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Dawn	of	GW	astronomyproperties of space-time in the strong-field, high-velocity
regime and confirm predictions of general relativity for the
nonlinear dynamics of highly disturbed black holes.

II. OBSERVATION

On September 14, 2015 at 09:50:45 UTC, the LIGO
Hanford, WA, and Livingston, LA, observatories detected

the coincident signal GW150914 shown in Fig. 1. The initial
detection was made by low-latency searches for generic
gravitational-wave transients [41] and was reported within
three minutes of data acquisition [43]. Subsequently,
matched-filter analyses that use relativistic models of com-
pact binary waveforms [44] recovered GW150914 as the
most significant event from each detector for the observa-
tions reported here. Occurring within the 10-ms intersite

FIG. 1. The gravitational-wave event GW150914 observed by the LIGO Hanford (H1, left column panels) and Livingston (L1, right
column panels) detectors. Times are shown relative to September 14, 2015 at 09:50:45 UTC. For visualization, all time series are filtered
with a 35–350 Hz bandpass filter to suppress large fluctuations outside the detectors’ most sensitive frequency band, and band-reject
filters to remove the strong instrumental spectral lines seen in the Fig. 3 spectra. Top row, left: H1 strain. Top row, right: L1 strain.
GW150914 arrived first at L1 and 6.9þ0.5

−0.4 ms later at H1; for a visual comparison, the H1 data are also shown, shifted in time by this
amount and inverted (to account for the detectors’ relative orientations). Second row: Gravitational-wave strain projected onto each
detector in the 35–350 Hz band. Solid lines show a numerical relativity waveform for a system with parameters consistent with those
recovered from GW150914 [37,38] confirmed to 99.9% by an independent calculation based on [15]. Shaded areas show 90% credible
regions for two independent waveform reconstructions. One (dark gray) models the signal using binary black hole template waveforms
[39]. The other (light gray) does not use an astrophysical model, but instead calculates the strain signal as a linear combination of
sine-Gaussian wavelets [40,41]. These reconstructions have a 94% overlap, as shown in [39]. Third row: Residuals after subtracting the
filtered numerical relativity waveform from the filtered detector time series. Bottom row:A time-frequency representation [42] of the
strain data, showing the signal frequency increasing over time.
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The	2nd	is	also	a	BH-BH	merger	

from 35 Hz to a peak amplitude at 450 Hz. The signal-to-
noise ratio (SNR) accumulates equally in the early inspiral
(∼45 cycles from 35 to 100 Hz) and late inspiral to merger
(∼10 cycles from 100 to 450 Hz). This is different from the
more massive GW150914 binary for which only the last 10
cycles, comprising inspiral and merger, dominated the
SNR. As a consequence, the parameters characterizing
GW151226 have different precision than those of
GW150914. The chirp mass [26,45], which controls the
binary’s evolution during the early inspiral, is determined
very precisely. The individual masses, which rely on
information from the late inspiral and merger, are measured
far less precisely.
Figure 1 illustrates that the amplitude of the signal is less

than the level of the detector noise,where themaximum strain
of the signal is 3.4þ0.7

−0.9 × 10−22 and 3.4þ0.8
−0.9 × 10−22 in LIGO

Hanford and Livingston, respectively. The time-frequency
representation of the detector data shows that the signal is not
easily visible. The signal is more apparent in LIGO Hanford
where the SNR is larger. The SNR difference is predomi-
nantly due to the different sensitivities of the detectors at the
time. Only with the accumulated SNR frommatched filtering
does the signal become apparent in both detectors.

III. DETECTORS

The LIGO detectors measure gravitational-wave strain
using two modified Michelson interferometers located in
Hanford, WA and Livingston, LA [2,3,46]. The two
orthogonal arms of each interferometer are 4 km in length,
each with an optical cavity formed by two mirrors acting as
test masses. A passing gravitational wave alters the

FIG. 1. GW151226 observed by the LIGO Hanford (left column) and Livingston (right column) detectors, where times are relative to
December 26, 2015 at 03:38:53.648 UTC. First row: Strain data from the two detectors, where the data are filtered with a 30–600-Hz
bandpass filter to suppress large fluctuations outside this range and band-reject filters to remove strong instrumental spectral lines [46].
Also shown (black) is the best-match template from a nonprecessing spin waveform model reconstructed using a Bayesian analysis [21]
with the same filtering applied. As a result, modulations in the waveform are present due to this conditioning and not due to precession
effects. The thickness of the line indicates the 90% credible region. See Fig. 5 for a reconstruction of the best-match template with no
filtering applied. Second row: The accumulated peak signal-to-noise ratio (SNRp) as a function of time when integrating from the start of
the best-match template, corresponding to a gravitational-wave frequency of 30 Hz, up to its merger time. The total accumulated SNRp

corresponds to the peak in the next row. Third row: Signal-to-noise ratio (SNR) time series produced by time shifting the best-match
template waveform and computing the integrated SNR at each point in time. The peak of the SNR time series gives the merger time of
the best-match template for which the highest overlap with the data is achieved. The single-detector SNRs in LIGO Hanford and
Livingston are 10.5 and 7.9, respectively, primarily because of the detectors’ differing sensitivities. Fourth row: Time-frequency
representation [47] of the strain data around the time of GW151226. In contrast to GW150914 [4], the signal is not easily visible.
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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

Degeneracy	between
inclina/on	and	distance

(GW	150914,	Abboe	et	al.	arXiv:1602.03840)

Local	environments

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

(short	GRBs,	Berger	2014)
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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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NS	merger	as	a	possible	origin	of		r-process	elements
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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 [79–81] and broad-line Type
Ic SN 1998bw [82, 83]. The spectra are shown in AB magni-
tudes (fν) at 200 Mpc distance. The corresponding absolute
magnitudes are indicated in the right axis.

is located at near-IR wavelengths [70, 77, 78].
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
transfer show that the element abundances in the ejecta
becomes non-uniform [54, 84, 87, 88]. 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 [54, 56]. 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 [97] 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., [98–102]).
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 [90, 103–108].
Since the tidal disruption is the dominant mechanism of
the mass ejection, a larger NS radius (or still 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 [71]. The blues line in Figure 2 show the
light curve of a BH-NS merger model (APR4Q3a75 from
Kyutoku et al. 2013 [90]), 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)
[109] 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 [56, 110–116]. 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 [111, 112, 117–119]. The emis-
sion properties depend on the element composition in
the ejecta. In particular, if a high electron fraction
(Ye ∼

> 0.25) is realized by the neutrino emission from
a long-lived hypermassive NS [117, 118] or shock heating
in the outflow [114], synthesis of lanthanide elements can
be suppressed in the wind. Then, the resulting emission
can be bluer than the emission from the dynamical ejecta
thanks to the lower opacity [70, 77]. This component can

MT16

Tomo-e

Extremely	red	spectra



Possible	brighter/bluer/faster	emission

Free	neutron	(~10-4	Msun??)
t	<	1d,	blue,	
22	mag@200	Mpc	(abs	-15	mag)
*	large	uncertainty	in	mass

Metzger+2015Metzger	&	Fernandez	2014;	Kasen+15

MT16

Disk	wind	(~10-2	Msun?)
t	<	5d,	blue,	
22	mag@200	Mpc	(abs	-15	mag)
*	may	be	absorbed	by	dynamical	ejecta
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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

*	too	bright	models	conflict	with	observa/ons
	of	short	GRBs	(Kann+10)	==>		Mopt	>~	-16	mag



• Importance	of	EM	observa/ons

• EM	emission	from	GW	sources

• Prospects	for	Tomo-e	Gozen



•GW150914
• Smare	et	al.	(PS1,	arXiv:1602.04156)																						20	mag,	442	deg2,	56	SNe

• Kasliwal	et	al.	(iPTF,	arXiv:1602.08764)																			21	mag,	135	deg2,	8	SNe

• Soares-Santos	et	al.	(DECam,	arXiv:1602.04198)			22	mag,	40	deg2

• Morokuma	et	al.	(J-GEM,	arXiv:1605.03216)										18	mag,	24	deg2		

• GW151226
• Smare	et	al.	(PS1,	arXiv:1606.04795)																							21	mag,	290	deg2,	20	SNe

• Cowperthwaite	et	al.	(DECam,	arXiv:1606.04538)	22	mag,	29	deg2,	4	SNe

• Copperwheat	et	al.	(LT,	arXiv:1606.04574)													spectroscopy

Follow-up	observa/ons	for	GW150914	and	GW151226

see	Morokuma-san’s	talk	for	Kiso/KWFC	surveys
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The Astrophysical Journal Letters, 789:L5 (6pp), 2014 July 1 Kasliwal & Nissanke

orientation and sky position, and distribute the mergers assum-
ing a constant comoving volume density for DL > 200 Mpc
or using a B-band luminosity galaxy catalog (Census of Local
Universe; Kasliwal 2011) for DL < 200 Mpc.

Next, we select the NS mergers that are detectable with only
the two LIGO interferometers at positions xH and xL (the
subscripts denote the Hanford and Livingston sites, hereafter
LIGO-H and LIGO-L). GW detection and source characteri-
zation methods use optimum matched filtering between GW
predictions and simulated detector streams (see Section 3 of
Paper I for details). The measured GW strain hM at a particular
detector xH or xL is the sum of the two GW polarizations, h+ and
h×, each weighted by their antenna response functions F+,[H/L]
and F×,[H/L], and multiplied by a time-of-flight correction. The
time delay of the signal between the detector and the coordinate
origin is given by τ[H/L] ∼ −n̂ · x[H/L]/c, where c is the speed
of light. h+ and h× are functions of DL, cos ι, masses, and the
GW frequency f. The antenna responses, F+,[H/L] and F×,[H/L],
depend on n̂ and ψ . Based on triangulation with three or more
interferometers, the time delay factor and phase effects domi-
nate over amplitude when reconstructing sky location errors for
the majority of sources (Nissanke et al. 2011; Veitch et al. 2012;
Grover et al. 2014; Sidery et al. 2014; Rodriguez et al. 2014).

For LIGO-H and LIGO-L, we assume two anticipated noise
curves at mid- and full-sensitivity (the upper red and black lines
in Figure 1 of Aasi et al. 2013a) and idealized noise. We define a
binary to be GW detectable if its expected signal-to-noise ratio
(S/N) at each detector is >6.5 and its expected network S/N
(the rms of the individual S/Ns) >12 (Aasi et al. 2013a).

To infer the binary’s sky position, we explicitly map out
the full nine-dimensional posterior probability density function
(PDF) using MCMC methods (see Section 3 of Paper I and
Nissanke et al. 2010) and derive two-dimensional PDFs in
(cos θ , φ). We took particular care to start each MCMC chain at
random all sky positions and polarizations before marginalizing
over the remaining seven-dimensional parameter space.

Finally, to better understand our MCMC derived measures,
we also implement two toy models using amplitude-only GW
waveforms. The first model incorporates only time-of-arrival
information, whereas the second incorporates a combination
of time-of-arrival and the detector antenna responses. Our sec-
ond toy model assumes a six-dimensional GW waveform which
incorporates time-of-arrival information weighted by an am-
plitude term of the form: AF ∼ [F+(n̂,ψ)(1 + cos2 ι)/DL +
F×(n̂,ψ)(−2 cos ι/DL)]. By simulating hundreds of noise real-
izations, we map out the likelihood function for (cos θ,φ) for
randomly orientated and located binaries on the sky at different
S/Ns[H/L].

3. GW RESULTS: DISTANCE, LOCALIZATION
ARCS, AND SKY SENSITIVITY

In Figure 1(a), we show the cumulative distance distributions
of NS mergers detectable using only LIGO-H and LIGO-L at
full sensitivity. As expected, the distance distribution of mergers
detected by Net2 is similar to those detected with Net3 and
Net5 in Section 2 of Paper I. At mid-sensitivity, the distance
distribution is scaled down by a factor of ∼0.6.

In Figure 1(b), we show the cumulative histogram of sky
localizations at 95% confidence regions (c.r.) for Net2 and
compare to Net3 and Net5 (Section 2 of Paper I). The median
localization is 250 deg2 compared with 17 deg2 in Net3. As
in Paper I, we expect NS black-hole (BH) binaries to show a
distribution similar to NS–NS. At mid-sensitivity, we expect the
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(b) NS-NS mergers: Sky errors

Figure 1. Cumulative distribution in luminosity distance (a) and 95% confidence
sky error (b) of NS–NS mergers. Red lines denote a network of two GW
interferometers. Gray lines denote Net3 and Net5 as presented in Paper I. We
require an expected network S/N > 12 and normalize to each specific network.
(A color version of this figure is available in the online journal.)

specific distribution in sky localizations to be similar to those at
full sensitivity because the majority of mergers will be detected
at the S/N threshold (distribution not shown here due to small
number of detections).

In Figure 2, we show the localization shapes, orientation,
and sky position of detected mergers at full sensitivity. Using
only time of arrival of signals at LIGO-H and LIGO-L, sky
localization estimates have so far predicted annular error rings
for non-spinning mergers of several thousand deg2 (Aasi et al.
2013a). Instead, we find that inclusion of F+(n̂,ψ) and F×(n̂,ψ)
in the GW waveform’s amplitude and phase information appears
to significantly improve localization errors to arcs comprising
several hundred deg2. For Net3–5, we found that degeneracies
between parameters result in non-contiguous areas for a handful
of mergers (e.g., Nissanke et al. 2011). Indeed, for a single
spinning NS–BH merger using two initial LIGO sensitivities,
Raymond et al. (2009) generated a localization arc by including
the BH’s spin.

The quadrupolar antenna patterns of LIGO-H and LIGO-L
are 89% aligned. Figure 2 shows that Net2 have significantly
reduced sensitivity in two out of four sky quadrants for sources
arriving in the plane of the interferometer arms. In contrast to
Net3–5, we do not find a strong correlation between the DL
and sky error as a result of the two-quadrant sky sensitivity.
We find that two binaries at the same distance can have
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2	aLIGO

Kasliwal	&	Nissanke	2014

+	aVIRGO
(2017-)

+	KAGRA	(2018-)
+	India	LIGO
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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

Strategy	for	Tomo-e	survey
(~100	deg2)
-	1	visit	=	3	min	x	5	exposures	(~20	min)
-	5	poin/ng	(~2	hr)
-	2-3	visits	/night

-	no	filter	<=	faint,	models	are	uncertain
MT16



2015 2016 2017 2018

Localiza/on ~600	deg2 ~100	deg2 ~10-50	deg2

Max.	dist 80	Mpc ~150	Mpc 200	Mpc

kilonova	
brightness

~	19-20	mag ~	20-21	mag ~22-23	mag

Expected	
number

?
(~0.1)

?	x	10
(~1)

?	x	100
(~10)

(+Virgo?) +Virgo +KAGRA?

Summary

iPTF	(7	deg2)
PS1	(7	deg2)
DECam	(3	deg2)

Tomo-e	(20	deg2)
ZTF	(47	deg2)


