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Gravitational-Wave Astronomy 

LIGO India

Virgo

KAGRALIGO (Livingstone)

LIGO (Hanford)

The GW detector network is growing 
in the world. 

The GW network tells us the location of GW events. 
=> Challenge to discover electromagnetic counterparts. 
e.g. A possible gamma-ray signal from GW150914 reported by Fermi GBM

properties 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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GW detector Netwok LIGO detected  
double black hole mergers

Abbott + 2016

Two LIGO’s detector discovered gravitational waves from binary black holes.



Localization of the three LIGO’s events

10	deg

h:p://www.ligo.org/detec$ons.php

SDSS

1	deg

~	100	galaxies	/	1	deg2	
(<	200	Mpc)

Challenge!! 
We have to look for the host galaxy in these large error volume.

© Masaomi Tanaka



The best strategy to search 
GW counterparts

Use the telescope that can reach the largest 
survey volume on a given time scale and frequency. 

i.e., the largest d(Survey Volume)

dt



Electromagnetic counterparts of mergers
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EM counterpart: Isotropic Emission
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Dynamical Mass Ejection at Merger
Animation from KH+ 13

Baryonic outflow: ~ 0.001 - 0.01Msun with 0.1c - 0.3c. 
Driven by gravity and hydrodynamics. 
=> These ejecta produce electromagnetic signals.

also Davies+94, Freiburghaus+99, Rosswog+00, Ruffert & Janka 01,  
Baustein + 13, Piran + 13, Rosswog 13, Kyutoku+15, Sekiguchi + 15, 16, East+16, Radice+16 
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Macronova : Radiation transfer

• It is red because of high opacity (Lanthanide) & rapid expansion. 
• i & z-band mag ~ 21 - 24th mag within 5 days (optical).

Tanaka & KH 2013 
also Barnes & Kasen 2013 Double Neutron Star Merger at 200 Mpc 

The Astrophysical Journal, 775:113 (16pp), 2013 October 1 Tanaka & Hotokezaka
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Figure 8. Expected observed ugrizJHK-band light curves (in AB magnitudes) for the model NSM-all and four realistic models. The distance to the NS merger
event is set to be 200 Mpc. A K correction is taken into account with z = 0.05. The horizontal lines show typical limiting magnitudes for wide-field telescopes (5σ
with 10 minute exposures). For optical wavelengths (ugriz bands), the “1 m,” “4 m,” and “8 m” limits are taken or deduced from those of the PTF (Law et al. 2009),
CFHT/Megacam, and Subaru/HSC (Miyazaki et al. 2006), respectively. For NIR wavelengths (JHK bands), the “4 m” and “space” limits are taken or deduced from
those of Vista/VIRCAM and the planned limits of WFIRST (Green et al. 2012) and WISH (Yamada et al. 2012), respectively.
(A color version of this figure is available in the online journal.)

To cover all the possibilities, we need 8 m-class telescopes.
Among such large telescopes, only Subaru/Hyper Suprime
Cam (HSC; Miyazaki et al. 2006) and the Large Synoptic
Survey Telescope (LSST; Ivezic et al. 2008; LSST Science
Collaborations et al. 2009) have a wide field of view (1.77 deg2

and 9.6 deg2, respectively). We show the expected limit with
Subaru/HSC. At red optical wavelengths (i or z bands),
8 m-class telescopes can detect even the faintest cases.

In Figure 9, we show an r−i versus i−z color–color diagram
for the model NSM-all compared with that of Type Ia, IIP, and

9
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event is set to be 200 Mpc. A K correction is taken into account with z = 0.05. The horizontal lines show typical limiting magnitudes for wide-field telescopes (5σ
with 10 minute exposures). For optical wavelengths (ugriz bands), the “1 m,” “4 m,” and “8 m” limits are taken or deduced from those of the PTF (Law et al. 2009),
CFHT/Megacam, and Subaru/HSC (Miyazaki et al. 2006), respectively. For NIR wavelengths (JHK bands), the “4 m” and “space” limits are taken or deduced from
those of Vista/VIRCAM and the planned limits of WFIRST (Green et al. 2012) and WISH (Yamada et al. 2012), respectively.
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To cover all the possibilities, we need 8 m-class telescopes.
Among such large telescopes, only Subaru/Hyper Suprime
Cam (HSC; Miyazaki et al. 2006) and the Large Synoptic
Survey Telescope (LSST; Ivezic et al. 2008; LSST Science
Collaborations et al. 2009) have a wide field of view (1.77 deg2

and 9.6 deg2, respectively). We show the expected limit with
Subaru/HSC. At red optical wavelengths (i or z bands),
8 m-class telescopes can detect even the faintest cases.

In Figure 9, we show an r−i versus i−z color–color diagram
for the model NSM-all compared with that of Type Ia, IIP, and
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DECam & Subaru follow up of LIGO’s O1 Run

Publications of the Astronomical Society of Japan (2017), Vol. 69, No. 1 9-5

Fig. 2. Enlarged view of the HSC survey area. (Color online)

groups. Groups 1 to 3 contained northern galaxies acces-
sible from Japan. The number of galaxies in groups 1, 2,
and 3 were 77, 76, and 77, respectively. Group 4 contained
79 southern galaxies. We allocated these groups to the
above telescopes as target lists.

A summary of the targeted observations is shown in
table 2. The net number of observed galaxies was 238. The
spatial and distance distributions of the observed galaxies
are shown in figures 3 and 4, respectively.

2.3 Spectroscopic follow-up

We carried out a spectroscopic observation of MASTER OT
J020906.21+013800.1 (Lipunov et al. 2015) with a fiber-
fed integral field spectrograph KOOLS-IFU attached to the

Fig. 3. Positions of the galaxies observed in the J-GEM follow-up obser-
vation of GW151226 (red points). (Color online)

188 cm telescope at Okayama Astrophysical Observatory
on 2015 December 28 (UT). The field of view of KOOLS-
IFU is 1.′′8 per fiber and 30′′ in total. The wavelength range
and spectral resolving power were 5020–8830 Å, and 600–
850, respectively. The total exposure time was 3600 s.

3 Data reduction and results

3.1 Wide-field survey data

3.1.1 KWFC survey
Data reduction of the KWFC data was done using the stan-
dard data reduction pipeline developed for the Kiso Super-
nova Survey (KISS: Morokuma et al. 2014). The pipeline

Table 2. Average limiting magnitudes of the galaxy-targeted observations.

Date (UT) Instruments mid-T∗ Ngal
† exp-T mlim

‡

[d] [s] [AB]

2015-12-27 HOWPol 1.67 18 90 R: 17.9 ± 0.6, I: 18.3 ± 0.4
2015-12-28 MITSuME 2.46 61 540 R: 18.5 ± 0.4

OAO-WFC 2.46 36 900 J: 18.3 ± 0.3
MINT 2.47 37 540 I: 20.1 ± 0.5
HONIR 2.49 51 120 I: 19.4 ± 0.5
SIRIUS 2.78 10 360–580 J: 19.3 ± 0.4, H: 19.2 ± 0.4, K: 18.1 ± 0.4

2015-12-29 MITSuME 3.34 16 540 R: 18.5 ± 0.4
MOA-cam3 3.45 10 120 MOA-red: 17.3 ± 0.7
OAO-WFC 3.47 32 900 J: 16.4 ± 0.4
HONIR 3.49 20 120 I: 19.7 ± 0.3
MINT 3.53 38 540 I: 20.0 ± 0.6

2015-12-31 MOA-cam3 5.39 29 120 MOA-red: 18.4 ± 0.1
2016-01-04 MOA-cam3 9.40 24 120 MOA-red: 18.6 ± 0.2
2016-01-05 MOA-cam3 10.30 19 120 MOA-red: 18.2 ± 0.1

∗Middle time of the observation in units of days after GW151226.
†Number of observed galaxies.
‡Median value of 5 σ limiting magnitude and its range (1 σ ) during one observation run.

2. OBSERVATIONS AND DATA REDUCTION

GW151226 was detected on 2015 December 26 at 03:38:53
UT by a Compact Binary Coalescence (CBC) search pipeline
Abbott et al. (2016c). The CBC pipeline operates by matching
the strain data against waveform templates and is sensitive to
mergers containing NSs and/or BHs. The initial sky map was
generated by the BAYESTAR algorithm and released 38 hr after
the GW detection. BAYESTAR is a Bayesian algorithm that
generates a localization sky map based on the parameter
estimation from the CBC pipeline (Singer et al. 2014; Singer &
Price 2016). The sky area contained within the initial 50% and
90% contours was 430 deg2 and 1340 deg2, respectively. A sky
map generated by the LALInference algorithm, which
computes the localization using Bayesian forward-modeling of
the signal morphology (Veitch et al. 2015), was released on
2016 January 15 UT, after our DECam observations had been
concluded. The LALInference sky map is slightly narrower
than the sky map from BAYESTAR with 50% and 90%
contours of 362 deg2 and 1238 deg2, respectively.

We initiated follow-up observations with DECam on 2015
December 28 UT, two days after the GW detection and 10
hours after distribution of the BAYESTAR sky map. DECam is
a wide-field optical imager with a 3 deg2 field of view
(Flaugher et al. 2015). We imaged a 28.8 deg2 region
corresponding to 3% of the sky localization probability when
convolved with the initial BAYESTAR map and 2% of the
localization probability in the final LALInference sky map.
The pointings and ordering of the DECam observations were
determined using the automated algorithm described in Soares-
Santos et al. (2016). The choice of observing fields was
constrained by weather, instrument availability, and the
available time to observe this sky region given its high
airmass. We obtained four epochs of data with each epoch
consisting of one 90 s exposure in the i-band and two 90 s
exposures in the z-band for each of the 12 pointings. The first
epoch was obtained 2–3 days after the GW event time (2015
December 28–29 UT), the second epoch was at 6 days (2016
January 1 UT), the third epoch was at 13–14 days (2016
January 8–9), and the fourth epoch was at 23–24 days (2016
January 18–19). A summary of the observations is provided in
Table 1,and a visual representation of the sky region is shown
in Figure 1.

We processed the data using an implementation of the
photpipe pipeline modified for DECam images. Photpipe

is a pipeline used in several time-domain surveys (e.g.,
SuperMACHO, ESSENCE, Pan-STARRS1; see Rest et al.
2005; Garg et al. 2007; Miknaitis et al. 2007; Rest et al. 2014),
designed to perform single-epoch image processing including
image calibration (e.g., bias subtraction, cross-talk corrections,
flatfielding), astrometric calibration, image coaddition, and
photometric calibration. Additionally, photpipe performs
difference imaging using hotpants (Alard 2000; Becker
2015) to compute a spatially varying convolution kernel,
followed by photometry on the difference images using an
implementation of DoPhot optimized for point-spread func-
tion (PSF) photometry on difference images (Schechter et al.

Table 1
Summary of DECam Observations of GW151226

Visit UT Dta á ñPSFi á ñPSFz á ñairmass á ñdepthi á ñdepthz Aeff
b

(days) (arcsec) (arcsec) (mag) (mag) (deg2)

Epoch 1 2015-12-28.11 1.96 0.97 0.99 1.95 22.39 22.23 14.4
2015-12-29.11 2.96 1.00 0.97 1.78 22.57 22.46 14.4

Epoch 2 2016-01-01.06 5.91 0.95 0.90 1.57 21.37 21.06 28.8
Epoch 3 2016-01-08.11 12.96 1.68 1.62 2.15 22.09 21.70 24.0

2016-01-09.11 13.96 1.17 1.12 1.80 22.44 22.17 4.8
Epoch 4 2016-01-18.03 22.88 1.21 1.20 1.48 22.00 22.01 12.0

2016-01-19.01 23.86 1.29 1.25 1.71 21.86 21.90 16.8

Notes. Summary of our DECam follow-up observations of GW151226. The PSF, airmass, and depth are the average values across all observations on that date. The
reported depth corresponds to the mean s5 point-source detection in the coadded search images.
a Time elapsed between the GW trigger time and the time of the first image.
b The effective area corresponds to 12 DECam pointings taking into account that ≈20% of the 3 deg2 field of view of DECam is lost due to chip gaps (10%),
threedead CCDs (5%;Diehl et al. 2014), and masked edge pixels (5%).

Figure 1. Sky region covered by our DECam observations (red hexagons)
relative to the 50% and 90% probability regions from the BAYESTAR (cyan
contours) and LALInference (white contours) localization of GW151226.
The background color indicates the estimated s5 point-source limiting
magnitude for a 90s i-band exposure as a function of sky position for the
first night of our DECam observations. The variation in the limiting magnitude
is largely driven by the dust extinction and airmass at that position. The dark
gray regions indicate sky positions that were unobservable due to the telescope
pointing limits. The yellow contour indicates the region of sky covered by the
Dark Energy Survey (DES). The total effective area for the 12 DECam
pointings is 28.8 deg2, corresponding to 3%(2%) of the probability in the
BAYESTAR(LALInference) sky map.
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28.8 sq. degree 
i, z < 21.7, 21.5 mag 

DECam: GW151226 HSC: GW151226 

63.5 sq. degree 
i, z < 24.6, 23.8 mag 

Yoshida et al 2017 Cowperthwaite et al 2017 

No optical counterpart detection (note that this is a binary black hole). 
They demonstrated the deep and wide follow-up survey works.



Long-lasting Radio Remnant  
of neutron star mergers
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Fig. 1.— Expected radio light curves at 1.4 GHz (upper panels) and 150 MHz (lower panels)

of NS2 merger at 200 Mpc (left panels) and BHNS merger at 300 Mpc (right panels). The

circum-merger density is set to be 0.1 cm−3. The blue, green, and red curve in the blue

shaded region correspond to high, medium, and low ejecta model, respectively. Also shown

are the orphan radio afterglows of Jet-canonical (red shaded region) and Jet-high (green

shaded region) with a viewing angle of 30◦ (dotted), 45◦ (solid), and 60◦ (dashed). The

horizontal solid bars represent the sensitivity (7 sigma noise rms with integration of one

hour) of the radio facilities. The radio fluxes at 1.4 GHz of the galaxies, M82, Milky way,

and M33, is shown as the horizontal dashed bars assuming a distance of 200 Mpc for NS2

and of 300 Mpc for BHSN.

Ejecta

Reference 
Image

GRB afterglow  
10^49 erg

GRB afterglow 10^48 erg

KH+2016



Radio Macronovae as GW counterparts
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Figure 3. The peak flux densities of long-lasting radio remnants as a function of the 2-σ GW localization areas using GW Net 3
for DNS mergers (left panels) and BH-NS mergers (right panels). We set the circum-merger densities to be 1.0 cm−3 (upper panels),
0.1 cm−3 (middle panels), and 0.01 cm−3 (lower panels). The blue filled squares, green filled circles, and red filled triangles show the high,
medium, low ejecta models within a distance of 200 Mpc, respectively. The open ones show those events that occur greater than 200 Mpc.
The lines show the 7-σ noise levels of the radio facilities assuming that the total observation time of each epoch is 30 hr with a survey speed
given in Sec 4.1. As examples, the radio flux densities at 1.4 GHz of the galaxies, M82 and the Milky Way, are shown as the horizontal
dashed bars assuming a distance of 200 Mpc in the case of DNS and of 300 Mpc for BH-NS mergers. For the Milky Way, the peak flux
density in the edge-on case for an angular resolution of 7′′ is shown (see Sec. 5.1).

ferent flavours of supernovae, long GRBs to active galac-
tic nuclei (AGN). In this section we now discuss the chal-
lenges posed first by the host galaxy contamination and
second by the astrophysical false positive transients. We
then provide strategies to overcome them.

5.1. Host galaxy contamination

The host galaxies of DNS and BH-NS mergers ex-
hibit radio emission, which may contaminate the emis-
sion from the radio counterparts of GW events. For ex-

ample, the 1.4 GHz radio luminosities of M33, the Milky
Way, and M82 are 1027.5, 1028.5, and 1029 erg/s/Hz
(Beuermann et al. 1985; Condon et al. 1990) and these
values are comparable or even brighter than the expected
luminosities of the radio counterparts (see Table 2). Here
we discuss what is the probability that host galaxy con-
tamination may prevent identifying GW-radio counter-
parts.
Galaxies bright in the radio band are either star-

forming galaxies or those associated with AGN. Since

Dynamical 
Ejecta 

Large E 
(90%) 
Medium E 
(20%) 
Low E 
(3%)Detection threshold

Filled points: nearby events D<200Mpc

Detectability

Point: radio false positives are quite rare, e.g., a few % of optical  

KH+16



Galaxy targeted search in the O2 run
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Macronova/Kilonova

is the feature only for the asymmetric binaries; the
amplitude of the quasiradial oscillation is larger for the
equal-mass binaries; a high-amplitude quasiradial oscil-
lation is a unique property found only for models with
APR4 (see Fig. 6). However, it is universal that the
HMNSs are rapidly rotating and nonaxisymmetric, irre-
spective of the EOS, total mass (m ! 2:8M"), and mass
ratio, as found in previous studies [17,24,25]. This rapid
rotation together with the nonaxisymmetric configuration

not only results in the emission of strong gravitational
waves but also is the key for an efficient mechanism of
angular momentum transport from the HMNS to the
surrounding material because the HMNS exerts the
torque.
Figures 3–5 indicate that there are two important pro-

cesses for the mass ejection. The first one is the heating by
shocks formed at the onset of the merger between the inner
surfaces of two neutron stars. Figures 7 and 8 display

FIG. 5 (color online). The same as Fig. 4 but for models H4-120150. tmerge # 8:8 ms for this model.

MASS EJECTION FROM THE MERGER OF BINARY . . . PHYSICAL REVIEW D 87, 024001 (2013)

024001-11

r-process  
nucleosynthesis

Radioactivity of neutron rich nuclei heats up the ejecta 
=> Bright emission: nova < macronova < supernova  

Li & Paczynski 1998, Kulkarni 2005, Metzger+10



Kilonova: Thermal emission from the merger ejecta

Heat generation 
         (radioactive decay)

Po
w

er

Time

Escaping photon  
luminosity

Expansion
t > tdiff

t < tdiff ρ

T high

ρ

T low t > tdiff

Li and Paczynski 1998, Kulkarni 2005 , Metzger+10, Tanvir+13, Berger+13

Important: The initial internal energy is practically negligible for macronova emission. 
Therefore, the light curve is determined by energy injection at late times. 

Ejecta
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Figure 1. The final abundances of some selected nucleosynthesis calculations. Left: Ye = 0.01, 0.19, 0.25, 0.50, s = 10 kB baryon�1, and
⌧ = 7.1ms. The full r-process is made, with substantial amounts of lanthanides and actinides, for Ye = 0.01 and Ye = 0.19. The Ye = 0.25
trajectory is neutron-rich enough to make the second r-process peak, but not the third and not a significant amount of lanthanides. In
the symmetric case (Ye = 0.5), mostly 4He and iron-peak elements are produced. Right: Ye = 0.25, s = 1.0, 3.2, 10, 100 kB baryon�1, and
⌧ = 7.1ms. With s = 1 kB baryon�1 a jagged r-process is obtained because there are only few free neutrons per seed nucleus available and
nuclides with even neutron numbers are favored. Even though there are not many free neutrons available, there is still a significant amount
of lanthanides in the s = 1 kB baryon�1 case because the initial seed nuclei are very heavy. At higher entropies, the initial seeds become
lighter and the initial free neutron abundance increases. However, the increase in the initial free neutron abundance is not enough to o↵set
the decrease in the initial mass of the seeds and so we obtain a less complete r-process. The situation is reversed at s = 100 kB baryon�1,
where there is a very high neutron-to-seed ratio. In that case, a significant fraction of ↵ particles are also captured on the seed nuclei. This
leads to a full r-process in the s = 100 kB baryon�1 case.

Figure 2. A frame from the animation of the nucleosynthesis calculation for Ye = 0.01, s = 10 kB baryon�1, and ⌧ = 7.1ms. The frame
shows the full extent of the r-process just when free neutrons get exhausted. The plot in the upper left corner shows the temperature,
density, and heating rate as function of time. The colored bands in the chart of nuclides correspond to the mass bins in the histogram at
the bottom. The histogram shows the mass fractions on a linear scale while the blue curve shows the abundances as a function of mass on
a logarithmic scale. The full animations are available at http://stellarcollapse.org/lippunerroberts2015.

Lattimer & Schramm 74,  Metzger+10, Goriely+11, Korobkin+12, Wanajo+14, Lippuner & Roberts 15, Wu+16

R-process in Neutron Star Merger Ejecta 

✓ Almost all material is synthesized in heavy r-process elements. 
✓ Nuclei are initially far from the stability line.

Lippuner & Roberts 15
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Quick review of macronova heating
KH, Sari, Piran 2017

in Fermi’s theory of beta decay(me, c, ~, GF )
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in Fermi’s theory of beta decay(me, c, ~, GF )

e�

n

p ⌫̄e

GF

The heating rate per nucleus:
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Light curve of kilonova/macronova
The Astrophysical Journal, 775:113 (16pp), 2013 October 1 Tanaka & Hotokezaka
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Figure 4. Bolometric light curves for simple models with different elemental
abundances: NSM-all (31 ! Z ! 92), NSM-dynamical (55 ! Z ! 92),
NSM-wind (31 ! Z ! 54), and NSM-Fe (only Fe).
(A color version of this figure is available in the online journal.)

at blue wavelengths drop dramatically in the first five days. The
light curves in the redder band evolve more slowly. This trend is
also consistent with the results of Kasen et al. (2013) and Barnes
& Kasen (2013).

Since our simulations include all the r-process elements,
spectral features are of interest. As the simulations of Kasen et al.
(2013) and Barnes & Kasen (2013) include only a few lanthanoid
elements, these authors do not discuss detailed spectral features.
Figure 6 shows the spectra of the model NSM-all at t = 1.5, 5.0,
and 10.0 days after the merger. Our spectra are almost featureless
at all epochs. This trend arises because of the overlap of many
bound–bound transitions of different r-process elements. As a
result, compared with the results of Kasen et al. (2013) and
Barnes & Kasen (2013), the spectral features here are more
smeared out.

Note that we can identify possible broad absorption features
around 1.4 µm (in the spectrum at t = 5 days) and around
1.2 µm and 1.5 µm (t = 10 days). In our line list, these bumps
are mostly made by a cluster of the transitions of Y i, Y ii,
and Lu i. However, we are cautious about such identifications
because the bound–bound transitions in the VALD database
are not likely to be complete at NIR wavelengths, even for
neutral and singly ionized ions. In fact, Kasen et al. (2013)
showed that the opacity of Ce from the VALD database drops
at NIR wavelengths, compared with the opacity based on their
atomic models. Although we cannot exclude the possibility that
a cluster of bound–bound transitions of some ions can make a
clear absorption line in NS mergers, our current simulations do
not make predictions for such features.

5. DEPENDENCE ON THE EOS AND MASS RATIO

Figure 7 shows the bolometric light curves of realistic models.
The luminosity is averaged over all solid angles. Since the angle
dependence is within a factor of two (see Roberts et al. 2011),
we focus only on the averaged luminosity.

The models with the soft EOS APR4 (red) are brighter than
the models with the stiff EOS H4 (blue). This result is interpreted
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Figure 5. Multi-color light curves of the model NSM-all (in Vega magnitudes).
The light curves in redder bands are brighter and decay more slowly.
(A color version of this figure is available in the online journal.)

as follows. When the total radioactive power is proportional to
the ejecta mass (Equation (10)), the peak luminosity is expected
to scale as L ∝ M

1/2
ej v

1/2
ch (Li & Paczyński 1998). We confirmed

that the peak luminosity of our models roughly follows this
relation (the effective opacity is κ ∼ 10 cm2 g−1, irrespective
of model). For a soft EOS (i.e., a smaller radius of the NS),
the mass ejection occurs at a more compact orbit and shock
heating is efficient. As a result, the mass of the ejecta is higher
for softer EOSs (see Table 1, and also Hotokezaka et al. 2013;
Bauswein et al. 2013). Therefore, the NS merger with the soft
EOS APR4 is brighter. Note that the light curve of the fiducial
model NSM-all (black) is similar to those of the models APR4-
1215 and APR4-1314 because these models have a similar mass
and characteristic velocity (Table 1).

For the soft EOS APR4, the brightness does not depend
strongly on the mass ratio of the binary NSs (red solid and
dashed lines in Figure 7). This result arises because, for a
soft EOS such as APR4, the mass ejection by shock heating
is efficient. By contrast, for the stiff EOS H4, the mass ejection
occurs primarily by tidal effects (the effect of shock heating
is weak; Hotokezaka et al. 2013). Thus, mass ejection is more
efficient for a higher mass ratio. As a result, the model H4-1215
(mass ratio of 1.25) is brighter than the model H4-1314 (mass
ratio of 1.08).

These results open a new window on the study of the nature
of NS mergers and EOSs. By adding the information of EM
radiation to the analysis of GW signals, we may be able to pin
down the masses of the two NSs and/or the stiffness of the
EOSs more accurately. Note that in the current simulations, the
heating rate per mass is fixed. To fully understand the connection
between the initial conditions of the NS merger and the expected
emission, detailed nucleosynthesis calculations are necessary.

6. IMPLICATIONS FOR OBSERVATIONS

6.1. Follow-up Observations of EM Counterparts

In this section, we discuss the detectability of UVOIR
emission from NS merger ejecta. Figure 8 shows the expected

7

r-process opacity

The atomic opacity of r-process elements is quite high.  
~100 times the one of type Ia supernovae.

Tanaka & KH 13, Kasen et al 13, Barnes & Kasen 13

iron opacity

Fainter, Longer,  
Redder
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FIG. 2: Absolute Vega magnitudes versus rest frame time of the macronova candidates in sGRB 050709, long-short GRB
060614 [20] and sGRB 130603B [18]. The red dashed line is the same as the dynamical ejecta macronova model I-band
emission presented in Fig.1 (the green dashed line represents the H-band emission) while the red solid line is the disk-wind
ejecta macronova model I-band emission light curve for Mej = 0.03 M⊙ and Vej = 0.07c (the green dotted line represents the
H-band emission).

Table 1. Physical properties of GRBs/macronovae/afterglows with known redshifts.
GRB 050709a GRB 060614b GRB 130603Bc

Eγ,iso (1051 erg) 0.069 2.5 2.1
z 0.16 0.125 0.356
Durationd (s) 0.5 (+130) 5 (+97) 0.18
Classification sGRB + extended X-rays long-short GRB sGRB
Identifying macronova in I/F814W in I/F814W in F160W
Macronova peak luminosity ∼ 1041 erg s−1 (I) ∼ 1041 erg s−1 (I) ∼ 1041 erg s−1 (F160W)
Mej ∼ 0.05 M⊙ ∼ 0.1 M⊙ ∼ 0.03 M⊙
RMN/X ∼ 1 ∼ 0.1 ∼ 0.6

Note: a. Villasenor et al.[22] and this work; b. Gehrels et al. [44], Yang et al. [21] and Jin et al. [20]; c. Tanvir et al. [18],
Berger [19] and Hotokezaka et al. [27]; d. The durations include that of the hard spike and the “extended emission” (in the
bracket); e. RMN/X denotes the ratio between the macronova “peak” luminosity and the simultaneous X-ray luminosity. The
Mej is estimated from the dynamical ejecta model and the value can change by a factor of a few due to uncertainties in the

opacity, nuclear heating, and ejecta morphology.

different Mej and Vej, or merger types, or different observations angles in different events.
Within this context it is interesting to mention also GRB 080503. It is not in our sample as its redshift is unknown

[41]. Though no I-band/F814W-band or redder emission had been measured (see Fig.3, where the upper limits on
the infrared luminosity are for a redshift z ∼ 0.25, as assumed/adopted in Kasen et al. [42]), in optical bands the
afterglow were detected in the time interval of ∼ 1.08 − 5.36 days after the GRB trigger. Hence the emission is
quite blue, which is at odds with the dynamical ejecta macronova model but may be consistent with the disk-wind
macronova model [42]. The potential challenge for this model is the non-identification of a nearby host galaxy as close
as z ∼ 0.25 in the deep HST/WFPC2 observation data of GRB 080503 [41].
It is interesting to compare now the observed features of this three macronova candidates. As far as the prompt

emission is concerned, GRB 050709, a short burst with extended soft X-ray emission, bridges the gap between the
canonical sGRB 130603B and the long-short lsGRB 060614 (see Table 1). The isotropic-equivalent prompt emission
energy Eγ,iso of sGRB 050709 is about 30 times smaller than that of lsGRB 060614 and sGRB 130603B, while the
macronova emission of sGRB 050709 is similar to that of lsGRB 060614 (see Fig.2). The high energy transients

1041 erg/s

1040 erg/s

Three macronova candidates after nearby short GRBs

• Peak luminosity ~ 10^41 erg/s. 
• The I-band light curves of 050709 and 060614 are quite similar.

130603B (H-band)

050709  
(I-band)

060614 
(I-band)

Jin, KH + 16



Kilonova/Macronova candidates

Redshift T90 (s)
Eiso 

(10^51 erg)
Macronova 

(erg/s) Note

GRB 050709 0.16
0.1 

(+130) 0.07
10^41 

(I-band)
very small 

host

GRB 060614 0.125 5 
(+97)

2.5 10^41 
(I-band)

not really 
 a short 

burst

GRB 130603B 0.356 0.18 2.1 10^41 
(H-band)

the first 
candidate

GRB 150101B 
no detection

0.134 0.012 0.013 <10^42 
(H-band)

Early type 
host

We think a good fraction of sGRBs accompanying a macronova. 

Jin, Hotokezaka et al 2016



Nuclear Gamma-rays from neutron star mergers

Very difficult to detect. 

But 

The direct detection will be  
the ultimate proof of 

the origin of r-process elements. 



Gamma-rays from macronovae
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Radioactive decay products in NS merger ejecta 7

≈ 0.2 (see Fig. 3). The minimal required masses are larger
than what previously estimated by a factor of ≈ 2.5. As a
result, the estimated masses are 0.05M⊙ and 0.25M⊙ respec-
tively. The former may be explained in the context of the
black-hole neutron star merger ejecta. However, the latter is
too large for the compact binary merger ejecta. Therefore, in
addition to β-decay, other sources of energy injection may be
required to interpret this event as a compact binary merger.

The spontaneous fission of transuranic nuclei can in-
crease the heating rates at later times as discussed earlier.
For NSM-fission, for which the mass fraction of transuranic
nuclei is ≈ 0.02, the heating rate at 10 days is larger than
that of NSM-solar by a factor of ≈ 3 (see the left panel of
Fig. 3). Based on NSM-fission, therefore, the minimal re-
quired masses are smaller than the ones of NSM-solar by
a factor of 3 and similar to what estimated in the previous
works (Hotokezaka et al. 2013a; Piran et al. 2014; Yang et al.
2015). However, there are large uncertainties in the fission
and β-decay lifetimes of transuranic nuclei (Wanajo et al.
2014) as well as the abundance distribution (Eichler et al.
2015), and hence, these estimates are uncertain.

It is also worthy to mention that there are alternative
scenarios to inject additional energy from the central engine
activity, e.g., X-ray irradiation (Kisaka et al. 2015) and mag-
netar outflows (Fan et al. 2013; Metzger & Piro 2014; Gao
et al. 2015). Because the central engine models predict ob-
servable signatures in the multi-wavelength, to identify the
dominant energy source of macronovae, X-ray observations
on the macronova peak timescale and late-time radio ob-
servations (months to years) are important. In fact, the late
time radio upper limits have already constrained the magne-
tar engine model for GRB 130603B and 060614 (Fong et al.
2014; Horesh et al. 2015)

5 DETECTABILITY OF γ-RAYS OF
R-PROCESS NUCLIDES

Given that the γ-rays escape from the ejecta we turn now
to compute the light curves of γ-rays escaping directly from
radioactive decay, i.e., γ-rays produced outside their pho-
tosphere (Clayton et al. 1969). For these γ-rays, the ob-
served spectrum preserves the original shape (see Fig. 2).
To identify the radius of the photosphere of each energy
band, we take into account three processes of γ-rays with
matter: (i) the photoelectric absorption (Eγ ! 300 keV),
(ii) Compton scattering (Eγ ∼ 1 MeV), and (iii) the pair
production (Eγ " 5 MeV). The photoelectric absorption
dominates in the low energy range and depends on the
composition of material. The mass absorption coefficient
of the photoelectric absorption for r-process material with
the solar abundance pattern (40 # Z # 92) is shown in
Fig. 4. At high energies Eγ " 100 keV, the mass absorp-
tion coefficient κph is approximately described by κph ≈
2.5 cm2/g (Eγ/100 keV)−2.7. At low energies Eγ ! 100 keV,
κph ≈ 2.5 cm2/g (Eγ/100 keV)−1.8 (see NIST database4 for
the mass absorption coefficient for each element). Here the
density structure of ejecta is assumed as ρ ∝ r−3 and the
maximum velocity is set to be twice of the average velocity.

4 http://www.nist.gov/pml/data/ffast/index.cfm
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Figure 4. Mass absorption coefficient of photoelectric absorp-
tion. Here we assume that the material is composed of r-process
elements with 40 ! Z ! 92 and the abundance pattern is the
solar pattern of stable and long-lived r-process nuclei.

Figure 5 shows the γ-ray fluxes for an observer at a dis-
tance of 3 Mpc in the four different energy bands, 10 keV #
Eγ < 30keV (top left), 30 keV # Eγ < 100 keV (top
right), 100 keV # Eγ < 300 keV (bottom left), and
300 keV # Eγ < 1 MeV (bottom right). Here we show the
four different ejecta models: (Mej, v) = (0.01 M⊙, 0.3c),
(0.01M⊙, 0.05c), (0.1M⊙, 0.3c), and (0.1M⊙, 0.05c). Be-
cause the photospheric radius depends strongly on the γ-
ray’s energy, the peak timescales of γ-ray fluxes are different
for different energy bands. For 10 keV # Eγ < 30 keV, the
peak time is as late as 30 days to 100 days. On the contrary,
for 300 keV # Eγ < 1 MeV, the γ-ray flux peaks around 1–
10 days. Because more energy is released in γ-rays at higher
energies and they escape from the ejecta at earlier times
than at lower energies, the detections may be easier at the
higher energy bands.

Here we compare the expected fluxes of events with the
sensitivity of current-and-future missions in the 30 keV–
1 MeV range, i.e., ASTRO-H HXI (pre-launch) and NuS-
TAR for 30–100 keV (Takahashi et al. 2012; Harrison
et al. 2013), ASTRO-H SGD (pre-launch) for 100 keV–
1 MeV (Takahashi et al. 2012), and CAST for 300 keV–
1 MeV (Nakazawa et al. 2014). The resultant sensitivities are
shown with the dotted lines Fig. 5 assuming each exposure
at 100 ks, since the expected fluxes show the variabilities on
timescales of ∼ 100 ks. γ-rays are detectable at 300 keV to
1 MeV with ASTRO-H SGD and CAST for an event at a
distance of 3 Mpc with an ejecta mass of 0.1 M⊙. For CAST,
it is detectable even for an event at 10 Mpc with 0.1 M⊙ and
at 3 Mpc with 0.01 M⊙. However, the rate of such nearby
events (! 3 Mpc) is small, e.g., an optimistic estimate gives
∼ 10−3 yr−1 (Abadie et al. 2010). Therefore, new detectors,
sensitive by at least a factor of ten, are needed for a realis-
tic detection rate of these signals. Note that a non-spherical
geometry of ejecta results in an earlier peak time and larger
fluxes compared to a spherical geometry for high latitude
observes so that the detectability may slightly increase in
such cases.
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Figure 2. Spectrum of γ-rays at 1, 3, 5 and 10 days after merger for NSM-solar. Black lines depict the γ-ray spectrum produced by
nuclei at rest. The red (blue) curve shows the spectrum with the Doppler broadening with an expansion velocity of 0.3c (0.05c). The
normalization is determined with the mass of ejected r-process elements of 0.01M⊙ and the observed distance of 3 Mpc. Here we do not
take any absorption and scattering processes into account.

we find

Ėe(t) ≈ 4 · 109 erg/s/g

„
t

1 day

«−1.3

, (2)

Ėγ(t) ≈ 8 · 109 erg/s/g

„
t

1 day

«−1.3

, (3)

Ėα(t) ≈ 7 · 108 erg/s/g

„
t

1 day

«−1 „
XA!210

3 · 10−2

«
, (4)

Ėf (t) ≈ 2 · 109 erg/s/g

„
t

1 day

«−1 „
XA!250

2 · 10−2

«
. (5)

where XA!210 (XA!250) is the total mass fraction of nuclei
with 210 ! A ! 280 (250 ! A ! 280). Note that the nu-
merical coefficients in Eqs. (2) and (3) are valid as long as
material has the solar-like r-process pattern containing the
second (A ∼ 130) and third (A ∼ 195) r-process peaks.

Although the form of ϵγ(t) should be computed with a
radiative transfer simulation, here we give rough estimates.
The optical depth of homologously expanding ejecta is given
by

τγ(t) =

„
ttr,γ

t

«2

, (6)

where ttr,γ ≈ (κγMej/4πv2)1/2 ≈
0.4 day(κγ/0.05 cm2/g)1/2(Mej/0.01M⊙)1/2(v/0.3c)−1

is the time that the ejecta become transparent to γ-rays.

Here we assume that the dominant interaction process of
γ-rays with matter is Compton scattering.

At the diffuse-out timescale of thermal photons (optical
to infrared: IR) tdiff,o when the optical depth to thermal
photons satisfies τopt = c/v, a significant amount of the
deposited energy starts to escape as thermal photons. We
rewrite Eq. (6) in terms of tdiff,o:

τγ(t) ≈ κγ

κo

c
v

„
tdiff,o

t

«2

, (7)

≈ 0.02

„
tdiff,o

t

«2 „
κγ

0.05 cm2/g

«

×
„

κo

10 cm2/g

«−1 “ v
0.3c

”−1
, (8)

where κo is the opacity of r-process elements to photons in
the optical bands. It is dominated by bound-bound tran-
sitions of lanthanides (Kasen et al. 2013; Tanaka & Ho-
tokezaka 2013). For the dynamical ejecta, on the timescale
of tdiff,o, the optical depth to γ-rays is much smaller than
unity, thereby only a small fraction of the γ-rays’ energy is
deposited in the ejecta on the peak timescale of macronovae.

For the slowly expanding wind ejecta, in particular lan-
thanide free cases, the γ-ray heating efficiency is significantly
different. The opacity to thermal photons and expansion ve-
locity of the wind ejecta are κo ∼ 1 cm2/g and v ∼ 0.05c (see
e.g., Tanaka & Hotokezaka 2013 for the opacity of the wind
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Figure 1. Energy generation rate in each type of particles (left) and its fraction to the total one (right) for NSM-solar (90 6 A 6 238),
NSM-fission (90 6 A 6 280), and NSM-wind (90 6 A 6 140) from the top to the bottom. Each curve shows the total rate (black long-
dashed), those in the forms of �-rays (red solid), neutrino (green dashed), electrons (blue dotted), fission fragments (violet dash-dotted),
and ↵ particles (magenta dash-two dotted).

Brennecka et al. 2010) and 244Pu is found in the Earth’s
material at present (Wallner et al. 2015). Furthermore, nu-
cleosynthesis studies of merger ejecta show that very heavy
nuclei up to mass numbers of ⇠ 280 exist at the r-process
freezeout (see, e.g., Goriely et al. 2013; Eichler et al. 2015).
The spontaneous fission of such very heavy nuclei is also
suggested to a↵ect the heating rate (Metzger et al. 2010;
Wanajo et al. 2014). In this work, we study three cases:
r-process nuclear distributions of (i) NSM (Neutron Star
Merger)-solar: 90 6 A 6 238 (fiducial), (ii) NSM-fission:
90 6 A 6 280, and (iii) NSM-wind: 90 6 A 6 140. The last
case, NSM-wind corresponds to the conditions within a pos-

sible lanthanide-free composition (from the wind, see below).
For NSM-fission, we add transuranic nuclei by assuming a
constant Y

A

of 3.6 · 10�4 for 206 6 A 6 280. This value is
taken so that the solar abundance of 209Bi is reproduced af-
ter nuclear decay. Note that the bulk of 206,207,208Pb, 209Bi,
232Th, and 235,238U are the (↵ and �) decayed products of
actinides with 209 < A < 254. The reaction network in-
cludes the channels for (�-delayed and spontaneous) fission
and ↵-decay in addition to �-decay for this mass region.

To study the heating e�ciencies and resulting �-ray line
fluxes, one needs to specify the ejecta properties, e.g., the
mass M

ej

and expansion velocity v. In this work, we con-
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Figure 1. Energy generation rate in each type of particles (left) and its fraction to the total one (right) for NSM-solar (90 6 A 6 238),
NSM-fission (90 6 A 6 280), and NSM-wind (90 6 A 6 140) from the top to the bottom. Each curve shows the total rate (black long-
dashed), those in the forms of �-rays (red solid), neutrino (green dashed), electrons (blue dotted), fission fragments (violet dash-dotted),
and ↵ particles (magenta dash-two dotted).

Brennecka et al. 2010) and 244Pu is found in the Earth’s
material at present (Wallner et al. 2015). Furthermore, nu-
cleosynthesis studies of merger ejecta show that very heavy
nuclei up to mass numbers of ⇠ 280 exist at the r-process
freezeout (see, e.g., Goriely et al. 2013; Eichler et al. 2015).
The spontaneous fission of such very heavy nuclei is also
suggested to a↵ect the heating rate (Metzger et al. 2010;
Wanajo et al. 2014). In this work, we study three cases:
r-process nuclear distributions of (i) NSM (Neutron Star
Merger)-solar: 90 6 A 6 238 (fiducial), (ii) NSM-fission:
90 6 A 6 280, and (iii) NSM-wind: 90 6 A 6 140. The last
case, NSM-wind corresponds to the conditions within a pos-

sible lanthanide-free composition (from the wind, see below).
For NSM-fission, we add transuranic nuclei by assuming a
constant Y

A

of 3.6 · 10�4 for 206 6 A 6 280. This value is
taken so that the solar abundance of 209Bi is reproduced af-
ter nuclear decay. Note that the bulk of 206,207,208Pb, 209Bi,
232Th, and 235,238U are the (↵ and �) decayed products of
actinides with 209 < A < 254. The reaction network in-
cludes the channels for (�-delayed and spontaneous) fission
and ↵-decay in addition to �-decay for this mass region.

To study the heating e�ciencies and resulting �-ray line
fluxes, one needs to specify the ejecta properties, e.g., the
mass M

ej

and expansion velocity v. In this work, we con-
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Figure 2. Spectrum of �-rays at 1, 3, 5 and 10 days after merger for NSM-solar. Black lines depict the �-ray spectrum produced by
nuclei at rest. The red (blue) curve shows the spectrum with the Doppler broadening with an expansion velocity of 0.3c (0.05c). The
normalization is determined with the mass of ejected r-process elements of 0.01M� and the observed distance of 3 Mpc. Here we do not
take any absorption and scattering processes into account.
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Ė
�

(t) ⇡ 8 · 109 erg/s/g

✓
t

1 day

◆�1.3

, (3)

Ė
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where X
A>210

(X
A>250

) is the total mass fraction of nuclei
with 210 6 A 6 280 (250 6 A 6 280). Note that the nu-
merical coe�cients in Eqs. (2) and (3) are valid as long as
material has the solar-like r-process pattern containing the
second (A ⇠ 130) and third (A ⇠ 195) r-process peaks.

Although the form of ✏
�

(t) should be computed with a
radiative transfer simulation, here we give rough estimates.
The optical depth of homologously expanding ejecta is given
by

⌧
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✓
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, (6)
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ej
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1/2(v/0.3c)�1

is the time that the ejecta become transparent to �-rays.

Here we assume that the dominant interaction process of
�-rays with matter is Compton scattering.

At the di↵use-out timescale of thermal photons (optical
to infrared: IR) t

di↵,o

when the optical depth to thermal
photons satisfies ⌧

opt

= c/v, a significant amount of the
deposited energy starts to escape as thermal photons. We
rewrite Eq. (6) in terms of t
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:

⌧
�

(t) ⇡ 
�


o

c
v

✓
t
di↵,o

t

◆
2

, (7)

⇡ 0.02

✓
t
di↵,o

t

◆
2

✓

�

0.05 cm2/g

◆

⇥
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o

10 cm2/g

◆�1 ⇣ v
0.3c

⌘�1

, (8)

where 
o

is the opacity of r-process elements to photons in
the optical bands. It is dominated by bound-bound tran-
sitions of lanthanides (Kasen et al. 2013; Tanaka & Ho-
tokezaka 2013). For the dynamical ejecta, on the timescale
of t

di↵,o

, the optical depth to �-rays is much smaller than
unity, thereby only a small fraction of the �-rays’ energy is
deposited in the ejecta on the peak timescale of macronovae.

For the slowly expanding wind ejecta, in particular lan-
thanide free cases, the �-ray heating e�ciency is significantly
di↵erent. The opacity to thermal photons and expansion ve-
locity of the wind ejecta are 

o

⇠ 1 cm2/g and v ⇠ 0.05c (see
e.g., Tanaka & Hotokezaka 2013 for the opacity of the wind

c� 2015 RAS, MNRAS 000, 1–??

Gamma-ray spectra
KH+15



8 K. Hotokezaka et al.

10-12

10-11

10-10

10-9

10-8

10-7

 1  10  100

F
lu

x 
[p

h
o
to

n
s/

s/
cm

2
]

Time [day]

10keV≤E<30keV

0.01Msun, 0.3c  
0.01Msun, 0.05c

0.1Msun, 0.3c  
0.1Msun, 0.05c

10-10

10-9

10-8

10-7

10-6

10-5

 1  10  100

F
lu

x 
[p

h
o
to

n
s/

s/
cm

2
]

Time [day]

30keV≤E<100keV

NuSTAR/ASTRO-H (HXI)

10-8

10-7

10-6

10-5

10-4

 1  10  100

F
lu

x 
[p

h
o
to

n
s/

s/
cm

2
]

Time [day]

100keV≤E<300keV

ASTRO-H (SGD)

10-7

10-6

10-5

10-4

10-3

 1  10  100

F
lu

x 
[p

h
o
to

n
s/

s/
cm

2
]

Time [day]

300keV≤E<1MeV

ASTRO-H (SGD)

CAST

Figure 5. Light curves of nuclear �-rays for NSM-solar in the ranges of 10 keV 6 E
�

< 30 keV (top left), 30 keV 6 E
�

< 100 keV (top
right), 100 keV 6 E

�

< 300 keV (bottom left), and 300 keV 6 E
�

< 1 MeV (bottom right) at a distance of 3 Mpc. Here we show the
four di↵erent ejecta models: (M

ej

, v) = (0.01 M�, 0.3c), (0.01M�, 0.05c), (0.1M�, 0.3c), and (0.1M�, 0.05c). Also shown are the
sensitivity with exposure at 100 ks of current and future X-ray missions: NuSTAR (Harrison et al. 2013), ASTRO-H (Takahashi et al.
2012), and CAST (Nakazawa et al. 2014).

6 CONCLUSION

We studied the radioactive decay products of heavy r-
process nuclei in neutron star merger ejecta on timescales
from hours to a month. We found that 30–40% of the energy
is released in neutrinos and lost. Electrons carry 10–20% of
the energy. These always deposit their energy in the ejecta
and hence this provides a lower limit on the energy fraction
deposited in the ejecta. In the case that transuranic nuclei
with mass numbers of A > 238 exist, spontaneous fission
products can carry a significant fraction of the energy af-
ter a few days. At a week after the merger this fraction of
the total energy can be 20% when the total mass fraction
of nuclei with 238 < A 6 280 is 2%. It should be noted,
however, the contribution of spontaneous fission is highly
dependent on several experimentally unknown fission and
�-decay lifetimes (Wanajo et al. 2014) as well as the abun-
dance distribution (Eichler et al. 2015) in this range.

�-rays carry 20–50% of the energy. The number of �-ray
photons is roughly constant per unit energy interval from a
few dozen keV to 1 MeV. Thus the energy is carried by
1 MeV photons. The heating e�ciency of �-rays depends on
the ejecta properties. For the rapidly expanding ejecta (e.g.
dynamical ejecta), only a small fraction (a few percent) of
the �-rays’ energy is deposited at a few days, that is during
the peak of the optical–IR emission. On the contrary, a large

fraction of the energy may be deposited in a slowly expand-
ing lanthanide-free ejecta at the corresponding time of the
peak. Such ejecta could be the cases for the late-time wind
from NSM remnants (Metzger & Fernández 2014; Perego
et al. 2014; Sekiguchi et al. 2015; Foucart et al. 2015) or
from black-hole accretion torii (Wanajo & Janka 2012; Just
et al. 2015; Fernández et al. 2015; Kasen et al. 2015)

Full radiation transfer simulations are needed in order
to obtain the time evolution of the �-ray energy deposition
fraction. But even without these detailed calculations it is
evident that radiation losses of the �-ray emission will reduce
the strength of the optical/IR luminosity of the dynamical
ejecta, namely the expected macronova signature to about
two thirds to a half from its original estimates, assuming
that this energy is absorbed by the ejecta and re-radiated at
low energies. For observed signals with a given luminosity
(e.g. the macronova candidates 130603B Tanvir et al. 2013;
Berger et al. 2013 and 060614 Yang et al. 2015), this means
that the implied mass should be larger than what was earlier
estimated by a factor of two to three. If a su�cient amount
of transuranic nuclei are synthesized, the spontaneous fis-
sion products contribute the heating rate on the macronova
timescales and the estimated mass can be similar to the
previous estimates. Alternatively, energy injection from the
central engine activity can also contribute to power the op-
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Summary
Neutron star mergers are promising sources that are associated with 
electromagnetic signals. 
=> Identifying the host galaxies and studying high energy astrophysics. 

One of the expected counterparts is Kilonova/Macronova driven by the 
radioactivity of r-process elements. 
=> The peak luminosity: 10^40 - 10^41 erg/s at 1 week in the red - infrared. 

We have already seen three kilonova/macronova candidates after the nearby 
GRB 130603B, 060614, 050709.  
=> Kilonovae/Macronovae may be ubiquitous phenomena. 

The direct detection of MeV gamma-rays from neutron star mergers will 
be the ultimate proof of the origin of r-process elements. 

The spectrum is flat from 100 keV - a few MeV. MeV is the best to see it. 

They are detectable at 3 - 10 Mpc by CAST. 


