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with specific stellar populations). Because merger counterparts
are predicted to be faint, obtaining a spectroscopic redshift
is challenging (cf. Rowlinson et al. 2010), in which case
spectroscopy of the host galaxy is the most promising means
of obtaining the event redshift.

It is important to distinguish two general strategies for con-
necting EM and GW events. One approach is to search for a
GW signal following an EM trigger, either in real time or at
a post-processing stage (e.g., Finn et al. 1999; Mohanty et al.
2004). This is particularly promising for counterparts predicted
to occur in temporal coincidence with the GW chirp, such as
short-duration gamma-ray bursts (SGRBs). Unfortunately, most
other promising counterparts (none of which have yet been
independently identified) occur hours to months after coales-
cence.6 Thus, the predicted arrival time of the GW signal will
remain uncertain, in which case the additional sensitivity gained
from this information is significantly reduced. For instance, if
the time of merger is known only to within an uncertainty of
∼ hours (weeks), as we will show is the case for optical (radio)
counterparts, then the number of trial GW templates that must
be searched is larger by a factor ∼104–106 than if the merger
time is known to within seconds, as in the case of SGRBs.

A second approach, which is the primary focus of this paper,
is EM follow-up of GW triggers. A potential advantage in this
case is that counterpart searches are restricted to the nearby
universe, as determined by the ALIGO/Virgo sensitivity range
(redshift z ! 0.05–0.1). On the other hand, the large error
regions are a significant challenge, which are estimated to be
tens of square degrees even for optimistic configurations of GW
detectors (e.g., Gürsel & Tinto 1989; Fairhurst 2009; Wen &
Chen 2010; Nissanke et al. 2011). Although it has been argued
that this difficulty may be alleviated if the search is restricted
to galaxies within 200 Mpc (Nuttall & Sutton 2010), we stress
that the number of galaxies with L " 0.1 L∗ (typical of SGRB
host galaxies; Berger 2009, 2011) within an expected GW error
region is ∼400, large enough to negate this advantage for most
search strategies. In principle the number of candidate galaxies
could be reduced if the distance can be constrained from the
GW signal; however, distance estimates for individual events
are rather uncertain, especially at that low of S/Ns that will
characterize most detections (Nissanke et al. 2010). Moreover,
current galaxy catalogs are incomplete within the ALIGO/Virgo
volume, especially at lower luminosities. Finally, some mergers
may also occur outside of their host galaxies (Berger 2010;
Kelley et al. 2010). Although restricting counterpart searches to
nearby galaxies is unlikely to reduce the number of telescope
pointings necessary in follow-up searches, it nevertheless can
substantially reduce the effective sky region to be searched,
thereby allowing for more effective vetoes of false positive
events (Kulkarni & Kasliwal 2009).

At the present there are no optical or radio facilities that can
provide all-sky coverage at a cadence and depth matched to
the expected light curves of EM counterparts. As we show in
this paper, even the Large Synoptic Survey Telescope (LSST),
with a planned all-sky cadence of four days and a depth of
r ≈ 24.7 mag, is unlikely to effectively capture the range of
expected EM counterparts. Thus, targeted follow-up of GW

6 Predicted EM counterparts that may instead precede the GW signal include
emission powered by the magnetosphere of the NS (e.g., Hansen & Lyutikov
2001; McWilliams & Levin 2011; Lyutikov 2011a, 2011b), or cracking of the
NS crust due to tidal interactions (e.g., Troja et al. 2010; Tsang et al. 2011),
during the final inspiral. However, given the current uncertainties in these
models, we do not discuss them further.
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Figure 1. Summary of potential electromagnetic counterparts of NS–NS/
NS–BH mergers discussed in this paper, as a function of the observer angle,
θobs. Following the merger a centrifugally supported disk (blue) remains around
the central compact object (usually a BH). Rapid accretion lasting !1 s
powers a collimated relativistic jet, which produces a short-duration gamma-
ray burst (Section 2). Due to relativistic beaming, the gamma-ray emission
is restricted to observers with θobs ! θj , the half-opening angle of the jet.
Non-thermal afterglow emission results from the interaction of the jet with
the surrounding circumburst medium (pink). Optical afterglow emission is
observable on timescales up to ∼ days–weeks by observers with viewing angles
of θobs ! 2θj (Section 3.1). Radio afterglow emission is observable from all
viewing angles (isotropic) once the jet decelerates to mildly relativistic speeds
on a timescale of weeks–months, and can also be produced on timescales of
years from sub-relativistic ejecta (Section 3.2). Short-lived isotropic optical
emission lasting ∼few days (kilonova; yellow) can also accompany the merger,
powered by the radioactive decay of heavy elements synthesized in the ejecta
(Section 4).
(A color version of this figure is available in the online journal.)

error regions is required, whether the aim is to detect optical
or radio counterparts. Even with this approach, the follow-
up observations will still require large field-of-view (FOV)
telescopes to cover tens of square degrees; targeted observations
of galaxies are unlikely to substantially reduce the large amount
of time to scan the full error region.

Our investigation of EM counterparts is organized as follows.
We begin by comparing various types of EM counterparts, each
illustrated by the schematic diagram in Figure 1. The first is an
SGRB, powered by accretion following the merger (Section 2).
Even if no SGRB is produced or detected, the merger may still
be accompanied by relativistic ejecta, which will power non-
thermal afterglow emission as it interacts with the surrounding
medium. In Section 3 we explore the properties of such “or-
phan afterglows” from bursts with jets nearly aligned toward
Earth (optical afterglows; Section 3.1) and for larger viewing
angles (late radio afterglows; Section 3.2). We constrain our
models using the existing observations of SGRB afterglows,
coupled with off-axis afterglow models. We also provide a re-
alistic assessment of the required observing time and achiev-
able depths in the optical and radio bands. In Section 4 we
consider isotropic optical transients powered by the radioac-
tive decay of heavy elements synthesized in the ejecta (referred
to here as “kilonovae,” since their peak luminosities are pre-
dicted to be roughly one thousand times brighter than those
of standard novae). In Section 5 we compare and contrast the
potential counterparts in the context of our four Cardinal Virtues.
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Figure 18:

Distributions of jet opening angles for short (blue) and long (red) GRBs, based on breaks in their afterglow
emission. Arrows mark lower or upper limits on the opening angles. The observations are summarized in
§8.4. From Fong et al. (2013) and references therein.

jet break leads to θ j ≈ 15◦; however, this interpretation has been disputed (Watson et al. 2006), and here
I conservatively use θ j ∼> 15

◦ as a lower limit. X-ray observations of GRB 111117A with Swift/XRT and
Chandra revealed no break to about 3 d, leading to an inferred lower limit of θ j ∼> 6

◦ (Margutti et al. 2012).
Finally, the lack of a break in the X-ray afterglow of GRB120804A to about 46 d, indicates an opening
angle of θ j ∼> 11

◦ (Berger et al. 2013).
There are also several claimed breaks at much earlier times, ∼ 0.5− 2 hr, with a post-break steep decline

rate that is reminiscent of jet break behavior (GRBs 061201, 090305, 090510). If these are indeed jet breaks,
then the resulting opening angles are even narrower than for most long GRBs, θ j ∼ 1 − 2◦. However, in
the case of GRB090305 the claimed break is based on a single optical data point (Nicuesa Guelbenzu et al.
2012a), while for GRB090510 there is no corresponding break in the optical band despite simultaneous
coverage (Nicuesa Guelbenzu et al. 2012b). In addition to these putative breaks, several short GRBs exhibit
no break in their X-ray light curves to ∼ day, leading to typical limits of ∼> 3

◦ (GRBs 070714B, 070724A,
071227, 081226, 101219A; Fong et al. 2012). The distribution of jet opening angles for short GRBs, along
with a comparison to long GRB jets is shown in Figure 18.
Using the most robust detections and constraints described above (3 detections and 4 lower limits), I find
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Figure 3

Snapshots in the evolution of NSNS/NSBH remnant accretion disks around a HMNS (top row) and BH (bottom row),
highlighting the differences in key quantities. Columns show density, neutrino heating, and viscous heating at a time
comparable to the thermal time in the disk (∼ 30 ms), and the electron fraction at later times when the disk wind is
underway (note the difference scale of the rightmost column). Figure from Metzger & Fernández (116).

interactions, leading to a neutron-rich wind (99, 100).
The work of (112) addressed the late-time evolution of the disk and its composition

simultaneously, accounting for neutrino emission and absorption. Results showed that for
a non-spinning BH, several percent of the initial disk mass are ejected on a timescale of

∼ 1 s, and that the material is sufficiently neutron-rich (Ye ∼ 0.2) to produce heavy r-

process elements. Just et al. (113) included two-moment neutrino transport and the effects
of BH spin, finding more mass ejection (factor of several) when the BH spin has a more

representative value χ ≃ 0.8, with electron fractions as high as Ye ∼ 0.35.

A larger amount of mass (! 90% of the initial disk mass) can be ejected when a long-
lived HMNS sits at the center (116). The difference is related to the presence of a hard

surface and the higher level of neutrino irradiation (Figure 3). This also leads to a higher
average Ye in the wind and thus to a variable composition that depends on the lifetime of

the HMNS.

Currently, the largest theoretical uncertainty is the magnitude of the heating due to
angular momentum transport. The work of (104, 105) has pioneered the use of MHD in

this context, but the evolution was not long enough and the floor of density too high for

the appearance of the late-time outflow.
The mass ejected by the late disk wind can be comparable to or larger than that in

the dynamical ejecta. This is illustrated in Figure 4, where dynamical ejecta masses from
several merger simulations are compared with estimates for the disk wind, assuming 10%

of the initial disk mass.
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Figure 4. Uncertainties in the radio light curves. The thick lines denote the light curves of the fiducial case (see Fig. 2) and the thin
curves denote the light curves with a kinetic energy larger and smaller by a factor of 3 than those of the fiducial models.

focusing on the dynamical ejecta. They found that, for a
given total mass, energy, and external density, a-sphericity
typically delays the peak emission and reduces the peak
flux. This can be understood intuitively as follows. If more
mass and energy are concentrated in one direction the mat-
ter propagating in that direction will slow down later. This
longer deceleration time results in a longer and weaker radio
flare compared with the isotropic one. Note that, however,
as the outflow is only mildly relativistic, even from a highly
a-spherical ejecta, the emission will be roughly isotropic and
viewing angle effects will be small. It is worth noting that the

effect of a-sphericity is more relevant for black hole neutron
star mergers, which can result in highly a-spherical mass
ejection (see e.g., Kyutoku et al. 2013; Foucart et al. 2013).

4 THE RADIO SIGNATURE OF THE SHORT

GRB 130603B

The short GRB 130603B had an associated macronova can-
didate (Berger et al. 2013; Tanvir et al. 2013). While the
macronova identification is based only on one observed

c⃝ 2015 RAS, MNRAS 000, 1–??

Mass ejection and radio signals from NS mergers 3

Figure 1. Left panel: the kinetic energy and the four-velocity of the different components of the ejecta. Also marked are the deceleration
timescales of Eq. (2) assuming an external density of 1 cm−3. The star in each component shows the fiducial model. Right panel: a
schematic picture of the morphology of the different components of the ejecta on the meridional plane. The distribution of the dynamical
ejecta is taken from a merger simulation (Hotokezaka et al. 2013). Other components are added schematically.

2 DIFFERENT COMPONENT OF EJECTA

AND THEIR PROPERTIES

As material is ejected in different processes the different
components will have different masses, kinetic energies, ve-
locities, and electron fractions. The first three quantities
determine the radio flare signals while all four are impor-
tant for macronova estimate. Table 1 summarizes the values
of these quantities as taken from the recent literature. The
properties of the different components of the ejecta are also
shown in Fig. 1. The left panel of the figure depicts the pos-
sible range of the kinetic energy, E, and the four velocity,
Γβ. Here Γ is a Lorentz factor and β is a velocity in units
of the speed of light c. Also shown in the figure are the
deceleration timescales due to the interaction with the ISM,
which are discussed later. This timescale gives the character-
istic peak time of the radio flares from each component. The
right panel of the figure shows schematically the expected
morphology of the ejecta.

In the following, we briefly describe the properties of
the different components. In each case we focus on the to-
tal mass, energy, and the corresponding velocities. We also
mention the expected distribution of energy as a function
of velocity, which is essential in order to estimate the ra-
dio flares from these components. For completeness we also
mention the electron fraction Ye. This is not needed for the
radio estimate but it is a critical quantity that determines
the composition of the ejected material as well as the heating
rate that is essential for macronova estimates.

2.1 The dynamical ejecta

Gravitational and hydrodynamical interactions produce the
dynamical ejecta. In many senses it is the easiest to calcu-
late and as such it is the most robust element. It was investi-
gated using Newtonian simulations (e.g., Davies et al. 1994;
Ruffert et al. 1997; Rosswog et al. 1999; Rosswog 2013) and
using general relativistic simulations (e.g., Oechslin et al.
2007; Hotokezaka et al. 2013; Bauswein et al. 2013). Ac-

cording to these numerical simulations, the mass and ki-
netic energy of the dynamical ejecta are expected to be in
the range 10−4 ! Mej ! 10−2M⊙ and 1049 ! E ! 1051 erg,
respectively. The median value of E in the general relativis-
tic simulations is a few times 1050 erg. The properties of the
dynamical ejecta are as follows.

The tidal ejecta. A fraction of the material obtains suffi-
cient angular momentum and is ejected via tidal interaction
due to non-axisymmetry of the gravitational forces. This
matter is ejected even before the two stars collide with each
other and it lasts as long as the gravitational field is not
axisymmetric (about 10 ms after the merger in the case
that the remnant is a MNS). This tidal component is mostly
ejected into the equatorial plane of the binary within an an-
gle about 20◦ (see e.g., Fig. 17 in Hotokezaka et al. 2013).

The electron fraction of the dynamical ejecta and
the resulting nucleosynthesis have been studied in the
literature (e.g. Goriely et al. 2011; Korobkin et al. 2012;
Wanajo et al. 2014). The tidally ejected material has ini-
tially a low electron fraction Ye ≪ 0.1 as this matter
does not suffer from shock heating and neutrino irradia-
tion (Wanajo et al. 2014). This is particularly important
concerning the possibility that this is the source of heavy
(high atomic number) r-process nuclides, but it is not so rel-
evant for our discussion that is concerned mostly with the
radio flare. This fraction can increase by electron neutrino
absorption or by positron absorption. The tidal component
ejected at late times has higher Ye values.

The shocked component. A shock is formed at the in-
terface of the merging neutron stars. The shock sweeps up
the material in the envelope of the merging neutron stars.
Furthermore, a shock is continuously produced around the
envelope of a remnant MNS as long as the MNS has ra-
dial oscillation. As a result, a fraction of the shocked ma-
terial obtains sufficient energy and is ejected from the sys-
tem. Recent general relativistic simulations show that this
component can dominate over the tidal component in the
case of a nearly equal mass binary (e.g., Hotokezaka et al.
2013; Bauswein et al. 2013). The shocked component is

c⃝ 2015 RAS, MNRAS 000, 1–??
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with specific stellar populations). Because merger counterparts
are predicted to be faint, obtaining a spectroscopic redshift
is challenging (cf. Rowlinson et al. 2010), in which case
spectroscopy of the host galaxy is the most promising means
of obtaining the event redshift.

It is important to distinguish two general strategies for con-
necting EM and GW events. One approach is to search for a
GW signal following an EM trigger, either in real time or at
a post-processing stage (e.g., Finn et al. 1999; Mohanty et al.
2004). This is particularly promising for counterparts predicted
to occur in temporal coincidence with the GW chirp, such as
short-duration gamma-ray bursts (SGRBs). Unfortunately, most
other promising counterparts (none of which have yet been
independently identified) occur hours to months after coales-
cence.6 Thus, the predicted arrival time of the GW signal will
remain uncertain, in which case the additional sensitivity gained
from this information is significantly reduced. For instance, if
the time of merger is known only to within an uncertainty of
∼ hours (weeks), as we will show is the case for optical (radio)
counterparts, then the number of trial GW templates that must
be searched is larger by a factor ∼104–106 than if the merger
time is known to within seconds, as in the case of SGRBs.

A second approach, which is the primary focus of this paper,
is EM follow-up of GW triggers. A potential advantage in this
case is that counterpart searches are restricted to the nearby
universe, as determined by the ALIGO/Virgo sensitivity range
(redshift z ! 0.05–0.1). On the other hand, the large error
regions are a significant challenge, which are estimated to be
tens of square degrees even for optimistic configurations of GW
detectors (e.g., Gürsel & Tinto 1989; Fairhurst 2009; Wen &
Chen 2010; Nissanke et al. 2011). Although it has been argued
that this difficulty may be alleviated if the search is restricted
to galaxies within 200 Mpc (Nuttall & Sutton 2010), we stress
that the number of galaxies with L " 0.1 L∗ (typical of SGRB
host galaxies; Berger 2009, 2011) within an expected GW error
region is ∼400, large enough to negate this advantage for most
search strategies. In principle the number of candidate galaxies
could be reduced if the distance can be constrained from the
GW signal; however, distance estimates for individual events
are rather uncertain, especially at that low of S/Ns that will
characterize most detections (Nissanke et al. 2010). Moreover,
current galaxy catalogs are incomplete within the ALIGO/Virgo
volume, especially at lower luminosities. Finally, some mergers
may also occur outside of their host galaxies (Berger 2010;
Kelley et al. 2010). Although restricting counterpart searches to
nearby galaxies is unlikely to reduce the number of telescope
pointings necessary in follow-up searches, it nevertheless can
substantially reduce the effective sky region to be searched,
thereby allowing for more effective vetoes of false positive
events (Kulkarni & Kasliwal 2009).

At the present there are no optical or radio facilities that can
provide all-sky coverage at a cadence and depth matched to
the expected light curves of EM counterparts. As we show in
this paper, even the Large Synoptic Survey Telescope (LSST),
with a planned all-sky cadence of four days and a depth of
r ≈ 24.7 mag, is unlikely to effectively capture the range of
expected EM counterparts. Thus, targeted follow-up of GW

6 Predicted EM counterparts that may instead precede the GW signal include
emission powered by the magnetosphere of the NS (e.g., Hansen & Lyutikov
2001; McWilliams & Levin 2011; Lyutikov 2011a, 2011b), or cracking of the
NS crust due to tidal interactions (e.g., Troja et al. 2010; Tsang et al. 2011),
during the final inspiral. However, given the current uncertainties in these
models, we do not discuss them further.
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Figure 1. Summary of potential electromagnetic counterparts of NS–NS/
NS–BH mergers discussed in this paper, as a function of the observer angle,
θobs. Following the merger a centrifugally supported disk (blue) remains around
the central compact object (usually a BH). Rapid accretion lasting !1 s
powers a collimated relativistic jet, which produces a short-duration gamma-
ray burst (Section 2). Due to relativistic beaming, the gamma-ray emission
is restricted to observers with θobs ! θj , the half-opening angle of the jet.
Non-thermal afterglow emission results from the interaction of the jet with
the surrounding circumburst medium (pink). Optical afterglow emission is
observable on timescales up to ∼ days–weeks by observers with viewing angles
of θobs ! 2θj (Section 3.1). Radio afterglow emission is observable from all
viewing angles (isotropic) once the jet decelerates to mildly relativistic speeds
on a timescale of weeks–months, and can also be produced on timescales of
years from sub-relativistic ejecta (Section 3.2). Short-lived isotropic optical
emission lasting ∼few days (kilonova; yellow) can also accompany the merger,
powered by the radioactive decay of heavy elements synthesized in the ejecta
(Section 4).
(A color version of this figure is available in the online journal.)

error regions is required, whether the aim is to detect optical
or radio counterparts. Even with this approach, the follow-
up observations will still require large field-of-view (FOV)
telescopes to cover tens of square degrees; targeted observations
of galaxies are unlikely to substantially reduce the large amount
of time to scan the full error region.

Our investigation of EM counterparts is organized as follows.
We begin by comparing various types of EM counterparts, each
illustrated by the schematic diagram in Figure 1. The first is an
SGRB, powered by accretion following the merger (Section 2).
Even if no SGRB is produced or detected, the merger may still
be accompanied by relativistic ejecta, which will power non-
thermal afterglow emission as it interacts with the surrounding
medium. In Section 3 we explore the properties of such “or-
phan afterglows” from bursts with jets nearly aligned toward
Earth (optical afterglows; Section 3.1) and for larger viewing
angles (late radio afterglows; Section 3.2). We constrain our
models using the existing observations of SGRB afterglows,
coupled with off-axis afterglow models. We also provide a re-
alistic assessment of the required observing time and achiev-
able depths in the optical and radio bands. In Section 4 we
consider isotropic optical transients powered by the radioac-
tive decay of heavy elements synthesized in the ejecta (referred
to here as “kilonovae,” since their peak luminosities are pre-
dicted to be roughly one thousand times brighter than those
of standard novae). In Section 5 we compare and contrast the
potential counterparts in the context of our four Cardinal Virtues.
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Fig. 4.— Final nuclear abundances for selected trajectories (top;
Ye = 0.09, 0.14, 0.19, 0.24, 0.34, and 0.44) and that mass-averaged
(bottom; compared with the solar r-process abundances).

abundances by weighting the final yields for the repre-
sentative trajectories with their Ye mass fractions (Fig-
ure 3). We find a remarkable agreement of our result
with the solar r-process abundance distribution over the
full-A range of ∼ 90–240. This striking result, differ-
ing from the previous works exhibiting production of
A > 130 nuclei only, is a consequence of the wide Ye
distribution predicted from our full-GR merger simula-
tion with neutrino effects taken into account. Note also
that fission plays only a subdominant role for the fi-
nal nucleosynthetic abundances. The second (A ∼ 130)
and rare-earth-element (A ∼ 160) peak abundances are
dominated by direct production from the trajectories of
Ye ∼ 0.2. Our result reasonably reproduces the solar-like
abundance ratio between the second (A ∼ 130) and third
(A ∼ 195) peaks as well, which is difficult to explain by
fission recycling.
Given that the model is representative of NS-NS merg-

ers, our result gives an important implication; the dy-
namical component of NS-NS merger ejecta can be the
dominant origin of the Galactic r-process nuclei. Other
contributions from, e.g., the BH-torus wind after col-
lapse of HMNSs (Surman et al. 2008; Wanajo & Janka
2012; Fernández & Metzger 2013), as invoked in the pre-
vious studies to account for the (solar-like) r-process uni-
versality, may not be needed. The amount of the en-
tirely r-processed ejecta, Mej ≈ 0.01M⊙, with present
estimates of the Galactic event rate, a few 10−5 yr−1

(e.g., Dominik et al. 2012), is also compatible with

the mass of the Galactic r-process abundances (e.g.,
Wanajo & Janka 2012).

4. RADIOACTIVE HEATING

The r-processing ends a few 100 ms after the onset
of merger. The subsequent abundance changes by β-
decay, fission, and α-decay are followed up to 100 days
after the merging; the resulting radioactive heating is rel-
evant for kilonova emission. Figure 5 displays the tempo-
ral evolutions of the heating rates for selected trajecto-
ries (top-left) and those mass-averaged (top-right). For
a comparison purpose, the heating rate for the nuclear
abundances with the solar r-process pattern (q̇solar-r), β-
decaying back from the initial composition at neutron-
separation energies of 2 MeV (A ≥ 90, the same as that
used in Hotokezaka et al. 2013a; Tanaka et al. 2014), is
also shown by a black-solid line in each panel. The short-
dashed line indicates an analytical approximation defined
by q̇analytic ≡ 2× 1010 t−1.3 (in units of erg g−1 s−1; t is
time in day, see, e.g., Metzger et al. 2010). Lower panels
are the same as the upper panels, but for those relative
to q̇analytic.
Overall, each curve reasonably follows q̇analytic by ∼

1 day. After this time, the heating is dominated by
a few radioactivities and becomes highly dependent on
Ye. Contributions from the ejecta of Ye > 0.3 are gen-
erally unimportant after ∼ 1 day. We find that the
heating for Ye = 0.34 turns to be significant after a few
10 days because of the β-decays from 85Kr (half-life of
T1/2 = 10.8 yr; see Figure 4, bottom, for its large abun-
dance), 89Sr (T1/2 = 50.5 d), and 103Ru (T1/2 = 39.2 d).
Heating rates for Ye = 0.19 and 0.24, whose abun-
dances are dominated by the second peak nuclei, are
found to be in good agreement with q̇solar-r. This is due
to a predominance of β-decay heating from the second
peak abundances, e.g., 123Sn (T1/2 = 129 d) and 125Sn
(T1/2 = 9.64 d) around a few 10 days.
Our result shows that the heating rate for the lowest Ye

( = 0.09) is the greatest after 1 day (Figure 5, left panels).
The values are larger than the previous results (with Ye ∼

0.02–0.04 in Goriely et al. 2011; Rosswog et al. 2014) by
a factor of a few. In our case, the radioactive heating is
dominated by the spontaneous fissions of 254Cf, 259Fm
and 262Fm. It should be noted, however, the heating
from spontaneous fission is highly uncertain because of
the many unknown half-lives and decay modes of nuclides
reaching to this quasi-stable region (A ∼ 250–260 with
T1/2 of days to years). In fact, tests with another set
of theoretical estimates show a few times smaller rates
after ∼ 1 day (as a result of diminishing contributions
from 259Fm and 262Fm), being similar to the previous
works. It appears, therefore, difficult to obtain reliable
heating rates with currently available nuclear data when
fission plays a dominant role.
In our result the total heating rate is dominated by

β-decays all the times (Figure 5, right panels) because
of the small ejecta amount of Ye < 0.15 (in which fis-
sion becomes important). The radioactive heating after
∼ 1 day is mostly due to the β-decays from a small num-
ber of species with precisely measured half-lives. Uncer-
tainties in nuclear data are thus irrelevant. The mass-
averaged heating rate for t ∼ 1–10 days is smaller than
q̇analytic and q̇solar-r because of the overabundances near
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Figure 3. 3D rendering of the temperature distribution during the grazing impact of two neutron stars (1.3 and 1.4 M⊙, β = 1; run A). It is only in the third
close encounter (panel 5) that finally a single object forms. In each close encounter a slew of Kelvin–Helmholtz vortices forms at the interface between the
stars. For display reasons only matter below the orbital plane is shown and the colour bar has been restricted to values below 20 MeV.

(run I) the ns starts transferring mass into the hole after 1.5 orbital
periods. Consistent with our earlier studies this does not lead to the
disruption of the ns on a dynamical time-scale. Instead, self-gravity
overcomes tidal forces again and the ns enters a long-lived phase of
episodic mass transfer during which it transfers mass periodically
towards the hole while shedding mass through its outer Lagrange
point.2 This phase continues for as many as 25 orbital revolutions
before the ns is finally completely disrupted. The remnant at the
end of the simulation (t = 138.7 ms) consists of a ‘disc inside a
disc’ with a mass of 0.16 M⊙ for the inner, high-density disc (ρ >

2 Phases of stable mass transfer are not restricted to the case of Newtonian
gravity. A stiff equation of state (Rosswog et al. 2004), small mass ratios
and large bh spin parameters make systems particularly prone to stable mass
transfer, see Shibata & Taniguchi (2011) for a further discussion.

1011 g cm−3, r < 120 km) and 0.22 M⊙ if also the outer disc
(ρ > 108 g cm−3, r < 700 km) is counted. The dynamics of the
1.4 M⊙ (ns)–10 M⊙ (bh) system proceeds in a similar manner, here
after 15 orbital revolutions the ns is finally disrupted and leaves a
0.20 M⊙ disc together with a rapidly expanding one armed spiral
structure. All the numerically determined mass transfer durations
must be considered as robust lower limits on the true values (Dan
et al. 2011).

For the nsbh collision cases we only explore the dependence on
the bh mass and keep the impact strength (β = 1) and ns mass
(mns = 1.3 M⊙) constant. During the first pericentre passage of the
mbh = 3 M⊙ case, run D, the ns survives as a tidally spun up (close
to breakup, P ≈ 0.95 ms) self-gravitating object, but sheds some of
its mass in a tidal tail. When the ns passes the bh after about 5 ms
for a second time another tidal tail is produced. Once more, the
core of the ns survives as a gravitationally bound object. It is only

Rosswog+	13
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FIG. 3: Expected observed spectra of the NS-NS merger
model APR4-1215 (Mej = 0.01M⊙) compared with the spec-
tra of normal Type Ia SN 2005cf [81–83] and broad-line Type
Ic SN 1998bw [84, 85]. The spectra are shown in AB magni-
tudes (fν) at 200 Mpc distance. The corresponding absolute
magnitudes are indicated in the right axis.

emission. The red color is more clearly shown in Figure 3,
where the spectral evolution of the NS-NS merger model
is compared with the spectra of a Type Ia SN and a
broad-line Type Ic SN. In fact, the peak of the spectrum
is located at near-IR wavelengths [71, 79, 80].

Because of the extremely high expansion velocities,
NS-NS mergers show feature-less spectra (Figure 3). This
is a big contrast to the spectra of SNe (black and gray
lines), where Doppler-shifted absorption lines of strong
features can be identified. Even broad-line Type Ic
SN 1998bw (associated with long-duration GRB 980425)
show some absorption features although many lines are
blended. Since the high expansion velocity is a robust
outcome of dynamical ejecta from compact binary merg-
ers, the confirmation of the smooth spectrum will be a
key to conclusively identify the GW sources.

The current wavelength-dependent radiative transfer
simulations assume the uniform element abundances.
However, recent numerical simulations with neutrino
transport show that the element abundances in the ejecta
becomes non-uniform [55, 86, 89, 90]. Because of the
high temperature and neutrino absorption, the polar re-
gion can have higher electron fractions (Ye or number of
protons per nucleon), resulting in a wide distribution of
Ye in the ejecta. Interestingly the wide distribution of
Ye is preferable for reproducing the solar r-process abun-
dance ratios [55, 57]. This effect can have a big impact
on the kilonova emission: if the synthesis of lanthanide
elements is suppressed in the polar direction, the opacity
there can be smaller, and thus, the emission to the polar
direction can be more luminous with an earlier peak.

C. BH-NS mergers

Mergers of BH and NS are also important targets for
GW detection (see [98] for a review). Although the event
rate is rather uncertain [10], the number of events can
be comparable to that of NS-NS mergers thanks to the
stronger GW signals and thus larger horizon distances.
BH-NS mergers in various conditions have been exten-
sively studied by numerical simulations (e.g., [99–103]).
In particular, for a low BH/NS mass ratio (or small BH
mass) and a high BH spin, ejecta mass of BH-NS mergers
can be larger than that of NS-NS mergers [73, 104–109].
Since the tidal disruption is the dominant mechanism of
the mass ejection, a larger NS radius (or stiff EOS) gives
a higher ejecta mass, which is opposite to the situation
in NS-NS mergers, where shock-driven ejecta dominates.

Radiative transfer simulations in BH-NS merger ejecta
show that kilonova emission from BH-NS mergers can
be more luminous in optical wavelengths than that from
NS-NS mergers [72]. The blues line in Figure 2 show the
light curve of a BH-NS merger model (APR4Q3a75 from
Kyutoku et al. 2013 [73]), a merger of a 1.35 M⊙ NS and
a 4.05 M⊙ BH with a spin parameter of a = 0.75. The
mass of ejecta is Mej = 0.01M⊙. Since BH-NS merger
ejecta are highly anisotropic and confined to a small solid
angle, the temperature of the ejecta can be higher for a
given mass of the ejecta, and thus, the emission tends to
be bluer than in NS-NS mergers. Therefore, even if the
bolometric luminosity is similar, the optical luminosity
of BH-NS mergers can be higher than that of NS-NS
mergers.

It is emphasized that the mass ejection from BH-NS
mergers has a much larger diversity compared with NS-
NS mergers, depending on the mass ratio, the BH spin,
and its orientation. As a result, the expected brightness
also has a large diversity. See Kawaguchi et al. (2016)
[110] for the expected kilonova brightness for a wide pa-
rameter space.

D. Wind components

After the merger of two NSs, a hypermassive NS is
formed at the center, and it subsequently collapses to a
BH. During this process, accretion disk surrounding the
central remnant is formed. A BH-accretion disk system
is also formed in BH-NS mergers. From such accretion-
disk systems, an outflow or disk “wind” can be driven
by neutrino heating, viscous heating, or nuclear recom-
bination [57, 111–117]. A typical velocity of the wind is
v = 10, 000 − 20, 000 km s−1, slower than the precedent
dynamical ejecta. Although the ejecta mass largely de-
pends on the ejection mechanism, a typical mass is likely
an order of Mej = 0.01M⊙ or even larger.

This wind component is another important source
of kilonova emission [112, 113, 118–120]. The emis-
sion properties depend on the element composition in
the ejecta. In particular, if a high electron fraction

MT	2016	
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Fig. 3.— Ejecta mass fractions vs. Ye (top) and S/kB (bottom)
at the end of simulation. The widths of Ye and S/kB are chosen
to be ∆Ye = 0.01 and ∆S/kB = 1, respectively.

phase, neutrinos coming from the HMNS surface play
a crucial role and the Ye’s become ∼ 0.2–0.4. Bipolar
structures as found in Hotokezaka et al. (2013b), with
Ye ∼ 0.4, can also be seen in Figure 1 (top and middle
panels).
To make clear the role of neutrinos, the Ye evolution is

re-computed by the reaction network (Ye,network) for a se-
lected Lagrangian mass-element particle (an open circle
in Figure 1, bottom) traced from our grid-based simula-
tion. The computation is initiated at t = 6.39 ms with
the simulation value of Ye = 0.134 when the temperature
is still high (∼ 50 GK). The Ye,network from this time to
t = 13.7 ms (the end of simulation; ∼ 6 GK) is followed
by the network with the thermodynamic quantities of the
tracer particle. The temporal neutrino luminosities and
mean energies are adopted as those angle averaged from
the simulation result. Figure 2 displays the resulting
Ye,network evolutions with (red) and without (blue) the
neutrino captures on free nucleons. We find that, with-
out the neutrino captures, the Ye,network still increases by
positron capture but only to 0.19 at t = 13.7 ms. With
the neutrino captures, in contrast, the Ye,network reaches
0.37 at t = 13.7 ms (which is in agreement with the sim-
ulation Ye).
The ejecta mass fractions of Ye’s (top) and entropies

(per nucleon; S/kB, kB is Boltzmann’s constant, bottom)
at the end of simulation evaluated on the orbital plane
are displayed in Figure 3 with the widths of ∆Ye = 0.01
and ∆S/kB = 1, respectively. We find that the Ye’s
widely distribute between 0.09 and 0.45 with greater

amounts for higher Ye, in which the initial β-equilibrium
values (≪ 0.1) have gone. Strong shock heating and also
(to lesser extent) neutrino heating result in S/kB = 8–26
(with generally higher values for higher Ye), being sizably
greater than those in the previous studies (S/kB ∼ 1–3,
Goriely et al. 2011).

3. THE r-PROCESS

The nucleosynthesis analysis makes use of the thermo-
dynamic trajectories of the ejecta particles traced on the
orbital plane. A representative particle is chosen from
each Ye-bin (from Ye = 0.09 to 0.44 with the interval of
∆Ye = 0.01) shown in Figure 3 (top). For simplicity,
we do not analyze the non-orbital components because
of the dominance of the ejecta masses close to the or-
bital plane. Each nucleosynthesis calculation is initiated
when the temperature decreases to 10 GK, where the ini-
tial composition is given by Ye and 1 − Ye for the mass
fractions of free protons and neutrons, respectively.
The reaction network consists of 6300 species, all

the way from single neutrons and protons to the Z =
110 isotopes relevant for the r-process. Experimen-
tal rates, when available, are taken from the latest
versions of REACLIB5 (Cyburt et al. 2010) and Nu-
clear Wallet Cards 6. Otherwise, the theoretical es-
timates of fusion rates7 (TALYS, Goriely et al. 2008)
and β-decay half-lives (GT2, Tachibana et al. 1990) are
adopted, where both are based on the same nuclear
mass model (HFB-21, Goriely et al. 2010). Theoreti-
cal fission properties adopted are those estimated on
the basis of the HFB-14 mass model (Goriely et al.
2009). For fission fragments, a Gaussian-type distribu-
tion (Kodama & Takahashi 1975) is assumed with emis-
sion of four prompt neutrons per event (Goriely et al.
2013). Neutrino captures are not included, which make
only slight shifts of Ye (typically an increase of ∼ 0.01
from 10 GK to 5 GK; see Figure 2).
The hydrodynamical trajectories end with the temper-

atures of ∼ 5 GK. Further temporal evolutions are fol-
lowed by the density drop like t−3 and with the tem-
peratures computed with the EOS of Timmes & Swesty
(2000) by adding the entropies generated by β-decay, fis-
sion, and α-decay. This entropy generation slows the
temperature drop around 1 GK (see, e.g., Korobkin et al.
2012). The effect is, however, less dramatic than those
found in the previous works because of the higher ejecta
entropies in our result.
Figure 4 (top) displays the final nuclear abundances for

selected trajectories. We find a variety of nucleosynthetic
outcomes: iron-peak and A ∼ 90 abundances made in
nuclear quasi-equilibrium for Ye ! 0.4, light r-process
abundances for Ye ∼ 0.2–0.4, and heavy r-process abun-
dances for Ye " 0.2. Different from the previous works,
we find no fission recycling; the nuclear flow for the low-
est Ye (= 0.09) trajectory reaches A ∼ 280, the fissile
point by neutron-induced fission, only at the freezeout
of r-processing. Spontaneous fission plays an important
role for forming the A ∼ 130 abundance peak, but only
for Ye < 0.15.
Figure 4 (bottom) shows the mass-averaged nuclear

5 https://groups.nscl.msu.edu/jina/reaclib/db/index.php.
6 http://www.nndc.bnl.gov/wallet/
7 http://www.astro.ulb.ac.be/pmwiki/Brusslib/Brusslib.
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Fig. 4.— Final nuclear abundances for selected trajectories (top;
Ye = 0.09, 0.14, 0.19, 0.24, 0.34, and 0.44) and that mass-averaged
(bottom; compared with the solar r-process abundances).

abundances by weighting the final yields for the repre-
sentative trajectories with their Ye mass fractions (Fig-
ure 3). We find a remarkable agreement of our result
with the solar r-process abundance distribution over the
full-A range of ∼ 90–240. This striking result, differ-
ing from the previous works exhibiting production of
A > 130 nuclei only, is a consequence of the wide Ye
distribution predicted from our full-GR merger simula-
tion with neutrino effects taken into account. Note also
that fission plays only a subdominant role for the fi-
nal nucleosynthetic abundances. The second (A ∼ 130)
and rare-earth-element (A ∼ 160) peak abundances are
dominated by direct production from the trajectories of
Ye ∼ 0.2. Our result reasonably reproduces the solar-like
abundance ratio between the second (A ∼ 130) and third
(A ∼ 195) peaks as well, which is difficult to explain by
fission recycling.
Given that the model is representative of NS-NS merg-

ers, our result gives an important implication; the dy-
namical component of NS-NS merger ejecta can be the
dominant origin of the Galactic r-process nuclei. Other
contributions from, e.g., the BH-torus wind after col-
lapse of HMNSs (Surman et al. 2008; Wanajo & Janka
2012; Fernández & Metzger 2013), as invoked in the pre-
vious studies to account for the (solar-like) r-process uni-
versality, may not be needed. The amount of the en-
tirely r-processed ejecta, Mej ≈ 0.01M⊙, with present
estimates of the Galactic event rate, a few 10−5 yr−1

(e.g., Dominik et al. 2012), is also compatible with

the mass of the Galactic r-process abundances (e.g.,
Wanajo & Janka 2012).

4. RADIOACTIVE HEATING

The r-processing ends a few 100 ms after the onset
of merger. The subsequent abundance changes by β-
decay, fission, and α-decay are followed up to 100 days
after the merging; the resulting radioactive heating is rel-
evant for kilonova emission. Figure 5 displays the tempo-
ral evolutions of the heating rates for selected trajecto-
ries (top-left) and those mass-averaged (top-right). For
a comparison purpose, the heating rate for the nuclear
abundances with the solar r-process pattern (q̇solar-r), β-
decaying back from the initial composition at neutron-
separation energies of 2 MeV (A ≥ 90, the same as that
used in Hotokezaka et al. 2013a; Tanaka et al. 2014), is
also shown by a black-solid line in each panel. The short-
dashed line indicates an analytical approximation defined
by q̇analytic ≡ 2× 1010 t−1.3 (in units of erg g−1 s−1; t is
time in day, see, e.g., Metzger et al. 2010). Lower panels
are the same as the upper panels, but for those relative
to q̇analytic.
Overall, each curve reasonably follows q̇analytic by ∼

1 day. After this time, the heating is dominated by
a few radioactivities and becomes highly dependent on
Ye. Contributions from the ejecta of Ye > 0.3 are gen-
erally unimportant after ∼ 1 day. We find that the
heating for Ye = 0.34 turns to be significant after a few
10 days because of the β-decays from 85Kr (half-life of
T1/2 = 10.8 yr; see Figure 4, bottom, for its large abun-
dance), 89Sr (T1/2 = 50.5 d), and 103Ru (T1/2 = 39.2 d).
Heating rates for Ye = 0.19 and 0.24, whose abun-
dances are dominated by the second peak nuclei, are
found to be in good agreement with q̇solar-r. This is due
to a predominance of β-decay heating from the second
peak abundances, e.g., 123Sn (T1/2 = 129 d) and 125Sn
(T1/2 = 9.64 d) around a few 10 days.
Our result shows that the heating rate for the lowest Ye

( = 0.09) is the greatest after 1 day (Figure 5, left panels).
The values are larger than the previous results (with Ye ∼

0.02–0.04 in Goriely et al. 2011; Rosswog et al. 2014) by
a factor of a few. In our case, the radioactive heating is
dominated by the spontaneous fissions of 254Cf, 259Fm
and 262Fm. It should be noted, however, the heating
from spontaneous fission is highly uncertain because of
the many unknown half-lives and decay modes of nuclides
reaching to this quasi-stable region (A ∼ 250–260 with
T1/2 of days to years). In fact, tests with another set
of theoretical estimates show a few times smaller rates
after ∼ 1 day (as a result of diminishing contributions
from 259Fm and 262Fm), being similar to the previous
works. It appears, therefore, difficult to obtain reliable
heating rates with currently available nuclear data when
fission plays a dominant role.
In our result the total heating rate is dominated by

β-decays all the times (Figure 5, right panels) because
of the small ejecta amount of Ye < 0.15 (in which fis-
sion becomes important). The radioactive heating after
∼ 1 day is mostly due to the β-decays from a small num-
ber of species with precisely measured half-lives. Uncer-
tainties in nuclear data are thus irrelevant. The mass-
averaged heating rate for t ∼ 1–10 days is smaller than
q̇analytic and q̇solar-r because of the overabundances near

Ye	~	0.3 0.2 0.1
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Figure 9. Spectra of dynamical and post-merger ejecta models at
t = 2, 4, 6, 8, and 10 days after the merger. The orange line shows
the NS merger model APR4-1215 (Hotokezaka et al. 2013a) with
Mej = 0.01M⊙ and the element abundances of Ye = 0.10− 0.40 in
Figure 1. Blue and green lines show the post-merger ejecta models
(power-law density profile with Mej = 0.01M⊙ and vch = 0.05c)
with the element abundances of Ye = 0.30 and 0.25, respectively.

which peaks in near infrared at t = 1− 20 days. On the
other hand, the post-merger ejecta model with Ye = 0.3
has a peak in optical at t ∼< 5 days. As a result, the
post-merger ejecta model with Ye = 0.3 is much brighter
than the dynamical ejecta model in optical, especially in
u, g, and r bands.
The properties of the light curves of the post-merger

ejecta model with Ye = 0.25 are in between the other
two models, as expected from the intermediate opacities.
Therefore, this model has hybrid properties; the optical
brightness is higher than that of dynamical ejecta model
and the near-infrared brightness is not as faint as that of
the post-merger ejecta with Ye = 0.3 (Figure 9).
Our results confirm the presence of “blue kilo-

nova” that was previously suggested based on the
use of iron opacity for the light r-process elements
(Metzger & Fernández 2014; Kasen et al. 2015). For
0.01 M⊙ of Lanthanide-free (Ye = 0.3) ejecta, the optical
brightness reaches the absolute magnitude of M = −14
mag in g and r bands within a few days after the merger.
This corresponds to 21.0 mag and 22.5 mag at 100 Mpc
and 200 Mpc, respectively. Thanks to the relatively blue
color, this emission is detectable with 1m-class and 2m-
class telescopes, respectively.
It should be noted that the observability of blue kilo-

nova from Lanthanide-free post-merger ejecta depends
on the properties of preceding dynamical ejecta as dis-
cussed in Kasen et al. (2015). If Lanthanide-rich dy-
namical ejecta are present in all the direction, the blue
kilonova emission is likely to be absorbed. However,

recent relativistic simulations with neutrino interaction
show that dynamical ejecta can have relatively high Ye
near the polar regions (see, e.g., Sekiguchi et al. 2015;
Radice et al. 2016; Foucart et al. 2016). In such case,
the blue emission from the post-merger ejecta can be
observable from the polar direction without being ab-
sorbed. To test this hypothesis, it is necessary to con-
sistently model the dynamical and post-merger ejecta.
It is also noted that our simulations cannot predict the
emission within ∼ 1 day after the merger due to lack of
the atomic data of more ionized elements. Emission at
such early times can peak at optical or even ultraviolet
wavelengths (Metzger et al. 2015; Gottlieb et al. 2017),
and therefore, it will also be a good target for follow-up
observations especially with small telescopes.

5. SUMMARY

We have newly performed atomic structure calcula-
tions for Se (Z = 34), Ru (Z = 44), Te (Z = 52), Ba
(Z = 56), Nd (Z = 60), and Er (Z = 68) to construct
the atomic data for a wide range of r-process elements.
By using two different atomic codes, we confirmed that
the atomic structure calculations gave uncertainties in
opacities by only a factor of up to about 2. We found
that the opacities from the bound-bound transitions of
open f-shell elements were the highest from ultraviolet to
near-infrared wavelengths, while those of open s-shell, d-
shell, and p-shell elements were lower and concentrated
in ultraviolet and optical wavelengths.
Using our new atomic data, we performed multi-

wavelength radiative transfer simulations to predict a
possible variety of kilonova emission. We found that,
even for the same ejecta mass, the optical brightness
varied by > 2 mag depending on the distribution of
elemental abundances. If the blue emission from the
post-merger, Lanthanide-free ejecta with 0.01 M⊙ is ob-
servable without being absorbed by preceding dynamical
ejecta, the brightness will reach the absolute magnitude
of M = −14 mag in g and r bands within a few days
after the merger. This corresponds to 21.0 mag and 22.5
mag at 100 Mpc and 200 Mpc, which is detectable with
1m-class and 2m-class telescopes, respectively.
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NS	merger	as	a	possible	origin	of		r-process	elements

Event	rate
RNSM	~	103	Gpc-3	yr-1	
									~	1	/	104	yr	in	1	galaxy 
									~	30	GW	events	yr-1	  
		(w/	Adv.	detectors,	<	200	Mpc)

Mej(r-process)	~	10-2	Msun

Enough	to	explain	the	r-process	abundance	in	our	Galaxy

Ejec9on	per	event

GW
LIGO	O1	(arXiv:1607.07456)	
RNSM	<	104	Gpc-3	yr-1 EM

M(Galaxy,	r-process)	~	Mej(r)	x		(RNSM	x	tG)	
																																				~	10-2	x	10-4	x	1010	~	104	Msun
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The	ini9al	skymap	(only	from	LIGO/Hanford)
*LIGO/Livingstone	data	suffer	from	a	glitch	noise



LIGO-Livingston, and Virgo data respectively, making it
the loudest gravitational-wave signal so far detected. Two
matched-filter binary-coalescence searches targeting
sources with total mass between 2 and 500 M⊙ in the
detector frame were used to estimate the significance of this
event [9,12,30,32,73,81–83,86,87,91–97]. The searches
analyzed 5.9 days of LIGO data between August 13,
2017 02∶00 UTC and August 21, 2017 01∶05 UTC.
Events are assigned a detection-statistic value that ranks
their probability of being a gravitational-wave signal. Each
search uses a different method to compute this statistic and
measure the search background—the rate at which detector
noise produces events with a detection-statistic value equal
to or higher than the candidate event.
GW170817 was identified as the most significant event

in the 5.9 days of data, with an estimated false alarm rate of
one in 1.1 × 106 years with one search [81,83], and a
consistent bound of less than one in 8.0 × 104 years for the
other [73,86,87]. The second most significant signal in this
analysis of 5.9 days of data is GW170814, which has a
combined SNR of 18.3 [29]. Virgo data were not used in
these significance estimates, but were used in the sky
localization of the source and inference of the source
properties.

IV. SOURCE PROPERTIES

General relativity makes detailed predictions for the
inspiral and coalescence of two compact objects, which

may be neutron stars or black holes. At early times, for low
orbital and gravitational-wave frequencies, the chirplike
time evolution of the frequency is determined primarily by
a specific combination of the component masses m1 and
m2, the chirp mass M ¼ ðm1m2Þ3=5ðm1 þm2Þ−1=5. As the
orbit shrinks and the gravitational-wave frequency grows
rapidly, the gravitational-wave phase is increasingly influ-
enced by relativistic effects related to the mass ratio
q ¼ m2=m1, where m1 ≥ m2, as well as spin-orbit and
spin-spin couplings [98].
The details of the objects’ internal structure become

important as the orbital separation approaches the size of
the bodies. For neutron stars, the tidal field of the
companion induces a mass-quadrupole moment [99,100]
and accelerates the coalescence [101]. The ratio of the
induced quadrupole moment to the external tidal field is
proportional to the tidal deformability (or polarizability)
Λ ¼ ð2=3Þk2½ðc2=GÞðR=mÞ&5, where k2 is the second Love
number and R is the stellar radius. Both R and k2 are fixed
for a given stellar massm by the equation of state (EOS) for
neutron-star matter, with k2 ≃ 0.05–0.15 for realistic neu-
tron stars [102–104]. Black holes are expected to have
k2 ¼ 0 [99,105–109], so this effect would be absent.
As the gravitational-wave frequency increases, tidal

effects in binary neutron stars increasingly affect the phase
and become significant above fGW ≃ 600 Hz, so they are
potentially observable [103,110–116]. Tidal deformabil-
ities correlate with masses and spins, and our measurements
are sensitive to the accuracy with which we describe
the point-mass, spin, and tidal dynamics [113,117–119].
The point-mass dynamics has been calculated within the
post-Newtonian framework [34,36,37], effective-one-body
formalism [10,120–125], and with a phenomenological
approach [126–131]. Results presented here are obtained
using a frequency domain post-Newtonian waveform
model [30] that includes dynamical effects from tidal
interactions [132], point-mass spin-spin interactions
[34,37,133,134], and couplings between the orbital angular
momentum and the orbit-aligned dimensionless spin com-
ponents of the stars χz [92].
The properties of gravitational-wave sources are inferred

by matching the data with predicted waveforms. We
perform a Bayesian analysis in the frequency range
30–2048 Hz that includes the effects of the 1σ calibration
uncertainties on the received signal [135,136] (< 7% in
amplitude and 3° in phase for the LIGO detectors [137] and
10% and 10° for Virgo at the time of the event). Unless
otherwise specified, bounds on the properties of
GW170817 presented in the text and in Table I are 90%
posterior probability intervals that enclose systematic
differences from currently available waveform models.
To ensure that the applied glitch mitigation procedure

previously discussed in Sec. II (see Fig. 2) did not bias the
estimated parameters, we added simulated signals with
known parameters to data that contained glitches analogous
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FIG. 3. Sky location reconstructed for GW170817 by a rapid
localization algorithm from a Hanford-Livingston (190 deg2,
light blue contours) and Hanford-Livingston-Virgo (31 deg2,
dark blue contours) analysis. A higher latency Hanford-Living-
ston-Virgo analysis improved the localization (28 deg2, green
contours). In the top-right inset panel, the reticle marks the
position of the apparent host galaxy NGC 4993. The bottom-right
panel shows the a posteriori luminosity distance distribution
from the three gravitational-wave localization analyses. The
distance of NGC 4993, assuming the redshift from the NASA/
IPAC Extragalactic Database [89] and standard cosmological
parameters [90], is shown with a vertical line.
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gests a BNS as the source of the gravitational-wave sig-
nal, as the total masses of known BNS systems are be-
tween 2.57M� and 2.88M�, with components between
1.17 and ⇠1.6M� [47]. Neutron stars in general have pre-
cisely measured masses as large as 2.01 ± 0.04M� [48],
whereas stellar-mass black holes found in binaries in our
galaxy have masses substantially greater than the compo-
nents of GW170817 [49–51].

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 [52–56].
The detection of GRB 170817A and subsequent electro-
magnetic emission demonstrates the presence of matter.
Moreover, although a neutron star–black hole system is not
ruled out, the consistency of the mass estimates with the
dynamically measured masses of known neutron stars in
binaries, and their inconsistency with the masses of known
black holes in galactic binary systems, suggests the source
was composed of two neutron stars.

DATA

At the time of GW170817, the Advanced LIGO detec-
tors and the Advanced Virgo detector were in observing
mode. The maximum distances at which LIGO-Livingston
and LIGO-Hanford could detect a BNS system (SNR = 8),
known as the detector horizon [58–60], were 218 Mpc and
107 Mpc, while for Virgo the horizon was 58 Mpc. The
GEO600 detector [61] was also operating at the time, but
its sensitivity was insufficient to contribute to the analysis
of the inspiral. The configuration of the detectors at the
time of GW170817 is summarized in [29].

A time-frequency representation [57] of the data from
all three detectors around the time of the signal is shown in
Figure 1. The signal is clearly visible in the LIGO-Hanford
and LIGO-Livingston data. The signal is not visible in the
Virgo data due to the lower BNS horizon and the direction
of the source with respect to the detector’s antenna pattern.

Figure 1 illustrates the data as it was analyzed to deter-
mine astrophysical source properties. After data collection,
several independently-measured terrestrial contributions to
the detector noise were subtracted from the LIGO data us-
ing Wiener filtering [66], as described in [67–70]. This
subtraction removed calibration lines and 60 Hz AC power
mains harmonics from both LIGO data streams. The sen-
sitivity of the LIGO-Hanford was particularly improved by
the subtraction of laser pointing noise; several broad peaks
in the 150–800 Hz region were effectively removed, in-
creasing the BNS horizon of that detector by 26%.

Additionally, a short instrumental noise transient ap-
peared in the LIGO-Livingston detector 1.1 s before the
coalescence time of GW170817 as shown in Figure 2.
This transient noise, or glitch [71], produced a very brief

FIG. 1. Time-frequency representations [57] of data containing
the gravitational-wave event GW170817, observed by the LIGO-
Hanford (top), LIGO-Livingston (middle), and Virgo (bottom)
detectors. Times are shown relative to August 17, 2017 12:41:04
UTC. The amplitude scale in each detector is normalized to that
detector’s noise amplitude spectral density. In the LIGO data, in-
dependently observable noise sources and a glitch that occurred
in the LIGO-Livingston detector have been subtracted, as de-
scribed in the text. This noise mitigation is the same as that used
for the results presented in the Source Properties section.

(less than 5 ms) saturation in the digital-to-analog con-
verter of the feedback signal controlling the position of the
test masses. Similar glitches are registered roughly once
every few hours in each of the LIGO detectors with no
temporal correlation between the LIGO sites. Their cause
remains unknown. To mitigate the effect on the results
presented in the Detection section, the search analyses ap-
plied a window function to zero out the data around the
glitch [64, 72], following the treatment of other high am-
plitude glitches used in the O1 analysis [73]. To accurately
determine the properties of GW170817 (as reported in the
Source Properties section) in addition to the noise subtrac-
tion described above, the glitch was modeled with a time-
frequency wavelet reconstruction [65] and subtracted from
the data, as shown in Figure 2.

The	first	detec9on	of	GWs	
from	neutron	star	merger	
(GW170817)



The 90% credible intervals(Veitch et al. 2015; Abbott et al.
2017e) for the component masses (in the m m1 2. convention)
are m M1.36, 2.261 Î :( ) and m M0.86, 1.362 Î :( ) , with total
mass M2.82 0.09

0.47
-
+

:, when considering dimensionless spins with

magnitudes up to 0.89 (high-spin prior, hereafter). When the
dimensionless spin prior is restricted to 0.05- (low-spin prior,
hereafter), the measured component masses are m 1.36,1 Î (

M1.60 :) and m M1.17, 1.362 Î :( ) , and the total mass is

Figure 2. Joint, multi-messenger detection of GW170817 and GRB170817A. Top: the summed GBM lightcurve for sodium iodide (NaI) detectors 1, 2, and 5 for
GRB170817A between 10 and 50 keV, matching the 100 ms time bins of the SPI-ACS data. The background estimate from Goldstein et al. (2016) is overlaid in red.
Second: the same as the top panel but in the 50–300 keV energy range. Third: the SPI-ACS lightcurve with the energy range starting approximately at 100 keV and
with a high energy limit of least 80 MeV. Bottom: the time-frequency map of GW170817 was obtained by coherently combining LIGO-Hanford and LIGO-
Livingston data. All times here are referenced to the GW170817 trigger time T0

GW.
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2017). The ejecta dominantly consist of r-process elements

(e.g., Lattimer & Schramm 1974; Eichler et al. 1989; Korobkin

et al. 2012; Wanajo et al. 2014), and thus the decay of radioac-

tive isotopes produced by the r-process nucleosynthesis heats

up and brightens the ejecta. The EM-bright object is called

“kilonova” or “macronova” (Li & Paczyński 1998; Kulkarni

2005; Metzger et al. 2010), and regarded as a promising EM

counterpart of a GW (Kasen et al. 2013; Barnes & Kasen

2013; Tanaka & Hotokezaka 2013; Metzger & Fernández 2014;

Tanaka et al. 2014; Kasen et al. 2015). Also, the central engine

of a short gamma-ray burst, which is believed to originate from

a binary neutron star coalescence, is a possible energy source

of EM counterparts through its jet and gamma/X-ray emission

(e.g., Kisaka et al. 2016).

On Aug 17, 2017, 12:41:04 GMT, Advanced LIGO and

Advanced Virgo detected a GW candidate from a binary NS

coalescence, being coincident with a gamma-ray detection with

Fermi/GBM (The LIGO Scientific Collaboration & the Virgo

Collaboration 2017a; The LIGO Scientific Collaboration & the

Virgo Collaboration 2017b). The sky localization with the

three detectors is as narrow as 28 deg2 for a 90% credible re-

gion centered at R.A.= 13h08m, decl.=−22◦30′ (J2000.0)

(Abbott et al. 2017c). And the localization is overlapped with

the error regions of gamma-ray detection with Fermi/GBM and

INTEGRAL (Connaughton et al. 2017; Savchenko et al. 2017a;

Savchenko et al. 2017b). The GW observation reveals the lu-

minosity distance to the GW source, named GW170817, as

40+8
−14 Mpc (90% probability) (Abbott et al. 2017c). Although

GW170817 appeared at the position close to the Sun, the first

significant alert of a binary NS coalescence and the narrow

sky localization area initiate many EM follow-up observations

(The LIGO Scientific Collaboration & the Virgo Collaboration

2017c).

Along with the EM follow-up observation campaign of

GW170817, the Japanese collaboration for Gravitational wave

ElectroMagnetic follow-up (J-GEM) performed a survey with

Hyper Suprime-Cam (HSC, Miyazaki et al. 2012), which is

a wide-field imager installed on the prime focus of the 8.2m

Subaru telescope. Its FoV of 1.77 deg2 is largest among the

currently existing 8-10 m telescopes, and thus it is the most

efficient instrument for the optical survey. In this paper, we

summarize the observation with Subaru/HSC and properties of

discovered candidates. Throughout the paper, we correct the

Galactic reddening (Schlafly & Finkbeiner 2011)1, and all the

magnitudes are given as AB magnitudes.

2 Observation and data analysis

We started HSC observation from Aug 18.23, 2017 (UT), cor-

responding to 0.7 days after the GW detection, and also per-

1 http://irsa.ipac.caltech.edu/applications/DUST/

Table 1. Subaru/HSC pointings.

Pointing R.A. decl.

(ID) (J2000) (J2000)

04 13h07m25s −26◦36′51′′

05 13h10m14s −27◦17′02′′

06 13h13m03s −27◦57′27′′

07 13h15m51s −28◦38′07′′

08 13h18m40s −29◦19′02′′

09 13h21m29s −30◦00′15′′

10 13h04m36s −24◦37′42′′

11 13h07m25s −25◦17′12′′

12 13h10m14s −25◦56′55′′

13 13h13m03s −26◦36′51′′

14 13h01m48s −22◦40′26′′

15 13h15m51s −27◦17′02′′

16 13h18m40s −27◦57′27′′

17 13h04m36s −23◦19′20′′

18 13h07m25s −23◦58′25′′

19 12h58m59s −20◦44′47′′

20 13h10m14s −24◦37′43′′

22 13h13m03s −25◦17′12′′

23 13h15m51s −25◦56′55′′

24 12h56m10s −18◦50′37′′

25 13h04m36s −22◦01′43′′

26 13h07m25s −22◦40′26′′

28 13h10m14s −23◦19′20′′

29 13h01m48s −20◦06′35′′

30o 30o

300o 300o

Fig. 1. Pointing map for GW170817 overlaid on the probability map

(LALInference v2.fits.gz; Abbott et al. 2017c). The white contour represents

the 90% credible region. Circles represent the field-of-view of HSC, chang-

ing their face color with an order of observation. Observations have been

carried out from darker color to lighter color. The dashed curves represent

the Galactic graticules.

No	other	transient
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properties of GRB 170817A (see Methods). Instead, a structured jet 
profile, where the outflow energetics and Lorentz factor vary with the 
angle from the jet axis, can explain both the GRB and afterglow prop-
erties (Extended Data Fig. 3). Alternatively, the low-luminosity γ-ray 
transient may not trace the prompt GRB emission, but come from a 
broader collimated, mildly relativistic cocoon29.

Another independent constraint on the off-axis geometry comes 
from the spectral and temporal evolution of the kilonova light curves 
(Fig. 3b). The luminous and long-lived optical emission implies that the 

observer intercepts a substantial contribution from the wind compo-
nent along the polar axis, which would be shielded by the lanthanide- 
rich ejecta for an edge-on observer along the equatorial plane (Fig. 4).  
A comparison between the kilonova models30 and our optical- 
infrared photometry favours an off-axis orientation, in which the 
wind is partially obscured by the dynamical ejecta, with an estimated 
inclination angle anywhere between 20° and 60° (Extended Data  
Fig. 4), depending on the detailed configuration of the dynamical 
ejecta. Taking into account the uncertainties in the model, such as the 
morphologies of the ejecta and the possible different types of wind, 
this is in good agreement with the orientation inferred from afterglow 
modelling. The geometry of the binary merger GW170817 (Fig. 4), 
here primarily constrained through electromagnetic observations, 
could be further refined through a joint analysis with the gravitational- 
wave signal.

The discovery of GW170817 and its X-ray counterpart shows that 
the second generation of gravitational-wave interferometers will enable 
us to uncover a new population of weak and probably off-axis GRBs 
associated with gravitational-wave sources, thus providing an unprece-
dented opportunity to investigate the properties of these cosmic explo-
sions and their progenitors. This paves the way for multi-messenger 
(that is, electromagnetic and gravitational-wave radiation) modelling 
of the different aspects of these events, which may potentially help to 
break the degeneracies that exist in the models of neutron-star mergers 
when considered separately.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Figure 3 | Multi-wavelength light curves for the counterpart of 
GW170817. a, Temporal evolution of the X-ray and radio counterparts 
of GW170817 compared to the model predictions (thin solid lines) for a 
short GRB afterglow viewed at an angle θv ≈ 28°. The thick grey line shows 
the X-ray light curve of the same afterglow as seen on-axis, falling in the 
typical range15 of short GRBs (vertical dashed line). Upper limits are 3σ. 
b, Temporal evolution of the optical and infrared transient AT 2017gfo 
compared with the theoretical predictions (solid lines) for a kilonova seen 

off-axis with viewing angle θv ≈ 28°. For comparison with the ground-
based photometry, Hubble Space Telescope measurements (squares) were 
converted to standard filters. Our model includes the contribution from a 
massive, high-speed wind along the polar axis (Mw ≈ 0.015M⊙, v ≈ 0.08c) 
and from the dynamical ejecta (Mej ≈ 0.002M⊙, v ≈ 0.2c). The presence of 
a wind is required to explain the bright and long-lived optical emission, 
which is not expected otherwise (see dashed line).
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Figure 4 | Schematic diagram for the geometry of GW170817. Following 
the neutron-star merger, a small amount of fast-moving neutron-rich 
ejecta (red shells) emits an isotropic kilonova peaking in the infrared.  
A larger mass neutron-free wind along the polar axis (blue arrows) produces 
kilonova emission peaking at optical wavelengths. This emission, although 
isotropic, is not visible to edge-on observers because it is only visible 
within a range of angles and otherwise shielded by the high-opacity ejecta. 
A collimated jet (black solid cone) emits synchrotron radiation visible at 
radio, X-ray and optical wavelengths. This afterglow emission outshines 
all other components if the jet is seen on-axis. However, to an off-axis 
observer, it appears as a low-luminosity component delayed by several 
days or weeks.
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The X-ray counterpart to the gravitational-wave 
event GW170817
E. Troja1,2, L. Piro3, H. van Eerten4, R. T. Wollaeger5, M. Im6, O. D. Fox7, N. R. Butler8, S. B. Cenko2,9, T. Sakamoto10, C. L. Fryer5, 
R. Ricci11, A. Lien2,12, R. E. Ryan Jr7, O. Korobkin5, S.-K. Lee6, J. M. Burgess13, W. H. Lee14, A. M. Watson14, C. Choi6, S. Covino15, 
P. D’Avanzo15, C. J. Fontes5, J. Becerra González16,17, H. G. Khandrika7, J. Kim6, S.-L. Kim18, C.-U. Lee18, H. M. Lee19, 
A. Kutyrev1,2, G. Lim6, R. Sánchez-Ramírez3, S. Veilleux1,9, M. H. Wieringa20 & Y. Yoon6

A long-standing paradigm in astrophysics is that collisions—
or mergers—of two neutron stars form highly relativistic and 
collimated outflows (jets) that power γ-ray bursts of short (less 
than two seconds) duration1–3. The observational support for 
this model, however, is only indirect4,5. A hitherto outstanding 
prediction is that gravitational-wave events from such mergers 
should be associated with γ-ray bursts, and that a majority of 
these bursts should be seen off-axis, that is, they should point 
away from Earth6,7. Here we report the discovery observations 
of the X-ray counterpart associated with the gravitational-wave 
event GW170817. Although the electromagnetic counterpart at 
optical and infrared frequencies is dominated by the radioactive 
glow (known as a ‘kilonova’) from freshly synthesized rapid 
neutron capture (r-process) material in the merger ejecta8–10, 
observations at X-ray and, later, radio frequencies are consistent 
with a short γ-ray burst viewed off-axis7,11. Our detection of X-ray 
emission at a location coincident with the kilonova transient 
provides the missing observational link between short γ-ray 
bursts and gravitational waves from neutron-star mergers, and 
gives independent confirmation of the collimated nature of the 
γ-ray-burst emission.

On 17 August 2017 at 12:41:04 universal time (ut; hereafter T0), 
the Advanced Laser Interferometer Gravitational-Wave Observatory 
(LIGO) detected a gravitational-wave transient from the merger of two 
neutron stars at a distance12 of 40 ± 8 Mpc. Approximately two seconds 
later, a weak γ-ray burst (GRB) of short duration (<2 s) was observed 
by the Fermi Gamma-ray Space Telescope13 and INTEGRAL14. The 
low luminosity of this γ-ray transient was unusual compared to the 
population of short GRBs at cosmological distances15, and its physical 
connection with the gravitational-wave event remained unclear.

A vigorous observing campaign targeted the localization region 
of the gravitational-wave transient, and rapidly identified a source of 
bright optical, infrared and ultraviolet emission in the early-type galaxy  
NGC 499316,17. This source was designated ‘SSS17a’ by the Swope 
team16, but here we use the official IAU designation, AT 2017gfo.

AT 2017gfo was initially not visible at radio and X-ray wavelengths. 
However, on 26 August 2017, we observed the field with the Chandra  
X-ray Observatory and detected X-ray emission at the position  
of AT 2017gfo (Fig. 1). The observed X-ray flux (see Methods) implies 
an isotropic luminosity of 9 × 1038 erg s−1 if located in NGC 4993  
at a distance of about 40 Mpc. Further Chandra observations,  
performed between 1 and 2 September 2017, confirmed the presence 
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Figure 1 | Optical/infrared and X-ray images of the counterpart of 
GW170817. a, Hubble Space Telescope observations show a bright and 
red transient in the early-type galaxy NGC 4993, at a projected physical 
offset of about 2 kpc from its nucleus. A similar small offset is observed 

in less than a quarter of short GRBs5. Dust lanes are visible in the inner 
regions, suggestive of a past merger activity (see Methods). b, Chandra 
observations revealed a faint X-ray source at the position of the optical/
infrared transient. X-ray emission from the galaxy nucleus is also visible.
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Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and wavelength
relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger. First, the shaded dashes represent the times when
information was reported in a GCN Circular. The names of the relevant instruments, facilities, or observing teams are collected at the beginning of the row. Second,
representative observations (see Table 1) in each band are shown as solid circles with their areas approximately scaled by brightness; the solid lines indicate when the
source was detectable by at least one telescope. Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray, and
radio bands. They are respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Section 2.1), the
Fermi-GBM and INTEGRAL/SPI-ACS lightcurves matched in time resolution and phase (see Section 2.2), 1 5×1 5 postage stamps extracted from the initial six
observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 days; Buckley et al. 2017; McCully et al. 2017b), ESO-NTT (at
tc+1.4 days; Smartt et al. 2017), the SOAR 4 m telescope (at tc+1.4 days; Nicholl et al. 2017d), and ESO-VLT-XShooter (at tc+2.4 days; Smartt et al. 2017) as
described in Section 2.3, and the first X-ray and radio detections of the same source by Chandra (see Section 3.3) and JVLA (see Section 3.4). In order to show
representative spectral energy distributions, each spectrum is normalized to its maximum and shifted arbitrarily along the linear y-axis (no absolute scale). The high
background in the SALT spectrum below 4500Å prevents the identification of spectral features in this band (for details McCully et al. 2017b).
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Summary	of	mul9-messenger	observa9ons

γ-raysGW
Very	weak	
=>	off-axis??

GRB

X-ray

Blue	kilonova

Red	kilonova

Radio
Everything!!

Abbo:+17



•Hubble	constant	
•GW	=>	luminosity	distance,	EM	=>	redshio	

• H0	=	70+12-8	km	s-1	Mpc-1		

• Speed	of	GW		
• Gamma-rays	arrived	1.7	s	aoer	the	merger	 

(aoer	130	M	light	year	race	=>	4	x	1015	s)	

• Jet	forma9on	in	the	merger	
• ~2	sec?	

• Physics	of	neutron	stars	
• R	~<	14	km	(for	1.4	Msun	NS)	<=	GW	phase	

•Origin	of	heavy	elements!

What	we	learn	from	mul9-messenger	astronomy



L	~	1040-1041	erg	s-1	
t	~	weeks	
NIR	>	Op9cal	

Smooth	spectra
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Presence	of	“blue”	kilonova
=>	wide	range	of	r-process	elements
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Ye	=	0.25

MT+2017

See	also	Cowperthwaite	et	al.	2017;		
Drout	et	al.	2017;	Nicholl	et	al.	2017;	Villar	et	al.	2017	



low-spin case and (1.0, 0.7) in the high-spin case. Further
analysis is required to establish the uncertainties of these
tighter bounds, and a detailed studyof systematics is a subject
of ongoing work.
Preliminary comparisons with waveform models under

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

V. IMPLICATIONS

A. Astrophysical rate

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

−1220 Gpc−3 yr−1. Our findings are

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

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

B. Remnant

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

FIG. 5. Probability density for the tidal deformability parameters of the high and low mass components inferred from the detected
signals using the post-Newtonian model. Contours enclosing 90% and 50% of the probability density are overlaid (dashed lines). The
diagonal dashed line indicates the Λ1 ¼ Λ2 boundary. The Λ1 and Λ2 parameters characterize the size of the tidally induced mass
deformations of each star and are proportional to k2ðR=mÞ5. Constraints are shown for the high-spin scenario jχj ≤ 0.89 (left panel) and
for the low-spin jχj ≤ 0.05 (right panel). As a comparison, we plot predictions for tidal deformability given by a set of representative
equations of state [156–160] (shaded filled regions), with labels following [161], all of which support stars of 2.01M⊙. Under the
assumption that both components are neutron stars, we apply the function ΛðmÞ prescribed by that equation of state to the 90% most
probable region of the component mass posterior distributions shown in Fig. 4. EOS that produce less compact stars, such as MS1 and
MS1b, predict Λ values outside our 90% contour.
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Figure 1. Remnant disk plus dynamic ejecta masses (upper
panel) and BH formation time (lower panel) plotted against the
tidal parameter ⇤̃ (Eq. 1). For models that do not collapse during
our simulation time, we give a lower limit. The horizontal dashed
line shows a conservative lower limit for AT2017gfo, 0.05M�, ob-
tained assuming that the entire disk is unbound. The vertical
dotted line is ⇤̃ = 400.

parameter ⇤̃. Our results indicate that binaries with
⇤̃ . 450 inevitably produce BHs with small . 10�2 M�
accretion disks. These cases are incompatible with the
infrared data for AT2017gfo, even under the assumption
that all of the matter left outside of the event horizon
will be ejected.
The reason for this trend is easily understood from the

lower panel of Fig. 1. The NS dimensionless quadrupo-
lar tidal parameters depend on the negative-fifth power
of the NS compactness (GM/R c2; Eq. 2). Consequently,
small values of ⇤̃ are associated with binary systems hav-
ing compact NSs that result in rapid or prompt BH for-
mation. In these cases, the collapse happens on a shorter
timescale than the hydrodynamic processes responsible
for the formation of the disk. Consequently, only a small
amount of mass is left outside of the event horizon at the
end of the simulations.
Binaries with larger values of ⇤̃ produce more mas-

sive disks, up to ⇠0.2 M�, and longer lived remnants.
In these cases, neutrino driven winds and viscous and
magnetic processes in the disk are expected to unbind
su�cient material to explain the optical and infrared ob-
servations for AT2017gfo (Perego et al. 2014; Wu et al.
2016; Siegel & Metzger 2017).

4. DISCUSSION

On the basis of our simulations we can conservatively
conclude that values of ⇤̃ smaller than 400 are excluded.
Together with the LIGO-Virgo constraints on ⇤̃ (Abbott
et al. 2017b), this result already yields a strong constraint
on the EOS.
To illustrate this, we notice that, since the chirp mass

of the binary progenitor of GW170817 is well measured,
for any given EOS the predicted ⇤̃ reduces to a simple

0.5 0.6 0.7 0.8 0.9 1.0
q
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Figure 2. Tidal parameter ⇤̃ (Eq. 1) as a function of the mass
ratio q for a fixed chirp mass Mchirp = 1.188 M�. The shaded
region shows the region excluded with 90% confidence level by the
LIGO-Virgo observations (Abbott et al. 2017b), with the addi-
tional constraint of ⇤̃ � 400 derived from the simulations and the
EM observations. EOSs whose curves enter this region are disfa-
vored. EOSs are sorted for decreasing ⇤̃ at q = 1, i.e., H4 is the
sti↵est EOS in our sample, and FPS is the softest.

function of the mass ratio, that is,

⇤̃ = ⇤̃ (q,Mchirp = 1.188M�; EOS) . (3)

We consider a set of 12 EOSs: the four used in the sim-
ulations and other eight from Read et al. (2009). We
compute ⇤̃(q) for each and show the resulting curves in
Fig. 2. There, we also show the upper bound on ⇤̃ from
the GW observations as well as the newly estimated lower
bound from the EM data. On the one hand, sti↵ EOSs,
such as H4 and HB, are already disfavored on the basis
of the GW data alone. On the other hand, EOS as soft
as FPS and APR4 are also tentatively excluded on the
basis of the EM observations6. Soft EOS commonly used
in simulations, such as SFHo and SLy, lay at the lower
boundary of the allowed region, while DD2 and BHB⇤�
are on the upper boundary.
Our results show that NR simulations are key to

exploting the potential of multimessenger observations
While GW data bounds the tidal deformability of NSs
from above, the EM data and our simulations bound it
from below. The result is a competitive constraint al-
ready after the first detection of a merger event. Our
method is general, it can be applied to future obser-
vations and used to inform the priors used in the GW
data analysis. We anticipate that, with more observa-
tions and more precise simulations, the bounds on the
tidal deformability of NSs will be further improved.
The physics setting the lower bound on ⇤̃ is well un-

derstood and under control in our simulations. How-
ever, there might still be systematic errors in our results.
Large components of the NS spins parallel to the or-
bital plane are not expected, but also not constrained

6 Note that FPS is also excluded because it predicts a maximum
NS mass smaller than 2 M�.

See	also	shibata+17

Neutron	star	physics	<=	GW	+	EM	combina9on
Tidal	deformability	Λ	~	(R/M)5

Larger	R
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(Tidal	deforma$on	accelerates	GW	phase)

GW	phase

Disk	mass



NS	merger	as	an	origin	of		r-process	elements

Event	rate
RNSM	~	103	Gpc-3	yr-1	
									~	1	/	104	yr	in	1	galaxy 
									~	30	GW	events	yr-1	  
		(w/	Adv.	detectors,	<	200	Mpc)

Mej(r-process)	~	10-2	Msun

Enough	to	explain	the	r-process	abundance	in	our	Galaxy

Ejec9on	per	event

M(Galaxy,	r-process)	~	Mej(r)	x		(RNSM	x	tG)	
																																				~	10-2	x	10-4	x	1010	~	104	Msun

GW170817
RNSM	~	1500+3000	-1200	Gpc-3	yr-1

EM	counterpart	
~0.03	Msun



• Why	(weak)	gamma-ray	bursts?	

• Why	rela9vely	early	radio?	

• Why	rela9vely	late	X-ray?	

• Why	high	ejecta	mass	(>0.03	Msun,	not	0.01	Msun)?		

• What	is	the	abundance	pazerns?	  
Is	it	consistent	with	solar	abundances?	

• What	is	a	delay	9me?	

• What	happens	for	different	total	masses,	  
mass	ra9os,	and	BH-NS	merger?

Many	open	ques9ons

Need	more	observa9ons		
with	different	masses	and	viewing	angles



Since the total baryonic mass of the system can only be
reduced (by mass ejection), the maximum baryonic mass of the
merger remnant and accretion disc is bound by MB

Initial. From
Figure 3, we can see that for the measured NS gravitational
masses with the low-spin prior, the MS1 and SHT EOS could
not form a BH since M MB

Initial
B
Static< . Assuming that the

magnitude of the spins is small, the MS1 and SHT EOS are
incompatible with BH formation. If the dimensionless spins of
the NSs are allowed to be larger than 0.05, BH formation is
only disfavored: we find that a fraction 83% (MS1) and 84%
(SHT) of the posterior distribution satisfies M MB

Initial
B
Static< .

For both spin priors, we find that the H4, LS220, SFHo, and
SLy EOS result in M MB

Initial
B
Uniform> . Even when assuming a

large ejecta mass of M0.1 :, the remaining mass cannot form a
uniformly rotating NS. For those EOS, the merger either results
in prompt BH formation or in a short-lived remnant, with a
lifetime determined by the dissipation of differential rotation
and/or disk accretion.

To be compatible with scenario (ii), the lifetime of the
merger remnant would have to be sufficiently long to power the
GRB. We note that prompt BH formation is a dynamic process
accessible only to numerical relativity simulations. Although
there are parameter studies (Hotokezaka et al. 2011; Bauswein
et al. 2013), they only consider equal mass binaries.
Considering also the error margins of those studies, we
currently cannot exclude prompt collapse for the H4, LS220,
SFHo, and SLy EOS. Finally, we note that for the APR4 EOS
only the possibility of a stable remnant can be ruled out. More
generally, only EOSs with M M3.2B

Static < : are consistent with
scenario (i) when assuming the low-spin prior, or with
M M3.7B

Static < : for the wider spin prior. These bounds were
derived from the 90% credible intervals of the MB

Initial posteriors
(and these, in turn, are determined for each EOS in order to
account for binding energy variations). These upper limits are
compatible with and complement the lower bounds on MG

Static

from the observation of the most massive known pulsar, which
has a mass of M2.01 0.04 :( ) (Antoniadis et al. 2013). In

Section 6.5 we will discuss some model-dependent implica-
tions of the lack of precursor and temporally extended gamma-
ray emission from GRB170817A on the progenitor NSs.

6. Gamma-ray Energetics of GRB170817A
and their Implications

Using the measured gamma-ray energy spectrum and the
distance to the host galaxy identified by the associated optical
transient, we compare the energetics of GRB170817A to those
of other SGRBs at known redshifts. Finding GRB170817A to
be subluminous, we discuss whether this dimness is an
expected observational bias for joint GW–GRB detections,
what insight it provides regarding the geometry of the gamma-
ray emitting region, what we can learn about the population of
SGRBs, update our joint detection estimates, and set limits on
gamma-ray precursor and extended emission.

6.1. Isotropic Luminosity and Energetics of GRB170817A

Using the “standard” spectral information from Goldstein
et al. (2017) and the distance to the host galaxy NGC 4993
42.9 3.2( )Mpc, we calculate the energetics of GRB170817A
using the standard formalisms (Bloom et al. 2001; Schaefer
2007). GRBs are believed to be relativistically beamed and their
emission collimated (Rhoads 1999). Isotropic energetics are
upper bounds on the true total energetics assuming the GRB is
observed within the beaming angle of the brightest part of the jet.
We estimate that the isotropic energy release in gamma-rays
E 3.1 0.7 10iso

46= ´( ) erg, and the isotropic peak luminos-
ity, L 1.6 0.6 10iso

47= ´( ) erg s−1, in the 1 keV–10MeV
energy band. These energetics are from the source interval—i.e.,
the selected time range the analysis is run over—determined in
the standard manner for GBM spectral catalog results, allowing
us to compare GRB170817A to other GRBs throughout this
section. The uncertainties on the inferred isotropic energetics
values here include the uncertainty on the distance to the host
galaxy. As a cross check, the isotropic luminosity is also

Figure 4. GRB170817A is a dim outlier in the distributions of Eiso and L iso, shown as a function of redshift for all GBM-detected GRBs with measured redshifts.
Redshifts are taken from GRBOX (http://www.astro.caltech.edu/grbox/grbox.php) and Fong et al. (2015). Short- and long-duration GRBs are separated by the
standard T 2 s90 = threshold. For GRBs with spectra best modeled by a power law, we take this value as an upper limit, marking them with downward pointing
arrows. The power law spectra lack a constraint on the curvature, which must exist, and therefore, will overestimate the total value in the extrapolated energy range.
The green curve demonstrates how the (approximate) GBM detection threshold varies as a function of redshift. All quantities are calculated in the standard 1 keV–
10 MeV energy band.
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Fig. 5. Model schematics considered in this paper. In each panel, the eye indicates 
the line of sight to the observer. (A) A classical, on-axis, ultra-relativistic, weak short 
gamma-ray burst (sGRB). (B) A classical, slightly off-axis, ultra-relativistic, strong 
sGRB. (C) A wide-angle, mildly-relativistic, strong cocoon with a choked jet. (D) A 
wide-angle, mildly-relativistic, weak cocoon with a successful off-axis jet. 
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Figure 11
(a) Comparisons of n-capture abundances in six r-process-rich Galactic halo stars with the Solar-system r-only abundance distribution.
The abundance data of all stars except CS 22892-052 have been vertically displaced downward for display purposes. The solid light
blue lines are the scaled r-only Solar-system elemental abundance curves (Simmerer et al. 2004, Cowan et al. 2006), normalized to the
Eu abundance of each star. (b) Difference plot showing the individual elemental abundance offsets; abundance differences are
normalized to zero at Eu (see Table 1 and Table 2) for each of the six stars with respect to the Solar-system r-process-only abundances.
Zero offset is indicated by the dashed horizontal line. Symbols for the stars are the same as in panel a. (c) Average stellar abundance
offsets. For individual stars all elemental abundances were first scaled to their Eu values, then averaged for all six stars, and finally
compared to the Solar-system r-only distribution.
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Solar	ra9os

Galac9c	stars:	“Universality”	of	r-process	abundances



Ye =
ne

np + nn
=

np

np + nn

5

FIG. 2. The same as Fig. 1 but for the merger remnant for the DD2 EOS with (m
1

,m
2

) = (1.4M�, 1.3M�). The snapshots
are generated at ⇡ 80ms after the onset of merger.

inant role for the mass ejection. As in the SFHo case,
the ejecta in the binary orbital plane have a neutron-rich
component with Ye  0.2, in particular for the highly
asymmetric binaries. On the other hand, the ejecta in
the polar region is less neutron-rich with Ye & 0.25 (see
the lower-right panel of Fig. 2).
(v) The average velocity of the dynamical ejecta is 0.15–
0.25c depending on the EOS and mass ratio. For the
SFHo case, the average velocity is by 20–30% larger than
that for the DD2 case for a given value of mass because,
for this EOS, the neutron-star radius is small, and hence,
the shock heating e↵ect enhances the kinetic energy of
the mass ejection.

In the above summary, points worthy to note are as
follows: (I) No models predict the mass of the dynam-
ical ejecta larger than 0.02M�. This implies that if
the luminous electromagnetic counterparts, which can-
not be modeled by the ejecta of mass  0.02M�, are
discovered, we have to consider ejecta components other
than the dynamical ejecta in the framework of the
macronova/kilonova theory. (II) Irrespective of the EOS
and binary mass ratio, the electron fraction is widely dis-
tributed and the highly neutron-rich matter is always

present in the dynamical ejecta, in particular, near the
binary orbital plane. Only for the direction of the rota-
tional axis of the orbital motion (✓ . 45�), the neutron
richness is suppressed resulting in Ye & 0.25.
Nucleosynthesis studies (e.g. Refs. [28, 29]) have shown

that the presence of neutron-rich ejecta with Ye . 0.25
results in producing a substantial fraction of lanthanide
elements, and as a result, the opacity of the ejecta is
significantly enhanced to be  ⇠ 10 cm2/g [6–9]. As we
discuss in Sec. III A, if high-mass and low-Ye ejecta are
present along our lines of sight to the source, the peak
time scale of the optical light curve (in particular for
visible to near IR light) would be long & 1week (if the
fraction of the lanthanide elements is & 10�4M� [30]).
This e↵ect is often referred to as the lanthanide curtain.
However, the observations for GW170817 show that the
optical light curve has a peak at . 1 day, suggesting
that  should be much smaller than ⇠ 10 cm2/g, and
hence, the contamination by lanthanide elements would
be significantly suppressed at least the outer part of the
ejecta along our lines of sight.
In this section, we have focused on the models employ-

ing only two representative EOS. There are a wide vari-

La-rich	=>	red

La-poor	=>	blue

NS	mergers	reproduce	solar	abundances??	
=>	need	a	wide	range	of	Ye

Shibata+17

=>	more	events	with	
different	viewing	angles!



Summary

• GW170817	
•Wide	range	of	EM	signals		

• Opt/NIR	emission	consistent	with	(blue+red)	kilonova	

• Confirma$on	of	r-process	in	NS	merger	

•Open	ques9ons	and	future	prospects	
•Origins	of	gamma-rays,	X-rays,	and	radio	emission	

•Mechanism	of	high	mass	ejec$on	

• Abundance	pa:erns	(solar	par:ern?)	

•More	events	with	different	masses,	mass	ra$os,	
viewing	angles	

• BH-NS	mergers


