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

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

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

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

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

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

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

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

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

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

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

4. RADIOACTIVE HEATING

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

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

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

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

β-decays all the times (Figure 5, right panels) because
of the small ejecta amount of Ye < 0.15 (in which fis-
sion becomes important). The radioactive heating after
∼ 1 day is mostly due to the β-decays from a small num-
ber of species with precisely measured half-lives. Uncer-
tainties in nuclear data are thus irrelevant. The mass-
averaged heating rate for t ∼ 1–10 days is smaller than
q̇analytic and q̇solar-r because of the overabundances near
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FIG. 4: The same as Fig. 3, but for unequal-mass model APR4-120150. tmerge ⇡ 10.3 ms for this model.
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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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FIG. 3: Expected observed spectra of the NS-NS merger
model APR4-1215 (Mej = 0.01M⊙) compared with the spec-
tra of normal Type Ia SN 2005cf [81–83] and broad-line Type
Ic SN 1998bw [84, 85]. The spectra are shown in AB magni-
tudes (fν) at 200 Mpc distance. The corresponding absolute
magnitudes are indicated in the right axis.

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

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

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

C. BH-NS mergers

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

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

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

D. Wind components

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

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

MT	2016	(arXiv:1605.07235)



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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(Barnes+16)

Yang+15,	Jin+15

see	also	Jin+16	for	possible	excess	in	GRB	050709
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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(Hotokezaka+13)

	~0.05-0.1	Msun

Possible	observa;onal	counterparts



Disk	wind	(Metzger+14,	Kasen+15)

(Probably)	higher	Ye	

=>	Lower	opacity	

=>	Brighter	in	op)cal

BH-NS	merger	(MT+	14,	Kawaguchi+16)

Higher	T

=>	Brighter	in	op)cal

More	diversity	(depending	on	BH	mass)
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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	

BH-NS	

Type	Ia	SNi-band,	Mej	=	0.01	Msun

1m
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8m
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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-

(see	Nozomu’s	talk	on	Subaru/HSC	survey)
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Summary:	to	prepare	for	the	NEAR	future

• Detec)on	of	EM	counterpart	is	crucial	for	GW	astronomy

• “Kilonova”	emission	from	NS	merger

• Fainter/redder	than	previously	expected

• Possible	candidates	associated	with	short	GRBs

• Observa)onal	tests	for	the	origin	of	r-process	elements

• Observing	strategy

• ~22	mag	(peak),	~25	mag	(~1	week)

• Associa)on	w/	nearby	galaxies

• Short	)mescale,	faintness,	and	red	colors

• Smoking	gun:	extremely	broad	line	spectra
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