for ~Λ and
Λð1.4M⊙Þ reduced by a factor of roughly (0.8, 0.8) in the

FIG. 4. Two-dimensional posterior distribution for the compo-
nent massesm1 andm2 in the rest frame of the source for the low-
spin scenario (jχj < 0.05, blue) and the high-spin scenario
(jχj < 0.89, red). The colored contours enclose 90% of the
probability from the joint posterior probability density function
for m1 and m2. The shape of the two dimensional posterior is
determined by a line of constant M and its width is determined
by the uncertainty inM. 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.
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low-spin case and (1.0, 0.7) in the high-spin case. Further
analysis is required to establish the uncertainties of these
tighter bounds, and a detailed studyof systematics is a subject
of ongoing work.
Preliminary comparisons with waveform models under

development [171,173–177] also suggest the post-
Newtonian model used will systematically overestimate
the value of the tidal deformabilities. Therefore, based on
our current understanding of the physics of neutron stars,
we consider the post-Newtonian results presented in this
Letter to be conservative upper limits on tidal deform-
ability. Refinements should be possible as our knowledge
and models improve.

V. IMPLICATIONS

A. Astrophysical rate

Our analyses identified GW170817 as the only BNS-
mass signal detected in O2 with a false alarm rate below
1=100 yr. Using a method derived from [27,178,179], and
assuming that the mass distribution of the components of
BNS systems is flat between 1 and 2 M⊙ and their
dimensionless spins are below 0.4, we are able to infer
the local coalescence rate density R of BNS systems.
Incorporating the upper limit of 12600 Gpc−3 yr−1 from O1
as a prior, R ¼ 1540þ3200

−1220 Gpc−3 yr−1. Our findings are

consistent with the rate inferred from observations of
galactic BNS systems [19,20,155,180].
From this inferred rate, the stochastic background of

gravitational wave s produced by unresolved BNS mergers
throughout the history of the Universe should be compa-
rable in magnitude to the stochastic background produced
by BBH mergers [181,182]. As the advanced detector
network improves in sensitivity in the coming years, the
total stochastic background from BNS and BBH mergers
should be detectable [183].

B. Remnant

Binary neutron star mergers may result in a short- or long-
lived neutron star remnant that could emit gravitational
waves following the merger [184–190]. The ringdown of
a black hole formed after the coalescence could also produce
gravitational waves, at frequencies around 6 kHz, but the
reduced interferometer response at high frequencies makes
their observation unfeasible. Consequently, searches have
been made for short (tens of ms) and intermediate duration
(≤ 500 s) gravitational-wave signals from a neutron star
remnant at frequencies up to 4 kHz [75,191,192]. For the
latter, the data examined start at the time of the coalescence
and extend to the end of the observing run on August 25,
2017. With the time scales and methods considered so far
[193], there is no evidence of a postmerger signal of

FIG. 5. Probability density for the tidal deformability parameters of the high and low mass components inferred from the detected
signals using the post-Newtonian model. Contours enclosing 90% and 50% of the probability density are overlaid (dashed lines). The
diagonal dashed line indicates the Λ1 ¼ Λ2 boundary. The Λ1 and Λ2 parameters characterize the size of the tidally induced mass
deformations of each star and are proportional to k2ðR=mÞ5. Constraints are shown for the high-spin scenario jχj ≤ 0.89 (left panel) and
for the low-spin jχj ≤ 0.05 (right panel). As a comparison, we plot predictions for tidal deformability given by a set of representative
equations of state [156–160] (shaded filled regions), with labels following [161], all of which support stars of 2.01M⊙. Under the
assumption that both components are neutron stars, we apply the function ΛðmÞ prescribed by that equation of state to the 90% most
probable region of the component mass posterior distributions shown in Fig. 4. EOS that produce less compact stars, such as MS1 and
MS1b, predict Λ values outside our 90% contour.
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Figure 3
Typical M−R curves for hadronic equations of state (EOSs) (black curves) and strange quark matter (SQM)
EOSs ( green curves). The EOS names are given in Reference 13, and their P−n relations are displayed in
Figure 2. Regions of the M−R plane excluded by general relativity (GR), finite pressure, and causality are
indicated. The orange curves show contours of R∞ = R(1 − 2 GM /Rc 2)−1/2. The region marked rotation is
bounded by the realistic mass-shedding limit for the highest-known pulsar frequency, 716 Hz, for PSR
J1748-2446J (14). Figure adapted from Reference 15.

energies. The pressure is

p(u, x) = u2ns

(
∂e
∂u

)

x
≃ u2ns

[
Ko

9
(u − 1) + K ′

o

54
(u − 1)2 + d S2

du
(1 − 2x)2

]
+ pℓ + · · · , 5.

where pℓ is the lepton pressure. In the vicinity of u ≃ 1, with x ≪ 1, pℓ is small and the pressure is
almost completely determined by dS2/du. Laboratory constraints on the nuclear symmetry energy
are discussed in Section 6.

2.2. The Maximally Compact Equation of State
Koranda et al. (16) suggested that absolute limits to neutron star structure could be found by
considering a soft low-density EOS coupled with a stiff high-density EOS, which would maximize
the compactness M/R. The limiting case of a soft EOS is p = 0. The limiting case of a stiff EOS is
d p/dε = (c s /c )2 = 1, where cs is the adiabatic speed of sound that should not exceed the speed of
light; otherwise, causality would be violated. The maximally compact EOS is therefore defined by

p = 0 for ε < ε0; p = ε − ε0 for ε > ε0. 6.
This EOS has a single parameter, ε0, and therefore the structure equations (Equation 2) can be
expressed in a scale-free way:

dw

d x
= − (y + 4πx3w)(2w − 1)

x(x − 2y)
;

d y
d x

= 4πx2w. 7.

Here, w = ε/ε0, x = r
√

Gε0/c 2, and y = m
√

G3ε0/c 4. Varying the value of w at the origin
(w0) gives rise to a family of solutions described by dimensionless radius X and total mass Y. The
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LIGO-Hanford and LIGO-Livingston data. All times here are referenced to the GW170817 trigger time TGW
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mined for each EOS in order to account for binding en-
ergy variations). These upper limits are compatible with
and complement the lower bounds on MStatic

G from the
observation of the most massive known pulsar, which has
a mass of (2.01 ± 0.04) M� (Antoniadis et al. 2013). In
Section 6.5 we will discuss some model-dependent impli-
cations of the lack of precursor and temporally extended
gamma-ray emission from GRB 170817A on the progen-
itor NSs.

6. GAMMA-RAY ENERGETICS OF GRB 170817A
AND THEIR IMPLICATIONS

Using the measured gamma-ray energy spectrum and
the distance to the host galaxy identified by the asso-
ciated optical transient, we compare the energetics of
GRB 170817A to those of other SGRBs at known red-
shifts. Finding GRB 170817A to be subluminous, we
discuss whether this dimness is an expected observa-
tional bias for joint GW-GRB detections, what insight
it provides regarding the geometry of the gamma-ray
emitting region, what we can learn about the population
of SGRBs, update our joint detection estimates, and set
limits on gamma ray precursor and extended emission.

6.1. Isotropic Luminosity and Energetics of

GRB 170817A

Using the “standard” spectral information from
Goldstein et al. (2017) and the distance to the host

galaxy NGC 4993(42.9 ± 3.2) Mpc, we calculate the en-
ergetics of GRB 170817A using the standard formalisms
(Bloom et al. 2001; Schaefer 2007). GRBs are believed
to be relativistically beamed and their emission colli-
mated (Rhoads 1999). Isotropic energetics are upper
bounds on the true total energetics assuming the GRB
is observed within the beaming angle of the brightest
part of the jet. We estimate that the isotropic energy
release in gamma rays Eiso = (3.1 ± 0.7) ⇥ 1046 erg, and
the isotropic peak luminosity, Liso = (1.6±0.6)⇥1047 erg
s�1, in the 1 keV–10 MeV energy band. These energet-
ics are from the source interval — i.e., the selected time
range the analysis is run over — determined in the stan-
dard manner for GBM spectral catalog results, allowing
us to compare GRB 170817A to other GRBs throughout
this section. The uncertainties on the inferred isotropic
energetics values here include the uncertainty on the dis-
tance to the host galaxy. As a cross check, the isotropic
luminosity is also estimated using a Bayesian approach
proposed by Fan et al. (2017). Assuming a flat prior on
isotropic luminosity, we obtain Liso = 1.2+0.7

�0.6 ⇥ 1047 erg
s�1, which is consistent with the standard GBM ap-
proach. This Bayesian approach can be used to combine
future joint GW-GRB observations to provide a redshift-
independent estimate of the GRB luminosity function.

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–
10 MeV energy band.

The two apparent components of GRB 170817A are
su�ciently di↵erent that using an average spectrum to
estimate the fluence may produce an inaccurate total
luminosity. Therefore, we also estimate Eiso using the
“detailed” fits described in Goldstein et al. (2017). Sepa-
rating the hard peak best fit by a Comptonized function
(a power law with an exponential cuto↵) and the softer
tail best fit by a BB spectrum, we estimate Eiso,comp =
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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.

(4.0±1.0)⇥1046 erg, and Eiso,BB = (1.3±0.3)⇥1046 erg,
for a total of Eiso = (5.3 ± 1.0) ⇥ 1046 erg.

Compared to the distribution of GBM detected
GRBs with measured redshift shown in Figure 4,
GRB 170817A is 2 orders of magnitude closer and 2 to
6 orders of magnitude less energetic than other SGRBs.
In particular, GRB 150101B was previously the weakest
SGRB with a firm redshift association (z = 0.134; Fong
et al. 2016), and its energetics (as measured by GBM)
Eiso = 2.3 ⇥ 1049 erg, and Liso = 7.5 ⇥ 1049 erg s�1

are 2–3 orders of magnitude higher. As this was the
previous dimmest burst, the minimum luminosity cut of
5⇥1049 erg s�1 used in Wanderman & Piran (2015) to fit
a rate and an Liso distribution to existing observations
appeared reasonable; however, with GRB 170817A, the
lower bound on the isotropic energetics distributions
needs to be revised, as discussed in Section 6.4.

6.2. Implications of the Dimness on the Central
Engine

The broad observed brightness distribution likely
arises from a mixture of an intrinsic brightness distribu-
tion and geometric e↵ects, which include the inclination
angle of the system to Earth, the structure and width
of the collimated jet itself, and the relativistic beaming
angle ✓

b

. We consider several possibilities to explain
why GRB 170817A is extremely dim (Figure 5): (i) we
viewed it from beyond the half-jet opening angle ✓

j

for
a standard top-hat model, (ii) the structure of the jet is
more complicated than a simple top-hat model, (iii) the
observed emission for GRB 170817A originates from a
di↵erent mechanism than for most SGRBs, or (iv) it is

due solely to the intrinsic luminosity distribution and
not the geometry of the system.

Scenario (i): Uniform top-hat jets (constant emissiv-
ity and Lorentz factor, �, within the jet aperture) with a
sharp edge have been widely used to explain GRB prop-
erties, including jet breaks (Rhoads 1999). The top-hat
jet is the simplest possible model for calculating o↵-axis
parameters as it captures the basic physics of the sys-
tem, but it is unable to account for smooth profiles in
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.
2002):

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

temporal & spatial  
chance coincidence: ~5 x 10^-8
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(a) (b)

Figure 5. [Left] The GBM T90 distribution fit with two log normal distributions. The 1� confidence interval for GRB 170817A

is shaded below the summed curve. The red region is the probability that the event belongs to the short class, while the light

blue is the probability that it belongs to the long class. [Right] The duration (T90) vs the hardness ratio, an analog for the

spectral hardness of the burst. Assuming exactly two distinct populations the data are fit with two-dimensional log-normal

distributions. Red dots are those most likely to belong to the long class, and blue dots to the short class. The black cross is the

centroid and 1� uncertainty for GRB 170817A.

Fermi-GBM paper, Fermi-GBM,  ApJ Letters, 2017
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Figure 7. The 256 ms binned lightcurve of GRB 170817A in the 10–300 keV band for NaI 1, 2, and 5. The shaded regions are

the di↵erent time intervals selected for spectral analysis. The inclusion of the lower energies shows the soft tail out to T0+2 s.
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Figure 8. Spectral fits of the count rate spectrum for the [Left] main pulse (Comptonized) and [Right] softer emission (black

body). The blue bins are the forward-folded model fit to the count rate spectrum, the data points are colored based on the

detector, and 2� upper limits estimated from the model variance are shown as downward-pointing arrows. The residuals are

shown in the lower subpanels.

Not a “vanilla” short GRB



In the mid-1960s, gamma-ray bursts (GRBs) were discovered
by the Vela satellites, and their cosmic origin was first established
by Klebesadel et al. (1973). GRBs are classified as long or short,
based on their duration and spectral hardness(Dezalay et al. 1992;
Kouveliotou et al. 1993). Uncovering the progenitors of GRBs
has been one of the key challenges in high-energy astrophysics
ever since(Lee & Ramirez-Ruiz 2007). It has long been
suggested that short GRBs might be related to neutron star
mergers (Goodman 1986; Paczynski 1986; Eichler et al. 1989;
Narayan et al. 1992).

In 2005, the field of short gamma-ray burst (sGRB) studies
experienced a breakthrough (for reviews see Nakar 2007; Berger
2014) with the identification of the first host galaxies of sGRBs
and multi-wavelength observation (from X-ray to optical and
radio) of their afterglows (Berger et al. 2005; Fox et al. 2005;
Gehrels et al. 2005; Hjorth et al. 2005b; Villasenor et al. 2005).
These observations provided strong hints that sGRBs might be
associated with mergers of neutron stars with other neutron stars
or with black holes. These hints included: (i) their association with
both elliptical and star-forming galaxies (Barthelmy et al. 2005;
Prochaska et al. 2006; Berger et al. 2007; Ofek et al. 2007; Troja
et al. 2008; D’Avanzo et al. 2009; Fong et al. 2013), due to a very
wide range of delay times, as predicted theoretically(Bagot et al.
1998; Fryer et al. 1999; Belczynski et al. 2002); (ii) a broad
distribution of spatial offsets from host-galaxy centers(Berger
2010; Fong & Berger 2013; Tunnicliffe et al. 2014), which was
predicted to arise from supernova kicks(Narayan et al. 1992;
Bloom et al. 1999); and (iii) the absence of associated
supernovae(Fox et al. 2005; Hjorth et al. 2005c, 2005a;
Soderberg et al. 2006; Kocevski et al. 2010; Berger et al.
2013a). Despite these strong hints, proof that sGRBs were
powered by neutron star mergers remained elusive, and interest
intensified in following up gravitational-wave detections electro-
magnetically(Metzger & Berger 2012; Nissanke et al. 2013).

Evidence of beaming in some sGRBs was initially found by
Soderberg et al. (2006) and Burrows et al. (2006) and confirmed

by subsequent sGRB discoveries (see the compilation and
analysis by Fong et al. 2015 and also Troja et al. 2016). Neutron
star binary mergers are also expected, however, to produce
isotropic electromagnetic signals, which include (i) early optical
and infrared emission, a so-called kilonova/macronova (hereafter
kilonova; Li & Paczyński 1998; Kulkarni 2005; Rosswog 2005;
Metzger et al. 2010; Roberts et al. 2011; Barnes & Kasen 2013;
Kasen et al. 2013; Tanaka & Hotokezaka 2013; Grossman et al.
2014; Barnes et al. 2016; Tanaka 2016; Metzger 2017) due to
radioactive decay of rapid neutron-capture process (r-process)
nuclei(Lattimer & Schramm 1974, 1976) synthesized in
dynamical and accretion-disk-wind ejecta during the merger;
and (ii) delayed radio emission from the interaction of the merger
ejecta with the ambient medium (Nakar & Piran 2011; Piran et al.
2013; Hotokezaka & Piran 2015; Hotokezaka et al. 2016). The
late-time infrared excess associated with GRB 130603B was
interpreted as the signature of r-process nucleosynthesis (Berger
et al. 2013b; Tanvir et al. 2013), and more candidates were
identified later (for a compilation see Jin et al. 2016).
Here, we report on the global effort958 that led to the first joint

detection of gravitational and electromagnetic radiation from a
single source. An ∼ 100 s long gravitational-wave signal
(GW170817) was followed by an sGRB (GRB 170817A) and
an optical transient (SSS17a/AT 2017gfo) found in the host
galaxy NGC 4993. The source was detected across the
electromagnetic spectrum—in the X-ray, ultraviolet, optical,
infrared, and radio bands—over hours, days, and weeks. These
observations support the hypothesis that GW170817 was
produced by the merger of two neutron stars in NGC4993,
followed by an sGRB and a kilonova powered by the radioactive
decay of r-process nuclei synthesized in the ejecta.

Figure 1. Localization of the gravitational-wave, gamma-ray, and optical signals. The left panel shows an orthographic projection of the 90% credible regions from
LIGO (190 deg2; light green), the initial LIGO-Virgo localization (31 deg2; dark green), IPN triangulation from the time delay between Fermi and INTEGRAL (light
blue), and Fermi-GBM (dark blue). The inset shows the location of the apparent host galaxy NGC 4993 in the Swope optical discovery image at 10.9 hr after the
merger (top right) and the DLT40 pre-discovery image from 20.5 days prior to merger (bottom right). The reticle marks the position of the transient in both images.

958 A follow-up program established during initial LIGO-Virgo observations
(Abadie et al. 2012) was greatly expanded in preparation for Advanced LIGO-
Virgo observations. Partners have followed up binary black hole detections,
starting with GW150914 (Abbott et al. 2016a), but have discovered no firm
electromagnetic counterparts to those events.
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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 4500Å prevents the identification of spectral features in this band (for details McCully et al. 2017b).
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The measurement of the GW polarization is cru-
cial for inferring the binary inclination. This in-
clination, ◆, is defined as the angle between the
line of sight vector from the source to the detec-
tor and the orbital angular momentum vector of
the binary system. For electromagnetic (EM) phe-
nomena it is typically not possible to tell whether a
system is orbiting clockwise or counter-clockwise
(or, equivalently, face-on or face-off), and sources
are therefore usually characterized by a viewing
angle: min (◆, 180� � ◆). By contrast, GW mea-
surements can identify the sense of the rotation,
and thus ◆ ranges from 0 (counter-clockwise) to
180 deg (clockwise). Previous GW detections by
LIGO had large uncertainties in luminosity dis-
tance and inclination (Abbott et al. 2016a) because
the two LIGO detectors that were involved are
nearly co-aligned, preventing a precise polariza-
tion measurement. In the present case, thanks to
Virgo as an additional detector, the cosine of the
inclination can be constrained at 68.3% (1�) con-
fidence to the range [�1.00,�0.81] corresponding
to inclination angles between [144, 180] deg. This
implies that the plane of the binary orbit is almost,
but not quite, perpendicular to our line of sight
to the source (◆ ⇡ 180 deg), which is consistent
with the observation of a coincident GRB (LVC,
GBM, & INTEGRAL 2017 in prep.; Goldstein et
al. 2017, ApJL, submitted; Savchenko et al. 2017,
ApJL, submitted). We report inferences on cos ◆
because our prior for it is flat, so the posterior is
proportional to the marginal likelihood for it from
the GW observations.

EM follow-up of the GW sky localization re-
gion (Abbott et al. 2017c) discovered an opti-
cal transient (Coulter et al. 2017; Soares-Santos
et al. 2017; Valenti et al. 2017; Arcavi et al. 2017;
Tanvir et al. 2017; Lipunov et al. 2017) in close
proximity to the galaxy NGC 4993. The location
of the transient was previously observed by the
Distance Less Than 40 Mpc (DLT40) survey on
2017 July 27.99 UT and no sources were found
(Valenti et al. 2017). We estimate the probability

Figure 1. GW170817 measurement of H0. Marginal-
ized posterior density for H0 (blue curve). Constraints
at 1- and 2� from Planck (Planck Collaboration et al.
2016) and SHoES (Riess et al. 2016) are shown in
green and orange. The maximum a posteriori value
and minimal 68.3% credible interval from this PDF is
H0 = 70.0+12.0

�8.0 km s

�1
Mpc

�1. The 68.3% (1�) and
95.4% (2�) minimal credible intervals are indicated by
dashed and dotted lines.

of a random chance association between the opti-
cal counterpart and NGC 4993 to be 0.004% (see
the Methods section for details). In what follows
we assume that the optical counterpart is associ-
ated with GW170817, and that this source resides
in NGC 4993.

To compute H0 we need to estimate the back-
ground Hubble flow velocity at the position of
NGC 4993. In the traditional electromagnetic cal-
ibration of the cosmic “distance ladder” (Freed-
man et al. 2001), this step is commonly carried
out using secondary distance indicator informa-
tion, such as the Tully-Fisher relation (Sakai et al.
2000), which allows one to infer the background
Hubble flow velocity in the local Universe scaled
back from more distant secondary indicators cal-
ibrated in quiet Hubble flow. We do not adopt
this approach here, however, in order to preserve
more fully the independence of our results from
the electromagnetic distance ladder. Instead we
estimate the Hubble flow velocity at the position
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Figure 2. Inference on H0 and inclination. Pos-
terior density of H0 and cos ◆ from the joint GW-EM
analysis (blue contours). Shading levels are drawn at
every 5% credible level, with the 68.3% (1�, solid) and
95.4% (2�, dashed) contours in black. Values of H0 and
1- and 2� error bands are also displayed from Planck
(Planck Collaboration et al. 2016) and SHoES (Riess
et al. 2016). As noted in the text, inclination angles
near 180 deg (cos ◆ = �1) indicate that the orbital an-
gular momentum is anti-parallel with the direction from
the source to the detector.

of NGC 4993 by correcting for local peculiar mo-
tions.

NGC 4993 is part of a collection of galaxies,
ESO-508, whose center-of-mass recession veloc-
ity relative to the frame of the CMB (Hinshaw et al.
2009) is (Crook et al. 2007) 3327± 72 km s

�1. We
correct the group velocity by 310 km s

�1 due to
the coherent bulk flow (Springob et al. 2014; Car-
rick et al. 2015) towards The Great Attractor (see
Methods section for details). The standard error on
our estimate of the peculiar velocity is 69 km s

�1,
but recognizing that this value may be sensitive
to details of the bulk flow motion that have been
imperfectly modelled, in our subsequent analysis
we adopt a more conservative estimate (Carrick
et al. 2015) of 150km s

�1 for the uncertainty on
the peculiar velocity at the location of NGC 4993,
and fold this into our estimate of the uncertainty
on vH . From this, we obtain a Hubble velocity
vH = 3017± 166 km s

�1.

Once the distance and Hubble velocity distribu-
tions have been determined from the GW and EM
data, respectively, we can constrain the value of
the Hubble constant. The measurement of the dis-
tance is strongly correlated with the measurement
of the inclination of the orbital plane of the bi-
nary. The analysis of the GW data also depends on
other parameters describing the source, such as the
masses of the components (Abbott et al. 2016a).
Here we treat the uncertainty in these other vari-
ables by marginalizing over the posterior distribu-
tion on system parameters (Abbott et al. 2017a),
with the exception of the position of the system on
the sky which is taken to be fixed at the location of
the optical counterpart.

We carry out a Bayesian analysis to infer
a posterior distribution on H0 and inclination,
marginalized over uncertainties in the recessional
and peculiar velocities; see the Methods sec-
tion for details. Figure 1 shows the marginal
posterior for H0. The maximum a posteri-
ori value with the minimal 68.3% credible in-
terval is H0 = 70.0+12.0

�8.0 km s

�1
Mpc

�1. Our
estimate agrees well with state-of-the-art de-
terminations of this quantity, including CMB
measurements from Planck (Planck Collabora-
tion et al. 2016) (67.74 ± 0.46 km s

�1
Mpc

�1,
“TT,TE,EE+lowP+lensing+ext”) and Type Ia su-
pernova measurements from SHoES (Riess et al.
2016) (73.24 ± 1.74 km s

�1
Mpc

�1), as well as
baryon acoustic oscillations measurements from
SDSS (Aubourg et al. 2015), strong lensing mea-
surements from H0LiCOW (Bonvin et al. 2017),
high-l CMB measurements from SPT (Henning
et al. 2017), and Cepheid measurements from the
HST key project (Freedman et al. 2001). Our mea-
surement is a new and independent determination
of this quantity. The close agreement indicates
that, although each method may be affected by dif-
ferent systematic uncertainties, we see no evidence
at present for a systematic difference between GW
and established EM-based estimates. As has been
much remarked upon, the Planck and SHoES re-
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sults are inconsistent at & 3� level. Our measure-
ment does not resolve this tension, and is broadly
consistent with both.

One of the main sources of uncertainty in our
measurement of H0 is due to the degeneracy be-
tween distance and inclination in the GW measure-
ments. A face-on or face-off binary far away has
a similar gravitational-wave amplitude to an edge-
on binary closer in. This relationship is captured
in Figure 2, which shows posterior contours in the
H0–cos ◆ parameter space.

The posterior in Figure 1 results from the ver-
tical projection of Figure 2, marginalizing out
uncertainties in the cosine of inclination to de-
rive constraints on the Hubble constant. Alterna-
tively, it is possible to project horizontally, and
thereby marginalize out the Hubble constant to
derive constraints on the cosine of inclination.
If instead of deriving H0 independently we take
the existing constraints on H0 (Planck Collabo-
ration et al. 2016; Riess et al. 2016) as priors,
we are able to significantly improve our con-
straints on cos ◆ as shown in Figure 3. Assum-
ing the Planck value for H0, the minimal 68.3%
credible interval for the cosine of inclination is
[�1.00,�0.92] (corresponding to an inclination
angle range [157, 177] deg). For the SHoES value
of H0, it is [�0.97,�0.85] (corresponding to an in-
clination angle range [148, 166] deg). For this latter
SHoES result we note that the face-off ◆ = 180 deg

orientation is just outside the 90% confidence
range. It will be particularly interesting to com-
pare these constraints to those from modeling of
the short GRB, afterglow, and optical counterpart
associated with GW170817 (Abbott et al. 2017c).

We have presented a standard siren determina-
tion of the Hubble constant, using a combination
of a GW distance and an EM Hubble velocity esti-
mate. Our measurement does not use a “distance
ladder”, and makes no prior assumptions about
H0. We find H0 = 70.0+12.0

�8.0 km s

�1
Mpc

�1, which
is consistent with existing measurements (Riess
et al. 2016; Planck Collaboration et al. 2016). This

Figure 3. Constraints on the inclination angle of

GW170817. Posterior density on cos ◆, for various as-
sumptions about the prior distribution of H0. The anal-
ysis of the joint GW and EM data with a 1/H0 prior
density gives the blue curve; using values of H0 from
Planck (Planck Collaboration et al. 2016) and SHoES
(Riess et al. 2016) as a prior on H0 give the green and
red curves, respectively. Choosing a narrow prior on H0

converts the precise Hubble velocity measurements for
the group containing NGC 4993 to a precise distance
measurement, breaking the distance inclination degen-
eracy, and leading to strong constraints on the inclina-
tion. Minimal 68.3% (1�) credible intervals are indi-
cated by dashed lines. Because our prior on inclination
is flat on cos ◆ the densities in this plot are proportional
to the marginalised likelihood for cos ◆.

first GW–EM multi-messenger event demonstrates
the potential for cosmological inference from GW
standard sirens. We expect that additional multi-
messenger binary neutron-star events will be de-
tected in the coming years, and combining subse-
quent independent measurements of H0 from these
future standard sirens will lead to an era of preci-
sion gravitational-wave cosmology.

H0 paper, LVC + 6 EM host-galaxy co-discovery teams, Nature, 2017
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A GRAVITATIONAL-WAVE STANDARD SIREN MEASUREMENT OF THE HUBBLE CONSTANT
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ABSTRACT
The detection of GW170817 (Abbott et al. 2017a) in both gravitational waves and electromagnetic waves

heralds the age of gravitational-wave multi-messenger astronomy. On 17 August 2017 the Advanced Laser
Interferometer Gravitational-wave Observatory (LIGO) (LIGO Scientific Collaboration et al. 2015) and
Virgo (Acernese et al. 2015) detectors observed GW170817, a strong signal from the merger of a binary
neutron-star system. Less than 2 seconds after the merger, a gamma-ray burst (GRB 170817A) was detected
within a region of the sky consistent with the LIGO-Virgo-derived location of the gravitational-wave source
(Abbott et al. 2017b; Goldstein et al. 2017; Savchenko et al. 2017). This sky region was subsequently
observed by optical astronomy facilities (Abbott et al. 2017c), resulting in the identification of an optical
transient signal within ⇠ 10 arcsec of the galaxy NGC 4993 (Coulter et al. 2017; Soares-Santos et al. 2017;
Valenti et al. 2017; Arcavi et al. 2017; Tanvir et al. 2017; Lipunov et al. 2017). These multi-messenger
observations allow us to use GW170817 as a standard siren (Schutz 1986; Holz & Hughes 2005; Dalal et al.
2006; Nissanke et al. 2010, 2013), the gravitational-wave analog of an astronomical standard candle, to mea-
sure the Hubble constant. This quantity, which represents the local expansion rate of the Universe, sets the
overall scale of the Universe and is of fundamental importance to cosmology. Our measurement combines
the distance to the source inferred purely from the gravitational-wave signal with the recession velocity
inferred from measurements of the redshift using electromagnetic data. This approach does not require
any form of cosmic “distance ladder” (Freedman et al. 2001); the gravitational-wave (GW) analysis can be
used to estimate the luminosity distance out to cosmological scales directly, without the use of intermedi-
ate astronomical distance measurements. We determine the Hubble constant to be 70.0+12.0

�8.0 km s

�1
Mpc

�1

(maximum a posteriori and 68% credible interval). This is consistent with existing measurements (Planck
Collaboration et al. 2016; Riess et al. 2016), while being completely independent of them. Additional
standard-siren measurements from future gravitational-wave sources will provide precision constraints of
this important cosmological parameter.
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Kilonova paper, LVC, ApJ Letters, 201712

Figure 2. The left (high-spin prior) and right (low-spin prior) panels above show the distribution of the primary (m1) and
secondary (m2) masses from GW measurements. The color of each point indicates the predicted dynamical ejecta mass for
each sample that the SLy EOS allows. In the left-hand plot, black markers correspond to m1 values that are disallowed by
the maximum mass of the EOS (marked by a vertical line). The underlying black histograms to the top and right of each plot
are the one-dimensional marginalized histograms of the masses. The stacked histograms on top of them in various colors show
the binary masses that create ejecta masses above logarithmically spaced thresholds of 1 ⇥ 10�3, 3 ⇥ 10�3, 8 ⇥ 10�3, 2 ⇥ 10�2,
6 ⇥ 10�2, and 2 ⇥ 10�1M� where only the first four are nonzero in the right-hand plot.

(Metzger & Fernandez 2014; Coughlin et al. 2017; Ross-
wog et al. 2017). In our analysis we do not consider
observational error from extinction in the light curve
prediction, as it is likely smaller than the systematic
error of the models (Kawaguchi et al. 2016).

4. PREDICTED KILONOVA LIGHT CURVES

In conjunction with the mass and tidal estimates for
the low spin case, we calculate the mass and velocity
of dynamical ejecta as described in Section 2. Using
the light curve models of DU17; Metzger (2017); Wol-
laeger et al. (2017), we show the absolute and apparent
magnitudes consistent with these estimates of dynamical
ejecta in Figure 3. Here, we employ the DZ2 model from
Wollaeger et al. (2017), and set 40Mpc (near the median
of the GW distance posterior (Abbott et al. 2017c,a)) as
the fiducial distance to the event for calculating the ap-
parent magnitudes. DU17 exhibits the features of most
lanthanide-rich dynamical ejecta models, with a rapid
fade in the blue and a late rise in the NIR. Wollaeger
et al. (2017), which also considers the contribution from
the wind ejecta of 0.005M�, is both brighter, has a
slower fade in the blue, and a faster fade in the NIR. The
model in Metzger (2017) — adopted here only consid-
ering dynamical ejecta — is between these two models,
originally brighter in the blue and NIR bands (g,r,i,z)

than either of these models, but fades more quickly than
Wollaeger et al. (2017).

Employing the lower opacity blue-peaked model in
Metzger (2017) and GW inferred distance, we can cal-
culate the distribution of peak times and observed peak
magnitudes in a given photometric band. Since the
source resides at a low redshift, we neglect the cosmo-
logical redshift of the source. Figure 4 shows the peak
i-band magnitudes from those light curves versus the
time of peak i-band magnitude when considering the
low spin distribution. The samples from the high spin
distribution produce the peaks which are brighter by
one magnitude on average. This is understood from the
ejecta distributions in Figure 2 — the low spin distribu-
tion tends to produce less ejecta and hence is less lumi-
nous. We note again that the light curves in Figure 3
are calculated with a distance fixed to the source, while
the magnitudes in Figure 4 fold in the distance inferred
from the GW data. Thus, a wider spread arises from the
variance in the GW-only distance posterior distribution.
Including the distance values from the GW posteriors
better estimates the variation that would arise in a pre-
diction from only GW information as opposed to having
constraints from electromagnetic measurements.
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Figure 3. Absolute (left vertical axis) and apparent (right
vertical axis) magnitudes of light curves consistent with pa-
rameter estimation for astrophysical spins for the kilonova
models of DU17; Metzger (2017); Wollaeger et al. (2017) in
grizyJHK filters. In particular, the DZ2 model is employed
from Wollaeger et al. (2017). The dashed lines show the me-
dian light curve, while the shaded intervals show the 90%
intervals. In addition to including the average relative error
(72%) of the ejecta mass fitting formula, we include 1 mag
errors on the intervals to account for errors in the models
themselves (Coughlin et al. 2017). The lower percentiles are
not conservative as we cannot definitively exclude zero ejecta
mass due to unmodeled systematics. The fiducial distance
to the event is 40 Mpc.

The estimates presented here are a proof-of-principle
study to illustrate what is possible at present with for-
ward modeling from GW observations. Particularly if
available before EM observations begin, or in a situa-
tion before a confident counterpart has been identified
(e.g., due to poor sky localization), analysis driven by
the GW data can inform EM followup observations and
interpretation, particularly in cases where (due to geo-
metric e↵ects and observational delays) the dynamical

ejectas e↵ect on the light curve is enhanced. Predictions
of peak times in the the emission and the color evolution
are useful for comparison with early observations, and
provide falsifiable predictions to evaluate models of the
source.

Figure 4. Inferred peak i-band apparent magnitude vs.
time of peak i-band magnitude with the blue model in Met-
zger (2017) and low-spin sample distribution (marginal dis-
tributions on Mejand time of peak shown on top and right).
Apparent magnitudes are calculated from the dynamical
ejecta only, using the GW inferred distance.

5. ABUNDANCE OF R-PROCESS MATERIAL

The r-process and s-process are the two known mecha-
nisms by which heavy elements can be synthesized (Bur-
bidge et al. 1957). To assess the contribution of the r-
process to the observed abundances of heavy elements
(Arnould et al. 2007; Sneden et al. 2008), one can iden-
tify the abundances expected from the s-process alone,
and hence the r-process residual. Type II SNe can pro-
duce r-process elements, but they may not produce the
observed abundance patterns (e.g., Freiburghaus et al.
1999). BNS mergers could also account for these ele-
ments. However, quantifying the contribution of those
mergers has remained elusive due to poor constraints on
both the rate of mergers as well as the amount of matter
ejected in each merger. With GW170817, we are able
to constrain both of these quantities significantly from
data.

If BNS mergers are to produce most of the observed
r-process elements in the Milky Way (MW), the merg-
ers must occur with a su�ciently high rate and eject
significant amounts of r-process material. Assuming
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Figure 5. Left panel : Plot of the present-day BNS merger rate density R versus dynamical ejecta masses Mej. The solid
gray band corresponds to the event rate range deduced from GW170817. The solid blue band shows the approximate range of
conceivable dynamical ejecta masses, based on the ejecta models used in this work. The red band shows the approximate range of
r-process elements per unit volume, based on Galactic observations, an approximate density of MW-like galaxies (0.01 Mpc�3),
a range of Galactic masses, and r-process formation e�ciencies frp between 0.5 and 1. Configurations in the intersection of all
three bands correspond to cases where dynamical ejecta from BNS mergers are solely responsible for r-process element formation.
Right panel : Probability distributions of r-process material density and abundance (normalized by frp) from dynamical ejecta
for di↵erent EOS at z = 0. The lower (upper) bound on the 90% credible interval for ⇢rp/frp over all EOS is 101.7 M�Mpc�3

(103.2M�Mpc�3). The vertical gray band shows the Solar r-process abundance (Arnould et al. 2007).

They di↵er in color evolution, however (compare DU17
and Wollaeger et al. (2017) for example) and electro-
magnetic observations combined with these curves could
hint towards mixtures of di↵erent ejecta material com-
positions (Metzger 2017). For example, strong emission
observed in both blue and red bands could imply sec-
tors of material containing both high and low electron
fractions. However, the Metzger model, as implemented
here, neglects post-merger wind e↵ects, and in general,
these conclusions only hold under the assumption that
dynamical ejecta dominate the mass ejection.

Our results suggest that dynamical ejecta from rare
NS mergers could be an important and inhomogeneous
source of r-process elements in the galaxy (Ji et al. 2016;
Beniamini et al. 2016). If more than frp & 10% of the
mass ejected from mergers is converted to r-process ele-
ments, our prediction for average r-process density in the
local universe is consistent with the Galactic abundance.
Our approach does not address the contribution from
winds, which could eject a substantial overall mass but
may (Siegel & Metzger 2017) or may not (Rosswog et al.
2017) have the wide range of Ye needed to produce all r-
process abundances (i.e., the second and third r-process
peak). Our approach is also not as detailed as full
multi-species chemical enrichment calculations used to
interpret observations of individual elements in targeted
populations (see, e.g., Côté et al. 2017). As Advanced
LIGO and Virgo approach design sensitivity, these ob-
servational constraints should rapidly shrink, enabling
more precise tests of the BNS r-process nucleosynthesis

paradigm. Additionally, present and future electromag-
netic observations should provide complementary infor-
mation to directly constrain those parameters that our
analysis cannot.

Finally, if electromagnetic measurements are consis-
tent with a total ejecta mass (dynamical and wind)
of & 0.01M�, and if we require consistency with low
neutron star spins, then one possible conclusion is that
winds contribute significantly to the total ejected mass.
However, if winds dominate, then the dynamical ejecta
mass will be an important but potentially di�cult to
measure component in the light curve, which our calcu-
lations can supply. Additionally, with so much material
ejected per event, to be consistent with our inferred de-
tection rate, we would predict that only a fraction of the
ejecta can form r-process elements.

The coincidence of GW170817 and GRB170817A was
an exceptionally rare event, allowing for a unique set of
measurements to be made about the processes driven by
the BNS merger. Future observations should facilitate
the refinement of these measurements. The observation
of GW170817 suggests that in the upcoming year-long
third observing run (Abbott et al. 2016b) with a three
instrument GW network, there will likely be more GW
observations of BNS. In the coming years, GW measure-
ments will allow for better understanding of populations
of kilonova events.

The authors gratefully acknowledge the support of the
United States National Science Foundation (NSF) for

if >~10% of the matter dynamically ejected 
is converted to r-process elements, 
GW170817-like BNS mergers could fully 
account for the amount of r-process 
material observed in the Milky Way
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Figure 5. Constraints on progenitor properties, SN-kick velocities, and the location of SN2 for various assumed delay times and projected
offsets. All plotted lines are kernel density estimates (KDEs) of the recovered distributions, and distributions are normalized over the full
range of sampling for a given parameter; vertical axes labels are omitted for readability. In the top row, we set lower limits to the delay times
of systems and identify those that match the projected offset of GW170817. As Tdelay is coupled to the star-formation history of NGC 4993,
this has the effect of constraining the simulated stellar population of NGC 4993 to older ages. Sampled distributions are shaded in gray for
reference. The middle row shows normalized distributions of binaries that survive SN2 (red) and merge at a projected offset of 2.0± 0.2 kpc
(green; light green shows the histogram of samples to compare with the KDEs). In the bottom row, we investigate how the projected offset of a
hypothetical merger similar to GW170817 affects inference on progenitor properties and SN kicks. In the middle and bottom rows we assume
that GW170817 arose from a stellar population older than 1 Gyr.

lowed (i.e., recent star formation has persisted in the host
galaxy) are the constraints on the SN kick and the pre-SN
semi-major axis strongly affected: shorter time delays imply
tighter post-SN BNS systems which allow for tighter pre-
SN binaries that can remain bound even with higher SN kick
magnitudes. Delay times shorter than 1 Gyr also produce a
very sharp peak in the galactic radius of SN2 (RSN) around
the merger distance, as the progenitor population becomes
dominated by binaries that are born as BNSs relatively close
to their merger site with short Tdelay. To summarize, for delay
times greater than 1 Gyr, the median values and 90% ranges
for our reference sampling are: ' 3.0+3.5

-1.5 M� for the progeni-
tor mass of the second neutron star at explosion, ' 3.5+5.0

-1.5 R�
for the pre-SN semi-major axis, ' 300+250

-200 km s-1 for the
second-SN kick magnitude, and ' 2.0+4.0

-1.5 kpc for the birth
radius away from the galaxy center. More detailed results
examining additional parameters and parameter correlations
can be found in Figure 8 in Appendix A.

In addition to SN kick velocities, we examine constraints
on the post-SN systemic velocities (Vsys). We find somewhat
tighter constraints on the Vsys PDFs for GW170817-like bina-
ries, peaking at '250 km s-1 and with 90% of systems below
'400 km s-1 when we constrain the population to Tdelay �1
Gyr. Tighter constraints are to be expected as the systemic
velocities are limited by the requirement that the post-SN bi-

nary remains bound; as a results the systemic velocities satu-
rate at values of about 1.5–2 times the pre-SN relative orbital
velocities (see Kalogera 1996 for the analytical derivation of
upper limits). We again find that Vsys is robust to age con-
straints; the PDFs on Vsys are practically identical provided
the stellar population is &1 Gyr.

In the middle and bottom rows of Figure 5 we examine how
significant of a constraint is the knowledge of the merger’s
offset from the galaxy’s center. Results in the middle row
demonstrate that the primary origin of our constraints on SN
kicks and progenitor properties stems from the requirement
that systems remain bound after the explosion. Higher kicks,
more massive helium-rich progenitors, and wider pre-SN or-
bits tend to disrupt a larger fraction of systems. We also find
that any offset constraint at all differentiates the RSN distribu-
tions between SN survivors and GW170817-like systems the
most: remaining bound post-SN is not affected by galactic
location and without the offset, of course, progenitors follow
the galaxy mass distribution. Imposing any offset constraint
limits the birth radius to within a factor of typically ⇠2–3
from the offset. The relatively small offset from the galaxy
center shifts the SN kicks and helium-star masses to smaller
values, effectively reducing the BNS post-SN systemic ve-
locities, while it leaves the constraints on Apre unaffected.
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Figure 6. Comparison of recovered PDFs from various input distributions on the SN kick. Vertical axes are normalized PDFs for a given
parameter and PDFs are normalized over the full range of the parameter; vertical labels are omitted for readability. Blue are the resultant
PDFs from kicks drawn uniformly, orange PDFs are kicks drawn from the Hobbs et al. 2005 prescription, and green PDFs are drawn from the
two-population Beniamini & Piran 2016 prescription. The top row considers all systems that merge within a Hubble time, and the bottom row
systems with delay times bounded by 1 Gyr < Tdelay < 14 Gyr. Dashed lines show the input distributions for each kick prescription, as well as
the input distributions for MHe, Apre, and RSN. Note that the input distribution on MHe differs for BP16, and the input distributions for Apre and
RSN are identical across all three models.

We further explore the robustness of our results on the
assumed input distributions for Vkick, MHe, and Apre, again
adopting the merger projected offset constraint of 2.0± 0.2
kpc. Specifically in Figure 6 we show our results for the
three different SN-kick distributions (see Section 2.4). We
choose only two cases of Tdelay constraints given the robust-
ness of our results demonstrated in Figure 5: (i) no constraint
(top row), i.e., star formation has continued in this galaxy
up until the present, and (ii) Tdelay >1 Gyr (bottom row), i.e.,
stellar populations in NGC 4993 are older than 1 Gyr. It is
evident that the constraints on MHe, Apre, and RSN are robust
against these different SN kick assumptions. However, the
robustness against different kick assumptions comes with the
corollary that the data from this one observation is not ex-
tremely informative on the true underlying SN kick distribu-
tion. In general, we see that GW170817 constraints exhibit
mild sensitivity to the input SN kick distributions. The uni-
form and Hobbs sampling procedures tend to shift to smaller
SN kick magnitudes but by relatively small amounts. The be-
havior with the BP16 assumption is different, but not surpris-

ing: the BP16 input distributions are extremely narrow and
prescriptive, strongly dictating the allowed SN kicks and pro-
genitor masses. The constraints for Apre and RSN are slightly
stronger than those for Vkick and MHe; Apre is strongly influ-
enced by the limits placed on delay times, and RSN by the
offset of GW170817 with respect to the galactic center.

Last, we have performed additional simulations with vary-
ing assumptions about the neutron star mass posteriors (Sec-
tion 2.1) and the galaxy parameters (Section 2.2). To test the
sensitivity of our results to neutron star mass measurements,
we sampled the high-spin prior (a < 0.89) component mass
posteriors, which have a much broader range of 1.36–2.26
M� and 0.86–1.36 M� for the primary and secondary com-
ponents masses, respectively (Abbott et al. 2017b). We find
quantitatively insignificant differences in our progenitor con-
straints. We also assess the robustness of our results against
variations in the measured properties of the galaxy (i.e., stel-
lar and dark matter halo masses, effective radius) and find
insignificant changes for variations up to ⇠30%.
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Figure 6. Comparison of recovered PDFs from various input distributions on the SN kick. Vertical axes are normalized PDFs for a given
parameter and PDFs are normalized over the full range of the parameter; vertical labels are omitted for readability. Blue are the resultant
PDFs from kicks drawn uniformly, orange PDFs are kicks drawn from the Hobbs et al. 2005 prescription, and green PDFs are drawn from the
two-population Beniamini & Piran 2016 prescription. The top row considers all systems that merge within a Hubble time, and the bottom row
systems with delay times bounded by 1 Gyr < Tdelay < 14 Gyr. Dashed lines show the input distributions for each kick prescription, as well as
the input distributions for MHe, Apre, and RSN. Note that the input distribution on MHe differs for BP16, and the input distributions for Apre and
RSN are identical across all three models.

We further explore the robustness of our results on the
assumed input distributions for Vkick, MHe, and Apre, again
adopting the merger projected offset constraint of 2.0± 0.2
kpc. Specifically in Figure 6 we show our results for the
three different SN-kick distributions (see Section 2.4). We
choose only two cases of Tdelay constraints given the robust-
ness of our results demonstrated in Figure 5: (i) no constraint
(top row), i.e., star formation has continued in this galaxy
up until the present, and (ii) Tdelay >1 Gyr (bottom row), i.e.,
stellar populations in NGC 4993 are older than 1 Gyr. It is
evident that the constraints on MHe, Apre, and RSN are robust
against these different SN kick assumptions. However, the
robustness against different kick assumptions comes with the
corollary that the data from this one observation is not ex-
tremely informative on the true underlying SN kick distribu-
tion. In general, we see that GW170817 constraints exhibit
mild sensitivity to the input SN kick distributions. The uni-
form and Hobbs sampling procedures tend to shift to smaller
SN kick magnitudes but by relatively small amounts. The be-
havior with the BP16 assumption is different, but not surpris-

ing: the BP16 input distributions are extremely narrow and
prescriptive, strongly dictating the allowed SN kicks and pro-
genitor masses. The constraints for Apre and RSN are slightly
stronger than those for Vkick and MHe; Apre is strongly influ-
enced by the limits placed on delay times, and RSN by the
offset of GW170817 with respect to the galactic center.

Last, we have performed additional simulations with vary-
ing assumptions about the neutron star mass posteriors (Sec-
tion 2.1) and the galaxy parameters (Section 2.2). To test the
sensitivity of our results to neutron star mass measurements,
we sampled the high-spin prior (a < 0.89) component mass
posteriors, which have a much broader range of 1.36–2.26
M� and 0.86–1.36 M� for the primary and secondary com-
ponents masses, respectively (Abbott et al. 2017b). We find
quantitatively insignificant differences in our progenitor con-
straints. We also assess the robustness of our results against
variations in the measured properties of the galaxy (i.e., stel-
lar and dark matter halo masses, effective radius) and find
insignificant changes for variations up to ⇠30%.

Progenitor paper, LVC, ApJ Letters, 2017

@90% — SN V_kick < 550 km/s 

           — CM V_sys < 400 km/s  

Progenitor Constraints:  

— dominated by 
requirement that post-
SN binary remains 
bound 

— insensitive to star-
formation history, as 
long as stellar ages are 
older than 1 Gyr
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GW170817: EM follow-up across
nine orders of magnitude in λ 

X-ray RadioNear-IRUV/Optical
λ

What? Kilonova, Host galaxy 
Probes: Lanthanide-free and rich ejecta, 

Parent stellar population

What? Off-axis afterglow 
Probes: Relativistic outflow 
(collimation, kinetic energy, 

particle density)Slide by:
Wen-fai Fong
Raffaella Margutti



Discovery of the optical counterpart

Photo credit: W. Fong

Waiting for the sun to set…
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Discovery of the optical counterpart
Waiting for the sun to set… 1st announcements  

@ approx. 12 hr: 
Swope, DECam, DLT40, VISTA, 

MASTER, Las Cumbres 
(Coulter et al., Soares-Santos et al., Valenti et al.,

Tanvir et al., Lipunov et al., Arcavi et al. 2017)
c.f. LIGO Scientific & Virgo Collaboration et al. 2017 ; ApJL, 848, L12
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Discovery of the optical counterpart
Waiting for the sun to set… 1st announcements  

@ approx. 12 hr: 
Swope, DECam, DLT40, VISTA, 

MASTER, Las Cumbres 
(Coulter et al., Soares-Santos et al., Valenti et al.,

Tanvir et al., Lipunov et al., Arcavi et al. 2017)
c.f. LIGO Scientific & Virgo Collaboration et al. 2017 ; ApJL, 848, L12

Soares-Santos et al. 2017

Photo credit: W. Fong
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Discovery of the optical counterpart
Waiting for the sun to set… 1st announcements  

@ approx. 12 hr: 
Swope, DECam, DLT40, VISTA, 

MASTER, Las Cumbres 
(Coulter et al., Soares-Santos et al., Valenti et al.,

Tanvir et al., Lipunov et al., Arcavi et al. 2017)
c.f. LIGO Scientific & Virgo Collaboration et al. 2017 ; ApJL, 848, L12

Soares-Santos et al. 2017

DECam:
3 sq. deg. on a 4-meter

Public, archival Hubble Space Telescope imaging in April 
2016 confirmed NO SOURCE at location to deep limits!

Photo credit: W. Fong
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Together with light curves (Cowperthwaite et al. 
2017) and UV/optical spectroscopy (Nicholl et 
al. 2017), the observations require two 
components:

i) Blue, lanthanide-free, fast: Mej = 0.01 Msol

       vej = 0.3c

ii) Red, lanthanide-rich, slow: Mej = 0.04 Msol

       vej = 0.1c



First clear support for heavy element 
nucleosynthesis in a neutron star merger

Together with light curves (Cowperthwaite et al. 
2017) and UV/optical spectroscopy (Nicholl et 
al. 2017), the observations require two 
components:

i) Blue, lanthanide-free, fast: Mej = 0.01 Msol

       vej = 0.3c

ii) Red, lanthanide-rich, slow: Mej = 0.04 Msol

       vej = 0.1c

Broad agreement with the literature: 
Arcavi et al. 2017 (Las Cumbres) 

Drout et al. (Swope, Magellan) 
Evans et al. 2017 (Swift) 

Kasliwal et al. (Gemini, HST, ground-based) 
Smartt et al. (PanSTARRs, GROND, ATLAS) 

Troja et al. 2017 (Gemini, HST) 
LIGO/Virgo collab. et al. (GW) 

AND MORE!
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Margutti, Berger, Fong et al. 2017

Host-Galaxy properties (AGN): 
Blanchard, Berger, Fong et al. 2017 
Fong, Berger, Blanchard et al. 2017

A NEW source appears at the location of the optical 
counterpart!!!

X-rays from GW170817 (Chandra)

Slide by:
Wen-fai Fong
Raffaella Margutti



X-rays (Chandra) + our  Radio (VLA, ALMA)

Margutti, Berger, Fong et al. 2017
Alexander, Berger, Fong et al. 2017

n~10-2 - 10-4 cm-3

Ek=1048-3x1050 erg 
Theta_obs=25-50 deg

Best Fitting Model 
Parameters
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X-rays + Radio  
(entire data set at t<40 days)

Guidorzi, Margutti, Scolnic et al. 2017

n~10-2 - 10-4 cm-3

Ek=1048-3x1050 erg 
Theta_obs=25-50 deg

Broad agreement with results from: 
Haggard et al. 2017 

Troja et al. 2017
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Host galaxy: a nearby S0/Elliptical
Pre-explosion:

No source to MV>-7.2 mag
(median of GCLF in ellipticals)

Optical: Dust lanes

Near-IR: Concentric shells,
clear merger history

Blanchard, Berger, Fong et al. 2017
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Host galaxy: a nearby S0/Elliptical
Pre-explosion:

No source to MV>-7.2 mag
(median of GCLF in ellipticals)

Optical: Dust lanes

Near-IR: Concentric shells,
clear merger history

Inferred properties: 
E/S0 morphology 
log(M*/Msol)~10.7 

age~11.2 Gyr 
SFR~0.01 Msol yr-1 

[Fe/H]~0.08

Broad agreement with literature *except* for age
(Kasliwal et al.; Levan et al.; Pan et al.; Troja et al. 2017)
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Blanchard, Berger, Fong et al. 2017



Comparison to cosmological short GRBs
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Fong, Berger, Blanchard et al. 2017
(Other comparisons: Levan et al. 2017; Pan et al. 2017)
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Rankings w.r.t. Short GRBs 
Stellar Mass = 72% 

B-band Luminosity = 94% 
Age = 100% 
SFR = 0% 

Projected offset (kpc) = 24%

Fong, Berger, Blanchard et al. 2017
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(Other comparisons: Levan et al. 2017; Pan et al. 2017)


