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Stellar nucleosynthesis and the 
r-processes

Burbidge et al. and Cameron realized in 
1957 that approximately half of the 
elements heavier than iron are synthesized 
via the capture of neutrons onto lighter 
seed nuclei like iron, in a dense neutron-
rich environment in which the timescale for 
neutron capture is shorter than the β-decay 
timescale. 

This ‘rapid neutron-capture process’, or r-
process, occurs along a nuclear path which 
resides far on the neutron-rich side of the 
valley of stable isotopes. Despite these 
works occurring over 70 years ago, the 
astrophysical environments giving rise to 
the r-process remains an enduring 
mystery, among the greatest in nuclear 
astrophysics. 

Adapted from B. D. Metzger, Kilonovae, Living Reviews 
in Relativity 23 (2020) 1

8 R. Diehl

Fig. 1.2 The table of isotopes, showing nuclei in a chart of neutron number (abscissa) versus
proton number (ordinate). The stable elements are marked in black. All other isotopes are unstable,
or radioactive, and will decay until a stable nucleus is obtained

know approximately 3,100 such isotopes making up the 114 now-known chemical
elements, but only 286 of these isotopes are considered stable. (The latest (7th) edi-
tion of the Karlsruher Nuklidkarte (Pfennig et al., 2007) lists 2,962 experimentally-
observed isotopes and 652 isomers, its first edition (1958) included 1,297 known
isotopes of 102 then-known elements. At the time of writing, elements 115 and 113
are the most massive superheavy elements which have been synthesized and found
to exist at least for short time intervals, although more massive elements may exist
in an island of stability beyond).

Unstable isotopes, once produced, will be radioactive, i.e. they will transmute to
other isotopes through nuclear interactions, until at the end of such a decay chain
a stable isotope is produced. Weak interactions will mediate transitions between
protons and neutrons and lead to neutrino emission, involvements of atomic-shell
electrons will result in X-rays from atomic-shell transitions after electron capture
and internal-conversion transitions, and γ -rays will be emitted in electromagnetic
transitions between excitation levels of a nucleus.

It is the subject of this book to explain in detail the astrophysical implications
of this characteristic process of nuclear rearrangements, and what can be learned
from measurements of the messengers of radioactive decays. But first we describe
the phenomenon of radioactivity in more detail.

The table of isotopes, showing nuclei in a chart of neutron number (abscissa) versus proton 
number (ordinate). The stable elements are marked in black. All other isotopes are unstable, or 
radioactive, and will decay until a stable nucleus is obtained.

From Diehl, R.: Introduction to Astronomy with Radioactivity. Lect. Notes Phys. 812 (2011)  3–23
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Table 1 Timeline of major developments in kilonova research

1974 Lattimer and Schramm: r -process from BH–NS mergers

1975 Hulse and Taylor: discovery of binary pulsar system PSR 1913+16

1982 Symbalisty and Schramm: r -process from NS–NS mergers

1989 Eichler et al.: GRBs from NS–NS mergers

1994 Davies et al.: first numerical simulation of mass ejection from NS–NS mergers

1998 Li and Paczyński: first kilonova model, with parametrized heating

1999 Freiburghaus et al.: NS–NS dynamical ejecta ⇒ r-process abundances

2005 Kulkarni: kilonova powered by free neutron-decay (“macronova”), central engine

2009 Perley et al.: optical kilonova candidate following GRB 080503

2010 Metzger et al., Roberts et al., Goriely et al.: “kilonova” powered by r -process heating

2013 Barnes and Kasen, Tanaka and Hotokezaka: La/Ac opacities ⇒ NIR spectral peak

2013 Tanvir et al., Berger et al.: NIR kilonova candidate following GRB 130603B

2013 Yu, Zhang, Gao: magnetar-boosted kilonova (“merger-nova”)

2014 Metzger and Fernández: blue kilonova from post-merger remnant disk winds

2017 Coulter et al.: kilonova detected from NS–NS merger following GW-trigger

coincidence with a large sample of GW-detected merger events. I conclude with some
personal thoughts in Sect. 8.

Although I have attempted to make this review self-contained, the material covered
is necessarily limited in scope and reflects my own opinions and biases. I refer the
reader to a number of other excellent recent reviews, which cover some of the topics
discussed briefly here in greater detail: Nakar (2007), Faber and Rasio (2012), Berger
(2014), Rosswog (2015), Fan and Hendry (2015), Baiotti and Rezzolla (2017), Baiotti
(2019), including other short reviews dedicated exclusively to kilonovae (Tanaka 2016;
Yu 2019). I encourage the reader to consult Fernández andMetzger (2016) for a review
of the broader range of EM counterparts of NS–NS/BH–NS mergers. A few comple-
mentary reviews have appeared since GW170817 overviewing the interpretation of
this event (e.g., Miller 2017; Bloom and Sigurdsson 2017; Metzger 2017b; Siegel
2019) or its constraints on the nuclear EOS (e.g., Raithel 2019). I also encourage the
reader to consult the initial version of this review, written the year prior to the discov-
ery of GW170817 (Metzger 2017a). Table 1 summarizes key events in the historical
development of kilonovae.

2 Historical background

2.1 NSmergers as sources of the r-process

Burbidge et al. (1957) and Cameron (1957) realized that approximately half of the
elements heavier than iron are synthesized via the capture of neutrons onto lighter seed
nuclei like iron) in a dense neutron-rich environment inwhich the timescale for neutron
capture is shorter than the β-decay timescale. This ‘rapid neutron-capture process’,
or r -process, occurs along a nuclear path which resides far on the neutron-rich side

123

It has long been surmised that a suitable enviroment for r-processes could be created in collisions of neutron stars and the 
formation of the so-called kilonovae. Kilonovae are thermal supernova-like transients lasting days to weeks, which are 
powered by the radioactive decay of heavy neutron-rich elements synthesized in the expanding merger ejecta.

Table from B. D. Metzger, Kilonovae, Living Reviews in Relativity 23 (2020) 1
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Wikipedia definitions: 

• Nova: a transient astronomical event that causes the sudden appearance of a bright, apparently "new" star that slowly fades over 
weeks or months. Causes of the dramatic appearance of a nova vary, depending on the circumstances of the two progenitor stars. 
All observed novae involve white dwarfs in close binary systems. The main sub-classes of novae are classical novae, recurrent novae 
(RNe), and dwarf novae. They are all considered to be cataclysmic variable stars.

Classical nova eruptions are the most common type. They are likely created in a close binary star system consisting of a white dwarf 
and either a main sequence, subgiant, or red giant star. When the orbital period falls in the range of several days to one day, the 
white dwarf is close enough to its companion star to start drawing accreted matter onto the surface of the white dwarf, which 
creates a dense but shallow atmosphere. This atmosphere, mostly consisting of hydrogen, is thermally heated by the hot white 
dwarf and eventually reaches a critical temperature causing ignition of rapid runaway fusion.

The sudden increase in energy expels the atmosphere into interstellar space creating the envelope seen as visible light during the 
nova event. 
(List of recent galactic novae https://asd.gsfc.nasa.gov/Koji.Mukai/novae/novae.html)

• Kilonova: a transient astronomical event that occurs in a compact binary system when two neutron stars or a neutron star and a 
black hole merge. Neutron-rich matter released from such events undergoes rapid neutron capture (r -process) nucleosynthesis as 
it decompresses into space, enriching our universe with rare heavy elements like gold and platinum.

https://asd.gsfc.nasa.gov/Koji.Mukai/novae/novae.html
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http://www.vcastro.com/contact.htm 

http://www.vcastro.com/contact.htm
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https://apod.nasa.gov/apod/ap210816.htm
l

https://apod.nasa.gov/apod/ap210816.html
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Fig. 1 Summary of the electromagnetic counterparts of NS–NS and BH–NS mergers and their dependence
on the viewing angle with respect to the axis of the GRB jet. The kilonova, in contrast to the GRB and
its afterglow, is relatively isotropic and thus represents the most promising counterpart for the majority of
GW-detected mergers. Image reproduced with permission from Metzger and Berger (2012), copyright by
AAS

compact BH or NS remnant following the merger (e.g., Narayan et al. 1992). This
is expected to occur within seconds of the merger, making their temporal association
with the termination of the GW chirp unambiguous (the gamma-ray sky is otherwise
quiet). Once a GRB is detected, its associated afterglow can in many cases be iden-
tified by promptly slewing a sensitive X-ray telescope to the location of the burst.
This exercise is now routine with Swift, but may become less so in the future without
a suitable replacement mission. Although gamma-ray detectors themselves typically
provide poor sky localization, the higher angular resolution of the X-ray telescope
allows for the discovery of the optical or radio afterglow; this in turn provides an even
more precise position, which can help to identify the host galaxy.

A prompt burst of gamma-ray emissionwas detected fromGW170817 by the Fermi
and Integral satellites with a delay of≈ 1.7s from the end of the inspiral (Abbott et al.
2017d; Goldstein et al. 2017; Savchenko et al. 2017). However, rapid localization of
the eventwas not possible, for two reasons: (1) themergerwas outside the field-of-view
of the Swift BAT gamma-ray detector and therefore a relatively precise sky position
was not immediately available; (2) even if rapidly slewing of the X-ray telescope had
been made, the X-ray afterglow may not have been detectable at such early times.
Deep upper limits on the X-ray luminosity of GW170817 at t = 2.3 days (Margutti
et al. 2017) reveal a much dimmer event than expected for a cosmological GRB placed
at the same distance at a similar epoch. As we discuss below, the delayed rise and low
luminosity of the synchrotron afterglow were the result of our viewing angle being far

123

Summary of the electromagnetic 
counterparts of NS–NS andBH–NS mergers 
and their dependence on the viewing angle 
with respect to the axis of the GRB jet. 

The kilonova, in contrast to the GRB and its 
afterglow, is relatively isotropic and thus 
represents the most promising counterpart 
for the majority of GW-detected mergers.

Adapted from B. D. Metzger, Kilonovae, Living Reviews in 
Relativity 23 (2020) 1
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ABSTRACT
Mergers of neutron stars (NS 1 NS) or neutron stars and stellar-mass black holes (NS 1 BH) eject a small

fraction of matter with a subrelativistic velocity. Upon rapid decompression, nuclear-density medium condenses
into neutron-rich nuclei, most of them radioactive. Radioactivity provides a long-term heat source for the expanding
envelope. A brief transient has a peak luminosity in the supernova range, and the bulk of radiation in the UV-
optical domain. We present a very crude model of the phenomenon, and simple analytical formulae that can be
used to estimate the parameters of a transient as a function of poorly known input parameters. The mergers may
be detected with high-redshift supernova searches as rapid transients, many of them far away from the parent
galaxies. It is possible that the mysterious optical transients detected by Schmidt et al. are related to neutron star
mergers, since they typically have no visible host galaxy.
Subject headings: binaries: close— gamma rays: bursts— stars: neutron— supernovae: general

1. INTRODUCTION

Popular models of gamma-ray bursts (GRBs) include merg-
ing neutron stars (NS-NS) (Paczyński 1986; Popham, Woosley,
& Fryer 1998; and references therein), and merging neutron
stars and stellar-mass black holes (NS-BH) (Paczyński 1991;
Popham et al. 1998 and references therein). However, the lo-
cation of the recently detected GRB afterglows indicates that
the bursts may be located in star-forming regions (Paczyński
1998; Kulkarni et al. 1998a, 1998b; Taylor et al. 1998; Galama
et al. 1998). If this indication is confirmed by the locations of
afterglows detected in the future, then the NS 1 NS and NS
1 BH merger scenario will be excluded, since those events
are expected to occur far away from their place of origin (Tu-
tukov & Yungelson 1994; Bloom, Sigurdsson, & Pols 1998;
Zwart & Yungelson 1998).
Still, the mergers are certainly happening, although at a rate

estimated to be several orders of magnitude lower than the
supernova rate (Narayan, Piran, & Shemi 1991; Phinney 1991;
van den Heuvel & Lorimer 1996; Bloom et al. 1998). It is
virtually certain that a violent merger will eject some matter
with a subrelativistic velocity. The chemical composition of
the ejecta must be very exotic, since it is formed by a rapid
decompression of nuclear-density matter. Not surprisingly, it
has been suggested this process is responsible for some exotic
elements (Lattimer & Schramm 1974, 1976; Rosswog et al.
1998 and references therein). As most nuclides are initially
very neutron rich, they will decay with various timescales.
Therefore, we expect a phenomenon somewhat similar to a
Type Ia supernova, in which the decay of 56Ni first to 56Co and
later to 56Fe is responsible for the observed luminosity. It is
therefore interesting to explore the likely light curves following
the NS 1 NS and/or NS 1 BH mergers.
Neutron star mergers are expected to be among the first

sources of gravitational radiation to be detected by the Laser
Interferometer Gravitational-Wave Observatory (LIGO) (Abra-
movici et al. 1992). It will be very important to detect the same
events by other means. In the last several years, much effort
has gone into obtaining gamma-ray bursts from the mergers.
However, theoretical attempts are discouraging (cf. Ruffert &
Janka 1997, 1998 and references therein), and the observed
locations of the burst afterglows do not favor mergers. The
purpose of this paper is to point out that the mergers are likely

to be accompanied by prominent optical transients, which
should be detectable with future supernova searches, and per-
haps have already been detected by Schmidt et al. (1998).

2. OUTLINE OF THE MODEL

Modeling of a NS 1 NS or a NS 1 BH merger is very
complex, and our knowledge of the outcome is very limited.
Therefore, instead of attempting to develop a complete nu-
merical model (Ruffert & Janka 1997, 1998 and references
therein) we make the simplest possible substitute, a one-zone
model of an expanding envelope. While most of the mass falls
into the black hole, some matter is ejected as a result of the
complicated hydrodynamics of the merger, or the powerful neu-
trino burst, or the superstrong magnetic fields. For simplicity,
we assume that the expanding envelope is spherical, its mass
M is constant with time, and its density r is uniform in space
and decreases with time. The surface radius R increases at the
fixed velocity V; i.e., we ignore the dynamical effect of the
pressure gradient. Therefore, the density throughout is given
by

3M 3M 23r 5 5 t , (1)( )3 34pR 4pV

where t is the time from the beginning of expansion. All com-
plications of the initial conditions—the high temperature, the
neutrino burst, and the chemical composition—are absorbed
into several input parameters of our models: M, V, and the
energy available for the radioactive decays.
The temperature inside the expanding sphere varies because

of several effects: adiabatic expansion, heat generation in ra-
dioactive decays, and radiative heat losses from the surface.
Let us consider each of these effects.
Adiabatic expansion.—The density of the expanding enve-

lope rapidly becomes very low, while the injection of a large
amount of heat keeps it hot, and radiation energy density dom-
inates the gas energy density. Therefore, we adopt

4U 5 3P 5 aT , (2)

where U is the energy density, P is the pressure, T is the

LP paper and 
notes
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A ‘kilonova’ associated with the short-duration
c-ray burst GRB 130603B
N. R. Tanvir1, A. J. Levan2, A. S. Fruchter3, J. Hjorth4, R. A. Hounsell3, K. Wiersema1 & R. L. Tunnicliffe2

Short-duration c-ray bursts are intense flashes of cosmic c-rays,
lasting less than about two seconds, whose origin is unclear1,2. The
favoured hypothesis is that they are produced by a relativistic jet
created by the merger of two compact stellar objects (specifically two
neutron stars or a neutron star and a black hole). This is supported
by indirect evidence such as the properties of their host galaxies3,
but unambiguous confirmation of the model is still lacking. Mer-
gers of this kind are also expected to create significant quantities of
neutron-rich radioactive species4,5, whose decay should result in a
faint transient, known as a ‘kilonova’, in the days following the
burst6–8. Indeed, it is speculated that this mechanism may be the
predominant source of stable r-process elements in the Universe5,9.
Recent calculations suggest that much of the kilonova energy should
appear in the near-infrared spectral range, because of the high opti-
cal opacity created by these heavy r-process elements10–13. Here we
report optical and near-infrared observations that provide strong
evidence for such an event accompanying the short-duration c-ray
burst GRB 130603B. If this, the simplest interpretation of the data,
is correct, then it confirms that compact-object mergers are the pro-
genitors of short-duration c-ray bursts and the sites of significant
production of r-process elements. It also suggests that kilonovae
offer an alternative, unbeamed electromagnetic signature of the
most promising sources for direct detection of gravitational waves.

Short-duration c-ray bursts (SGRBs) have long been recognized as a
distinct subpopulation of c-ray bursts14. If they are indeed produced by

compact binary mergers, SGRBs may provide a bright electromagnetic sig-
nal accompanying events detected by the next generation of gravitational-
wave interferometers15. Localizing electromagnetic counterparts is an
essential prerequisite to obtaining direct redshift measurements and to
constraining further the astrophysics of the sources. However, the
evidence supporting this progenitor hypothesis is essentially circum-
stantial: principally, many SGRBs seem to reside in host galaxies, or
regions within their hosts, that lack ongoing star formation, which
makes an origin in massive stars unlikely (in contrast to long-duration
c-ray bursts, which result from the core collapse of some short-lived
massive stars16). Progress in studying SGRBs has been slow; NASA’s
Swift satellite localizes only a handful per year, and they are typically
faint, with no optical afterglow or unambiguous host galaxy found in
some cases despite rapid searches with large (8-m class) telescopes.

GRB 130603B was detected by Swift’s Burst Alert Telescope on
2013 June 3 at 15:49:14 UT17, and its duration was measured to be
T90 < 0.18 6 0.02 s in the 15–350-keV band18. The burst was also
detected independently by the Konus instrument on NASA’s Wind
spacecraft, which found a somewhat shorter duration, T90 < 0.09 s in
the 18–1,160-keV band19. This places the burst unambiguously in the
short-duration class, which is also supported by the absence of the
bright supernova emission generally found to accompany low-redshift
(z= 0.5), long-duration bursts (see below). The optical afterglow was
discovered at the William Herschel Telescope20 and found to overlie a
galaxy previously detected in the Sloan Digital Sky Survey imaging of

1Department of Physics and Astronomy, University of Leicester, University Road, Leicester LE1 7RH, UK. 2Department of Physics, University of Warwick, Coventry CV4 7AL, UK. 3Space Telescope Science
Institute, 3700 San Martin Drive, Baltimore, Maryland 21218, USA. 4Dark Cosmology Centre, Niels Bohr Institute, University of Copenhagen, Juliane Maries Vej 30, 2100 Copenhagen, Denmark.
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Figure 1 | HST imaging of the location of GRB 130603B. The host is well
resolved and has a disturbed, late-type morphology. The position (coordinates
RAJ2000 5 11 h 28 min 48.16 s, decJ2000 5 117u 049 18.299) at which the SGRB
occurred (determined from ground-based imaging) is marked as a red circle
(right-hand panels), lying slightly off a tidally distorted spiral arm. The left-hand
panel shows the host and surrounding field from the higher-resolution optical
image. The right-hand panels show, from left to right, the epoch-1 and epoch-2

imaging and their difference (epoch 1 minus epoch 2; upper row, F606W/
optical; lower row, F160W/NIR). The difference images have been smoothed
with a Gaussian of width similar to the point-spread function, to enhance any
point-source emission. Although the resolution of the NIR image is inferior to
that of the optical image, we clearly detect a transient point source that is absent
in the optical.
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2013 June 3 at 15:49:14 UT17, and its duration was measured to be
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the 18–1,160-keV band19. This places the burst unambiguously in the
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Figure 1 | HST imaging of the location of GRB 130603B. The host is well
resolved and has a disturbed, late-type morphology. The position (coordinates
RAJ2000 5 11 h 28 min 48.16 s, decJ2000 5 117u 049 18.299) at which the SGRB
occurred (determined from ground-based imaging) is marked as a red circle
(right-hand panels), lying slightly off a tidally distorted spiral arm. The left-hand
panel shows the host and surrounding field from the higher-resolution optical
image. The right-hand panels show, from left to right, the epoch-1 and epoch-2

imaging and their difference (epoch 1 minus epoch 2; upper row, F606W/
optical; lower row, F160W/NIR). The difference images have been smoothed
with a Gaussian of width similar to the point-spread function, to enhance any
point-source emission. Although the resolution of the NIR image is inferior to
that of the optical image, we clearly detect a transient point source that is absent
in the optical.
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that of the optical image, we clearly detect a transient point source that is absent
in the optical.
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A ‘kilonova’ associated with the short-duration
c-ray burst GRB 130603B
N. R. Tanvir1, A. J. Levan2, A. S. Fruchter3, J. Hjorth4, R. A. Hounsell3, K. Wiersema1 & R. L. Tunnicliffe2

Short-duration c-ray bursts are intense flashes of cosmic c-rays,
lasting less than about two seconds, whose origin is unclear1,2. The
favoured hypothesis is that they are produced by a relativistic jet
created by the merger of two compact stellar objects (specifically two
neutron stars or a neutron star and a black hole). This is supported
by indirect evidence such as the properties of their host galaxies3,
but unambiguous confirmation of the model is still lacking. Mer-
gers of this kind are also expected to create significant quantities of
neutron-rich radioactive species4,5, whose decay should result in a
faint transient, known as a ‘kilonova’, in the days following the
burst6–8. Indeed, it is speculated that this mechanism may be the
predominant source of stable r-process elements in the Universe5,9.
Recent calculations suggest that much of the kilonova energy should
appear in the near-infrared spectral range, because of the high opti-
cal opacity created by these heavy r-process elements10–13. Here we
report optical and near-infrared observations that provide strong
evidence for such an event accompanying the short-duration c-ray
burst GRB 130603B. If this, the simplest interpretation of the data,
is correct, then it confirms that compact-object mergers are the pro-
genitors of short-duration c-ray bursts and the sites of significant
production of r-process elements. It also suggests that kilonovae
offer an alternative, unbeamed electromagnetic signature of the
most promising sources for direct detection of gravitational waves.

Short-duration c-ray bursts (SGRBs) have long been recognized as a
distinct subpopulation of c-ray bursts14. If they are indeed produced by

compact binary mergers, SGRBs may provide a bright electromagnetic sig-
nal accompanying events detected by the next generation of gravitational-
wave interferometers15. Localizing electromagnetic counterparts is an
essential prerequisite to obtaining direct redshift measurements and to
constraining further the astrophysics of the sources. However, the
evidence supporting this progenitor hypothesis is essentially circum-
stantial: principally, many SGRBs seem to reside in host galaxies, or
regions within their hosts, that lack ongoing star formation, which
makes an origin in massive stars unlikely (in contrast to long-duration
c-ray bursts, which result from the core collapse of some short-lived
massive stars16). Progress in studying SGRBs has been slow; NASA’s
Swift satellite localizes only a handful per year, and they are typically
faint, with no optical afterglow or unambiguous host galaxy found in
some cases despite rapid searches with large (8-m class) telescopes.

GRB 130603B was detected by Swift’s Burst Alert Telescope on
2013 June 3 at 15:49:14 UT17, and its duration was measured to be
T90 < 0.18 6 0.02 s in the 15–350-keV band18. The burst was also
detected independently by the Konus instrument on NASA’s Wind
spacecraft, which found a somewhat shorter duration, T90 < 0.09 s in
the 18–1,160-keV band19. This places the burst unambiguously in the
short-duration class, which is also supported by the absence of the
bright supernova emission generally found to accompany low-redshift
(z= 0.5), long-duration bursts (see below). The optical afterglow was
discovered at the William Herschel Telescope20 and found to overlie a
galaxy previously detected in the Sloan Digital Sky Survey imaging of

1Department of Physics and Astronomy, University of Leicester, University Road, Leicester LE1 7RH, UK. 2Department of Physics, University of Warwick, Coventry CV4 7AL, UK. 3Space Telescope Science
Institute, 3700 San Martin Drive, Baltimore, Maryland 21218, USA. 4Dark Cosmology Centre, Niels Bohr Institute, University of Copenhagen, Juliane Maries Vej 30, 2100 Copenhagen, Denmark.
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Figure 1 | HST imaging of the location of GRB 130603B. The host is well
resolved and has a disturbed, late-type morphology. The position (coordinates
RAJ2000 5 11 h 28 min 48.16 s, decJ2000 5 117u 049 18.299) at which the SGRB
occurred (determined from ground-based imaging) is marked as a red circle
(right-hand panels), lying slightly off a tidally distorted spiral arm. The left-hand
panel shows the host and surrounding field from the higher-resolution optical
image. The right-hand panels show, from left to right, the epoch-1 and epoch-2

imaging and their difference (epoch 1 minus epoch 2; upper row, F606W/
optical; lower row, F160W/NIR). The difference images have been smoothed
with a Gaussian of width similar to the point-spread function, to enhance any
point-source emission. Although the resolution of the NIR image is inferior to
that of the optical image, we clearly detect a transient point source that is absent
in the optical.
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HST imaging of the location of GRB 130603B. The position at which the SGRB occurred is marked as a red circle (right-hand panels), lying 
slightly off a tidally distorted spiral arm. The left-hand panel shows the host and surrounding field from the higher-resolution optical image. 
The right-hand panels show, from left to right, the epoch-1 and epoch-2 imaging and their difference (epoch 1 minus epoch 2; upper row, 
F606W/ optical; lower row, F160W/NIR). The difference images have been smoothed with a Gaussian of width similar to the point-spread 
function, to enhance any point-source emission. Although the resolution of the NIR image is inferior to that of the optical image, we clearly 
detect a transient point source that is absent in the optical.
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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(Einstein
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 gravitational waves(Abbott et al.
2016c, 2016d, 2016e, 2017a, 2017c, 2017d).
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Video of GW170817 discovery and observations: 

https://www.youtube.com/watch?v=EtIkOjq0_50&list=PLmX6l
7z5IPlfpkHUzyGZ6d66Wu5k-AiZ0 

Artist’s illustration of two merging neutron stars. The rippling space-
time grid represents gravitational waves that travel out from the 
collision, while the narrow beams show the bursts of gamma rays 
that are shot out just seconds after the gravitational waves. Swirling 
clouds of material ejected from the merging stars are also depicted. 
The clouds glow with visible and other wavelengths of light.

Image credit: NSF/LIGO/Sonoma State University/A. Simonnet

https://www.youtube.com/watch?v=EtIkOjq0_50&list=PLmX6l7z5IPlfpkHUzyGZ6d66Wu5k-AiZ0
https://www.youtube.com/watch?v=EtIkOjq0_50&list=PLmX6l7z5IPlfpkHUzyGZ6d66Wu5k-AiZ0
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observed by H, L, V 
source type binary neutron star (NS) 
date 17 August 2017 
time of merger 12:41:04 UTC 
signal-to-noise ratio 32.4 
false alarm rate < 1 in 80 000 years 

distance 85 to 160 million  
light-years 

total mass  2.73 to 3.29 M⦿ 
primary NS mass 1.36 to 2.26 M⦿ 
secondary NS mass 0.86 to 1.36 M⦿ 
mass ratio 0.4 to 1.0 
radiated GW energy > 0.025 M⦿c2  
radius of a 1.4 M⦿ NS  likely ≲ 14 km 

effective spin 
parameter -0.01 to 0.17 

effective precession 
spin parameter unconstrained 

GW speed deviation 
from speed of light < few parts in 1015  

inferred duration from 30 
Hz to 2048 Hz** ~ 60 s 

inferred # of GW cycles 
from 30 Hz to 2048 Hz** ~ 3000 

initial astronomer alert 
latency* 27 min 

HLV sky map alert latency* 5 hrs 14 min 

HLV sky area† 28 deg2 
# of EM observatories that 
followed the trigger ~ 70 

also observed in 
gamma-ray, X-ray, 
ultraviolet, optical, 

infrared, radio 

host galaxy NGC 4993 
source RA, Dec 13h09m48s, -23°22’53" 

sky location in Hydra constellation 
viewing angle  
(without and with host 
galaxy identification) 

≤ 56° and ≤ 28° 

Hubble constant inferred 
from host galaxy 
identification 

62 to 107 km s-1 Mpc-1 

GW170817 FACTSHEET 

Images: time frequency traces (top), GW sky map  
(left, HL = light blue, HLV = dark blue,  

improved HLV = green,  
optical source location = cross-hair) 

 
GW=gravitational wave, EM = electromagnetic, 

M⊙=1 solar mass=2x1030 kg,  
H/L=LIGO Hanford/Livingston, V=Virgo 

 
Parameter ranges are 90% credible intervals.  

*referenced to the time of merger 
**maximum likelihood estimate 

†90% credible region 
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Kilonovae Page 15 of 89 1

Fig. 2 Schematic timeline of the development kilonova models in the space of peak luminosity and peak
timescale. The wavelength of the predicted spectral peak are indicated by color as marked in the figure.
Shown for comparison are the approximate properties of the “red” and “blue” kilonova emission components
observed following GW170817 (e.g., Cowperthwaite et al. 2017; Villar et al. 2017)

The ejecta is extremely hot immediately after being ejected from the viscinity of the
merger (Sect. 3.1). This thermal energy cannot, however, initially escape as radiation
because of its high optical depth at early times,

τ ≃ ρκR = 3Mκ

4πR2 ≃ 70
(

M
10−2 M⊙

) (
κ

1 cm2 g−1

) ( v

0.1 c

)−2
(

t
1 day

)−2

, (5)

and the correspondingly long photon diffusion timescale through the ejecta,

tdiff ≃ R
c

τ = 3Mκ

4πcR
= 3Mκ

4πcvt
, (6)

where ρ = 3M/(4πR3) is the mean density and κ is the opacity (cross section per unit
mass). As the ejecta expands, the diffusion time decreases with time tdiff ∝ t−1, until
eventually radiation can escape on the expansion timescale, as occurs once tdiff = t
(Arnett 1982). This condition determines the characteristic timescale at which the light
curve peaks,

tpeak ≡
(

3Mκ

4πβvc

)1/2

≈ 1.6 d
(

M
10−2 M⊙

)1/2 ( v

0.1 c

)−1/2
(

κ

1 cm2 g−1

)1/2

, (7)

where the constant β ≈ 3 depends on the precise density profile of the ejecta (see
Sect. 4). For values of the opacity κ ∼ 0.5–30 cm2 g−1 which characterize the range
from lanthanide-free and lanthanide-rich matter (Tanaka et al. 2019; Table 4), respec-
tively, Eq. (7) predicts characteristic durations ∼ 1 day–1 week.

The temperature of matter freshly ejected at the radius of the merger R0 ! 106 cm
generally exceed 109−1010 K. However, absent a source of persistent heating, this
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