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FIG. 2. Posterior PDFs for the source luminosity distance D
L

and
the binary inclination ✓JN . In the 1-dimensional marginalised
distributions we show the Overall (solid black), IMRPhenom
(blue) and EOBNR (red) PDFs; the dashed vertical lines mark the
90% credible interval for the Overall PDF. The 2-dimensional
plot shows the contours of the 50% and 90% credible regions
plotted over a colour-coded PDF.

misaligned to the line of sight is disfavoured; the probabil-
ity that 45� < ✓JN < 135� is 0.35.

The masses and spins of the BHs in a (circular) binary
are the only parameters needed to determine the final mass
and spin of the BH that is produced at the end of the
merger. Appropriate relations are embedded intrinsically
in the waveform models used in the analysis, but they do
not give direct access to the parameters of the remnant BH.
However, applying the fitting formula calibrated to non-
precessing NR simulations provided in [96] to the posterior
for the component masses and spins [97], we infer the mass
and spin of the remnant BH to be M source

f

= 62+4

�4

M�,
and a

f

= 0.67+0.05
�0.07, as shown in Figure 3 and Table I.

These results are fully consistent with those obtained us-
ing an independent non-precessing fit [55]. The systematic
uncertainties of the fit are much smaller than the statistical
uncertainties. The value of the final spin is a consequence
of conservation of angular momentum in which the total
angular momentum of the system (which for a nearly equal
mass binary, such as GW150914’s source, is dominated by
the orbital angular momentum) is converted partially into
the spin of the remnant black hole and partially radiated
away in GWs during the merger. Therefore, the final spin
is more precisely determined than either of the spins of the
binary’s BHs.

The calculation of the final mass also provides an esti-

FIG. 3. PDFs for the source-frame mass and spin of the rem-
nant BH produced by the coalescence of the binary. In the
1-dimensional marginalised distributions we show the Overall
(solid black), IMRPhenom (blue) and EOBNR (red) PDFs; the
dashed vertical lines mark the 90% credible interval for the Over-
all PDF. The 2-dimensional plot shows the contours of the 50%
and 90% credible regions plotted over a colour-coded PDF.

mate of the total energy emitted in GWs. GW150914 ra-
diated a total of 3.0+0.5

�0.5 M�c
2 in GWs, the majority of

which was at frequencies in LIGO’s sensitive band. These
values are fully consistent with those given in the literature
for NR simulations of similar binaries [98, 99]. The ener-
getics of a BBH merger can be estimated at the order of
magnitude level using simple Newtonian arguments. The
total energy of a binary system at separation r is given by
E ⇡ (m

1

+ m
2

)c2 � Gm
1

m
2

/(2r). For an equal-mass
system, and assuming the inspiral phase to end at about
r ⇡ 5GM/c2, then around 2–3% of the initial total energy
of the system is emitted as GWs. Only a fully general rela-
tivistic treatment of the system can accurately describe the
physical process during the final strong-field phase of the
coalescence. This indicates that a comparable amount of
energy is emitted during the merger portion of GW150914,
leading to ⇡ 5% of the total energy emitted.

We further infer the peak GW luminosity achieved dur-
ing the merger phase by applying to the posteriors a sep-
arate fit to non-precessing NR simulations [100]. The
source reached a maximum instantaneous GW luminosity
of 3.6+0.5

�0.4 ⇥ 1056 erg s�1 = 200+30

�20

M�c
2/s. Here, the

uncertainties include an estimate for the systematic error
of the fit as obtained by comparison with a separate set
of precessing NR simulations, in addition to the dominant
statistical contribution. An order-of-magnitude estimate of
the luminosity corroborates this result. For the dominant
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Figure 11:

Hubble Space Telescope Wide-Field Camera 3 images of the locations of three short GRBs with sub-
arcsecond positions and no coincident host galaxies (host-less bursts). In each case the top panel shows a
wide field and the bottom panel is zoomed on the GRB location (red circle). The galaxies marked “G1” and
“G2” in represent the objects with the lowest and second lowest probabilities of chance coincidence in each
field. The magnitude limits at the GRB positions are mF160W ∼> 26 mag, ruling out the presence of galaxies
typical of short GRB hosts at z ∼< 3. Adapted from Fong & Berger (2013).

percent, indicating a likely association with resulting projected separations of ∼ 10′′. A similar analysis
for short GRBs with coincident host galaxies does not reveal a similar effect (Berger 2010), demonstrating
that the offset galaxies with a low probability of chance coincidence in the fields of host-less short GRBs
are indeed the hosts. While a definitive association will benefit from independent redshift measurements
for the afterglow and galaxy, the observed excess of galaxies at moderate separations is highly indicative
of a progenitor population capable of occurring at large offsets. The redshifts and properties of these likely
host galaxies reveal that they are similar to the known population of short GRB hosts, and the resulting
projected physical offsets are tens of kpc (Berger 2010).
While the projected physical offsets are already indicative of compact object mergers, it is important to

account for the range of host galaxy sizes, and any systematic trends in these sizes between the various
GRB and SN populations. This can be accomplished by normalizing the projected offsets in units of host
galaxy effective radii. Short GRB hosts tend to be larger than long GRB hosts, commensurate with their
larger luminosities and stellar masses (Fong, Berger & Fox 2010; Fong & Berger 2013). The cumulative
distributions of host-normalized offsets for short GRBs, long GRBs, core-collapse SNe, and Type Ia SNe
is shown in Figure 12. The median host-normalized offsets for long GRBs and for both Type Ia and core-
collapse SNe is δR/re ≈ 1 (Fong & Berger 2013), as expected from the definition of the half-light radius and
the fact that long GRB and SN progenitors do not migrate from their birth-sites. Short GRBs, on the other
hand, have a median offset of δR/re ≈ 1.5, with 20% of the population occurring at δR/re ∼> 5 (compared
to only a few percent of stellar light) , and only 20% of the bursts located at δR/re ∼< 1. A K-S test relative
to the Type Ia SN population yields a p-value of about 10−3 for the null hypothesis that both populations
are drawn from the same underlying distribution of host-normalized offset (Fong & Berger 2013). Thus,
the offset distribution of short GRBs indicates that they are located at larger distances than expected for a

28 Edo Berger

Berger	2014	(for	short	GRBs)
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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

Short-Duration Gamma-Ray Bursts 41

Fong	et	al.	2014,	ApJ,	780,	118
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Not	visible Opening	angle	~	10	deg
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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–??
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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.

2
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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

=>	solar	abundances
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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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NS	merger	as	a	possible	origin	of		r-process	elements

Event	rate
RNSM	~	10-4	event/yr/Galaxy
									~	103	Gpc-3	yr-1
									~	40	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

Ejec@on	per	event

GW EM

(e.g.,	Piran+14,	Ma:eucci+14,	Tsujimoto+14,	Cescue+15)

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



LIGO	O1:	Limit	to	the	NS	merger	rate	
RNSM	~<	104	Gpc-3	yr-1
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NS mass BH mass Spin hV T i (Gpc3 yr) Range (Mpc) R90% (Gpc�3 yr�1)
(M

�

) (M
�

) distribution PyCBC GstLAL PyCBC GstLAL PyCBC GstLAL

1.4 5 Isotropic 7.01⇥10�4 7.71⇥10�4 110 112 3,600 3,270
1.4 5 Aligned 7.87⇥10�4 8.96⇥10�4 114 117 3,210 2,820
1.4 10 Isotropic 1.00⇥10�3 1.01⇥10�3 123 122 2,530 2,490
1.4 10 Aligned 1.36⇥10�3 1.52⇥10�3 137 140 1,850 1,660
1.4 30 Isotropic 1.10⇥10�3 9.02⇥10�4 127 118 2,300 2,800
1.4 30 Aligned 1.98⇥10�3 1.99⇥10�3 155 153 1,280 1,270

Table 2. Sensitive space-time volume hV T i and 90% confidence upper limit R90% for NSBH systems with isotropic and aligned
spin distributions. The NS spin magnitudes are in the range [0,0.04] and the BH spin magnitudes are in the range [0,1]. Values
are shown for both the pycbc and gstlal pipelines. hV T i is calculated using a FAR threshold of 0.01 yr�1. The rate upper
limit is calculated using a uniform prior on L = RhV T i and an 18% uncertainty in hV T i from calibration errors.
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Coward et al. GRB

Petrillo et al. GRB
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Vangioni et al. r-process
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Figure 6. A comparison of the O1 90% upper limit on the
BNS merger rate to other rates discussed in the text (Abadie
et al. 2010; Kim et al. 2015; Fong et al. 2015; Siellez et al.
2014; Coward et al. 2012; Petrillo et al. 2013; Jin et al. 2015;
Vangioni et al. 2016; de Mink and Belczynski 2015; Do-
minik et al. 2015). The region excluded by the low-spin BNS
rate limit is shaded in blue. Continued non-detection in O2
(slash) and O3 (dot) with higher sensitivities and longer op-
eration time would imply stronger upper limits. The O2 and
O3 BNS ranges are assumed to be 1-1.9 and 1.9-2.7 times
larger than O1. The operation times are assumed to be 6 and
9 months (Aasi et al. 2016) with a duty cycle equal to that of
O1 (⇠ 40%).

2010). We additionally include some more recent estimates
from population synthesis for both NSBH and BNS (Dominik
et al. 2015; Belczynski et al. 2016; de Mink and Belczyn-
ski 2015) and binary pulsar observations for BNS (Kim et al.
2015).

We also compare our upper limits for NSBH and BNS sys-
tems to beaming-corrected estimates of short GRB rates in
the local universe. Short GRBs are considered likely to be
produced by the merger of compact binaries that include NSs,
i.e. BNS or NSBH systems (Berger 2014). The rate of short

Figure 7. A comparison of the O1 90% upper limit on the
NSBH merger rate to other rates discussed in the text (Abadie
et al. 2010; Fong et al. 2015; Coward et al. 2012; Petrillo
et al. 2013; Jin et al. 2015; Vangioni et al. 2016; de Mink and
Belczynski 2015; Dominik et al. 2015). The dark blue region
assumes a NSBH population with masses 5–1.4 M

�

and the
light blue region assumes a NSBH population with masses
10–1.4 M

�

. Both assume an isotropic spin distribution. Con-
tinued non-detection in O2 (slash) and O3 (dot) with higher
sensitivities and longer operation time would imply stronger
upper limits (shown for 10–1.4 M

�

NSBH systems). The
O2 and O3 ranges are assumed to be 1-1.9 and 1.9-2.7 times
larger than O1. The operation times are assumed to be 6 and
9 months (Aasi et al. 2016) with a duty cycle equal to that of
O1 (⇠ 40%).

GRBs can predict the rate of progenitor mergers (Coward
et al. 2012; Petrillo et al. 2013; Siellez et al. 2014; Fong et al.
2015). For NSBH, systems with small BH masses are consid-
ered more likely to be able to produce short GRBs (e.g. (Duez
2010; Giacomazzo et al. 2013; Pannarale et al. 2015)), so we
compare to our 5M

�

–1.4M
�

NSBH rate constraint. The ob-
servation of a kilonova is also considered to be an indicator of
a binary merger (Metzger and Berger 2012), and an estimated

Abbo:	et	al.	(arXiv:1607.07456) see	Laura	Nulall’s	talk
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3 R A D I OAC T I V E H E AT I N G

3.1 Network calculations

In this section we present calculations of the radioactive heating of
the ejecta. We use a dynamical r-process network (Martı́nez-Pinedo
2008; Petermann et al. 2008) that includes neutron captures, pho-
todissociations, β-decays, α-decays and fission reactions. The latter
includes contributions from neutron-induced fission, β delayed fis-
sion and spontaneous fission. The neutron capture rates for nuclei
with Z ≤ 83 are obtained from the work of Rauscher & Thielemann
(2000) and are based on two different nuclear mass models: the
Finite Range Droplet Model (FRDM; Möller et al. 1995) and the
Quenched version of the Extended Thomas–Fermi with Strutinsky
Integral (ETFSI-Q) model (Pearson, Nayak & Goriely 1996). For
nuclei with Z > 83 the neutron capture rates and neutron-induced
fission rates are obtained from Panov et al. (2010). β-decay rates
including emission of up to three neutrons after β-decay are from
Möller, Pfeiffer & Kratz (2003). β-delayed fission and spontaneous
fission rates are determined as explained by Martı́nez-Pinedo et al.
(2007). Experimental rates for α and β decay have been obtained
from the NUDAT data base.1 Fission yields for all fission processes
are determined using the statistical code ABLA (Gaimard & Schmidt
1991; Benlliure et al. 1998). All heating is self-consistently added
to the entropy of the fluid following the procedure of Freiburghaus
et al. (1999). The change of temperature during the initial expan-
sion is determined using the Timmes equation of state (Timmes &
Arnett 1999), which is valid below the density ρ ∼ 3 × 1011 g cm−3

at which our calculation begins.
As in the r-process calculations performed by Freiburghaus et al.

(1999), we use a Lagrangian density ρ(t) taken from the NS–NS
merger simulations of Rosswog et al. (1999). In addition to ρ(t), the
initial temperature T , electron fraction Ye and seed nuclei properties
(Ā, Z̄) are specified for a given calculation. We assume an initial
temperature T = 6 × 109 K, although the subsequent r-process heat-
ing is not particularly sensitive to this choice because any initial ther-
mal energy is rapidly lost to P dV work during the initial expansion
before the r-process begins (Meyer 1989; Freiburghaus et al. 1999).
For our fiducial model we also assume Ye = 0.1, Z̄ ≃ 36, Ā ≃ 118
(e.g. Freiburghaus et al. 1999).

Our results for the total radioactive power Ė with time are shown
in Fig. 1. On time-scales of interest the radioactive power can be
divided into two contributions: fission and β-decays, which are
denoted by dashed and dotted lines, respectively. The large heating
rate at very early times is due to the r-process, which ends when
neutrons are exhausted at t ∼ 1 s ∼10−5 d. The heating on longer
time-scales results from the synthesized isotopes decaying back to
stability. On the time-scales of interest for powering EM emission
(tpeak ∼ hours–days; equations3), most of the fission results from
the spontaneous fission of nuclei with A ∼ 230–280. This releases
energy in the form of the kinetic energy of the daughter nuclei and
fast neutrons, with a modest contribution from γ -rays. The other
source of radioactive heating is β-decays of r-process product nuclei
and fission daughters (see Table 1 for examples corresponding to
our fiducial model). In Fig. 1 we also show for comparison the
radioactive power resulting from an identical mass of 56Ni and its
daughter 56Co. Note that (coincidentally) the radioactive power of
the r-process ejecta and 56Ni/56Co are comparable on time-scales
∼1 d.

1http://www.nndc.bnl.gov/nudat2/

Figure 1. Radioactive heating rate per unit mass Ė in NS merger ejecta
due to the decay of r-process material, calculated for the Ye = 0.1 ejecta
trajectory from Rosswog et al. (1999) and Freiburghaus et al. (1999). The
total heating rate is shown with a solid line and is divided into contributions
from β-decays (dotted line) and fission (dashed line). For comparison we
also show the heating rate per unit mass produced by the decay chain
56Ni → 56Co → 56Fe (dot–dashed line). Note that on the ∼day time-scales
of interest for merger transients (t ∼ tpeak; equation 3) fission and β-decays
make similar contributions to the total r-process heating, and that the r-
process and 56Ni heating rates are similar.

Table 1. Properties of the dominant β-decay nuclei at t ∼ 1 d.

Isotope t1/2 Qa ϵb
e ϵc

ν ϵd
γ Eavg e

γ

(h) (MeV) (MeV)

135I 6.57 2.65 0.18 0.18 0.64 1.17
129Sb 4.4 2.38 0.22 0.22 0.55 0.86
128Sb 9.0 4.39 0.14 0.14 0.73 0.66
129Te 1.16 1.47 0.48 0.48 0.04 0.22
132I 2.30 3.58 0.19 0.19 0.62 0.77
135Xe 9.14 1.15 0.38 0.40 0.22 0.26
127Sn 2.1 3.2 0.24 0.23 0.53 0.92
134I 0.88 4.2 0.20 0.19 0.61 0.86
56Nif 146 2.14 0.10 0.10 0.80 0.53

aTotal energy released in the decay.
b,c,dFraction of the decay energy released in electrons, neutrinos and γ -rays.
eAverage photon energy produced in the decay.
f Note: 56Ni is not produced by the r-process and is only shown for compar-
ison [although a small abundance of 56Ni may be produced in accretion disc
outflows from NS–NS/NS–BH mergers (Metzger et al. 2008b)].

In Fig. 2 we show the final abundance distribution from our
fiducial model, which shows the expected strong second and third
r-process peaks at A ∼ 130 and ∼195, respectively. For comparison,
we show the measured Solar system r-process abundances with
points. The computed abundances are rather different to the one
obtained by Freiburghaus et al. (1999) due to an improved treatment
of fission yields and freeze-out effects.

Although we assume Ye = 0.1 in our fiducial model, the ejecta
from NS mergers will possess a range of electron fractions (see
Section 2.1). To explore the sensitivity of our results to the ejecta
composition we have run identical calculations of the radioactive
heating, but varying the electron fraction in the range Ye = 0.05–
0.35. Although in reality portions of the ejecta with different compo-
sitions will undergo different expansion histories, in order to make
a direct comparison we use the same density trajectory ρ(t) as was
described earlier for the Ye = 0.1 case. Fig. 3 shows the heating rate

C⃝ 2010 The Authors. Journal compilation C⃝ 2010 RAS, MNRAS 406, 2650–2662
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Figure 5. Photon luminosities of the expanding NS merger ejecta caused by radioactive decay heating for the 1.35–1.35 M⊙ (solid lines) and 1.2–1.5 M⊙ (dashed
lines) binaries. The upper, long-duration lines are the bolometric luminosities, the sequences of short-duration peaks correspond to the emission in the blue, visual,
and red wavebands (at wavelengths of 445, 551, 658 nm; from left to right).
(A color version of this figure is available in the online journal.)

neutrons and protons. Nucleon recombination may occur during
the decompression provided the expansion timescale of the tra-
jectories is long enough. For a non-negligible amount of ejected
material, this recombination is indeed inefficient so that light
species (including D and 4He) are also found in the ejecta
(Figure 4). The final yields of A < 140 nuclei remain, how-
ever, small and are not expected to contribute to any significant
enrichment of the interstellar medium compared to the heavier
r-elements.

4. ELECTROMAGNETIC COUNTERPARTS

Radioactive power through β-decays, fission processes, as
well as late-time α-decays will heat the expanding ejecta and
make them radiate as a “macro-nova” (Kulkarni 2005) or “kilo-
nova” (Metzger et al. 2010) associated with the ejection of
nucleosynthesis products from the merger (Li & Paczyński
1998). The time evolution of the corresponding total mass-
averaged energy release rate available for heating the ejecta
(i.e., energy escaping in neutrinos is not considered) is plotted
in Figure 3 for both the 1.35–1.35 M⊙ and 1.2–1.5 M⊙ binaries.
While ⟨Q(t)⟩ and the average temperature evolution differ only
slightly between both NS–NS systems, the ejecta masses Mej
and mass-averaged expansion velocities vexp differ considerably.
While we find for the symmetric system vexp ≈ 0.31c (c being
the speed of light) and Mej ≈ 3 × 10−3 M⊙, corresponding to
a total heating energy of Eheat ≈ 2 × 1049 erg or 3.4 MeV
nucleon−1, the numbers for the asymmetric case are vexp ≈
0.23c, Mej ≈ 6 × 10−3 M⊙, and Eheat ≈ 4 × 1049 erg
(again 3.4 MeV nucleon−1).3 This must be expected to lead
to significant differences in the brightness evolution of the
kilo-nova because its peak bolometric luminosity scales with
Lpeak ∝ v

1/2
expM

1/2
ej and, for free expansion (vexp = const.), is

reached on a timescale tpeak ∝ v
−1/2
exp M

1/2
ej (Metzger et al. 2010;

Arnett 1982).

3 In the simulations with the LS220 EOS we obtain vexp ≈ 0.28c for the
symmetric and vexp ≈ 0.24c for the asymmetric binary.

We calculate an approximation of the light curves of such
events by employing a semi-analytic, simplified one-zone model
of Kulkarni (2005; see also Arnett 1982; Li & Paczyński 1998),
assuming that asymmetries of the emission remain modest
(cf. Roberts et al. 2011). The EOS includes photons as well
as nuclei and electrons, whose recombination fraction with
decreasing temperature is approximated by that of 56Ni (Arnaud
& Rothenflug 1985). The opacity κ = 0.4 Z/A cm2 g−1 for
Thomson scattering is used, taking mass-averaged Z and A
from the nucleosynthesis yields (Figure 3) and ignoring electron
recombination as suggested by Roberts et al. (2011).

Our results for the bolometric light curves Lbol(t) and the B-,
V-, and R-band luminosities νLν(t) are displayed in Figure 5.
While we expect significant emission in the chosen wavelength
bands up to (νLν)peak ≈ 4 × 1041 erg s−1 for about one day
in the case of a 1.35–1.35 M⊙ merger, the 1.2–1.5 M⊙ system
produces sizable BVU-radiation nearly twice as long.

5. CONCLUSIONS

Using relativistic NS merger models to determine the
nucleosynthesis-relevant conditions self-consistently, we con-
firm that decompressed NS matter ejected dynamically dur-
ing the stellar collision and shortly afterward is an extremely
promising site for robust, strong r-processing. Matter from the
inner crust of the coalescing NSs, which dominates the ejecta
by far, produces an r-abundance distribution very similar to the
solar one for nuclei with A > 140. Nuclei with A < 140 with
solar distribution could originate from the outer crust (Goriely
et al. 2011), but too little of such matter gets ejected to explain
the solar proportion of light-to-heavy r-process material. How-
ever, significant amounts of A < 140 nuclei might be produced
in the outflow of a BH-torus system formed after the NS merger
(Wanajo & Janka 2011).

The underlying nuclear mechanisms differ significantly from
those at action in SN scenarios. In particular, fission plays a
major role in recycling heavy material. The similarity between
predicted and solar abundance patterns as well as the robustness
of the prediction against variations of input parameters, which
we have shown in Goriely et al. (2005), have demonstrated here
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Figure 2. Bolometric light curve of the model NSM-all (black, multi-frequency
simulations). This light curve is compared with the light curves for the same
model but with the gray approximation of UVOIR transfer (κ = 0.1, 1, and
10 cm2 g−1 for the blue, purple, and red lines, respectively). The result of
multi-frequency transfer is most similar to that of gray transfer with
κ = 10 cm2 g−1.
(A color version of this figure is available in the online journal.)

compared with the light curves for the same model but with the
gray approximation of the UVOIR transfer. The blue, purple, and
red lines show the cases with gray mass absorption coefficients
of κ = 0.1, 1.0, and 10 cm2 g−1, respectively. The result of
multi-frequency transfer closely follows the light curve with
the gray opacity of κ = 10 cm2 g−1. This result indicates that
r-process element-rich NS merger ejecta are more opaque than
previously assumed (κ ≃ 0.1 cm2 g−1; e.g., Li & Paczyński
1998; Metzger et al. 2010), by a factor of about 100. As a result,
the bolometric light curve becomes fainter and the timescale

becomes longer.7 This result is consistent with the findings of
Kasen et al. (2013) and Barnes & Kasen (2013).

Figure 3 shows the mass absorption coefficient as a function
of wavelength at t = 3 days in the model NSM-all at v = 0.1c.
The mass absorption coefficient is as high as 1–100 cm2 g−1 at
optical wavelengths. The resulting Planck mean mass absorption
coefficient is about κ = 10 cm2 g−1 (Figure 15). As a result,
the bolometric light curve of multi-frequency transfer most
closely follows that of gray opacity of κ = 10 cm2 g−1 in
Figure 2.

The high opacity in r-process element-rich ejecta is also
confirmed by a comparison with other simple models. Figure 4
shows the comparison of the bolometric light curve from the
models NSM-all, NSM-dynamical, NSM-wind, and NSM-Fe.
Compared with the NSM-Fe model, the other models show
fainter light curves. This finding indicates that elements heavier
than Fe contribute to the high opacity. The opacity in the model
NSM-Fe is also shown in Figure 3. The opacity in the NSM-all
model is higher than that in the NSM-Fe model by a factor of
about 100 at the center of optical wavelengths (∼5000 Å).

As inferred from Figure 4, the NSM-dynamical model (55 !
Z ! 92) has a higher opacity than that of the NSM-wind
model (31 ! Z ! 54). This finding arises because lanthanoid
elements (57 ! Z ! 71) make the largest contribution to the
bound–bound opacity, as demonstrated by Kasen et al. (2013).
Note, however, that even with the elements with 31 ! Z ! 54,
the opacity is higher than that of Fe.

Figure 5 shows the multi-color light curves of the model
NSM-all. In general, the emission from NS merger ejecta is red
because of (1) a lower temperature than SNe and (2) a higher
optical opacity than in SNe. In particular, the optical light curves

7 We show the results of our multi-frequency transfer simulations at t ! 1
day. Because of the lack of bound–bound transition data for triply ionized ions
in our line list (Figure 1), the opacities at earlier epochs are not correctly
evaluated. We hereafter show the results when the temperature at the
characteristic velocity is below 10,000 K, when the dominant ionization states
are no longer triply ionized ions. A detailed discussion is presented in
Appendix B.
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Figure 3. Mass absorption coefficient κ at v = 0.1c in the models NSM-all and NSM-Fe as a function of wavelength (t = 3 days after the merger). In r-process
element-rich ejecta, the opacity is higher than in Fe-rich ejecta by a factor of about 100 around the center of optical wavelengths (∼5000 Å).
(A color version of this figure is available in the online journal.)
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Fig. 1.— Complexity of the elements (top panel) and their mass
fractions in the r-process ejecta of neutron star mergers (bottom
panel). The top panel plots the number of states in the ground
configuration for singly ionized ions, as estimated using the simple
permutation counting of eq. 1. The pattern of peaks reflects the
filling of valance shells, with the color shading giving the orbital
angular momentum l (yellow = s, blue = p, green = d, red = f).
The bottom panel plots the mass fractions of the tidal tail ejecta
from the simulations of Roberts et al. (2011).

distinct ways of distributing valence electrons within the
open shells. A subshell with orbital angular momentum
l has g = 2(2l + 1) magnetic sublevels; one can estimate
the number of states in a given electron configuration
by simply counting the permutations of the valence elec-
trons

C = ⇧i
gi!

ni!(gi � ni)!
, (1)

where ni is the number of electrons in the nl-orbital la-
beled i, and the product runs over all open shells in
a given configuration. The di↵erent terms and levels
(i.e., distinct combinations of L, S, J) derived from these
various permutations are split by electrostatic and fine-
structure (e.g. spin-orbit) interactions. Equation 1 can
thus be used to estimate the relative number of distinct
energy levels of an ion, while the number of lines (i.e.,
radiative transitions between levels) will scale roughly as
C

2. Figure 1 plots the complexity measure C for the
ground configurations of singly ionized ions, where the
pattern of l shell filling is clearly seen.
Equation 1 provides immediate insight into the opac-

ity of r-process ejecta. Ions with valence shells of higher
l are more complex, as are those whose open shells are
closer to half filled. This is why the iron group, with
a nearly half-filled d (l = 2) shell, usually dominates
the line opacity in typical astrophysical mixtures. Heavy
r-process ejecta, however, includes uncommon species
of even greater complexity. Of particular importance
are the lanthanides (58 < Z < 70) and the actinides
(90 < Z < 100) which, due to the presence of an open f

(l = 3) shell, have complexity measures roughly an order
of magnitude greater than the iron group. While the ac-
tinide series is generally of very low abundance, the lan-
thanides may represent several percent of r-process ma-
terial by mass. We will find that these species dominate
the total opacity of NSM ejecta, resulting in opacities
orders of magnitudes greater than previously assumed.

To calculate the ejecta opacity in detail, we need a
comprehensive list of atomic lines. As almost no data is
available for heavy ions, we turn here to ab initio atomic
structure modeling using the Autostructure code (Bad-
nell 2011). These models determine the approximate ion
energy level structure and the wavelengths and oscilla-
tor strengths of all permitted radiative dipole transitions
(§3). Without fine tuning the structure model, the com-
puted energies and line wavelengths are not exact. For-
tunately, the e↵ective opacity in an expanding medium
is a wavelength average over many lines. Because our
models reasonably capture the statistical distribution of
levels and lines, they can be used to derive fairly robust
estimates of the pseudo-continuum opacity (§4-§5).
Modeling the radiative properties of all high Z ions is

a long term endeavor; we present here initial structure
calculations for a few representative ions selected from
the iron group (Fe, Co, Ni), the lanthanides (Ce, Nd),
and a few other heavy d-shell and p-shell ions (Os, Sn).
The Autostructure line data is then used to calculate
the opacity of expanding ejecta under the assumption of
local thermodynamic equilibrium (LTE). We show that
ions of similar complexity have similar properties, which
allows us to estimate the total opacity of an r-process
mixture based on the representative species (§6).
The derived opacities can be input into a multi-

wavelength, time-dependent radiative transfer code to
predict the observable properties of r-process supernovae
(§7). We discuss here the general spectroscopic proper-
ties of these transients, while a companion study explores
the broadband light curves and their dependence on the
ejecta properties (Barnes & Kasen 2013). In general, the
high r-process opacities result in light curves that are sig-
nificantly broader, dimmer, and redder than previously
believed. These results have important implications for
observational strategies to find and interpret the radioac-
tively powered electromagnetic counterparts to NSMs.

2. OPACITY OF RAPIDLY EXPANDING EJECTA

We set the stage by reviewing the physical properties
of the material expected to be ejected in NSMs. We
then describe the nature of the opacity in such gas, in
particular that arising from line interactions in a rapidly
expanding medium.

2.1. Physical Conditions of the Ejecta

There are at least two distinct mechanisms by which
material may be ejected in NSMs: 1) During the merger,
surface layers may be tidally stripped and dynamically
flung out in “tidal tails”. 2) Following the merger, mate-
rial which has accumulated in a centrifugally supported
disk may be blown o↵ in a neutrino or nuclear driven
wind (Levinson 2006; Surman et al. 2006; Metzger et al.
2008, 2009). The amount of mass ejected in the tidal tails
appears to depends upon many factors: the NS mass ra-
tio, the equation of state of nuclear matter, and the treat-
ment of gravity, but simulations give values in the range
M

ej

= 10�4

� 10�1

M�. A similar amount of mass may
potentially be ejected in the disk wind. In both cases,
the characteristic velocities are v

ej

⇡ 0.1� 0.3c, of order
the escape velocity from a NS.
The composition of the material ejected by the two

mechanisms is likely di↵erent. The tidal tail ejecta is
initially cold and very neutron rich (electron fraction
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Fig. 1.— Complexity of the elements (top panel) and their mass
fractions in the r-process ejecta of neutron star mergers (bottom
panel). The top panel plots the number of states in the ground
configuration for singly ionized ions, as estimated using the simple
permutation counting of eq. 1. The pattern of peaks reflects the
filling of valance shells, with the color shading giving the orbital
angular momentum l (yellow = s, blue = p, green = d, red = f).
The bottom panel plots the mass fractions of the tidal tail ejecta
from the simulations of Roberts et al. (2011).

distinct ways of distributing valence electrons within the
open shells. A subshell with orbital angular momentum
l has g = 2(2l + 1) magnetic sublevels; one can estimate
the number of states in a given electron configuration
by simply counting the permutations of the valence elec-
trons

C = ⇧i
gi!

ni!(gi � ni)!
, (1)

where ni is the number of electrons in the nl-orbital la-
beled i, and the product runs over all open shells in
a given configuration. The di↵erent terms and levels
(i.e., distinct combinations of L, S, J) derived from these
various permutations are split by electrostatic and fine-
structure (e.g. spin-orbit) interactions. Equation 1 can
thus be used to estimate the relative number of distinct
energy levels of an ion, while the number of lines (i.e.,
radiative transitions between levels) will scale roughly as
C

2. Figure 1 plots the complexity measure C for the
ground configurations of singly ionized ions, where the
pattern of l shell filling is clearly seen.
Equation 1 provides immediate insight into the opac-

ity of r-process ejecta. Ions with valence shells of higher
l are more complex, as are those whose open shells are
closer to half filled. This is why the iron group, with
a nearly half-filled d (l = 2) shell, usually dominates
the line opacity in typical astrophysical mixtures. Heavy
r-process ejecta, however, includes uncommon species
of even greater complexity. Of particular importance
are the lanthanides (58 < Z < 70) and the actinides
(90 < Z < 100) which, due to the presence of an open f

(l = 3) shell, have complexity measures roughly an order
of magnitude greater than the iron group. While the ac-
tinide series is generally of very low abundance, the lan-
thanides may represent several percent of r-process ma-
terial by mass. We will find that these species dominate
the total opacity of NSM ejecta, resulting in opacities
orders of magnitudes greater than previously assumed.

To calculate the ejecta opacity in detail, we need a
comprehensive list of atomic lines. As almost no data is
available for heavy ions, we turn here to ab initio atomic
structure modeling using the Autostructure code (Bad-
nell 2011). These models determine the approximate ion
energy level structure and the wavelengths and oscilla-
tor strengths of all permitted radiative dipole transitions
(§3). Without fine tuning the structure model, the com-
puted energies and line wavelengths are not exact. For-
tunately, the e↵ective opacity in an expanding medium
is a wavelength average over many lines. Because our
models reasonably capture the statistical distribution of
levels and lines, they can be used to derive fairly robust
estimates of the pseudo-continuum opacity (§4-§5).
Modeling the radiative properties of all high Z ions is

a long term endeavor; we present here initial structure
calculations for a few representative ions selected from
the iron group (Fe, Co, Ni), the lanthanides (Ce, Nd),
and a few other heavy d-shell and p-shell ions (Os, Sn).
The Autostructure line data is then used to calculate
the opacity of expanding ejecta under the assumption of
local thermodynamic equilibrium (LTE). We show that
ions of similar complexity have similar properties, which
allows us to estimate the total opacity of an r-process
mixture based on the representative species (§6).
The derived opacities can be input into a multi-

wavelength, time-dependent radiative transfer code to
predict the observable properties of r-process supernovae
(§7). We discuss here the general spectroscopic proper-
ties of these transients, while a companion study explores
the broadband light curves and their dependence on the
ejecta properties (Barnes & Kasen 2013). In general, the
high r-process opacities result in light curves that are sig-
nificantly broader, dimmer, and redder than previously
believed. These results have important implications for
observational strategies to find and interpret the radioac-
tively powered electromagnetic counterparts to NSMs.

2. OPACITY OF RAPIDLY EXPANDING EJECTA

We set the stage by reviewing the physical properties
of the material expected to be ejected in NSMs. We
then describe the nature of the opacity in such gas, in
particular that arising from line interactions in a rapidly
expanding medium.

2.1. Physical Conditions of the Ejecta

There are at least two distinct mechanisms by which
material may be ejected in NSMs: 1) During the merger,
surface layers may be tidally stripped and dynamically
flung out in “tidal tails”. 2) Following the merger, mate-
rial which has accumulated in a centrifugally supported
disk may be blown o↵ in a neutrino or nuclear driven
wind (Levinson 2006; Surman et al. 2006; Metzger et al.
2008, 2009). The amount of mass ejected in the tidal tails
appears to depends upon many factors: the NS mass ra-
tio, the equation of state of nuclear matter, and the treat-
ment of gravity, but simulations give values in the range
M

ej

= 10�4

� 10�1

M�. A similar amount of mass may
potentially be ejected in the disk wind. In both cases,
the characteristic velocities are v

ej

⇡ 0.1� 0.3c, of order
the escape velocity from a NS.
The composition of the material ejected by the two

mechanisms is likely di↵erent. The tidal tail ejecta is
initially cold and very neutron rich (electron fraction

Kasen+13

Lanthanide

Lanthanide	=>	high	opacity

The Astrophysical Journal, 774:25 (13pp), 2013 September 1 Kasen, Badnell, & Barnes

Figure 1. Complexity of the elements (top panel) and their mass fractions in the r-process ejecta of neutron star mergers (bottom panel). The top panel plots the
number of states in the ground configuration for singly ionized ions, as estimated using the simple permutation counting of Equation (1). The pattern of peaks reflects
the filling of valance shells, with the color shading giving the orbital angular momentum l (yellow = s, blue = p, green = d, red = f). The bottom panel plots the mass
fractions determined in Roberts et al. (2011) by post-processing the hydrodynamical simulation of tidal tail ejecta.
(A color version of this figure is available in the online journal.)

momentum l has g = 2(2l + 1) magnetic sublevels; one can
estimate the number of states in a given electron configuration
by simply counting the permutations of the valence electrons

C = Πi

gi!
ni!(gi − ni)!

, (1)

where ni is the number of electrons in the nl-orbital labeled i, and
the product runs over all open shells in a given configuration. The
different terms and levels (i.e., distinct combinations of L, S, J )
derived from these various permutations are split by electrostatic
and fine-structure (e.g., spin-orbit) interactions. Equation (1)
can thus be used to estimate the relative number of distinct
energy levels of an ion, while the number of lines (i.e., radiative
transitions between levels) will scale roughly as C2. Figure 1
plots the complexity measure C for the ground configurations of
singly ionized ions, where the pattern of l shell filling is clearly
seen.

Equation (1) provides immediate insight into the opacity
of r-process ejecta. Ions with valence shells of higher l are
more complex, as are those whose open shells are closer to
half filled. This is why the iron group, with a nearly half-
filled d (l = 2) shell, usually dominates the line opacity in
typical astrophysical mixtures. Heavy r-process ejecta, however,
includes uncommon species of even greater complexity. Of
particular importance are the lanthanides (58 < Z < 70) and
the actinides (90 < Z < 100) which, due to the presence of an
open f (l = 3) shell, have complexity measures roughly an order
of magnitude greater than the iron group. While the actinide
series is generally of very low abundance, the lanthanides may
represent several percent of r-process material by mass. We will
find that these species dominate the total opacity of NSM ejecta,
resulting in opacities ∼10–100 times greater than previously
assumed.

To calculate the ejecta opacity in detail, we need a compre-
hensive list of atomic lines. As almost no data is available for
heavy ions, we turn here to ab initio atomic structure modeling

using the Autostructure code (Badnell 2011). These models
determine the approximate ion energy level structure and the
wavelengths and oscillator strengths of all permitted radiative
dipole transitions (Section 3). Without fine tuning the structure
model, the computed energies and line wavelengths are not ex-
act. Fortunately, the effective opacity in an expanding medium
is a wavelength average over many lines. Because our mod-
els reasonably capture the statistical distribution of levels and
lines, they can be used to derive fairly robust estimates of the
pseudo-continuum opacity (Sections 4 and 5).

Modeling the radiative properties of all high Z ions is a long
term endeavor; here we present initial structure calculations for
a few representative ions selected from the iron group (Fe, Co,
Ni), the lanthanides (Ce, Nd), and a few other heavy d-shell
and p-shell ions (Os, Sn). The Autostructure line data is
then used to calculate the opacity of expanding ejecta under
the assumption of local thermodynamic equilibrium (LTE). We
show that ions of similar complexity have similar properties,
which allows us to estimate the total opacity of an r-process
mixture based on the representative species (Section 6).

The derived opacities can be input into a multi-wavelength,
time-dependent radiative transfer code to predict the observable
properties of r-process SNe (Section 7). We discuss here the
general spectroscopic properties of these transients, while a
companion study explores the broadband light curves and their
dependence on the ejecta properties (Barnes & Kasen 2013).
In general, the high r-process opacities result in light curves
that are significantly broader, dimmer, and redder than the
previously believed. These results have important implications
for observational strategies to find and interpret the radioactively
powered electromagnetic counterparts to NSMs.

2. OPACITY OF RAPIDLY EXPANDING EJECTA

We set the stage by reviewing the physical properties of the
material expected to be ejected in NSMs. We then describe the
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Table 1
Peak Magnitudes and Light-curve Properties of r-process Transients

Mej β Composition Lp,bol
a tp,bol

b MB MR MI MH

(M⊙)

10−3 0.1 r-proc 1.2 × 1040 0.65 −9.3 −11.2 −12.0 −14.0
10−3 0.2 r-proc 1.6 × 1040 0.75 −9.1 −11.3 −12.6 −14.1
10−3 0.3 r-proc 3.5 × 1040 0.15 −9.3 −12.4 −13.6 −14.7
10−2 0.1 r-proc 5.2 × 1040 4.25 −11.2 −12.7 −13.3 −15.8
10−2 0.2 r-proc 8.5 × 1040 1.85 −11.4 −12.8 −14.0 −15.9
10−2 0.3 r-proc 1.7 × 1041 0.25 −11.8 −14.1 −15.2 −16.5
10−1 0.1 r-proc 2.4 × 1041 8.65 −12.9 −14.1 −14.6 −17.5
10−1 0.2 r-proc 4.1 × 1041 4.35 −13.4 −14.3 −15.4 −17.5
10−1 0.3 r-proc 7.2 × 1041 0.25 −14.0 −15.5 −16.7 −18.1
10−3 0.1 56Ni 3.5 × 1040 0.25 −13.0 −12.6 −12.6 −11.8
10−2 0.1 56Ni 3.7 × 1041 0.75 −15.4 −14.9 −14.5 −14.8

Notes.
a Peak bolometric luminosity, in erg s−1.
b Rise time to bolometric light-curve peak, in days.

The mass and velocities of the matter ejected during compact
object mergers are still uncertain. Simulations of NSMs (e.g.,
Rosswog et al. 1999; Oechslin et al. 2007; Goriely et al. 2011;
Bauswein et al. 2013; Hotokezaka et al. 2013) and of neutron
star–black hole mergers (e.g., Janka et al. 1999; Lee 2001;
Rosswog 2005) have found that the amount of material ejected is
sensitive to binary type, mass ratio, nuclear equation of state, and
the treatment of gravity (Newtonian versus general relativistic).
However, taken in aggregate, simulations suggest NSM may
eject ∼10−2 M⊙ of material with velocities on the order of
β = v/c ∼ 0.1. We adopt these parameters as our fiducial
model, but vary the mass and velocity scales over the range
M = 10−3–10−1 M⊙ and βchar = 0.1–0.3, where we define the
characteristic velocity by

E = 1
2
Mej (βcharc)2 . (6)

We assume the ejecta to be homogenous and composed of
either pure r-process material or pure 56Ni. For models with
r-process elements, all zones are assumed to have the same
radioactive decay rate given by Roberts et al. (2011). Of the
decay energy, 10% is taken to be in fission fragments, and 90%
in beta decays. Of the beta decay energy, 25% is assumed to be
lost to neutrinos, with the remaining 75% split equally between
leptons and gamma rays. Leptons and fission fragments are
assumed to be thermalized locally, while we use a radiation
transport scheme to follow the propagation and absorption of
gamma rays. This approximate apportioning of the decay energy
is based on the physical considerations given in Metzger et al.
(2010).

3.2. Light Curves

We generate synthetic observables of our ejecta models using
the time-dependent multi-wavelength radiation transport code
Sedona (Kasen et al. 2006). Beginning at an initial time of
0.1 days after mass ejection, the code follows the temperature
and density evolution of the expanding ejecta, taking into
account radiative and radioactive heating as well as cooling
by expansion. The wavelength-dependent r-process and iron
opacities are calculated in each zone using the Autostructure
and Kurucz & Bell (1995) line data, respectively. The ionization
and excitation state of the gas are assumed to be set by LTE, and

Figure 2. Synthetic bolometric light curves of r-process transients with different
ejecta masses (top panel) and velocities (bottom panel). For comparison,
we also show the light curve of a model with fiducial ejecta parameters
(M = 10−2 M⊙, βchar = 0.1) but calculated assuming iron-like opacities
(dashed lines). The higher opacities of r-process ejecta lead to significantly
broader light curves. The models with higher ejecta velocities correspond to
shorter rise times and steeper declines, while those with higher masses have
greater luminosities and longer durations.
(A color version of this figure is available in the online journal.)

lines are taken to be completely absorbing. Sedona synthesizes
the emergent spectral time series, from which we construct
bolometric and broadband light curves. Table 1 summarizes
the EM properties of the models we investigated.

In Figure 2, we plot the bolometric light curves of r-process
transients for a subset of the parameter grid. For comparison,
we also show a light curve calculated using iron-like opacities.
Introducing more realistic r-process opacities clearly changes
the picture significantly—the light curves have slower rise times
and broader, dimmer peaks than those calculated with iron-like
opacities. Notably, the r-process transients do not in general
have the ∼1 day duration thought to be a distinguishing feature
of these events, and instead may last a week or longer.

That higher opacities give broader, dimmer light curves is
expected theoretically. The duration of radioactively powered
bolometric light curves is set by the effective diffusion time
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物質は多くの中性子を含んでいるため，放出物質
の中では速い中性子捕獲反応（r-process）が進
みます 12）‒14）．r-processは放射性不安定な原子核
を経由して重元素を合成するプロセスですので，
中性子星合体は不安定な原子核の放射性エネル
ギーを使って電磁波で等方的に光るはずです．こ
れは Ia型超新星がニッケル56の放射性崩壊で電
磁波で明るく輝くのと似ています．
このような電磁波放射のアイデア自体は1999

年に初めて提唱されていたのですが 15），詳細な
放射の様子は最近まで明らかになっていませんで
した．核分裂やベータ崩壊によって，放射性エネ
ルギーが放出物質に蓄えられるところまでは良い
のですが，中性子星合体からの放出物質は鉄より
重い元素「のみ」で構成される特殊な系で，放出
物質内部での光の進みにくさ（opacity）がわか
らなかったためです．そのため長い間，Ia型超新
星のような鉄族元素で構成される系のopacity
（約0.1 cm2 g－1）を仮定して電磁波放射の予想が
行われていました．
そこで筆者らは，r-process元素のみで構成さ
れる系での現実的な輻射輸送シミュレーションを
行いました 16）．その結果，r-process元素で構成
される系におけるopacityが，Ia型超新星に比べ
て約100倍も高い（10 cm2 g－1）ことがわかりま
した．同時期にアメリカのグループも異なるアプ
ローチで同様の結論に到達しています 17）, 18）．光
がより進みにくいということは，電磁波放射のタ
イムスケールが長くなり，放射がより暗くなるこ
とを意味します．シミュレーションの結果，中性
子星合体からの電磁波放射は（1）1週間程度の
タイムスケールで，（2）1040‒1041 erg s－1程度の
光度をもち（図2），（3）放射のピークは近赤外
線にくることがわかりました（図3）．
ちなみに，この電磁波放射現象は英語では“ki-

lonova”や“macronova”などと呼ばれています．
日本語では正式な名前はまだ存在しません．直訳
すると「千新星」，「巨新星」となり，どうもイマ

イチです．そこで筆者は，膨張速度が「速い」こ
と，「速い」中性子捕獲反応で明るく輝くことか
ら，「超速新星」と呼ぶことにしました 19）．この
名前が定着するかは極めて不明ですが，本稿では
こう呼ばせていただきます．
さて，中性子星合体からこのような放射が起き
るとすると，ショートガンマ線バーストの残光の
中にこのような放射が足されて観測される可能性
があります．幸運なことに，筆者らがシミュレー
ションを行ったのと同じ年の2013年，非常に近
傍でショートガンマ線バーストGRB 130603Bが
発見されました．このガンマ線バーストの赤外線

図2 数値シミュレーションで得られた連星中性子
星合体の光度曲線．破線は0.01太陽質量の r-
process元素による放射性崩壊エネルギー．

図3 連星中性子星合体のスペクトルと，Ia型超新
星，継続時間の長いガンマ線バーストに付随し
た超新星（SN 1998 bw）のスペクトルの比較．
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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
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Figure 1. Schematic diagram of the evolution of compact binary coalescences. The frequency
of the emitted GW is indicated for the different stages. NS–NS inspirals are observable for a
few seconds to minutes. Upon the merger of the NSs, a binary with total mass Mbinary ! 3 M⊙
promptly collapses into a BH. For non-equal-mass binaries, the forming BH will be surrounded by
an accretion disc. NS–NS binaries with total mass MNS,max < Mbinary < 3 M⊙ (where MNS,max is
the mass limit of non-rotating NSs) form a hypermassive NS with strong differential rotation, which
assumes a non-axisymmetric ellipsoid shape. The hypermassive NS survives for milliseconds to a
second, eventually collapsing into a BH, potentially with an accretion disc. Very low mass NS–NS
binaries (Mbinary < MNS,max) can leave a stable NS behind. For BH–NS binaries, after an inspiral
phase observable for seconds to minutes, the NS either gets tidally disrupted (if tidal disruption at
radius Rtidal occurs before, the NS could reach the ISCO at RISCO) or it plunges into the BH (if
Rtidal < RISCO). Tidal disruption results in a BH with an accretion disc, while no accretion disc
forms upon plunge. This merger phase, along with the ringdown of the BH after plunge, lasts for
milliseconds.

system can (slightly) affect the orbital period (and therefore the gravitational waveform) in the
late inspiral phase [53–57]. Further, general relativistic spin–spin or spin–orbit coupling can
cause the binary’s orbital plane to precess, affecting the binary’s evolution and GW emission
[58–60].

Nevertheless, the dominant features of the GW signal from the inspiral phase are captured
by neglecting the spins and internal structure of the binary elements. As the objects spiral
together, their orbital frequency increases producing a GW signal that sweeps upward
in frequency. About ∼15 min before the merger, the GW from the inspiral of an NS–
NS binary begins to sweep upward from ∼10 Hz through the band of Earth-based GW
interferometers. The effective amplitude heff ≡ f |h̃( f )| of the GW signal from a binary system
decreases as heff ∝ f −1/6 [61], up to a mass-dependent cut-off frequency fcut ∼ 1 − 3 kHz
[62, 63, 61]. The frequency ranges !1 kHz and 1–3 kHz are traditionally considered the
inspiral and early-merger phases, respectively. For f ! fcut, the merger retains a binary-like
structure and consequently emits relatively strong GWs [61].

Advanced detectors will be able to detect an NS–NS inspiral up to Dh ∼ 450 Mpc, while
NS–BH inspirals will be detectable up to Dh ∼ 950 Mpc [46] (the distances are given for
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Higher	Ye	
=>	Synthesis	of	lighter	elements
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Figure 5. Snapshots for the BH-torus model M3A8m3a5 at t = 50ms (top row) and t = 2 s (bottom row). At early times neutrino-driven
ejecta dominate the outflow, whereas at late times the viscous component is more important. Plot (a) shows the total net neutrino-heating
rate (left panel), overlaid with arrows indicating the vectors of the energy-integrated energy flux for electron neutrinos multiplied by
4⇡r2, and the density (right panel), overlaid with arrows for the velocity vectors. The neutrino-heating rate includes neutrino absorption
on nucleons as well as neutrino-pair annihilation; in the black region neutrino cooling dominates heating. The maximum arrow lengths
correspond to values of 5 ⇥ 1053 erg s�1 and 7 ⇥ 109 cm s�1 in the left and right panels, respectively. Plot (b) shows the entropy (left
panel) and the electron fraction (right panel). Plots (c) and (d) display the same quantities as plots (a) and (b), respectively, but with
the neutrino information replaced by temperature. The longest arrow in plot (c) defines a velocity of 2⇥109 cm s�1. Note that the radial
scales as well as the density ranges for the plots at t = 50ms and 2 s are di↵erent.
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been challenged (e.g., van de Voort et al. 2015; Shen et al. 2015;
Hirai et al. 2015). Additional evidence supporting the presence of
a ‘high yield’ r-process site – like a NS-NS/NS-BH merger – in-
cludes the discovery of highly r-process enriched stars in the ultra-
faint dwarf galaxy Reticulum II (Ji et al. 2016), and the abundance
of the short-lived isotope 244Pu on the sea floor (Wallner et al. 2015;
Hotokezaka et al. 2015).

Nucleosynthesis in NS-NS/NS-BH mergers has also received
a recent surge of interest due to the realization that the radioac-
tive decay of the r-process ejecta can power a thermal transient (a
“kilonova”; e.g., Li & Paczyński 1998, Metzger et al. 2010, Roberts
et al. 2011, Barnes & Kasen 2013, Tanaka & Hotokezaka 2013),
which could serve as a promising electromagnetic counterpart to
the gravitational waves (Metzger & Berger 2012). The detection
of a possible kilonova following the Swift GRB 130603B (Berger
et al. 2013; Tanvir et al. 2013) highlights the potential of kilonovae
as both a unique diagnostic of physical processes at work during
the merger and a direct probe of the formation of r-process nuclei
(see, e.g., Rosswog 2015, Fernández & Metzger 2016, Tanaka 2016
for recent reviews).

Previous work on the r-process in NS-NS/NS-BH mergers has
been focused primarily on the dynamical ejecta that is unbound
promptly during the immediate aftermath of the merger (e.g. Meyer
1989, Freiburghaus et al. 1999, Goriely et al. 2005). Earlier sim-
ulations that did not include weak interactions have shown this
unbound matter to be highly neutron-rich, with an electron frac-
tion Ye

⇠

< 0.1, su�ciently low to produce a robust abundance pat-
tern for heavy nuclei with A

⇠

> 140 as the result of fission cy-
cling (e.g., Goriely et al. 2011, Korobkin et al. 2012, Bauswein
et al. 2013, Mendoza-Temis et al. 2015). More recently, a num-
ber of merger calculations that include the e↵ects of e± captures
and neutrino irradiation in full general-relativity have shown that
the dynamical ejecta can have a wider electron fraction distribu-
tion (Ye ⇠ 0.1 � 0.4) than models without weak interaction e↵ects
(Sekiguchi et al. 2015; Foucart et al. 2015; Radice et al. 2016). As
a result, lighter r-process elements with 90

⇠

< A
⇠

< 140 are gener-
ated in addition to third-peak elements (Wanajo et al. 2014; Roberts
et al. 2016). It is important to keep in mind, however, that the light
element yields in these calculations are dependent on the assumed
dense-matter equation of state and on the details of the neutrino
transport employed, in addition to the NS radii and the binary mass
ratio.

In addition to ejecting material dynamically, NS-NS/NS-BH
mergers result in the formation of an accretion disk around the cen-
tral remnant (e.g., Oechslin & Janka 2006); with the latter being a
promptly formed BH or a longer-lived hypermassive NS (HMNS)
(e.g., Shibata & Uryū 2000). In both cases, the accretion disk can
generate outflows on timescales much longer than the orbital time
(e.g., Metzger et al. 2008; Lee et al. 2009; Metzger et al. 2009), and
with a contribution to the total mass ejection that can be compara-
ble to, or even larger than that from the dynamical ejecta (Figure 1,
see also Fernández & Metzger 2016). A relatively massive disk
(⇠ 0.1M

�

) can be formed following a NS-NS merger, as part of the
process by which the HMNS sheds angular momentum outwards
prior to collapsing into a BH (e.g. Shibata & Taniguchi 2006).
Long-term hydrodynamic simulations of the disk evolution show
that a significant fraction of the initial disk mass (⇠ 5�20%, corre-
sponding to ⇠ 0.01M

�

) is unbound in outflows powered by heating
from angular momentum transport and nuclear recombination, on
a timescale of

⇠

> 1 s (Fernández & Metzger 2013, hereafter FM13;
Just et al. 2015, Fernández et al. 2015). As the result of weak inter-
actions, the electron fraction of the disk outflows lies in the range

Figure 1. Mass ejected dynamically during a compact binary merger ver-
sus that ejected in disk outflows. Each point corresponds to the result of
a single time-dependent NS-NS (triangles) and BH-NS (squares) simula-
tion. Shown are models by Hotokezaka et al. (2013) (blue), Oechslin &
Janka (2006) (green, upper limits shown by arrows), Just et al. (2015)
(brown), East et al. (2012) (red), and Foucart et al. (2014) (orange). The
mass unbound in disk outflows is estimated to be 10 per cent of the mass
of the remnant disk, based on calculations of the subsequent accretion disk
evolution (e.g., FM13). Dashed lines show total ejecta mass contours (dy-
namical + disk winds) of 0.01M

�

and 0.1M
�

, bracketing the range nec-
essary to explain the Galactic production rate of heavy r-process nuclei
⇠ 5 ⇥ 10�7 M

�

yr�1 (Qian 2000), given the allowed range of the rates of
NS-NS mergers 2 [4, 61] Myr�1 (99% confidence) calculated based on the
population of Galactic binaries (Kim et al. 2015). See also Fernández &
Metzger (2016).

Ye ⇠ 0.2 � 0.4, generally higher than that of the dynamical ejecta,
but still su�ciently low to achieve the r-process (Just et al. 2015).

Although most of the previous work on merger disk wind nu-
cleosynthesis has focused on parametrized outflows powered by
neutrino heating (e.g. McLaughlin & Surman 2005; Surman et al.
2008; Caballero et al. 2012; Surman et al. 2014), in analogy with
proto-NS winds, time-dependent models of the long-term disk evo-
lution show that neutrino heating is sub-dominant relative to vis-
cous heating in driving most of the disk outflow when a BH sits at
the center (FM13, Just et al. 2015). Neutrino heating is much more
important if the merger produces a long-lived HMNS (Dessart et al.
2009; Metzger & Fernández 2014; Perego et al. 2014; Martin et al.
2015), resulting in a larger ejecta mass with higher electron frac-
tion, depending on the uncertain lifetime of such a remnant. To
date, the only fully time-dependent nucleosynthesis study of long-
term outflows from BH accretion disks was carried out by Just et al.
(2015), who found that disk outflows can generate elements from
A ⇠ 80 to the actinides, with the contribution above A = 130 being
sensitive to system parameters.

In this paper we further investigate nucleosynthesis in the out-
flows from NS-NS/NS-BH merger remnant accretion disks around
BHs, by applying a nuclear reaction network on thermodynamic
trajectories extracted from fully time-dependent, long-term hydro-
dynamic simulations of disk outflows. Our aim is to carry out a
systematic study of the dependence of the r-process production on
system parameters such as disk mass or viscosity, and on additional
ingredients such as nuclear physics inputs to the reaction network
or the feedback from nuclear heating on the disk dynamics. Our
main conclusion is that disk outflows from NS binary mergers can
in principle produce both the light and heavy r-process elements,
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Higher	Ye	=>	Lower	opacity	(if	Lanthanide	free)
=>	Brighter	emission	at	earlier	epochs

“Blue	kilonova”

Kilonova light curves from disc winds 1781

Figure 4. Synthetic light curves of models t000, t030, t100 and tInf. Blue lines denote blue optical emission (averaged over 3500–5000 Å), red lines denote
red optical emission (5000–7000 Å) and black lines infrared emission (1–3 µm). Lines are overplotted for 20 different viewing angles, equally spaced in cos θ .
A small amount of Monte Carlo noise is apparent in the calculations.

Figure 5. Left-hand panel: angle-averaged synthetic light curves of various wind models at optical blue wavelengths (3500–5000 Å). The closed circles show
r-band observations of the possible kilonova following GRB 080503 (Perley et al. 2009). The triangle symbol denotes an upper limit. As the redshift of 080503
is unknown, we adopt a value z = 0.25 and neglect k-correction effects. Right-hand panel: model light curves of the same models at infrared wavelengths
(1−3 µm). The square shows the Hubble Space Telescope observations of the possible kilonova associated with GRB130603B (Berger, Fong & Chornock
2013; Tanvir et al. 2013).
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Diagnosing BH formation with kilonovae 3445

Fortunately, NSMs are also accompanied by coincident elec-
tromagnetic (EM) signals that inform physical processes at work
during the merger (e.g. Metzger & Berger 2012; Kelley, Mandel
& Ramirez-Ruiz 2013; Piran, Nakar & Rosswog 2013). One such
counterpart is a thermal IR/optical transient powered by the ra-
dioactive decay of heavy elements synthesized in the merger ejecta
(a ‘kilonova’; Li & Paczyński 1998; Metzger et al. 2010; Goriely,
Bauswein & Janka 2011; Roberts et al. 2011; Piran et al. 2013;
Grossman et al. 2014; Tanaka et al. 2014). Kilonovae are partic-
ularly promising EM counterparts because (1) their generation is
relatively robust, requiring only a modest amount of unbound ejecta;
(2) their signal is independent of the existence of a dense surround-
ing external medium; and (3) unlike a GRB, kilonovae are relatively
isotropic. A candidate kilonova was recently detected following the
GRB 130603B (Berger, Fong & Chornock 2013; Tanvir et al. 2013).

If the merger ejecta is sufficiently neutron-rich for r-process
nucleosynthesis to reach the Lanthanides (A ! 139), the optical
opacity becomes much higher than that of iron-group elements
(Kasen, Badnell & Barnes 2013), resulting in emission that is redder,
dimmer, and more slowly evolving (Barnes & Kasen 2013; Tanaka
& Hotokezaka 2013). Although such unusually red colours may be
beneficial in distinguishing NSM transients from unrelated astro-
physical sources, the current lack of sensitive wide-field infrared
telescopes could make EM follow-up across the large sky error re-
gions provided by Advanced LIGO/Virgo even more challenging
(e.g. Hanna, Mandel & Vousden 2014; Kasliwal & Nissanke 2013;
Metzger, Kaplan & Berger 2013; Nissanke, Kasliwal & Georgieva
2013).

The matter ejected dynamically following an NSM is likely to be
sufficiently neutron rich (as quantified by the electron fraction Ye "
0.3) to produce a red kilonova (e.g. Rosswog 2005; Duez et al. 2010;
Bauswein, Goriely & Janka 2013b). Dynamical expulsion is not the
only source of ejecta, however. A robust consequence of the merger
process is the formation of a remnant torus surrounding the central
HMNS. Outflows from this accretion disc over longer, viscous time-
scales also contribute to the merger ejecta (e.g. Metzger, Quataert &
Thompson 2008a; Surman et al. 2008; Dessart et al. 2009; Lee,
Ramirez-Ruiz & López-Cámara 2009; Metzger, Piro & Quataert
2008b; Wanajo & Janka 2012). The more isotropic geometry of
disc winds suggests that they may contribute a distinct component
to the kilonova light curve for most viewing angles (Barnes & Kasen
2013; Grossman et al. 2014).

Fernández & Metzger (2013a, hereafter FM13) calculated the
viscous evolution of remnant BH accretion discs formed in NSMs
using two-dimensional, time-dependent hydrodynamical simula-
tions. Over several viscous times, FM13 found that a frac-
tion ∼several per cent of the initial disc mass is ejected as a moder-
ately neutron-rich wind (Ye ∼ 0.2) powered by viscous heating and
nuclear recombination. Although the higher entropy of the outflow
as compared to the dynamical ejecta results in subtle differences
in composition (e.g. a small quantity of helium), the disc outflows
likely produce Lanthanide elements with sufficient abundance to
result in a similarly red kilonova as with the dynamical ejecta.

FM13 included the effects of self-irradiation by neutrinos on
the dynamics and composition of the disc. Due to the relatively
low accretion rate and radiative efficiency at the time of the peak
outflow, neutrino absorption had a sub-dominant contribution to the
disc evolution. This hierarchy is important because a large neutrino
flux tends to drive Ye to a value higher than that in the disc mid-
plane (e.g. Metzger et al. 2008a; Surman et al. 2008, 2014). If
neutrino irradiation is sufficient to drive Ye ! 0.3−0.4, the nuclear
composition of the disc outflows would be significantly altered,

Figure 1. Relation between the observed kilonova and the properties of the
ejecta that powers it. Material ejected dynamically in the equatorial plane
is highly neutron rich (Ye < 0.1), producing heavy r-process elements that
include Lanthanides. This results in emission that peaks in the near-infrared
and lasts for ∼1 week (‘late red bump’) due to the high opacity. Outflows
from the remnant disc are more isotropic and also contribute to the kilonova.
If the HMNS is long-lived, then neutrino irradiation can increase Ye to a
high enough value (Ye ∼ 0.4) that no Lanthanides are formed, resulting
in emission peaking at optical wavelengths (‘early blue bump’). If BH
formation is prompt, outflows from the disc remain neutron rich, and their
contribution is qualitatively similar to that of the dynamical ejecta.

resulting in a distinct additional component visible in the kilonova
emission.

By ignoring the influence of a central HMNS, FM13 implic-
itly assumed a scenario in which BH formation was prompt or the
HMNS lifetime very short. Here, we extend the study of FM13 to
include the effects of neutrino irradiation from a long-lived HMNS.
As we will show, the much larger neutrino luminosity of the HMNS
has a profound effect on the quantity and composition of the disc
outflows, allowing a direct imprint of the HMNS lifetime on the
kilonova (Fig. 1). As in FM13, our study includes many approxi-
mations that enable us to follow the secular evolution of the system.
We focus here on exploring the main differences introduced by the
presence of an HMNS, and leave more extensive parameter space
studies or realistic computations for future work.

The paper is organized as follows. In Section 2, we describe the
numerical model employed. Our results are presented in Section 3,
separated into dynamics of the outflow (Section 3.1) and composi-
tion (Section 3.2). A summary and discussion follows in Section 4.
Appendix A describes in more detail the upgrades to the neutrino
physics implementation relative to that of FM13.

2 N U M E R I C A L M O D E L

Our numerical model largely follows that described in FM13. Here,
we summarize the essential modifications needed to model the pres-
ence of an HMNS.

2.1 Equations and numerical method

We use FLASH3.2 (Dubey et al. 2009) to solve the time-dependent
hydrodynamic equations in two-dimensional, axisymmetric
spherical geometry. Source terms include the pseudo-Newtonian
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FIG. 2: Expected observed magnitudes of kilonova models at 200 Mpc distance [70, 71]. The red, blue, and green lines show
the models of NS-NS merger (APR4-1215), BH-NS merger (APR4Q3a75), and a wind model, respectively. The ejecta mass
is Mej = 0.01M⊙ for these models. For comparison, light curve models of Type Ia SN are shown in gray. The corresponding
absolute magnitudes are indicated in the right axis.

B. NS-NS mergers

When two NSs merge with each other, a small part
of the NSs is tidally disrupted and ejected to the inter-
stellar medium (e.g., [36, 42]). This ejecta component is
mainly distributed in the orbital plane of the NSs. In
addition to this, the collision drives a strong shock, and
shock-heated material is also ejected in a nearly spheri-
cal manner (e.g., [48, 84]). As a result, NS-NS mergers
have quasi-spherical ejecta. The mass of the ejecta de-
pends on the mass ratio and the eccentricity of the orbit
of the binary, as well as the radius of the NS or equation
of state (EOS, e.g., [48, 84–88]): a more uneven mass
ratio and more eccentric orbit leads to a larger amount
of tidally-disrupted ejecta and a smaller NS radius leads
to a larger amount of shock-driven ejecta.

The red line in Figure 1 shows the expected luminosity
of a NS-NS merger model (APR4-1215 from Hotokezaka

et al. 2013 [48]). This model adopts a “soft” EOS APR4
[89], which gives the radius of 11.1 km for a 1.35M⊙

NS. The gravitational masses of two NSs are 1.2M⊙ +
1.5M⊙ and the ejecta mass is 0.01 M⊙. The light curve
does not have a clear peak since the energy deposited in
the outer layer can escape earlier. Since photons kept
in the ejecta by the earlier stage effectively escape from
the ejecta at the characteristic timescale (Eq. 2), the
luminosity exceeds the energy deposition rate at ∼ 5− 8
days after the merger.

Figure 2 shows multi-color light curves of the same
NS-NS merger model (red line, see the right axis for the
absolute magnitudes). As a result of the high opacity and
the low temperature [77], the optical emission is greatly
suppressed, resulting in an extremely “red” color of the
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

NS-NS

Disk	wind	
(lower	opacity)

BH-NS	
(higher	T)

Type	Ia	SNi-band,	Mej	=	0.01	Msun

1m

4m

8m

MT	2016



• EM	emission	from	compact	binary	mergers

• Kilonova/macronova	emission

• Lessons	from	past	observa@ons	and	
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Kilonova/Macronova	Emission	from
Compact	Binary	Mergers



Test	with	short	GRBs
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Figure 10. Deep late detections or upper limits of Type I GRB afterglows, all shifted to z = 0.1, and compared with the R-band light curve of SN 1998bw at z = 0.1.
Here, we conservatively assume that the late detections derive from SN light only and there is no more afterglow contribution. For GRBs 051221A and 050813, the
limits on an accompanying SN are not very strong, but all other Type I GRBs in this figure, including the temporally long events GRB 060505 and GRB 060614,
give extremely stringent limits on any accompanying SN emission. The faintest upper limits are less luminous than any confirmed SNe at peak. In four cases (GRBs
050813, 050906, 060502B, and 061201), the redshifts are insecure and thus the results are less significant, we have marked these cases with dashed lines and the
results are not bolded.
(A color version of this figure is available in the online journal.)

(GRB 050709, GRB 050724, and GRB 071227), which are
generally accepted as a special subclass of non-collapsar events
under the old classification also. All of these GRBs are also clas-
sified as Type I GRBs in our work, even independently of the
deep upper limits on any SN contribution. The missing bright
late-time SN signal of Type I GRBs is thus a substantial phe-
nomenological difference compared to the late-time evolution
of Type II GRBs (see also Hjorth et al. 2005a; Fox et al. 2005b).
On the other hand, even the very strict limit, MR ! −10.5,
on an SN accompanying GRB 060505 (Ofek et al. 2007; this
work), which yields M(56Ni) " 1 × 10−4 M⊙, cannot exclude
the theoretical model of a collapsar with a very low jet-energy
deposition (Nomoto et al. 2006; Tominaga et al. 2007). Further-
more, the less-constraining upper limits cannot exclude SNe
similar to the faintest local core-collapse events (see Richard-
son et al. 2002; Pastorello et al. 2004; but note that these are not
the stripped-envelope SNe one would expect to be associated
with the GRB phenomenon). Still, there must exist a broad gap
in peak luminosity between these faint SNe (if they exist at all,
as we have pointed out) and the traditional SNe associated with
Type II GRBs, which, independently of other criteria, would
be a hint that these events derive from a different progenitor
than Type II GRBs. Therefore, while it cannot be conclusively
stated that the lack of SN emission down to very deep limits
is “smoking-gun” evidence for a non-collapsar event, it gives
additional support to such a classification in combination with
other criteria, which has been the approach of the Zhang et al.
(2009) classification scheme that we have employed.

It must be stressed that only in two cases (both with secure
redshift) detections of the optical transient at the time of the

suspected SN maximum at t > 10 days have been reported in
the literature (for GRB 050709 and GRB 060614; even though,
after host subtraction, with a large error bar for the latter), but no
late-time follow-up observations weeks after the suspected SN
peak have been published so far. This leaves the open question
if this positive detection was the late afterglow light or in fact
an underlying faint SN component, even though the error bar
is small enough for GRB 050709 only to tackle this question
seriously. In all other cases, only upper limits are available at
the suspected SN maximum around (1 + z) × 15–20 days after
the corresponding burst, if at all.

Clearly, the upper limits we can set will be misleading if
the light curve evolution of any kind of SN following a Type I
GRB differs substantially from the one of GRB–SNe of Type II
GRBs, i.e., with respect to peak time and stretch factor. This
brings us to the mini-SN model.

3.4. Constraints on the Mini-SN/Macronova Model

3.4.1. Power-law Decay

We first consider the power-law decay model, which was con-
sidered by LP98ab as the most likely case. LP98ab demonstrated
that, depending on the chosen model parameters, a mini-SN can
peak at much earlier times than a normal core-collapse SN.
Therefore, given the currently available data base (Figure 10),
one has to distinguish between those Type I GRBs with and
those without detected early afterglow light. For example, a rel-
atively bright mini-SN peaking at, say, RC = 22 about 0.5 days
after the burst could have escaped detection in the early light
curve of the afterglow of GRB 051221A. Faint mini-SNe could
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this field. The redshifts of the afterglow21 and the host galaxy22 were
both found to be z 5 0.356.

Another proposed signature of the merger of two neutron stars or a
neutron star and a black hole is the production of a kilonova (some-
times also termed a ‘macronova’ or an ‘r-process supernova’) due to
the decay of radioactive species produced and initially ejected during
the merger process—in other words, an event similar to a faint, short-
lived supernova6–8. Detailed calculations suggest that the spectra of
such kilonova sources will be determined by the heavy r-process ions
created in the neutron-rich material. Although these models10–13 are
still far from being fully realistic, a robust conclusion is that the optical
flux will be greatly diminished by line blanketing in the rapidly expan-
ding ejecta, with the radiation emerging instead in the near-infrared
(NIR) and being produced over a longer timescale than would other-
wise be the case. This makes previous limits on early optical kilonova
emission unsurprising23. Specifically, the NIR light curves are expected
to have a broad peak, rising after a few days and lasting a week or more
in the rest frame. The relatively modest redshift and intensive study of
GRB 130603B made it a prime candidate for searching for such a kilonova.

We imaged of the location of the burst with the NASA/ESA Hubble
Space Telescope (HST) at two epochs, the first ,9 d after the burst
(epoch 1) and the second ,30 d after the burst (epoch 2). On each occa-
sion, a single orbit integration was obtained in both the optical F606W
filter (0.6mm) and the NIR F160W filter (1.6mm) (full details of the imag-
ing and photometric analysis discussed here are given in Supplemen-
tary Information). The HST images are shown in Fig. 1; the key result is
seen in the difference frames (right-hand panels), which provide clear
evidence for a compact transient source in the NIR in epoch 1 (we note
that this source was also identified24 as a candidate kilonova in indepen-
dent analysis of our data on epoch 1) that seems to have disappeared by
epoch 2 and is absent to the depth of the data in the optical.

At the position of the SGRB in the difference images, our photo-
metric analysis gives a magnitude limit in the F606W filter of
R606,AB . 28.25 mag (2s upper limit) and a magnitude in the F160W
filter of H160,AB 5 25.73 6 0.20 mag. In both cases, we fitted a model
point-spread function and estimated the errors from the variance of
the flux at a large number of locations chosen to have a similar back-
ground to that at the position of the SGRB. We note that some tran-
sient emission may remain in the second NIR epoch; experimenting
with adding synthetic stars to the image leads us to conclude that any
such late-time emission is likely to be less than ,25% of the level in
epoch 1 if it is not to appear visually as a faint point source in epoch 2,
however, that would still allow the NIR magnitude in epoch 1 to be up
to ,0.3 mag brighter.

To assess the significance of this result, it is important to establish
whether any emission seen in the first HST epoch could have a con-
tribution from the SGRB afterglow. A compilation of optical and NIR
photometry, gathered by a variety of ground-based telescopes in the
few days following the burst, is plotted in Fig. 2 along with our HST
results. Although initially bright, the optical afterglow light curve dec-
lines steeply after about ,10 h, requiring a late-time power-law decay
rate of a < 2.7 (where F / t2a describes the flux). The NIR flux, on the
other hand, is significantly in excess of the same extrapolated power
law. This point is made most forcibly by considering the colour evolu-
tion of the transient, defined as the difference between the magnitudes
in each filter, which evolves from R606 2 H160 < 1.7 6 0.15 mag at about
14 h to greater than R606 2 H160 < 2.5 mag at about 9 d. It would be
very unusual, and in conflict with predictions of the standard external-
shock theory25, for such a large colour change to be a consequence of
late-time afterglow behaviour. The most natural explanation is there-
fore that the HST transient source is largely due to kilonova emission,
and the brightness is in fact well within the range of recent models
plotted in Fig. 2, thus supporting the proposition that kilonovae are
likely to be important sites of r-process element production. We note
that this phenomenon is strikingly reminiscent, in a qualitative sense,
of the humps in the optical light curves of long-duration c-ray bursts

produced by underlying type Ic supernovae, although here the lumino-
sity is considerably fainter and the emission is redder. The ubiquity and
range of properties of the late-time red transient emission in SGRBs
will undoubtedly be tested by future observations.

The next generation of gravitational-wave detectors (Advanced LIGO
and Advanced VIRGO) is expected ultimately to reach sensitivity levels
allowing them to detect neutron-star/neutron-star and neutron-star/
black-hole inspirals out to distances of a few hundred megaparsecs26

(z < 0.05–0.1). However, no SGRB has been definitively found at any
redshift less than z 5 0.12 over the 8.5 yr of the Swift mission to date27.
This suggests either that the rate of compact binary mergers is low,
implying a correspondingly low expected rate of gravitational-wave
transient detections, or that most such mergers are not observed as
bright SGRBs. The latter case could be understood if the beaming of
SGRBs was rather narrow, for example, and the intrinsic event rate was,
as a result, two or three orders of magnitude higher than that observed
by Swift. Although the evidence constraining SGRB jet opening angles
is limited at present28 (indeed, the light-curve break seen in GRB 130603B
may be further evidence for such beaming), it is clear that an alterna-
tive electromagnetic signature, particularly if approximately isotropic,
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Figure 2 | Optical, NIR and X-ray light curves of GRB 130603B. Left axis,
optical and NIR; right axis, X-ray. Upper limits are 2s and error bars are 1s. The
optical data (g, r and i bands) have been interpolated to the F606W band and
the NIR data have been interpolated to the F160W band using an average
spectral energy distribution at ,0.6 d (Supplementary Information). HST
epoch-1 points are given by bold symbols. The optical afterglow decays steeply
after the first ,0.3 d and is modelled here as a smoothly broken power law
(dashed blue line). We note that the complete absence of late-time optical
emission also places a limit on any separate 56Ni-driven decay component. The
0.3–10-keV X-ray data29 are also consistent with breaking to a similarly steep
decay (the dashed black line shows the optical light curve simply rescaled to
match the X-ray points in this time frame), although the source had dropped
below Swift sensitivity by ,48 h after the burst. The key conclusion from this
plot is that the source seen in the NIR requires an additional component above
the extrapolation of the afterglow (red dashed line), assuming that it also decays
at the same rate. This excess NIR flux corresponds to a source with absolute
magnitude M(J)AB < 215.35 mag at ,7 d after the burst in the rest frame. This
is consistent with the favoured range of kilonova behaviour from recent
calculations (despite their known significant uncertainties11–13), as illustrated by
the model11 lines (orange curves correspond to ejected masses of 1022 solar
masses (lower curve) and 1021 solar masses (upper curve), and these are added
to the afterglow decay curves to produce predictions for the total NIR emission,
shown as solid red curves). The cyan curve shows that even the brightest
predicted r-process kilonova optical emission is negligible.
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for NS-NS and BH-NS models, respectively. Left panel: NS-NS models. Each point shows the ejecta mass for the equal mass cases. Error
bars denote the dispersion of the ejecta masses due to the various mass ratios. Right panel: BH-NS models. The filled and open symbols
correspond to the models with (Q,χ) = (3–7, 0.75) and (7, 0.5), respectively. The blue shaded region in each panel shows the allowed ejecta
masses to reproduce the observed near-infrared excess of GRB 130603B, 0.02 ! Mej/M⊙ ! 0.07 and 0.02 ! Mej/M⊙ ! 0.1 for NS-NS and
BH-NS models, respectively. The lower and upper bounds are imposed by the hypothetical high- and low-heating models, respevtively.

H4 (Mej = 0.05M⊙), and APR4 (Mej = 0.01M⊙) with
(Q, χ) = (3, 0.75). For these cases, we employ the
fiducial-heating model. Note that the r-band light curves
of the BH-NS models reach ∼ 27 mag, which implies that
the light curves of the BH-NS models are bluer than those
of the NS-NS models. This is because the energy from
the radioactive decay is deposited to a small volume for
the BH-NS models (see Tanaka et al. (2013) for details).
We now translate these results into the progenitor

models, such as mass ratio, black hole spin, and EOS.
NS-NS models. The NS-NS models for GRB 130603B

should have ejecta of mass " 0.02M⊙. This is con-
sistent with that derived by Berger et al. (2013). This
value strongly constrains the NS-NS models because the
amount of the ejecta is at most ∼ 0.02M⊙ for an NS-NS
merger within the plausible mass range of the observed
NS-NS systems (Özel et al. 2012). Specifically, as shown
in the left panel of Fig. 2, such a large amount of ejecta
can be obtained only for the soft EOS models in which
a hypermassive neutron star with lifetime " 10 ms is
formed after the merger. For the stiff EOS models, the
amount of the ejecta is at most 4 × 10−3M⊙. Thus we
conclude that the ejecta of the NS-NS models with soft
EOSs (R1.35 ! 12 km) are favored as the progenitor of
GRB 130603B.
BH-NS models. The observed data in the H-band is

consistent with the BH-NS models which produce the
ejecta of ∼ 0.05M⊙ in our fiducial-heating model. Such
a large amount of ejecta can be obtained with only the
stiff EOSs (R1.35 " 13.5 km) for the case of χ = 0.75 and
3 ≤ Q ≤ 7 as shown in the right panel of Fig. 2. For the
soft EOS models, the total amount of ejecta reaches only
0.01M⊙ as long as χ ≤ 0.75, which hardly reproduces the
observed near-infrared excess. Thus the models with stiff
EOSs are favored for the BH-NS merger models as long
as with 0.5 ≤ χ ≤ 0.75 and 3 ≤ Q ≤ 7 as the progenitor
model of GRB 130603B. It is worthy to note that any
BH-NS models with χ ≤ 0.5 and Q ≥ 7 are unlikely to
reproduce the observed near-infrared excess.

5. CONCLUSION AND DISCUSSION

We explored possible progenitor models of the elec-
tromagnetic transient associated with the short GRB
130603B. This electromagnetic transient may have been
powered by the radioactive decay of r-process elements,
so called kilonova/macronova. We analyzed the dynam-
ical ejecta of NS-NS and BH-NS mergers for the progen-
itor models of this event. For computing the expected
light curves, we carried out the radiative transfer simu-
lations using the density and velocity structures obtained
from the numerical-relativity simulations with several to-
tal masses, mass ratios, and EOSs. Depending on these
quantities, the total amount of ejecta mass varies by or-
ders of magnitude 10−4M⊙ to 10−2M⊙ for the NS-NS
models and 10−5M⊙ to 10−1M⊙ for the BH-NS mod-
els. The expected light curves for the BH-NS models
are bluer than those for the NS-NS models due to the
morphology effects.
For both NS-NS and BH-NS models, we found that

there are progenitor models that can reproduce the ob-
served near-infrared excess within the realistic parameter
ranges. Specifically, the observed data suggest that the
required ejecta mass is at least ∼ 0.02M⊙ for NS-NS
mergers. For BH-NS mergers, the required ejecta mass
would be ∼ 0.02–0.1M⊙ taking into account the uncer-
tainty in the heating rate and opacities. These values
are consistent with the results of a spherically expanding
ejecta model (Berger et al. 2013). Such a large amount
of material is ejected when a hypermassive neutron star
with its lifetime " 10 ms is formed after the merger for
the NS-NS models and when the neutron star is tidally
disrupted for the BH-NS models. For these cases, the
merger results in a spinning black hole surrounded by
a massive torus ∼ 0.1M⊙. Such a remnant could have
been the central engine of GRB 130603B.
We constrained the progenitor models of GRB

130603B, which should produce the required amount of
ejecta. We found that the soft EOS models are favored
for NS-NS models. For BH-NS models with the mass
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t ! 4 days after the merger event2, which is consistent
with current numerical simulations (e.g., Kasen et al.
2013; Tanaka & Hotokezaka 2013; Tanaka et al. 2014).
In comparison, among GRB-associated SNe, SN 2010bh
had the most rapid rise to maximum brightness, peaking
at t = 8.5 ± 1.1 days after GRB 100316D (Cano et al.
2011; Bufano et al. 2012; Olivares et al. 2012), which is
significantly later than that found here. Therefore, in ad-
dition to the remarkably soft spectrum at about 13.6 days
after the burst noticed by Y15, the rather early peak of
the excess components found in this work strongly disfa-
vors an SN interpretation. In the NS-NS merger scenario,
Metzger & Fernández (2014) found that some regions of
the outflow may be Lanthanide-free, and such material
will become optically thin within a few days after the
merger and give rise to optical/UV emission lasting for a
day or so. Such a scenario can, at least in part, explain
the early peak in the macronova observed here. A suc-
cessful interpretation of the very significant F814W-band
excess emission at t ∼ 13.6 day is, however, a challenge
for theoretical NS-NS merger models.
There are five epochs that consist of two or more fil-

ters, which we have combined into five spectral energy
distributions (SEDs), and are displayed in Fig. 2. An
excess of flux (i.e., relative to a single power-law spec-
trum) is clearly visible in the three latter epochs. In-
stead, blackbody spectra provide a reasonable fit to the
observed SEDs (see Fig. 2). At t ∼ 13.6 days after the
burst, the temperature is estimated to be 2700−500

+700 K.
At other times, the temperatures are poorly constrained
(i.e., < 4200 K and 3100−19000 K at 3.86 and 7.83 days
respectively). Due to their large errors, it is impossible
to draw any conclusions regarding a possible temperature
evolution.
As pointed out in Y15, the progenitor system was

likely a BH-NS binary, as these types of merger are
expected to give rise to “bluer”, longer and brighter
macronova emission than NS-NS mergers due to more
ejecta mass and a highly-anisotropic distribution of the
ejecta material (see Tanaka et al. 2014; Kyutoku et al.
2015, and the references therein). For GRB 060614, to
account for the distinct F814W-band excess at t ∼ 13.6
days, a simple estimate based on the generation of the
macronova lightcurve in one BH-NS merger model pre-
sented in Tanaka et al. (2014) suggests that the ejected
material from the merger was ∼ 0.1 M⊙ and moved at a
velocity ∼ 0.2c. In this paper, the F814W-band excess is
just a bit brighter and the parameters of the ejecta are
likely similar to those in previous estimate. The peak
emission of VLT/I-band (R-band) excess is as bright as
∼ 24th mag (∼ 25th mag), in agreement with the merger
macronova model (see Fig. 1). A reliable interpretation
of the macronova lightcurve, however, requires dedicated
numerical simulation studies including a proper convo-
lution of the produced complicated macronova spectra

2 After extracting the possible macronova emission from the
data, we find that the macronova was always much fainter than
the afterglow between 1.7 − 3.0 days after the burst and its con-
tribution was smaller than the afterglow uncertainties. Hence our
assumption that in the time interval of 1.7− 3.0 days the emission
is due to just FS is reasonable. However, due to the t−2.55 decline
of the FS emission and the shallow decay of the macronova, at t≥4
days the contribution of macronova to the total flux can not be
ignored any longer.
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Fig. 1.— The observed lightcurves of the macronova associated
with GRB 060614. Top: The data points are adopted from Y15
but just the VLT data in the time interval of 1.7 − 3.0 days are
assumed to arise soley from FS emission, and the solid lines repre-
sent the fit (∝ t−2.55). The simultaneous X-ray emission, retrieved
from the UK Swift Science Data Centre (Evans et al. 2009), can
be fitted by t−2.55 plus a constant flux. A constant X-ray flux of
(8 ± 4) × 10−15 erg cm−2 s−1 was obtained by Mangano et al.
(2007) and was interpreted as the emission from a possible Ac-
tive Galactic Nucleus, or it was simply a statistical fluctuation
because of the low measured flux that was very close to the detec-
tion threshold of Swift XRT. Simultaneous with the very late/weak
“plateau-like” X-ray emission, the HST F814W-band flux drops as
t−3.2, ruling out a possible energy injection mechanism. Bottom:
Significant excess appears at late times. Note that the data are not
corrected for any extinction, and only “macronova” emission points
with a significance above 2σ were kept. The dashed lines, adopted
from Y15, are macronova model lightcurves generated from nu-
merical simulation for the ejecta from a BH−NS merger, with a
velocity ∼ 0.2c and mass Mej ∼ 0.1M⊙, by Tanaka et al. (2014).
The green and red lines are in R and I bands, and shadows repre-
sent a possible uncertainties of 0.5 magnitudes (Hotokezaka 2015
private communication). The macronova model is in agreement
with the observed data, including those with large uncertainties
(i.e. significance below 2σ, see Table 1).

with the response function of the most widely used fa-
cilities in order to aid the comparison with actual data,
which is beyond the scope of this work.

3. THE RATE OF THE MACRONOVA AND
COMPACT-OBJECT MERGERS

So far, two macronovae have been observed at red-
shifts of z = 0.356 and z = 0.125 for GRB 130603B
(Tanvir et al. 2013; Berger et al. 2013) and GRB
060614 (Y15), respectively. Both events were found to
be collimated with a half-opening angle θj ∼ 0.1 (e.g.,
Xu et al. 2009; Fan et al. 2013; Fong et al. 2014). For
the macronovae at z ≥ 0.4, HST observations are cru-
cial to get the signal but HST observations of such
“high”-z short GRBs were very rare (Berger 2014).

Mej	~0.1	Msun

-	Disk	wind?	
-	BH-NS?
-	Different	mechanism
		associated	X-ray	emission??
		(Kisaka+15a,15b)

GRB160821b	@	z	=	0.16!!

z=0.125

z=0.16
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Figure 7. Constraints on kilonova emission for GRB 150101B and all previous short GRBs with observations at �trest & 0.1 days in the rest-frame optical r-band
(left) and near-IR J-band (right) emission. Triangles denote 3� limits, from this work and the short GRB afterglow catalog (Fong et al. 2015). Open triangles
denote limits for GRB 061201 at a tentative redshift of z = 0.111, and at the median short GRB redshift of z = 0.5. Also shown is the detection of the near-IR
kilonova following GRB 130603B (black asterisk; Berger et al. 2013a; Tanvir et al. 2013). Grey regions denote four sets of kilonova models in r- and J-bands
(same as in Figure 4). Dashed and solid lines represent shallow (rAB = 21 mag and JAB = 20 mag) and deep (rAB = 24 mag and JAB = 23 mag) searches following
an event at 200 Mpc. The optical and near-IR limits for GRB 150101B provide the deepest constraints to date on kilonova emission. A comparison of the existing
data to kilonova models demonstrates the difficulty of placing meaningful constraints on kilonova emission with the cosmological sample of short GRBs, based
on the current era of models. At a distance of 200 Mpc, shallow searches following gravitational wave events may only be marginally effective in detecting
kilonovae. However, deep searches to depths of ⇡ 2⇥1040 erg s-1 will probe a meaningful range of kilonova models.

GRB 150101B occurred on a faint region of its host rest-frame
optical light, and is thus weakly correlated with local stellar
mass. Furthermore, there is no evidence for ongoing star for-
mation at the position of GRB 150101B. These findings are
also commensurate with NS/BH kicks.

5.3. Constraints on Kilonova Emission
A predicted signal of NS-NS/NS-BH mergers is transient

emission from the radioactive decay of heavy elements pro-
duced in the merger ejecta, (r-process “kilonova”; Li &
Paczyński 1998; Kulkarni 2005; Metzger et al. 2010). The
signal is predicted to be dominant in the near-IR bands due
to the heavy element opacities (Barnes & Kasen 2013; Ross-
wog et al. 2013; Tanaka & Hotokezaka 2013), although mod-
els incorporating a long-lived NS remnant predict bluer col-
ors (Metzger & Fernández 2014; Kasen et al. 2015). A near-
IR excess detected with Hubble Space Telescope (HST) ob-
servations following the short GRB 130603B was interpreted
as kilonova emission and the first direct evidence that short
GRBs originate from NS-NS/NS-BH mergers (Berger et al.
2013a; Tanvir et al. 2013).

For GRB 150101B, we place limits of ⇡ (2 - 4) ⇥
1041 erg s-1 on kilonova emission (Figure 7). To compare
these limits to searches for late-time emission following pre-
vious short GRBs, we collect all available data from the short
GRB afterglow catalog (Fong et al. 2015), constraining the
sample to bursts with upper limits at �trest & 0.1 days to match
the timescale of kilonova light curves. We only include events
which have either rest-frame r- or J-band observations. For 15
bursts with no determined redshift, we assume the median of
the short GRB population, z = 0.5, to convert to luminosity.
In addition to GRB 150101B, 25 short GRBs have rest-frame
optical limits and seven events have rest-frame near-IR limits.
These limits, along with the GRB 130603B-kilonova detec-

tion (Berger et al. 2013a; Tanvir et al. 2013) and four sets of
kilonova models (described in Section 3.3), are displayed in
Figure 7. We note that since GRB 061201 has a relatively
uncertain association with a galaxy at z = 0.111, we also dis-
play the limit if this burst originated at the median redshift of
z = 0.5 (Figure 7).

In the rest-frame optical band, GRB 150101B has one of
the deepest limits on optical kilonova emission to date with
⇡ 2⇥ 1041 erg s-1, and the most stringent for a short GRB
with a secure redshift. For GRB 061201, if the true redshift is
z = 0.111, this event has the deepest limit of ⇡ 6⇥1040 erg s-1.
This limit can rule out the optically brightest models which
invoke an indefinitely stable NS remnant (Kasen et al. 2015),
while an assumption of a higher-redshift origin at z = 0.5 is
not stringent enough to place any meaningful constraints (Fig-
ure 7).

The sample of short GRBs with rest-frame near-IR follow-
up is significantly smaller, spanning a range of ⇡ 1042 -
1044 erg s-1 with most limits clustered at ⇡ (0.8 - 3) ⇥
1042 erg s-1. Thus, with constraints of ⇡ (2-4)⇥1041 erg s-1,
GRB 150101B has the deepest limit on the luminosity of a
near-IR kilonova (Figure 7). For comparison, the detection of
the near-IR kilonova following GRB 130603B had a luminos-
ity of ⇡ 1.5⇥ 1041 erg s-1, which mapped to an ejecta mass
and velocity of ⇡ 0.03 - 0.08M� and ⇡ 0.1 - 0.3c (Berger
et al. 2013a; Tanvir et al. 2013). In the case of GRB 150101B,
optical observations of comparable depth at earlier epochs of
�trest ⇡ 2 - 5 days or deeper near-IR observations at �trest .
10 days would have helped to confirm or rule out the bright-
est kilonova models (Figure 7). This demonstrates the dif-
ficulty of performing effective kilonova searches following
short GRBs based on the current era of kilonova models, and
the necessity of more sensitive instruments (e.g., space-based
facilities or ⇠30-m ground-based telescopes) in this effort.

Fong+16
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Figure 4. Optical r-band and near-IR JHK-band observations of GRB 150101B between �t ⇡ 2.6- 30 days, where triangles denote 3� upper limits. Also shown
are four sets of kilonova models in grey regions: spherically symmetric ejecta from NS-NS mergers (solid; Barnes & Kasen (2013)), ejecta from NS-NS mergers
(crossed) and NS-BH mergers (speckled; Hotokezaka et al. 2013; Tanaka & Hotokezaka 2013; Tanaka et al. 2014), and outflows from disc winds surrounding
a long-lived remnant (single stripes; Kasen et al. 2015). The grey regions represent the full range of light curves considered in each set, assuming pole-on
orientation and r-process element opacities.

0

0.2

0.4

0.6

0.8

1
Hβ Mgb NaD Hα TiO

GRB 150101B host
galaxy template
host photometry
z = 0.1343 ± 0.0030

4500 5000 5500 6000 6500 7000 7500 8000 8500
Observed Wavelength (Angstroms)

4000 4500 5000 5500 6000 6500 7000 7500
−0.2

0
0.2
0.4 HαResiduals

Rest Wavelength (Angstroms)

F λ
 (1

0−
15

 e
rg

 c
m
−2

 s
−1

 A
ng

−1
)

Figure 5. Top: Magellan/Baade IMACS spectrum of the early-type host
galaxy of GRB 150101B, binned with a 3-pixel boxcar (black: data; blue:
error spectrum), and normalized to the flux of the host galaxy in the gri-
bands and HST/F606W as determined from aperture photometry (light blue
squares). Also shown is an SSP template (red; Bruzual & Charlot 2003) with
a stellar population age of 2.5 Gyr at a redshift of z = 0.1343± 0.0030. Fits
are performed on the unbinned data, and the chip gap (�rest ⇡ 4293 - 4355Å)
is excluded from the fit. The locations of the Balmer absorption lines,
Mgb�5175, NaD�5892, and TiO�7050 are labelled. Bottom: Subtraction of
the galaxy template from the GRB 150101B host spectrum, revealing emis-
sion at the location of H↵�6563 which indicates the presence of an underly-
ing AGN.

tative lanthanide elements while models (ii)-(iii) incorporate
all of the r-process element opacities. For models (ii)-(iv), we
select the pole-on orientation light curves. For each observ-
ing band, we use models in the corresponding rest-frame band
(e.g., �rest = �obs(1+ z)-1), convert the provided light curves to
apparent magnitude, and shift the light curves to the observer
frame. The models, along with the late-time optical and near-
IR limits are shown in Figure 4. Although these observations
place among the deepest limits on kilonova emission follow-
ing a short GRB to date (see Section 5.3), they do not con-
strain the brightest models. This demonstrates the difficulty of
placing constraints on kilonovae associated with short GRBs
at cosmological redshifts based on the current era of kilonova
models.

4. HOST GALAXY PROPERTIES

4.1. Redshift

To determine the host galaxy’s redshift, we fit the IMACS
spectrum over the wavelength range of 4400 - 8500 Å with
simple stellar population (SSP) spectral evolution models
at fixed ages (⌧ = 0.64 - 11 Gyr) provided as part of the
GALAXEV library (Bruzual & Charlot 2003); at wavelengths
outside this range, the signal-to-noise is too low to contribute
significantly to the fit. We use �2-minimization with redshift
as the single free parameter, and perform the fit on the un-
binned data. The resulting best-fit model is characterized by a
redshift of z = 0.1343±0030, determined primarily by the lo-
cation of the main absorption features of H�, Mgb�5175 and
NaD�5892 (Figure 5), and a stellar population age of 2.5 Gyr
(�2

⌫ ⇡ 5.0 for 1471 degrees of freedom) assuming solar metal-
licity. If we allow models to deviate from solar metallicity, ad-
equate fits are also found for stellar population ages of 1.4 and
5 Gyr, while poorer fits are found for SSPs with younger or
older ages. Due to the deep absorption features, lack of emis-
sion lines, and old inferred stellar population age, we classify
this host as an early-type galaxy. The shape of the spectrum
does not require any intrinsic extinction which is consistent
with the results from the afterglow observations. We note that
this redshift is fully consistent with the reported redshift from
the VLT (Levan et al. 2015).

4.2. Stellar Population Properties
While the SSP templates provide adequate matches to sev-

eral of the main absorption features, a strong H↵ absorp-
tion feature is notably absent (Figure 5). Two possible ex-
planations are emission from the underlying AGN (c.f., Sec-
tion 2.2.5 and Xie et al. 2016) or star formation from a
younger stellar population, both of which would cause the H↵
absorption to be “filled in”.

To assess these contributions, we subtract the 2.5 Gyr tem-
plate from the host spectrum (Figure 5). We find a clear emis-
sion feature at the location of H↵ with an integrated flux of
FH↵ ⇡ 1.3⇥ 10-15 erg s-1 cm-2, or LH↵ ⇡ 5.5⇥ 1040 erg s-1

at z = 0.1343. To help distinguish between an AGN and star
formation, we use archival 1.4 GHz observations as part of the
NRAO VLA Sky Survey (Condon et al. 1998), where the host
galaxy is detected with F⌫,1.4GHz ⇡ 10.2 mJy. Using standard
relations between radio luminosity, H↵ emission, and star for-
mation (Kennicutt et al. 1994; Yun & Carilli 2002; Murphy
et al. 2011), we find that if the radio emission is due to star for-
mation, the expected H↵ luminosity is ⇡ 500 times above the
observed value. A large SFR is also in contradiction with the
early-type galaxy spectrum and lack of emission lines; thus,
star formation is not playing a large role. Instead, the H↵
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FIG. 2: Expected observed magnitudes of kilonova models at 200 Mpc distance [70, 71]. The red, blue, and green lines show
the models of NS-NS merger (APR4-1215), BH-NS merger (APR4Q3a75), and a wind model, respectively. The ejecta mass
is Mej = 0.01M⊙ for these models. For comparison, light curve models of Type Ia SN are shown in gray. The corresponding
absolute magnitudes are indicated in the right axis.

B. NS-NS mergers

When two NSs merge with each other, a small part
of the NSs is tidally disrupted and ejected to the inter-
stellar medium (e.g., [36, 42]). This ejecta component is
mainly distributed in the orbital plane of the NSs. In
addition to this, the collision drives a strong shock, and
shock-heated material is also ejected in a nearly spheri-
cal manner (e.g., [48, 84]). As a result, NS-NS mergers
have quasi-spherical ejecta. The mass of the ejecta de-
pends on the mass ratio and the eccentricity of the orbit
of the binary, as well as the radius of the NS or equation
of state (EOS, e.g., [48, 84–88]): a more uneven mass
ratio and more eccentric orbit leads to a larger amount
of tidally-disrupted ejecta and a smaller NS radius leads
to a larger amount of shock-driven ejecta.

The red line in Figure 1 shows the expected luminosity
of a NS-NS merger model (APR4-1215 from Hotokezaka

et al. 2013 [48]). This model adopts a “soft” EOS APR4
[89], which gives the radius of 11.1 km for a 1.35M⊙

NS. The gravitational masses of two NSs are 1.2M⊙ +
1.5M⊙ and the ejecta mass is 0.01 M⊙. The light curve
does not have a clear peak since the energy deposited in
the outer layer can escape earlier. Since photons kept
in the ejecta by the earlier stage effectively escape from
the ejecta at the characteristic timescale (Eq. 2), the
luminosity exceeds the energy deposition rate at ∼ 5− 8
days after the merger.

Figure 2 shows multi-color light curves of the same
NS-NS merger model (red line, see the right axis for the
absolute magnitudes). As a result of the high opacity and
the low temperature [77], the optical emission is greatly
suppressed, resulting in an extremely “red” color of the
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

NS-NS

Disk	wind	
(lower	opacity)

BH-NS	
(higher	T)

Type	Ia	SNi-band,	Mej	=	0.01	Msun

1m

4m

8m
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Figure 3. Footprints of observations in comparison with the 50% and 90% credible levels of the LIB GW localization. Radio
fields are shaded red, optical/infrared fields are green, and XRT fields are blue circles. The all-sky Fermi GBM, LAT, INTEGRAL
SPI-ACS, and MAXI observations are not shown. Where fields overlap, the shading is darker. The initial cWB localization is
shown as thin black contour lines and the refined LIB localization as thick black lines. The inset highlights the Swift observations
consisting of a hexagonal grid and a selection of the a posteriori most highly ranked galaxies. The Schlegel et al. (1998) reddening
map is shown in the background to represent the Galactic plane. The projection is the same as in Fig. 2.

LVC	and	EM	follow-up	groups,	2016,	ApJ,	826,	L13

see	talks	by	
Nissanke	and	Tominaga
for	more	details
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Figure 1. Skymaps showing the probability contours produced by LIGO (solid contours), the PS1 pointings (green circles with diameters
of 2.7� degrees and the positions of transients. The contours represent the The panels are separated into time intervals from discovery
epoch of GW150914. A transient is plotted on the relevant panel if it was discovered in the epochs shown. All time is in the observer
frame.

a historical response function for each data cube. A one-
dimensional spectrum was extracted from each data cube
using a point-spread function model with sky subtraction.

2.2.2 EFOSC2 on the NTT with PESSTO

The PESSTO survey is described in Smartt et al. (2015).
The EFOSC2 spectrometer is employed on the ESO NTTT
at the nasmyth focus and Gr#13 is used to provide spectra
between 3650-9250Å at a dispersion of 5.5Å pix�1. A slit
width of 1.000 is nominally used (unless poor seeing forces

c� 0000 RAS, MNRAS 000, 000–000

Pan-STARRS	and	PESSTO	(i	~20	mag)

Smar:	et	al.	2016	(see	also	Kasliwal	et	al.	2016;	Soares-Santos	et	al.	2016;	Morokuma	et	al.	2016)

10	deg

50	deg2	survey
w/	25	mag	depth

>~	1000	supernovae
and	1	GW	source!

Efficient	selec:on	is	essen:al

Lessons	from	EM	follow-up



Selec:on	of	GW	sources
(from	larger	number	of	SNe)
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FIG. 5: Color-magnitude diagram (top) and color-color di-
agram (bottom) for compact binary merger models (Mej =
0.01M⊙) at 200 Mpc compared with Type Ia SN with similar
observed magnitudes (z = 0.3, 0.5, and 0.7). For Type Ia SN,
we use spectral templates [120] with K-correction. The num-
bers for binary merger models show time from the merger in
days while dots for Type Ia SN are given with 5-day interval.

is also visible in X-ray [128], and thus, the near-IR and
X-ray excesses might be caused by the same mechanism,
possibly the central engine [129, 130].

Another interesting case is GRB 060614. This GRB
was formally classified as a long GRB because the dura-
tion is about 100 sec. However, since no bright SN was
accompanied, the origin was not clear [131–134]. Re-
cently the existence of a possible excess in the optical
afterglow was reported [95, 96]. The right panel of Fig-
ure 4 shows the comparison between GRB 060614 and
the same sets of the models. If this excess is caused by
kilonova, a large ejecta mass of Mej ∼ 0.1M⊙ is required.
This fact may favor a BH-NS merger scenario with a stiff

EOS [95, 96]. It is however important to note that the
emission from BH-NS merger has a large variation, and
such an effective mass ejection requires a low BH/NS
mass ratio and a high BH spin [109].

Finally, although the redshift is unknown unfortu-
nately, an early brightening in optical data of GRB
080503 at t ∼ 1−5 days can also be attributed to kilonova
[135]. Kasen et al. (2015) [118] give a possible interpreta-
tion with the disk wind model. Note that a long-lasting
X-ray emission was also detected in GRB 080503 at t

∼
< 2

days, and it may favor a common emission mechanism for
optical and X-ray [130, 136].

IV. PROSPECTS FOR EM FOLLOW-UP
OBSERVATIONS OF GW SOURCES

Figure 2 shows the expected brightness of compact bi-
nary merger models at 200 Mpc (left axis). All the mod-
els assume a canonical ejecta mass of Mej = 0.01M⊙, and
therefore, the emission can be brighter or fainter depend-
ing on the merger parameters and the EOS (see Section
II). Keeping this caveat in mind, typical models sug-
gest that the expected kilonova brightness at 200 Mpc is
about 22 mag in red optical wavelengths (i or z bands)
at t < 5 days after the merger. The brightness quickly
declines to > 24 mag within t ∼ 10 days after the merger.
To detect this emission, we ultimately need 8m-class tele-
scopes. Currently the wide-field capability for 8m-class
telescopes is available only at the 8.2m Subaru/Hyper
Suprime Cam (HSC) with the field of view (FOV) of
1.77 deg2 [137, 138]. In future, the 8.4m Large Synop-
tic Survey Telescope (LSST) with 9.6 deg2 FOV will be
online [139, 140]. Note that targeted galaxy surveys are
also effective to search for the transients associated with
galaxies [141].

It is again emphasized that the expected brightness of
kilonova can have a large variety. If the kilonova candi-
dates seen in GRB 130603B (Mej ∼

> 0.02M⊙) and GRB
060614 (Mej ∼ 0.1M⊙) are typical cases (see Section III),
the emission can be brighter by ∼ 1-2 mag. In addition,
there are also possibilities of bright, precursor emission
(e.g., [29, 129, 142]) which are not discussed in depth in
this paper. And, of course, the emission is brighter for ob-
jects at shorter distances. Therefore, surveys with small-
aperture telescopes (typically with wider FOVs) are also
important. See e.g., Nissanke et al. (2013) [14] and Kasli-
wal & Nissanke (2014) [17] for detailed survey simulations
for various expected brightness of the EM counterpart.

A big challenge for identification of the GW source is
contamination of SNe. NS-NS mergers and BH-NS merg-
ers are rare events compared with SNe, and thus, much
larger number of SNe are detected when optical surveys
are performed over 10 deg2 (see [22–24] for the case of
GW 150914). Therefore, it is extremely important to ef-
fectively select the candidates of kilonova from a larger
number of SNe.

To help the classification, color-magnitude and color-
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FIG. 2: Expected observed magnitudes of kilonova models at 200 Mpc distance [70, 71]. The red, blue, and green lines show
the models of NS-NS merger (APR4-1215), BH-NS merger (APR4Q3a75), and a wind model, respectively. The ejecta mass
is Mej = 0.01M⊙ for these models. For comparison, light curve models of Type Ia SN are shown in gray. The corresponding
absolute magnitudes are indicated in the right axis.

B. NS-NS mergers

When two NSs merge with each other, a small part
of the NSs is tidally disrupted and ejected to the inter-
stellar medium (e.g., [36, 42]). This ejecta component is
mainly distributed in the orbital plane of the NSs. In
addition to this, the collision drives a strong shock, and
shock-heated material is also ejected in a nearly spheri-
cal manner (e.g., [48, 84]). As a result, NS-NS mergers
have quasi-spherical ejecta. The mass of the ejecta de-
pends on the mass ratio and the eccentricity of the orbit
of the binary, as well as the radius of the NS or equation
of state (EOS, e.g., [48, 84–88]): a more uneven mass
ratio and more eccentric orbit leads to a larger amount
of tidally-disrupted ejecta and a smaller NS radius leads
to a larger amount of shock-driven ejecta.

The red line in Figure 1 shows the expected luminosity
of a NS-NS merger model (APR4-1215 from Hotokezaka

et al. 2013 [48]). This model adopts a “soft” EOS APR4
[89], which gives the radius of 11.1 km for a 1.35M⊙

NS. The gravitational masses of two NSs are 1.2M⊙ +
1.5M⊙ and the ejecta mass is 0.01 M⊙. The light curve
does not have a clear peak since the energy deposited in
the outer layer can escape earlier. Since photons kept
in the ejecta by the earlier stage effectively escape from
the ejecta at the characteristic timescale (Eq. 2), the
luminosity exceeds the energy deposition rate at ∼ 5− 8
days after the merger.

Figure 2 shows multi-color light curves of the same
NS-NS merger model (red line, see the right axis for the
absolute magnitudes). As a result of the high opacity and
the low temperature [77], the optical emission is greatly
suppressed, resulting in an extremely “red” color of the
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

MT	2016

0.	Associa@on	w/	nearby	galaxies

Smoking	gun
			Extremely	broad	line	spectrum
			<=	higher	velocity

1.	Short	@mescale	<=	lower	mass

2.	Faintness	<=	lower	energy	budget

3.	Red	colors	<=	higher	opacity



Summary
• NS	merger:	possible	origin	of	r-process	elements

• Kilonova/macronova	emission

• Powered	by	radioac:ve	decay	of	r-process	nuclei

• Short	:mescale,	faint	emission

• Peaks	at	red	op:cal	or	near	infrared

• Constrains	from	short	GRBs:	consistent	with	models

• Uncertainty	in	disk	wind	(mass	and	composi:on)

• Prospects	for	GW-EM	observa:ons

• Selec:on	by	:mescale,	faintness,	and	color

• Smoking	gun:	the	extremely	broad-line	spectra

GW+EM+Theory	=>	Origin	of	r-process	elements


