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Gravitational Waves From Neutron Stars: Finally !  ∼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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On August 17, 2017 at 12∶41:04 UTC the Advanced LIGO and Advanced Virgo gravitational-wave
detectors made their first observation of a binary neutron star inspiral. The signal, GW170817, was detected
with a combined signal-to-noise ratio of 32.4 and a false-alarm-rate estimate of less than one per
8.0 × 104 years. We infer the component masses of the binary to be between 0.86 and 2.26 M⊙, in
agreement with masses of known neutron stars. Restricting the component spins to the range inferred in
binary neutron stars, we find the component masses to be in the range 1.17–1.60 M⊙, with the total mass of
the system 2.74þ0.04

−0.01M⊙. The source was localized within a sky region of 28 deg2 (90% probability) and
had a luminosity distance of 40þ8

−14 Mpc, the closest and most precisely localized gravitational-wave signal
yet. The association with the γ-ray burst GRB 170817A, detected by Fermi-GBM 1.7 s after the
coalescence, corroborates the hypothesis of a neutron star merger and provides the first direct evidence of a
link between these mergers and short γ-ray bursts. Subsequent identification of transient counterparts
across the electromagnetic spectrum in the same location further supports the interpretation of this event as
a neutron star merger. This unprecedented joint gravitational and electromagnetic observation provides
insight into astrophysics, dense matter, gravitation, and cosmology.

DOI: 10.1103/PhysRevLett.119.161101

I. INTRODUCTION

On August 17, 2017, the LIGO-Virgo detector network
observed a gravitational-wave signal from the inspiral of
two low-mass compact objects consistent with a binary
neutron star (BNS) merger. This discovery comes four
decades after Hulse and Taylor discovered the first neutron
star binary, PSR B1913+16 [1]. Observations of PSR
B1913+16 found that its orbit was losing energy due to
the emission of gravitational waves, providing the first
indirect evidence of their existence [2]. As the orbit of a
BNS system shrinks, the gravitational-wave luminosity
increases, accelerating the inspiral. This process has long
been predicted to produce a gravitational-wave signal
observable by ground-based detectors [3–6] in the final
minutes before the stars collide [7].
Since the Hulse-Taylor discovery, radio pulsar surveys

have found several more BNS systems in our galaxy [8].
Understanding the orbital dynamics of these systems
inspired detailed theoretical predictions for gravitational-
wave signals from compact binaries [9–13]. Models of the
population of compact binaries, informed by the known
binary pulsars, predicted that the network of advanced
gravitational-wave detectors operating at design sensitivity

will observe between one BNS merger every few years to
hundreds per year [14–21]. This detector network currently
includes three Fabry-Perot-Michelson interferometers that
measure spacetime strain induced by passing gravitational
waves as a varying phase difference between laser light
propagating in perpendicular arms: the two Advanced
LIGO detectors (Hanford, WA and Livingston, LA) [22]
and the Advanced Virgo detector (Cascina, Italy) [23].
Advanced LIGO’s first observing run (O1), from

September 12, 2015, to January 19, 2016, obtained
49 days of simultaneous observation time in two detectors.
While two confirmed binary black hole (BBH) mergers
were discovered [24–26], no detections or significant
candidates had component masses lower than 5M⊙, placing
a 90% credible upper limit of 12 600 Gpc−3 yr−1 on the rate
of BNS mergers [27] (credible intervals throughout this
Letter contain 90% of the posterior probability unless noted
otherwise). This measurement did not impinge on the range
of astrophysical predictions, which allow rates as high as
∼10 000 Gpc−3 yr−1 [19].
The second observing run (O2) of Advanced LIGO, from

November 30, 2016 to August 25, 2017, collected 117 days
of simultaneous LIGO-detector observing time. Advanced
Virgo joined the O2 run on August 1, 2017. At the time of
this publication, two BBH detections have been announced
[28,29] from the O2 run, and analysis is still in progress.
Toward the end of the O2 run a BNS signal, GW170817,

was identified by matched filtering [7,30–33] the data
against post-Newtonian waveform models [34–37]. This
gravitational-wave signal is the loudest yet observed, with a
combined signal-to-noise ratio (SNR) of 32.4 [38]. After
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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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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
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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
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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
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Abstract

On 2017 August 17 a binary neutron star coalescence candidate (later designated GW170817) with merger time
12:41:04 UTC was observed through gravitational waves by the Advanced LIGO and Advanced Virgo detectors. The
Fermi Gamma-ray Burst Monitor independently detected a gamma-ray burst (GRB 170817A) with a time delay of

1.7 s~ with respect to the merger time. From the gravitational-wave signal, the source was initially localized to a sky
region of 31 deg2 at a luminosity distance of 40 8

8
-
+ Mpc and with component masses consistent with neutron stars. The

component masses were later measured to be in the range 0.86 to 2.26 M:. An extensive observing campaign was
launched across the electromagnetic spectrum leading to the discovery of a bright optical transient (SSS17a, now with
the IAU identification of AT 2017gfo) in NGC 4993 (at 40 Mpc~ ) less than 11 hours after the merger by the One-
Meter, Two Hemisphere (1M2H) team using the 1 m Swope Telescope. The optical transient was independently
detected by multiple teams within an hour. Subsequent observations targeted the object and its environment. Early
ultraviolet observations revealed a blue transient that faded within 48 hours. Optical and infrared observations showed a
redward evolution over ∼10 days. Following early non-detections, X-ray and radio emission were discovered at
the transient’s position 9~ and 16~ days, respectively, after the merger. Both the X-ray and radio emission likely
arise from a physical process that is distinct from the one that generates the UV/optical/near-infrared emission. No
ultra-high-energy gamma-rays and no neutrino candidates consistent with the source were found in follow-up searches.
These observations support the hypothesis that GW170817 was produced by the merger of two neutron stars in
NGC 4993 followed by a short gamma-ray burst (GRB 170817A) and a kilonova/macronova powered by the
radioactive decay of r-process nuclei synthesized in the ejecta.

Key words: gravitational waves – stars: neutron

1. Introduction

Over 80 years ago Baade & Zwicky (1934) proposed the idea
of neutron stars, and soon after, Oppenheimer & Volkoff (1939)
carried out the first calculations of neutron star models. Neutron
stars entered the realm of observational astronomy in the 1960s by
providing a physical interpretation of X-ray emission from
ScorpiusX-1(Giacconi et al. 1962; Shklovsky 1967) and of
radio pulsars(Gold 1968; Hewish et al. 1968; Gold 1969).

The discovery of a radio pulsar in a double neutron star
system by Hulse & Taylor (1975) led to a renewed interest in
binary stars and compact-object astrophysics, including the
development of a scenario for the formation of double neutron
stars and the first population studies (Flannery & van den

Heuvel 1975; Massevitch et al. 1976; Clark 1979; Clark et al.
1979; Dewey & Cordes 1987; Lipunov et al. 1987; for reviews
see Kalogera et al. 2007; Postnov & Yungelson 2014). The
Hulse-Taylor pulsar provided the first firm evidence(Taylor &
Weisberg 1982) of the existence of gravitational waves(Ein-
stein 1916, 1918) and sparked a renaissance of observational
tests of general relativity(Damour & Taylor 1991, 1992;
Taylor et al. 1992; Wex 2014). Merging binary neutron stars
(BNSs) were quickly recognized to be promising sources of
detectable gravitational waves, making them a primary target
for ground-based interferometric detectors (see Abadie et al.
2010 for an overview). This motivated the development of
accurate models for the two-body, general-relativistic dynamics
(Blanchet et al. 1995; Buonanno & Damour 1999; Pretorius
2005; Baker et al. 2006; Campanelli et al. 2006; Blanchet
2014) that are critical for detecting and interpreting gravita-
tional waves(Abbott et al. 2016c, 2016d, 2016e, 2017a, 2017c,
2017d).
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Taken together the data tells an interesting story ! 



Inspiral: 
Gravitational waves, 

Tidal Effects

Merger: 
Disruption, NS oscillations, ejecta 

and r-process nucleosynthesis

Post Merger: 
GRB, Afterglows, and 

Kilonova

Neutron Star Merger Dynamics 
(General) Relativistic (Very) Heavy-Ion Collisions at ~ 100 MeV/nucleon 

Simulations: Rezzola et al (2013)
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Neutron Star Crust:

Cold Neutron Stars: A theorist’s view

• Nuclear physics describes a large fraction of the neutron star.  
• Complex phase structure at low temperature. 
• The equation of state is calculable up to a few times 1014 g/cm3.

For a review see: Page & Reddy, Ann. Rev. Nucl. Part. Sci. (2006)
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Modern NN & NNN Forces 

2N LO

N LO3

NLO

LO

3N force 4N force2N force

)LJXUH ��� 'LDJUDPV WKDW JLYH ULVH WR QXFOHDU IRUFHV LQ &K()7 EDVHG RQ :HLQEHUJ¶V SRZHU FRXQWLQJ�
6ROLG DQG GDVKHG OLQHV GHQRWH QXFOHRQV DQG SLRQV� UHVSHFWLYHO\� 6ROLG GRWHV� ILOOHG FLUFOHV DQG ILOOHG
VTXDUHV DQG FURVVHG VTXDUHV UHIHU WR YHUWLFHV ZLWK ∆i = 0, 1, 2 DQG 4� UHVSHFWLYHO\�
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WKH SRZHU ν LV MXVW WKH QHJDWLYH RI WKH RYHUDOO PDVV GLPHQVLRQ RI DOO /(&V� 7KH DGGLWLRQDO IDFWRU −2
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EFT inspired Hamiltonian organizes operators in powers of the momentum:

Beane, Bedaque, Epelbaum, Kaplan, Machliedt, Meisner, Phillips, Savage, van Klock, Weinberg, Wise .. 
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Allows for error estimation. Provides guidance for the structure of three and many-body forces.
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Dense matter EOS and NS  structure

Modern EOS based on EFT inspired nuclear forces 
and Quantum Monte Carlo  calculations provide 
useful predictions despite uncertainties at high 
density. A general high density EOS is constructed 
sampling the speed of sound constrained by:
 

• 2 solar mass NS (J0348+0432) 
• Causality (speed of sound < c)  

Tews, Gandolfi, Carlson, Reddy (2018), Tews, Margueron, Reddy (2018) 
see also Hebeler, Schwenk, Lattimer and Pethick (2010,2013) and Carlson, Gandolfi, Reddy (2012)
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Figure 8. Histograms for c2S(n), the mass-radius relation, and the EOS for all the accepted parameter sets
for the local chiral N2LO interactions of Figure 3 and ntr,1 (upper panels) and ntr,2 (lower panels). For the
c2S(n) histogram we terminate each parametrization at its maximal central density. The orange lines are the
corresponding contours for the polytropic expansion of Hebeler et al. (2013). For the mass-radius curve, we
also show the average radius for each mass (solid line) as well as 68% confidence intervals (dashed lines).

We find that the speed of sound increases rapidly in a small density range above ntr. This increase
is more drastic for softer nuclear interactions. For sti↵er interactions, cS increases slowly and peaks at
higher densities. In all cases, for a large fraction of parametrizations, the speed of sound increases to
values around cS ⇡ 0.9. For the smaller transition density, there exist parametrizations that observe
the conformal limit at all densities, while for the higher transition density all parametrizations violate
this bound, consistent with our previous findings.

For the mass-radius relation, we find a rather broad radius distribution at lower transition densities,
that narrows with increasing transition density. This highlights the fact that PNM calculations at
densities ⇠ 2n0 provide valuable information despite sizable uncertainties. We highlight this fact in
Figure 10 where we show the radius of a typical 1.4 M� NS as a function of ntr for the chiral EFT
interactions. At ntr,1, we find a radius range of 9.4� 14.0 km (10.0� 14.1 km) with a 68% confidence
interval of 12.0 ± 1.0 km (12.3 ± 0.9 km) for the TPE-only (TPE+VE, ) interaction. This range
reduces to 9.4 � 11.8 km (10.2 � 12.3 km) with a 68% confidence interval of 10.7 ± 0.5 km (11.5+0.3

�0.4

km) for ntr,2.
For the phenomenological interaction the mass-radius relation is much narrower than for the chiral

interactions because the EOS is much sti↵er and uncertainties associated with the interaction are

Nuclear description viable up to 2.5 x 1014  g/cm3 : 
•  Radius = 9.5 - 14 kms 
•  Maximum mass = 2 - 3 solar masses

Nuclear description viable up to 5 x 1014  g/cm3 : 
•  Radius = 10 - 12 kms 
•  Maximum mass = 2 - 2.5 solar masses
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We find that the speed of sound increases rapidly in a small density range above ntr. This increase
is more drastic for softer nuclear interactions. For sti↵er interactions, cS increases slowly and peaks at
higher densities. In all cases, for a large fraction of parametrizations, the speed of sound increases to
values around cS ⇡ 0.9. For the smaller transition density, there exist parametrizations that observe
the conformal limit at all densities, while for the higher transition density all parametrizations violate
this bound, consistent with our previous findings.

For the mass-radius relation, we find a rather broad radius distribution at lower transition densities,
that narrows with increasing transition density. This highlights the fact that PNM calculations at
densities ⇠ 2n0 provide valuable information despite sizable uncertainties. We highlight this fact in
Figure 10 where we show the radius of a typical 1.4 M� NS as a function of ntr for the chiral EFT
interactions. At ntr,1, we find a radius range of 9.4� 14.0 km (10.0� 14.1 km) with a 68% confidence
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Gravitational waves during inspiral
Neutron-star mergers and 

 gravitational waves 

explore sensitivity to neutron-rich matter 
in neutron-star merger and gw signal 
Bauswein, Janka (2012), Bauswein, Janka, Hebeler, AS (2012). 

Neutron-star mergers and 
 gravitational waves 

explore sensitivity to neutron-rich matter 
in neutron-star merger and gw signal 
Bauswein, Janka (2012), Bauswein, Janka, Hebeler, AS (2012). 

GWs are produced by fluctuating quadrupoles.
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Tidal Effects at Late Times 

• Both NSs contribute to tidal effect
• Leads to phase shift of 5–15 radians

400Hz up to merger

Matter effects
• Both NSs contribute to tidal effect
• Leads to phase shift of 5–15 radians

400Hz up to merger

Matter effects

t (s)

Measuring the EOS directly
• The tidal deformability is calculated from the EOS
• This can be inverted to find EOS parameters from observations of the tidal 

parameters and masses
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Parameters from GW data analysis 

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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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 ∈
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GW170817: Observation of Gravitational Waves from a Binary Neutron Star Inspiral

B. P. Abbott et al.*

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 26 September 2017; revised manuscript received 2 October 2017; published 16 October 2017)

On August 17, 2017 at 12∶41:04 UTC the Advanced LIGO and Advanced Virgo gravitational-wave
detectors made their first observation of a binary neutron star inspiral. The signal, GW170817, was detected
with a combined signal-to-noise ratio of 32.4 and a false-alarm-rate estimate of less than one per
8.0 × 104 years. We infer the component masses of the binary to be between 0.86 and 2.26 M⊙, in
agreement with masses of known neutron stars. Restricting the component spins to the range inferred in
binary neutron stars, we find the component masses to be in the range 1.17–1.60 M⊙, with the total mass of
the system 2.74þ0.04

−0.01M⊙. The source was localized within a sky region of 28 deg2 (90% probability) and
had a luminosity distance of 40þ8

−14 Mpc, the closest and most precisely localized gravitational-wave signal
yet. The association with the γ-ray burst GRB 170817A, detected by Fermi-GBM 1.7 s after the
coalescence, corroborates the hypothesis of a neutron star merger and provides the first direct evidence of a
link between these mergers and short γ-ray bursts. Subsequent identification of transient counterparts
across the electromagnetic spectrum in the same location further supports the interpretation of this event as
a neutron star merger. This unprecedented joint gravitational and electromagnetic observation provides
insight into astrophysics, dense matter, gravitation, and cosmology.

DOI: 10.1103/PhysRevLett.119.161101

I. INTRODUCTION

On August 17, 2017, the LIGO-Virgo detector network
observed a gravitational-wave signal from the inspiral of
two low-mass compact objects consistent with a binary
neutron star (BNS) merger. This discovery comes four
decades after Hulse and Taylor discovered the first neutron
star binary, PSR B1913+16 [1]. Observations of PSR
B1913+16 found that its orbit was losing energy due to
the emission of gravitational waves, providing the first
indirect evidence of their existence [2]. As the orbit of a
BNS system shrinks, the gravitational-wave luminosity
increases, accelerating the inspiral. This process has long
been predicted to produce a gravitational-wave signal
observable by ground-based detectors [3–6] in the final
minutes before the stars collide [7].
Since the Hulse-Taylor discovery, radio pulsar surveys

have found several more BNS systems in our galaxy [8].
Understanding the orbital dynamics of these systems
inspired detailed theoretical predictions for gravitational-
wave signals from compact binaries [9–13]. Models of the
population of compact binaries, informed by the known
binary pulsars, predicted that the network of advanced
gravitational-wave detectors operating at design sensitivity

will observe between one BNS merger every few years to
hundreds per year [14–21]. This detector network currently
includes three Fabry-Perot-Michelson interferometers that
measure spacetime strain induced by passing gravitational
waves as a varying phase difference between laser light
propagating in perpendicular arms: the two Advanced
LIGO detectors (Hanford, WA and Livingston, LA) [22]
and the Advanced Virgo detector (Cascina, Italy) [23].
Advanced LIGO’s first observing run (O1), from

September 12, 2015, to January 19, 2016, obtained
49 days of simultaneous observation time in two detectors.
While two confirmed binary black hole (BBH) mergers
were discovered [24–26], no detections or significant
candidates had component masses lower than 5M⊙, placing
a 90% credible upper limit of 12 600 Gpc−3 yr−1 on the rate
of BNS mergers [27] (credible intervals throughout this
Letter contain 90% of the posterior probability unless noted
otherwise). This measurement did not impinge on the range
of astrophysical predictions, which allow rates as high as
∼10 000 Gpc−3 yr−1 [19].
The second observing run (O2) of Advanced LIGO, from

November 30, 2016 to August 25, 2017, collected 117 days
of simultaneous LIGO-detector observing time. Advanced
Virgo joined the O2 run on August 1, 2017. At the time of
this publication, two BBH detections have been announced
[28,29] from the O2 run, and analysis is still in progress.
Toward the end of the O2 run a BNS signal, GW170817,

was identified by matched filtering [7,30–33] the data
against post-Newtonian waveform models [34–37]. This
gravitational-wave signal is the loudest yet observed, with a
combined signal-to-noise ratio (SNR) of 32.4 [38]. After
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Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.

PRL 119, 161101 (2017)
Selected for a Viewpoint in Physics

PHY S I CA L R EV I EW LE T T ER S
week ending

20 OCTOBER 2017

0031-9007=17=119(16)=161101(18) 161101-1 Published by the American Physical Society



• Tidal deformations are discernible 
and small suggesting that the NS 
radius: 9 kms < R < 13 km. 

•This range is compatible with current 
dense matter theories but does not 
offer new insights. 

•With more detections and better high-
frequency sensitivity we may be able 
extract useful constraints for the EOS. 
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FIG. 3. The 90% credible region of the posterior probability for
the common radius R̂ and binary tidal deformability ⇤̃ with the
common EOS constraint for the three mass priors. The posteriors
for the individual parameters are shown with dotted lines at the
5%, 50% and 95% percentiles. The values of ⇤̃, and hence R̂
forbidden by causality have been excluded from the posteriors.

mon radius R̂ of the neutron stars in the binary. Our results
suggest a radius R̂ = 10.7+2.1

�1.6 ± 0.2 km (90% credible
interval, statistical and systematic errors) for the uniform
mass prior, R̂ = 10.9+2.1

�1.6±0.2 km for double neutron star
mass prior, and R̂ = 10.8+2.1

�1.6±0.2 km for the prior based
on all neutron star masses.

For the uniform mass prior, we computed the Bayes fac-
tor comparing a model with a prior ⇤s ⇠ U [0, 5000] to a
model with a prior ⇤s ⇠ U [0, 100]. We find log10(B) ⇠
1, suggesting that the data favors a model that includes
measurement of tidal deformability ⇤̃ & 100. However,
the evidences were calculated using thermodynamic inte-
gration of the MCMC chains [9]. We will investigate model
selection using, e.g., nested sampling [44] in a future work.

Finally, we note the post-Newtonian waveform family
used will result in systematic errors in our measurement of
the tidal deformability [45, 46]. However, this waveform
family allows a direct comparison to the results of Ref. [1].
Accurate modeling of the waveform is challenging, as the
errors in numerical simulations are comparable to the size
of the matter effects that we are trying to measure [47].
Waveform systematics and comparison of other waveform
models (e.g., [48]) will be investigated in a future work.

Discussion.—Using Bayesian parameter estimation, we
have measured the tidal deformability and common radius
of the neutron stars in GW170817. Table I summarizes
our findings. To compare to Ref. [1], which reports a 90%
upper limit on ⇤̃  800 under the assumption of a uni-
form prior on ⇤̃, we integrate the posterior for ⇤̃ to obtain
90% upper limits on ⇤̃. For the common EOS analyses,
these are 485, 521, and 516 for the uniform, double neu-

Mass prior ⇤̃ R̂ (km) B ⇤̃90%

Uniform 222+420
�138 10.7+2.1

�1.6 ± 0.2 369 < 485

Double neutron star 245+453
�151 10.9+2.1

�1.6 ± 0.2 125 < 521

Galactic neutron star 233+448
�144 10.8+2.1

�1.6 ± 0.2 612 < 516

TABLE I. Results from parameter estimation analyses using three
different mass prior choices with the common EOS constraint,
and applying the causal minimum constraint to ⇤(m). We show
90% credible intervals for ⇤̃, 90% credible intervals and system-
atic errors for R̂, Bayes factors B comparing our common EOS
to the unconstrained results, and the 90% upper limits on ⇤̃.

tron star, and Galactic neutron star component mass pri-
ors, respectively. We find that, in comparison to the un-
constrained analysis, the common EOS assumption signif-
icantly reduces the median value and 90% confidence up-
per bound of ⇤̃ by about 28% and 19%, respectively, for
all three mass priors. The difference between our common
EOS results for the three mass priors is consistent with the
physics of the gravitational waveform. At constant M, de-
creasing q causes the binary to inspiral more quickly [49].
At constant M and constant q, increasing ⇤̃ also causes the
binary to inspiral more quickly, so there is a mild degener-
acy between q and ⇤̃. The uniform mass prior allows the
largest range of mass ratios, so we can fit the data with a
larger q and smaller ⇤̃. The double neutron star mass prior
allows the smallest range of mass ratios, and so, a larger
⇤̃ is required to fit the data, with the Galactic neutron star
mass prior lying between these two cases.

Nevertheless, considering all analyses we performed
with different mass prior choices, we find a relatively ro-
bust measurement of the common neutron star radius with
a mean value hR̂i = 10.8 km bounded above by R̂ <

13.2 km and below by R̂ > 8.9 km. Nuclear theory and
experiment currently predict a somewhat smaller range by
2 km but with approximately the same centroid as our re-
sults [14, 50]. A minimum radius 10.5–11 km is strongly
supported by neutron matter theory [51–53], the unitary
gas [54], and most nuclear experiments [14, 50, 55]. The
only major nuclear experiment that could indicate radii
much larger than 13 km is the PREX neutron skin measure-
ment, but this has published error bars much larger than
previous analyses based on antiproton data, charge radii of
mirror nuclei, and dipole resonances. Our results are con-
sistent with photospheric radius expansion measurements
of x-ray binaries which obtain R ⇡ 10–12 km [12, 56, 57].
Reference [58] found from an analysis of five neutron stars
in quiescent low-mass x-ray binaries a common neutron
star radius 9.4 ± 1.2 km, but systematic effects includ-
ing uncertainties in interstellar absorption and the neutron
stars’ atmospheric compositions are large. Other analyses
have inferred 12± 0.7 [59] and 12.3± 1.8 km [60] for the
radii of 1.4M� quiescent sources.

We have found that the relation q
7.48

< ⇤1/⇤2 < q
5.76,

in fact, completely bounds the uncertainty for the range of

Reanalysis with common EOS provides improved constraints

De et al. PRL (2018)
See also LIGO and Virgo Scientific Collaboration arXiV:1805.11581v1    
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These are obtained by marginalizing over all the other
parameters in the problem; for instance,

p(�0|dn, I) =
Z

d~✓ d�1 p(~✓,�0,�1|dn, I), (5)

where ~✓ represents masses, sky position, orientation of
the orbital plane, and distance. The joint posterior den-
sity function for all the parameters takes the form

p(~✓,�0,�1|dn, I) =
p(dn|~✓,�0,�1, I) p(~✓,�0,�1|I)

p(dn|I) . (6)

Here p(~✓,�0,�1|I) = p(~✓|I) p(�0|I) p(�1|I). The prior

density p(~✓|I) is taken to be the same as in [20]. We
express �(m) in units of s5. For p(�0|I) we choose a flat
distribution in the range [0, 5]⇥ 10�23 s5, and for p(�1|I)
a flat distribution on [�5, 0]⇥ 10�18 s4 M�; these choices
cover all the EOS considered in [6]. The prior probability
for the data, p(dn|I), is obtained by demanding that the
left hand side of (6) be normalized. Finally, the likelihood
is given by [19]

p(dn|~✓,�0,�1, I)

= N exp

"
�2

Z fLSO

f0

df
|d̃n(f) � h̃lin(~✓,�0,�1; f)|2

Sn(f)

#
,(7)

where N is a normalization factor, d̃n is the Fourier
transform of the data stream for the nth detection, and
Sn(f) is the one-sided noise power spectral density; f0
is a lower cut-o↵ frequency, which we take to be 20 Hz.
h̃lin(~✓,�0,�1; f) is our frequency domain waveform, with
the linearized expression for �(m), Eq. (4), substituted
into the tidal contribution to the phase, Eq. (1). To
explore the likelihood function, we used the method of
Nested Sampling as implemented by Veitch and Vecchio
[19].

In Fig. 1, we show the evolution with an increasing
number of sources of the medians and 95% confidence
intervals in the measurement of �0, for three di↵erent
EOS models from Hinderer et al. [6]: a hard EOS (MS1),
a moderate one (H4), and a soft one (SQM3). In each
case, after a few tens of sources, the value of �0 is
recovered with a statistical uncertainty ⇠ 10%, and it is
easily distinguishable from the ones for the other EOS.
(On the other hand, �1 remains uncertain.) We see that
the posterior medians for �0 are ordered correctly, which
suggests a second method to identify the EOS, namely
hypothesis ranking.

Method 2: Hypothesis ranking. Hinderer et al. computed
the function �(m) for a large number of (families of)
equations of state, some of them mainly involving neu-
trons, protons, electrons, and muons, others allowing for
pions and hyperons, and a few assuming strange quark
matter. Given a (arbitrarily large) discrete set {Hk} of
models, each corresponding to a di↵erent EOS, or equiv-
alently a di↵erent deformability �(m), the relative odds
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FIG. 1. Median and 95% confidence interval evolution for
the �0 parameter as an increasing number of sources is taken
into consideration, for three di↵erent equations of state in the
signals: a hard (MS1), a moderate (H4), and a soft (SQM3)
EOS. In each case, the dashed line indicates the true value.

ratios for any pair of models Hi, Hj can be computed as

Oi
j =

P (Hi|d1, d2, . . . , dN , I)

P (Hj |d1, d2, . . . , dN , I)
. (8)

Again assuming independence of the detector outputs
d1, d2, . . . , dN and using Bayes’ theorem, one can write

Oi
j =

P (Hi|I)
P (Hj |I)

NY

n=1

P (dn|Hi, I)

P (dn|Hj , I)
. (9)

P (Hi|I) is the probability of the model Hi before any
measurement has taken place, and similarly for Hj ; in
the absence of more information, these can be set equal
to each other for all models Hk. The evidences for the
various models are given by

p(dn|Hk, I) =

Z
d~✓ p(dn|Hk, ~✓, I) p(~✓|I), (10)

with ~✓ the parameters of the template waveforms
(masses, sky position, etc.) and p(~✓|I) the prior prob-
abilities for these parameters, which we choose to be the
same as in [20]. The likelihood function p(dn|Hk, ~✓, I)
takes the form

p(dn|Hk, ~✓, I)

= N exp

"
�2

Z fLSO

f0

df
|d̃n � h̃k(~✓; f)|2

Sn(f)

#
. (11)

This time h̃k(~✓; f) is the waveform model correspond-
ing to the EOS Hk, meaning the abovementioned fre-
quency domain approximant with tidal contributions to
the phase as in Eq. (1), with a deformability �(m) corre-
sponding to that EOS. Here too, we use Nested Sampling
to probe the likelihood [19].
The set {Hk} could comprise all the models consid-

ered in e.g. [6], and many more. In this Letter we wish
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FIG. 2: Rest-mass density evolution in the equatorial plane for the 1.35-1.35 M⊙ merger with the DD2 EoS (rotation counter-
clockwise). (The rest-mass density is shown with a variable linear scale relative to ρmax. A low number of contour levels
is chosen for illustrative reasons; the underlying simulation data is smoother than it appears with the chosen color coding.)
Black and white dots trace the positions of selected fluid elements of the antipodal bulges, which within approximately one
millisecond complete one orbit (compare times of the right panels). The orbital motion of this pattern of spiral deformation
produces the fspiral peak in the GW spectrum at 2/(1 ms) (Fig. 1). The cross and the circle mark the double cores, which
rotate significanty faster than the antipodal bulges represented by the dots (compare times of the different panels).

which belongs to the two antipodal bulges that are ro-
tating slower compared to the double cores. This matter
amounts to several tenths of M⊙ and is thus sufficient
to explain the strength of the fspiral GW peak. In ad-
dition, we find that the fspiral GW peak can be roughly
reproduced in a toy model, where the two bulges orbit as
point particles around the central double-core structure

for a duration of a few milliseconds. Note that this toy
model differs significantly from the one in [37], which con-
siders only the two cores to be contributing to the GW
signal and considers only a single instantaneous orbital
frequency of the system.

Furthermore, we take advantage of the quadrupole for-
malism to compute GW spectra considering only certain

3

These are obtained by marginalizing over all the other
parameters in the problem; for instance,

p(�0|dn, I) =
Z

d~✓ d�1 p(~✓,�0,�1|dn, I), (5)

where ~✓ represents masses, sky position, orientation of
the orbital plane, and distance. The joint posterior den-
sity function for all the parameters takes the form

p(~✓,�0,�1|dn, I) =
p(dn|~✓,�0,�1, I) p(~✓,�0,�1|I)

p(dn|I) . (6)

Here p(~✓,�0,�1|I) = p(~✓|I) p(�0|I) p(�1|I). The prior

density p(~✓|I) is taken to be the same as in [20]. We
express �(m) in units of s5. For p(�0|I) we choose a flat
distribution in the range [0, 5]⇥ 10�23 s5, and for p(�1|I)
a flat distribution on [�5, 0]⇥ 10�18 s4 M�; these choices
cover all the EOS considered in [6]. The prior probability
for the data, p(dn|I), is obtained by demanding that the
left hand side of (6) be normalized. Finally, the likelihood
is given by [19]

p(dn|~✓,�0,�1, I)

= N exp

"
�2

Z fLSO

f0

df
|d̃n(f) � h̃lin(~✓,�0,�1; f)|2

Sn(f)

#
,(7)

where N is a normalization factor, d̃n is the Fourier
transform of the data stream for the nth detection, and
Sn(f) is the one-sided noise power spectral density; f0
is a lower cut-o↵ frequency, which we take to be 20 Hz.
h̃lin(~✓,�0,�1; f) is our frequency domain waveform, with
the linearized expression for �(m), Eq. (4), substituted
into the tidal contribution to the phase, Eq. (1). To
explore the likelihood function, we used the method of
Nested Sampling as implemented by Veitch and Vecchio
[19].

In Fig. 1, we show the evolution with an increasing
number of sources of the medians and 95% confidence
intervals in the measurement of �0, for three di↵erent
EOS models from Hinderer et al. [6]: a hard EOS (MS1),
a moderate one (H4), and a soft one (SQM3). In each
case, after a few tens of sources, the value of �0 is
recovered with a statistical uncertainty ⇠ 10%, and it is
easily distinguishable from the ones for the other EOS.
(On the other hand, �1 remains uncertain.) We see that
the posterior medians for �0 are ordered correctly, which
suggests a second method to identify the EOS, namely
hypothesis ranking.

Method 2: Hypothesis ranking. Hinderer et al. computed
the function �(m) for a large number of (families of)
equations of state, some of them mainly involving neu-
trons, protons, electrons, and muons, others allowing for
pions and hyperons, and a few assuming strange quark
matter. Given a (arbitrarily large) discrete set {Hk} of
models, each corresponding to a di↵erent EOS, or equiv-
alently a di↵erent deformability �(m), the relative odds
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FIG. 1. Median and 95% confidence interval evolution for
the �0 parameter as an increasing number of sources is taken
into consideration, for three di↵erent equations of state in the
signals: a hard (MS1), a moderate (H4), and a soft (SQM3)
EOS. In each case, the dashed line indicates the true value.

ratios for any pair of models Hi, Hj can be computed as

Oi
j =

P (Hi|d1, d2, . . . , dN , I)

P (Hj |d1, d2, . . . , dN , I)
. (8)

Again assuming independence of the detector outputs
d1, d2, . . . , dN and using Bayes’ theorem, one can write

Oi
j =

P (Hi|I)
P (Hj |I)

NY

n=1

P (dn|Hi, I)

P (dn|Hj , I)
. (9)

P (Hi|I) is the probability of the model Hi before any
measurement has taken place, and similarly for Hj ; in
the absence of more information, these can be set equal
to each other for all models Hk. The evidences for the
various models are given by

p(dn|Hk, I) =

Z
d~✓ p(dn|Hk, ~✓, I) p(~✓|I), (10)

with ~✓ the parameters of the template waveforms
(masses, sky position, etc.) and p(~✓|I) the prior prob-
abilities for these parameters, which we choose to be the
same as in [20]. The likelihood function p(dn|Hk, ~✓, I)
takes the form

p(dn|Hk, ~✓, I)

= N exp

"
�2

Z fLSO

f0

df
|d̃n � h̃k(~✓; f)|2

Sn(f)

#
. (11)

This time h̃k(~✓; f) is the waveform model correspond-
ing to the EOS Hk, meaning the abovementioned fre-
quency domain approximant with tidal contributions to
the phase as in Eq. (1), with a deformability �(m) corre-
sponding to that EOS. Here too, we use Nested Sampling
to probe the likelihood [19].
The set {Hk} could comprise all the models consid-

ered in e.g. [6], and many more. In this Letter we wish

Pozzo et al. (2013)
Q

ua
dr

up
ol

e 
Po

la
riz

ab
ilit

y
10% measurement of neutron star radius may 
be possible.

R=14.9 km

R=13.7 km

R=10.8 km



Many detections and next generation detectors  

Bauswein & Stergioulas (2015)

Frequency of quasi-normal modes, post merger are 
also sensitive to the EOS. Will be accessible with next 
generation GW detectors.      

3

x [km]

y 
[k

m
]

t=12.46 ms

−20 −10 0 10 20−20

−10

0

10

20

x [km]

y 
[k

m
]

t=13.18 ms

−20 −10 0 10 20−20

−10

0

10

20

x [km]

y 
[k

m
]

t=13.42 ms

−20 −10 0 10 20−20

−10

0

10

20

x [km]

y 
[k

m
]

t=14.22 ms

−20 −10 0 10 20−20

−10

0

10

20

FIG. 2: Rest-mass density evolution in the equatorial plane for the 1.35-1.35 M⊙ merger with the DD2 EoS (rotation counter-
clockwise). (The rest-mass density is shown with a variable linear scale relative to ρmax. A low number of contour levels
is chosen for illustrative reasons; the underlying simulation data is smoother than it appears with the chosen color coding.)
Black and white dots trace the positions of selected fluid elements of the antipodal bulges, which within approximately one
millisecond complete one orbit (compare times of the right panels). The orbital motion of this pattern of spiral deformation
produces the fspiral peak in the GW spectrum at 2/(1 ms) (Fig. 1). The cross and the circle mark the double cores, which
rotate significanty faster than the antipodal bulges represented by the dots (compare times of the different panels).

which belongs to the two antipodal bulges that are ro-
tating slower compared to the double cores. This matter
amounts to several tenths of M⊙ and is thus sufficient
to explain the strength of the fspiral GW peak. In ad-
dition, we find that the fspiral GW peak can be roughly
reproduced in a toy model, where the two bulges orbit as
point particles around the central double-core structure

for a duration of a few milliseconds. Note that this toy
model differs significantly from the one in [37], which con-
siders only the two cores to be contributing to the GW
signal and considers only a single instantaneous orbital
frequency of the system.

Furthermore, we take advantage of the quadrupole for-
malism to compute GW spectra considering only certain
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These are obtained by marginalizing over all the other
parameters in the problem; for instance,

p(�0|dn, I) =
Z

d~✓ d�1 p(~✓,�0,�1|dn, I), (5)

where ~✓ represents masses, sky position, orientation of
the orbital plane, and distance. The joint posterior den-
sity function for all the parameters takes the form

p(~✓,�0,�1|dn, I) =
p(dn|~✓,�0,�1, I) p(~✓,�0,�1|I)

p(dn|I) . (6)

Here p(~✓,�0,�1|I) = p(~✓|I) p(�0|I) p(�1|I). The prior

density p(~✓|I) is taken to be the same as in [20]. We
express �(m) in units of s5. For p(�0|I) we choose a flat
distribution in the range [0, 5]⇥ 10�23 s5, and for p(�1|I)
a flat distribution on [�5, 0]⇥ 10�18 s4 M�; these choices
cover all the EOS considered in [6]. The prior probability
for the data, p(dn|I), is obtained by demanding that the
left hand side of (6) be normalized. Finally, the likelihood
is given by [19]

p(dn|~✓,�0,�1, I)

= N exp

"
�2

Z fLSO

f0

df
|d̃n(f) � h̃lin(~✓,�0,�1; f)|2

Sn(f)

#
,(7)

where N is a normalization factor, d̃n is the Fourier
transform of the data stream for the nth detection, and
Sn(f) is the one-sided noise power spectral density; f0
is a lower cut-o↵ frequency, which we take to be 20 Hz.
h̃lin(~✓,�0,�1; f) is our frequency domain waveform, with
the linearized expression for �(m), Eq. (4), substituted
into the tidal contribution to the phase, Eq. (1). To
explore the likelihood function, we used the method of
Nested Sampling as implemented by Veitch and Vecchio
[19].

In Fig. 1, we show the evolution with an increasing
number of sources of the medians and 95% confidence
intervals in the measurement of �0, for three di↵erent
EOS models from Hinderer et al. [6]: a hard EOS (MS1),
a moderate one (H4), and a soft one (SQM3). In each
case, after a few tens of sources, the value of �0 is
recovered with a statistical uncertainty ⇠ 10%, and it is
easily distinguishable from the ones for the other EOS.
(On the other hand, �1 remains uncertain.) We see that
the posterior medians for �0 are ordered correctly, which
suggests a second method to identify the EOS, namely
hypothesis ranking.

Method 2: Hypothesis ranking. Hinderer et al. computed
the function �(m) for a large number of (families of)
equations of state, some of them mainly involving neu-
trons, protons, electrons, and muons, others allowing for
pions and hyperons, and a few assuming strange quark
matter. Given a (arbitrarily large) discrete set {Hk} of
models, each corresponding to a di↵erent EOS, or equiv-
alently a di↵erent deformability �(m), the relative odds
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FIG. 1. Median and 95% confidence interval evolution for
the �0 parameter as an increasing number of sources is taken
into consideration, for three di↵erent equations of state in the
signals: a hard (MS1), a moderate (H4), and a soft (SQM3)
EOS. In each case, the dashed line indicates the true value.

ratios for any pair of models Hi, Hj can be computed as

Oi
j =

P (Hi|d1, d2, . . . , dN , I)

P (Hj |d1, d2, . . . , dN , I)
. (8)

Again assuming independence of the detector outputs
d1, d2, . . . , dN and using Bayes’ theorem, one can write

Oi
j =

P (Hi|I)
P (Hj |I)

NY

n=1

P (dn|Hi, I)

P (dn|Hj , I)
. (9)

P (Hi|I) is the probability of the model Hi before any
measurement has taken place, and similarly for Hj ; in
the absence of more information, these can be set equal
to each other for all models Hk. The evidences for the
various models are given by

p(dn|Hk, I) =

Z
d~✓ p(dn|Hk, ~✓, I) p(~✓|I), (10)

with ~✓ the parameters of the template waveforms
(masses, sky position, etc.) and p(~✓|I) the prior prob-
abilities for these parameters, which we choose to be the
same as in [20]. The likelihood function p(dn|Hk, ~✓, I)
takes the form

p(dn|Hk, ~✓, I)

= N exp

"
�2

Z fLSO

f0

df
|d̃n � h̃k(~✓; f)|2

Sn(f)

#
. (11)

This time h̃k(~✓; f) is the waveform model correspond-
ing to the EOS Hk, meaning the abovementioned fre-
quency domain approximant with tidal contributions to
the phase as in Eq. (1), with a deformability �(m) corre-
sponding to that EOS. Here too, we use Nested Sampling
to probe the likelihood [19].
The set {Hk} could comprise all the models consid-

ered in e.g. [6], and many more. In this Letter we wish
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tating, single NSs. Solid lines show empirical relations. The
dashed line is taken from [37] (see text for explanations).

types may be useful in the future. Still, one can clearly
identify a diagonal band of Type II mergers for interme-
diate binary masses, and also the binary setups leading
to the limiting cases of Type I or Type III are seen to
form roughly diagonal bands.

For 2.4 M⊙ ≤ Mtot ≤ 3.0 M⊙ we find that fspiral
typically ranges between fpeak − 0.5 kHz and fpeak −

0.9 kHz, while f2−0 ranges between fpeak − 0.9 kHz and
fpeak − 1.3 kHz. This property will be useful for iden-
tifying either f2−0 or fspiral (or both) in future GW ob-
servations. Furthermore, we find that fpeak− f2−0(= f0)
decreases with increasing Mtot in all models for which
f2−0 is clearly present, in agreement with the fact that
the quasi-radial frequency decreases near the threshold to
collapse. This observation may be useful to estimate the
proximity to prompt gravitational collapse. Very near
the threshold one thus may expect f2−0 → fpeak. In con-
trast, fpeak − fspiral typically increases with increasing
Mtot, and above the threshold to collapse a spiral pat-
tern during the dynamical collapse could still produce a
weak peak in the GW spectrum, as in [56].

IV. EMPIRICAL RELATIONS FOR DOMINANT
AND SECONDARY PEAK FREQUENCIES

For our sample of EoSs Fig. 6 shows fpeak, fspiral
and f2−0 as a function of the compactness M/R of
the nonspinning, individual NSs (at infinite separation)
for Mtot = 2.7 M⊙ (with the compactness in units of
c = G = 1). We find strong correlations that can be
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FIG. 7: fspiral vs. the compactness, but for different binary
masses. Solid lines show empirical relations. The dashed line
is taken from [37] (see text for explanations).
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described by the following quadratic fits:

fpeak[kHz] = 199(M/R)2 − 28.1(M/R) + 2.33, (1)

fspiral[kHz] = 358(M/R)2 − 82.1(M/R) + 6.16, (2)

f2−0[kHz] = 392(M/R)2 − 88.3(M/R) + 5.95. (3)

The maximum deviations of the data used for these fits
are 140 Hz, 86 Hz and 153 Hz for fpeak, fspiral and f2−0,
respectively. If the compactness is determined from a
measured frequency by inverting Eqs. (1)-(3), these max-
imum deviations imply errors of 3%, 3% and 4% in the
compactess for fpeak, fspiral and f2−0, respectively. (Note

2

peaks are a viable prospect [36, 37, 40, 41].

II. NATURE OF SECONDARY GW PEAKS

We investigate mergers of equal-mass, intrinsically
non-spinning NSs with a 3D relativistic smoothed par-
ticle hydrodynamics (SPH) code, which imposes the con-
formal flatness condition on the spatial metric [46, 47]
to solve Einstein’s field equations and incorporates en-
ergy and angular momentum losses by a GW backreac-
tion scheme [18, 48] (see [12, 18, 28, 29, 49] for details on
the code, the setup, resolution tests and model uncertain-
ties). Comparisons to other numerical setups and also
models with an approximate consideration of neutrino ef-
fects show an agreement in determining the post-merger
spectrum within a few per cent in the peak frequen-
cies [27–29, 33, 36–38]. Magnetic field effects are neg-
ligible for not too high initial field strengths [24]. We ex-
plore a representative sample of ten microphysical, fully
temperature-dependent equations of state (EoSs) (see
Table I in [39] and Fig. 5 in this work for the mass-radius
relations of non-rotating NSs of these EoSs) and consider
total binary masses Mtot between 2.4 M⊙ and 3.0 M⊙.
In this work we consider only NSs with an initially ir-
rotational velocity profile because known spin periods in
observed NS binaries are slow compared to their orbital
motion (see e.g. [50]), and simulations with initial intrin-
sic NS spin suggest an impact on the post-merger features
of the GW signal only for very fast spins [19, 35, 38].
First, we focus on a reference model for the moderately

stiff DD2 EoS [51, 52] with an intermediate binary mass
of Mtot = 2.7 M⊙. Figure 1 shows the x-polarization of
the effective amplitude heff,x = h̃x(f) · f (with h̃x being
the Fourier transform of the waveform hx) vs. frequency
f (reference model in black). Besides the dominant fpeak
frequency [65], there are two secondary peaks at lower
frequencies (f2−0 and fspiral) with comparable signal-to-
noise ratio. Both are generated in the post-merger phase,
which can be seen by choosing a time window covering
only the post-merger phase for computing the GW spec-
trum.
The secondary peak shown as f2−0 is a nonlinear com-

bination frequency between the dominant quadrupolar
fpeak oscillation and the quasi-radial oscillation of the
remnant, as described in [25]. We confirm this by per-
forming additional simulations, after adding a quasi-
radial density perturbation to the remnant at late times.
The frequency f0 of the strongly excited quasi-radial os-
cillation is determined by a Fourier analysis of the time-
evolution of the density or central lapse function and co-
incides with the frequency difference fpeak − f2−0. As
in [25], the extracted eigenfunction at f0 confirms the
quasi-radial nature.
The secondary fspiral peak is produced by a strong de-

formation initiated at the time of merging, the pattern
of which then rotates (in the inertial frame) slower than
the inner remnant and lasts for a few rotational peri-
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FIG. 1: GW spectra of 1.35-1.35 M⊙ mergers with the
DD2 [51, 52] (black), NL3 [51, 53] (blue) and LS220 [54] (red)
EoS (cross polarization along the polar axis at a reference dis-
tance of 20 Mpc). Dashed lines show the anticipated unity
SNR sensitivity curves of Advanced LIGO [1] (red) and of the
Einstein Telescope [45] (black).

ods, while diminishing in amplitude. Figure 2 shows the
density evolution in the equatorial plane, in which one
can clearly identify the two antipodal bulges of the spi-
ral pattern, which rotate slower than the central parts
of the remnant. In this early phase the inner remnant is
still composed of two dense cores rotating around each
other (this is the nonlinear generalization of an m = 2
quadrupole oscillation producing the dominant fpeak).
Extracting the rotational motion of the antipodal bulges
in our simulations, we indeed find that their frequency
equals fspiral/2 producing gravitational waves at fspiral
(compare the times in the right panels in Fig. 2; recall
the factor two in the frequency of the GW signal com-
pared to the orbital frequency of orbiting point particles).
In Fig. 2 the antipodal bulges are illustrated by selected
fluid elements (tracers), which are shown as black and
white dots, while the positions of the individual centers
of the double cores are marked by a cross and a circle.
(We define the centers of mass of the double cores by
computing the centers of mass of the innermost 1000
SPH particles of the respective initial NSs and then fol-
lowing their time evolution.) While in the right panels
the antipodal bulges completed approximately one orbit
within one millisecond (≈ 2

fspiral
), the double cores moved

further ahead, i.e. with a significantly higher orbital fre-
quency. Examining the GW spectrum and considering
different time intervals, we find that the presence of the
fspiral peak agrees with the appearance and duration of
the spiral deformation of the remnant.
In the upper right panel of Fig. 2, the spiral deforma-

tion can be seen to initially reach deep inside the rem-
nant. We approximately determine the amount of matter
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Nucleosynthesis conditions

Element abundances

Origin of heavy elements:

r-process, s-process, p-process, νp-process

r-process site candidates:

core-collapse supernova, neutron star 
mergers, accretion disks, jets, GRB, ...

r-process conditions:   Yn/Yseed↑

• short dynamical time scale (ms...s)

• electron fraction Ye ≈ 0.4

• high entropy (or high photon-to-baryon 
ratio)

Burbidge, Burbidge, Fowler, and Hoyle
(B2FH 1957)

nn > 1020 cm-3

�

Burbridge, Burbridge, Fowler & Hoyle 1957

https://en.wikipedia.org/wiki/Abundance_of_the_chemical_elements    (2018)

Where and how are the heavy-elements made?  

10 years ago most in the community believed 
core-collapse supernovae was the likely site 
for the r-process!

https://en.wikipedia.org/wiki/Abundance_of_the_chemical_elements


Why is it difficult to make the heaviest elements?  

If an astrophysical event can eject 
a hot gas rich in neutrons with a 
few light nuclei, nuclear reactions 
will produce gold.     

Rapid neutron capture reactions 
followed by beta-decays in which 
neutrons turn into protons inside a 
nucleus successively produce 
heavier nuclei.   

But its hard to find an environment 
with lot of neutrons per seed 
nucleus. 

Introduc<on 
•  The figure shows the mean    for different elements in terms of their proton‐ 

and neutron‐numbers (Cowan et al. 2004).  

•  In the NZ plane, the  

      elements are divide into  

   β‐decay stable and  

   unstable. 

•  The stable elements  

      form the so‐call “valley 

      of  β‐stability”, which is  

      marked by black and  

      magenta points. 

•  The s‐process path is  

      close to the stability 

      valley, while the r‐ 

      process happens far 

      from it. 

Valley of β‐stability 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Start with a gas of about 85% 
neutrons and a few seed nuclei. 
Rapid neutron capture, beta 
decays and fission reactions 
drive nucleosynthesis of 
second and third peak 
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Nuclear Reactions in an Expanding Gas
Start with a gas of about 85% 
neutrons and a few seed nuclei. 
Rapid neutron capture, beta 
decays and fission reactions 
drive nucleosynthesis of 
second and third peak 
elements 

Need  > 75 % neutrons to produce heavy 

elements (2nd and 3rd  peak) robustly.  



Neutrinos spoil r-process nucleosynthesis in a supernova   

Large neutrino fluxes from the newly born 
neutron star reduces the neutron excess. 
Bad for r-process.  

{

Recent computer simulations of 
supernovae indicate that neutrino 
fluxes from the newly born 
neutron star reduce the neutron-
excess to values well below 75%. 
Largest values encountered are ~ 
55%. 

ν̄e + p � e+ + n
νe + n � e� + p

Nucleosynthesis: 
occurs in a 
neutrino driven 
wind 
at low-density and 
high entropy. 
R ~ 103-104 km 

Newly born neutron star 
emits large flux of all flavors 
of neutrinos. R =10-20 kms 



Electromagnetic Signatures: Ejecta and Kilonova

• Radioactive heavy elements power an EM 
signal. 
Eichler, Livio, Piran, Schramm 1989, Li & Paczynski 1998, 
Metzger et al.  2010, Roberts et al. 2011, Goriely et al. 2011

• Magnitude and color of the optical emission 
is sensitive to the composition of the ejecta. 
Kasen 2013

• Mergers produce and eject heavy elements.
Lattimer & Schramm 1974

Figure 3: Evolution of the ultraviolet to near-infrared spectral energy distribution (SED)
of SSS17a. (A) The vertical axis, log F�,o, is the logarithm of the observed flux. Fluxes have
been corrected for foreground Milky Way extinction (33). Detections are plotted as filled sym-
bols and upper limits for the third epoch (1.0 days post-merger) as downward pointing arrows.
Less-constraining upper limits at other epochs are not plotted for clarity. Between 0.5 and 8.5
days after the merger, the peak of the SED shifts from the near-UV (<4500 Å ) to the near-IR
(>1 µm), and fades by a factor >70. The SED is broadly consistent with a thermal distribution
and the colored curves represent best-fitting blackbody models at each epoch. In 24 hours after
the discovery of SSS17a, the observed color temperature falls from &10,000 K to ⇠5,000 K.
The epoch and best-fitting blackbody temperature (rounded to 100 K) are listed. SEDs for each
epoch are also plotted individually in Figure S2 and described in (33). (B) Filter transmission
functions for the observed photometric bands.
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Merger Ejecta & Nucleosynthesis

Tidal ejecta: 
Early, and very  neutron-rich. Yn > 0.8
Robust heavy r-process. 
Makes A=130 and A=190 peaks. 

Shock and neutrino wind driven ejecta: 
Processed by weak interaction. 
Not as neutron rich. Broad range of  Yn ~ 0.6-0.8. 
Makes the light r-process A < 130.   

Simulations find that the amount and composition of the material ejected depends:  

•   Neutron star radius
•  Lifetime and neutrino emission of the merged hot and rapidly rotating neutron star

Typical mass ejected is about 0.05 M⦿ . 



Neutron excess in some of the ejecta is moderated  by weak interactions 

Large neutrino fluxes from the hot hyper-
massive neutron star drives matter towards 
smaller neutron excess. 

{
High temperatures created in dense 
shocked matter produces positrons. 
They would also deplete neutrons  

Neutrino fluxes and spectra are sensitive properties of hot and dense matter 
and neutrino oscillations. 

Lifetime and dynamics of the hyper-massive merged neutron star plays a role.  

e+ + n � p + ν̄e

ν̄e + p � e+ + n
νe + n � e� + p



Heavy nuclei dominate opacity of the ejecta 
Metzger et al.  2010

•Iron group elements made when ejecta has Yn < 0.75  have an 
opacity 

𝛋Fe-like  ~ 1 cm2/g 

(d-shell electrons contribute to transitions) 

•Heavy r-process elements (with lanthanides) made when ejecta has 
Yn > 0.8  have an opacity 

𝛋Lanthanides   ~ 10 cm2/g 

(f-shell electrons, dense level spacing and order or magnitude more 
allowed transitions)
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Figure 2 | Models of kilonovae demonstrating the observable signatures 
of r-process abundances. All models have an ejecta mass M =  0.05M⊙ and 
velocity vk =  0.2 c, but different mass fraction of lanthanides Xlan. a, Model 
bolometric light curves. If the ejecta is composed primarily of heavier 
r-process material (Xlan ≥  10−2 ) the opacity is higher, resulting in a longer 

diffusion times and longer duration bolometric light curves. b, Model 
spectra as observed 4.5 days after the mergers. The higher lanthanide 
opacities of the heavy r-process materials obscure the optical bands and 
shift the emission primarily to the infrared.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

Kasen et al. 2017 

Kasen 2013

To fit observed light curves requires:
   ~ 0.04 M⦿   of heavy nuclei with A>140
   ~ 0.025 M⦿  of moderately heavy nuclei with  A<140



Figure 3: Evolution of the ultraviolet to near-infrared spectral energy distribution (SED)
of SSS17a. (A) The vertical axis, log F�,o, is the logarithm of the observed flux. Fluxes have
been corrected for foreground Milky Way extinction (33). Detections are plotted as filled sym-
bols and upper limits for the third epoch (1.0 days post-merger) as downward pointing arrows.
Less-constraining upper limits at other epochs are not plotted for clarity. Between 0.5 and 8.5
days after the merger, the peak of the SED shifts from the near-UV (<4500 Å ) to the near-IR
(>1 µm), and fades by a factor >70. The SED is broadly consistent with a thermal distribution
and the colored curves represent best-fitting blackbody models at each epoch. In 24 hours after
the discovery of SSS17a, the observed color temperature falls from &10,000 K to ⇠5,000 K.
The epoch and best-fitting blackbody temperature (rounded to 100 K) are listed. SEDs for each
epoch are also plotted individually in Figure S2 and described in (33). (B) Filter transmission
functions for the observed photometric bands.
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Remarkably, models that fit these light curves suggests: 

1.Merger ejected ~ 0.06 M⦿ of radioactive nuclei 
2.Radioactive ejecta had two components
3.One component with A>130 (heavy r-process)
4.Second component with A<130 (light r-process)
5. Mass of the A>130 component ~ 0.04 M⦿

6. Mass of the A<130 component ~ 0.025 M⦿
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Tremendous detail in the observed light curves ! 
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nuclei

neutron
superfluid

Neutron Star Crust:

4x1011

Blast Mining Neutron Stars

To extract ~0.03 M⦿ from 
each neutron star, need to 
dig down >2 km in depth ! 

79 protons and 118 
neutrons in a gold nucleus 
were once neutrons, 
swimming in a superfluid 
ocean inside a neutron 
star ! 



Conclusions and Outlook

• NSs merge and emit GWs. The detection rate is likely to be greater than a few per 
year.   

• Constraints on the dense matter EOS will likely improve. With a large sample of  
observed NSs rare events (outliers) may be the most interesting.      

• Connection between EM signals (especially the  Kilonova) and GWs will rely on our 
understanding of dense matter, neutrino physics, nuclear structure and reactions.  

• Strong circumstantial evidence for heavy element production in mergers.  

• Details worth pursuing with multi-physics merger simulations. Multi-messenger 
astronomy is here with much to reveal.  


