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Mul7-messenger from neutron star merger

merge

mass ejec9on 
+ r-process 

=> “kilonova” 
(op9cal, infrared)

NS or BH

neutron star (NS)
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Rela9vis9c jet 
=> gamma-ray burst 

(gamma)

Gravita7onal wave (GW) Electromagne7c (EM) wave



=> “wind” from disk (~ 1 sec)

NS merger => dynamical mass ejec7on (< 0.1 sec)

Kiuchi+23
Density B fieldElectron frac7on Ye

+ rela7vis7c jets (=> gamma-ray burst)
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Mass number 

A = Z + N
r-process

Rapid neutron capture nucleosynthesis (r-process)
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Heavy element produc7on in NS mergers

LaQmer & Schramm 1974,  Eichler et al. 1989, 
Goriely et al. 2011, Korobkin et al. 2012,  
Bauswein et al. 2013, Wanajo et al. 2014, …
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Radioac7ve decays => Kilonova (EM signal)

Metgzer+10, Lippuner+15, Wanajo18, …

r-process and kilonovae 9

Figure 4. Heating rates (black) from β-decay (top), α-decay (middle), and fission (bottom) for mFE-a (left) and mFE-b (right)
with the top 11 isotopes (in different colors) that have more than 10% contributions at the maxima.
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Movie: Utsumi, MT+17, Tominaga, MT+18

Search for EM (op7cal) counterpart
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Neutron star merger => r-process nucleosynthesis
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Direct evidence of heavy element produc7on Domoto, MT+22 
MT+23, Domoto+23 
Rahmouni+25

Lanthanide Features in Near-infrared Spectra of Kilonovae 9
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Figure 8. Comparison between the synthetic spectra (blue) and the observed spectra of AT2017gfo (gray, Pian et al. 2017;
Smartt et al. 2017) at t = 1.5, 2.5, and 3.5 days after the merger (dark to light colors). Spectra are vertically shifted for
visualization. Gray shade shows the regions of strong atmospheric absorption.

in AT2017gfo, especially at t ≥ 2.5 days. Although
this model motivated by the observed luminosity of
AT2017gfo is quite simple, the NIR features appear to
agree with the observed ones without an adjustment of,
e.g., density distribution. This implies that the absorp-
tion features at the NIR wavelengths in the spectra of
AT2017gfo may be caused by the La III and Ce III lines.
It should be noted that the assumption of LTE may

not be valid in a low density region. In the results here,
neutral atoms especially for Y and Zr are the dom-
inant opacity sources at t ≥ 2.5 days at the optical
wavelengths (Tanaka et al. 2020; Kawaguchi et al. 2021;
Gillanders et al. 2022). On the other hand, recent work
on the nebula phase of kilonovae suggests that ionization
fractions as well as the temperature structure of ejecta
can be deviated from those expected in LTE with time,
i.e., as the ejecta density decreases (Hotokezaka et al.
2021; Pognan et al. 2022b). These non-LTE effects may
change the emergent spectra at a few days after the
merger mainly at the optical wavelengths, where many
strong lines of neutral atoms exist (Kawaguchi et al.
2021).

4. DISCUSSION

4.1. Lanthanide abundances

Our results show that kilonova photospheric spectra
exhibit absorption features of La III and Ce III in the
NIR region, which are in fact similar to those seen in the
spectra of AT2017gfo. In this subsection, we examine a
possible range of these lanthanide mass fractions in the
ejecta of AT2017gfo by using the NIR features.
To investigate the effect of the La amount on the spec-

tra, we perform the same simulations as in Section 3 but
by varying the mass fraction of La. The resultant spec-
tra at t = 2.5 days after the merger are shown in the
left panel of Figure 9. We find that the strength of ab-
sorption due to the La III lines at λ ∼ 12500 Å changes
with the mass fraction of La. On the other hand, no
matter how the mass fraction changes, the overall spec-
tral shapes hardly change. Because La lines have little
effect on the total opacity, the NIR opacity is almost
unchanged. Thus, the strong lines of La III keep pro-
ducing strong absorption as long as an enough amount
of La is present. According to the tests shown in the left
panel of Figure 9, we estimate that the mass fraction of

La CeSrCa

Y, Zr

Watson+19, Domoto+21, Gillanders+22

GW170817

Model
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GW190425: 2nd NS merger event

to 23.5 days. Even though the FAR estimation of single-detector
candidates is challenging (Callister et al. 2017), the matched-filter
pipelines are capable of identifying loud single-detector events.
GW170817 (Abbott et al. 2017b) was initially identified by
GSTLAL as a single-detector event. To further establish the
significance of GW190425, it was compared against the 169.5
days of background from O1 and O2 and 50 days of background
from O3 in the BNS part of the parameter space, and found to be
louder than any background event. The BNS region is defined as
the parameter space with component masses between 1 and 3 M:.
The results of this background analysis from the GSTLAL search
are shown in Figure 1, which shows the combined S/N–x2 noise
probability density function for LHO, LLO, and Virgo. The
S/N–x2 distributions from O1 and O2 are taken from the analysis
performed for GWTC-1 (Abbott et al. 2019c), while the S/N–x2

distributions from O3 come from the low-latency search. The
S/N–x2 background distributions are a subset of the parameters
that factor in the calculation of the log-likelihood ratio, which is
the detection statistic used by the GSTLAL search. These
background distributions allow us to include the S/N–x2

information from all the triggers, and not just the trigger in
question while assigning the detection statistic. Events with low
S/Ns and accidentally small residuals would be disfavored by the
signal model, which also factors in the log-likelihood ratio.

As seen in Figure 1, there is no background recorded at the
GW190425 parameters in all the data searched over until now.
Thus, despite the caveats associated with finding signals in a
single detector, GW190425 is a highly significant event that
stands out above all background. In Appendix B we also show
the results from the PYCBC.

We sent out an alert ∼43 min after the trigger (LIGO
Scientific Collaboration & Virgo Collaboration 2019a), which
included a sky map computed using a rapid Bayesian algorithm
(Singer & Price 2016). We assigned GW190425 a >99%
probability of belonging to the BNS source category. The
initial sky map had a 90% credible region of 10,200 deg2.
Although data from both LLO and Virgo were used to

constrain the sky location, it extended over a large area due to
the fact that the signal was only observed with high confidence
in a single observatory. Gravitational-wave localization relies
predominantly on measuring the time delay between observa-
tories. However, in this case it is primarily the observed stain
amplitude that localizes the signal, with the more likely parts of
the sky being dominated by positions where the the antenna
response of LLO is favorable.
We generated an improved sky map using a Bayesian

analysis that sampled over all binary system parameters (see
Section 4), producing a 90% credible sky area of 8284 deg2 and
a distance constrained to -

+159 Mpc71
69 . This sky map, and the

initial low-latency map, are shown in Figure 2. As a
comparison, GW170817 was localized to within 28 deg2 at a
90% credible level. The broad probability region in the sky
map for this event presented a significant challenge for follow-
up searches for electromagnetic counterparts. At the time of
writing, no clear detection of a counterpart has been reported in
coincidence with GW190425 (e.g., Coughlin et al. 2019;
Hosseinzadeh et al. 2019; Lundquist et al. 2019, but also see
Pozanenko et al. 2019), although a wide range of searches for
coincident electromagnetic or neutrino signals have been
performed and reported in the GCN Circular archive.203

4. Source Properties

We have inferred the parameters of the GW190425 source
using a coherent analysis of the data from LLO and Virgo (in
the frequency range 19.4–2048 Hz) following the methodology
described in AppendixB of Abbott et al. (2019c).204 The low-
frequency cutoff of 19.4 Hz was chosen such that the signal
was in-band for the 128 s of data chosen for analysis. In this
frequency range there were ∼3900 phase cycles before merger.
We cleaned the data from LLO to remove lines from

calibration and from known environmental artifacts (Davis
et al. 2019; Driggers et al. 2019). For Virgo, we used the low-
latency data. The LLO data were subsequently pre-processed
(Cornish & Littenberg 2015; Pankow et al. 2018) to remove the
noise transient discussed in Section 2. Details of the transient
model and the data analyzed can be found in Abbott et al.
(2019b). The results have been verified to be robust to this
glitch removal by comparing the analysis of the pre-processed

Figure 1. Combined S/N–x2 noise probability density function for LHO, LLO,
and Virgo in the BNS region, computed by adding the normalized 2D
histograms of background triggers in the S/N–x S N2 2 plane from the three
detectors. The gold star indicates GW190425. There is no background present
at the position of GW190425; it stands out above all of the background
recorded in the Advanced LIGO and Virgo detectors in the first three observing
runs. The background contains 169.5 days of data from O1 and O2 and the first
50 days of O3, at times when any of the detectors were operating. For
comparison the LLO and LHO triggers for GW170817 are also shown in the
plot as blue and red diamonds, respectively.

Figure 2. Sky map for GW190425. The shaded patch is the sky map obtained
from the Bayesian parameter estimation code LALINFERENCE (Veitch et al. 2015)
(see Section 4) with the 90% confidence region bounded by the thin dotted
contour. The thick solid contour shows the 90% confidence region from the low-
latency sky localization algorithm BAYESTAR (Singer & Price 2016).

203 All GCN Circulars related to this event are archived athttps://gcn.gsfc.
nasa.gov/other/S190425z.gcn3.
204 From here on, we will use GW190425 to refer to the gravitational-wave
signal and as shorthand for the system that produced the signal.
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The component masses of GW190425 are consistent with mass
measurements of NSs in binary systems (Antoniadis et al. 2016;
Alsing et al. 2018) as well as expected NS masses in supernova
explosion simulations (Woosley et al. 2002; Burrows et al. 2019;
Ebinger et al. 2019a, 2019b). Taking a fiducial range of NS
masses between 1.2 and M2.3 :, our low-spin posteriors are
entirely consistent with both objects being NSs, while there is
~25% of posterior support for component masses outside this
range given the high-spin prior. The lower end of this fiducial
range corresponds to the lowest precisely measured NS mass,

o M1.174 0.004 : for the companion of PSR J0453+1559 in
Martinez et al. (2015) (see Tauris & Janka 2019 for an alternative
white-dwarf interpretation). It is also difficult to form light NSs
with masses below ~ M1.2 : in current supernova explosion
simulations (Burrows et al. 2019; Müller et al. 2019). The upper
end is based on the highest precise NS mass measurement of

-
+ M2.14 0.18

0.20
: (95% credibility interval) for PSR J0740+6620 in

Cromartie et al. (2019; see also Abbott et al. 2020 for a discussion
of NS upper mass bounds).

Here we discuss the implications for the GW190425 system
origin assuming it consists of a pair of NSs. Under this
assumption, we have calculated the astrophysical rate of merger
when including GW190425. We also briefly discuss the
possibility of the system containing BH components.

5.1. Possible System Origins

Currently there are 17 known Galactic BNSs with total mass
measurements, ranging from 2.50 to M2.89 ;: 12 of them have
masses measured for both components, implying chirp masses
from 1.12 to M1.24 : (see Table 1 in Farrow et al. 2019 and
references therein for details). In order to quantify how
different the source of GW190425 is from the observed
Galactic population, we fit the total masses of the 10 binaries
that are expected to merge within a Hubble time with a normal
distribution. This results in a mean of M2.69 : and a standard
deviation of M0.12 :. With a total mass of -

+ M3.4 0.1
0.3

:,
GW190425 lies five standard deviations away from the known
Galactic population mean (see Figure 5).205 A similar ( s25 )
deviation is found if we compare its chirp mass to those of
Galactic BNSs. This may indicate that GW190425 formed
differently than known Galactic BNSs.

There are two canonical formation channels for BNS systems:
the isolated binary evolution channel (Flannery & van den
Heuvel 1975; Massevitch et al. 1976; Smarr & Blandford 1976;
for reviews see Kalogera et al. 2007; Postnov & Yungelson 2014),
and the dynamical formation channel (see Phinney & Sigurdsson
1991; Prince et al. 1991; Grindlay et al. 2006; Lee et al. 2010; Ye
et al. 2019, and references therein). The former is the standard
formation channel for Galactic-field BNSs (e.g., Tauris et al.
2017), in which the two NSs are formed in a sequence of
supernova explosions that occur in an isolated binary.

Assuming a formation through the standard channel,
GW190425 might suggest a population of BNSs formed in
ultra-tight orbits with sub-hour orbital periods. Such binaries are
effectively invisible in current radio pulsar surveys due to severe
Doppler smearing (Cameron et al. 2018) and short inspiral times

(10 Myr), but have been predicted to exist in theoretical studies
(e.g., Belczynski et al. 2002; Dewi & Pols 2003; Ivanova et al.
2003), and possibly with a comparable formation rate to the
currently observed Galactic sample (Vigna-Gómez et al. 2018).
The formation of GW190425ʼs source might have involved a
phase of stable or unstable mass transfer from a post-helium main-
sequence star onto the NS. If the mass ratio between the helium-
star donor and the NS were high enough, the mass transfer would
be dynamically unstable and lead to a Case BB common-envelope
phase that could significantly shrink the binary orbit to sub-hour
periods (Ivanova et al. 2003; Tauris et al. 2017). If it is possible for
a binary to survive this common envelope phase, the high mass of
GW190425 may be indicative of this formation pathway, since a
more massive helium-star progenitor of the second-born NS would
be required for a common envelope to form. In this process the
secondary would likely be ultra-stripped, and so the subsequent
supernova kick may be suppressed (Tauris et al. 2015). The small
supernova kick, combined with the very tight orbital separation,
will increase the probability that the binary remained bound
following the supernova that formed the BNS. Additionally, the
high mass of GW190425 may point to its NSs being born from
low-metallicity stars (e.g., Ebinger et al. 2019b). Giacobbo &
Mapelli (2018) showed that BNSs with total masses of 3.2–3.5 M:
can be formed from isolated binaries provided that the metallicity
is relatively low (∼5%–10% solar metallicity). Athough not
obviously related to scenarios discussed here, the high-mass X-ray
binary Vela X-1 contains an NS with varying mass estimates from
1.5 up to M2.1 : (Barziv et al. 2001; Quaintrell et al. 2003;
Falanga et al. 2015; Giménez-García et al. 2016) in a nine day orbit
with a ~ M22 : supergiant star companion. Though it is unlikely
that the Vela X-1 system will survive a future common envelope
phase (Belczynski et al. 2012), if it does survive the supergiant will
eventually undergo core collapse forming an NS or BH, potentially
leading to a high-mass BNS similar to GW190425. The existence
of a fast-merging channel for the formation of BNSs could be
detected by future space-based gravitational-wave detectors
(Andrews et al. 2019; Lau et al. 2020).
An alternative way to make the GW190425 system is to have

the stellar companion of a massive NS replaced with another NS
through a dynamical encounter. Observations of millisecond
pulsars in globular clusters have found evidence of massive NSs

Figure 5. Total system masses for GW190425 under different spin priors, and
those for the 10 Galactic BNSs from Farrow et al. (2019) that are expected to
merge within a Hubble time. The distribution of the total masses of the latter is
shown and fit using a normal distribution shown by the dashed black curve.
The green curves are for individual Galactic BNS total mass distributions
rescaled to the same ordinate axis height of 1.

205 PSR J2222−0137, with a mass of o M1.76 0.06 :, is also in a high-mass
binary (with = om M3.05 0.09tot :, 3σ higher than the mean of the Galactic
BNS population, Cognard et al. 2017); however, the secondary is believed to
be a white dwarf rather than an NS.
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Total NS mass ~ 3.4 Msun

Abboh+2020

~10,000 deg2

Diversity in neutron star masses 

=> diversity in mass ejec7on, r-process, and kilonova

GW170817

11



BH-NS
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Fig. 1.— Schematic picture for the post-merger evolution and the typical properties of ejecta for NS-NS and BH-NS binaries in various
situations. Mtot, Mmax,spin, Mthr, Md, Mtorus, and tlife are the total mass of the binary, maximum mass of a rigidly rotating NS, threshold
total mass for the prompt collapse, dynamical ejecta mass, remnant torus mass, and the timescale for the remnant to collapse to a BH,
respectively. The correspondence between each situation and kilonova models listed in Table 1 is summarized in the right side of the figure.
We note that this figure shows only a simplified overview for the typical scenarios, and quantitative properties of the post-merge evolution
and mass ejection depend on the detail of the binary parameters, such as the mass ratio, spins, and equation of state of NS (see references
mentioned in the main text).

due to electron/positron capture and the neutrino irradi-
ation from the remnant (Sekiguchi et al. 2015). The pre-
vious studies show that the dynamical ejecta in the polar
region can be lanthanide-free while that in the equato-
rial plane would remain to be lanthanide-rich. Ye of the
post-merger ejecta depends strongly on the lifetime of the
remnant NS. The previous studies also show that post-
merger ejecta would be lanthanide-free if the remnant
NS is su�ciently long-surviving (tlife & 1 s, where tlife is
the timescale for the remnant to collapse to a BH), while
a substantial amount of lanthanide is synthesized if the
remnant collapses to a BH in a short timescale (Metzger
& Fernández 2014; Perego et al. 2014; Wu et al. 2016;
Siegel & Metzger 2017; Fernández et al. 2019; Lippuner
et al. 2017; Fujibayashi et al. 2018).

Long-lived super massive neutron star (SMNS): — Third
is the case in which the remnant NS survives for a long
period (tlife � 1s) or does not collapse to a BH. Such
a situation can be realized if the total mass of the bi-
nary is close to or smaller than the maximum mass of
a rigidly rotating NS (a supermassive NS; SMNS). For
such a case, the mass of the dynamical ejecta would be
relatively small (order of 10�3 M�) unless the mass ra-
tio of the binary is far from unity (Hotokezaka et al.
2013; Bauswein et al. 2013; Foucart et al. 2016; Radice

et al. 2016; Dietrich et al. 2017; Bovard et al. 2017). On
the other hand, the post-merger ejecta could be massive
(⇠ 0.01�0.1 M�) due to large remnant torus mass, and it
would be lanthanide-free due to neutrino irradiation (Fu-
jibayashi et al. 2018).

In addition, the rotational kinetic energy of the rem-
nant NS could be an additional energy source to the
ejecta by releasing it through the EM radiation, and
could modify the light curves for the early phase .
1 days (Metzger & Piro 2014; Shibata et al. 2017; Mar-
galit & Metzger 2017). We note that the e�ciency and
timescale for releasing the rotational kinetic energy of the
remnant NS to the ejecta are currently quite uncertain.
In particular, if the timescale of the energy injection is
much shorter than the timescale of the kilonova emission,
⇠ 1–10 days, energy injected into the ejecta would be
lost by adiabatic expansion, and would not be directly
reflected to the light curves. However, even for such a
case, the light curves could show di↵erent feature from
the case in the absence of the energy injection from the
remnant, because the ejecta profile would be modified
by the increase in its kinetic energy. Indeed, the rota-
tional kinetic energy of the NS could be as large as ⇡ 1-
2⇥1053 erg for the case of mass shedding limit (e.g., Shi-
bata et al. 2017; Margalit & Metzger 2017; Shibata et al.
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Fig. 1.— Schematic picture for the post-merger evolution and the typical properties of ejecta for NS-NS and BH-NS binaries in various
situations. Mtot, Mmax,spin, Mthr, Md, Mtorus, and tlife are the total mass of the binary, maximum mass of a rigidly rotating NS, threshold
total mass for the prompt collapse, dynamical ejecta mass, remnant torus mass, and the timescale for the remnant to collapse to a BH,
respectively. The correspondence between each situation and kilonova models listed in Table 1 is summarized in the right side of the figure.
We note that this figure shows only a simplified overview for the typical scenarios, and quantitative properties of the post-merge evolution
and mass ejection depend on the detail of the binary parameters, such as the mass ratio, spins, and equation of state of NS (see references
mentioned in the main text).

due to electron/positron capture and the neutrino irradi-
ation from the remnant (Sekiguchi et al. 2015). The pre-
vious studies show that the dynamical ejecta in the polar
region can be lanthanide-free while that in the equato-
rial plane would remain to be lanthanide-rich. Ye of the
post-merger ejecta depends strongly on the lifetime of the
remnant NS. The previous studies also show that post-
merger ejecta would be lanthanide-free if the remnant
NS is su�ciently long-surviving (tlife & 1 s, where tlife is
the timescale for the remnant to collapse to a BH), while
a substantial amount of lanthanide is synthesized if the
remnant collapses to a BH in a short timescale (Metzger
& Fernández 2014; Perego et al. 2014; Wu et al. 2016;
Siegel & Metzger 2017; Fernández et al. 2019; Lippuner
et al. 2017; Fujibayashi et al. 2018).

Long-lived super massive neutron star (SMNS): — Third
is the case in which the remnant NS survives for a long
period (tlife � 1s) or does not collapse to a BH. Such
a situation can be realized if the total mass of the bi-
nary is close to or smaller than the maximum mass of
a rigidly rotating NS (a supermassive NS; SMNS). For
such a case, the mass of the dynamical ejecta would be
relatively small (order of 10�3 M�) unless the mass ra-
tio of the binary is far from unity (Hotokezaka et al.
2013; Bauswein et al. 2013; Foucart et al. 2016; Radice

et al. 2016; Dietrich et al. 2017; Bovard et al. 2017). On
the other hand, the post-merger ejecta could be massive
(⇠ 0.01�0.1 M�) due to large remnant torus mass, and it
would be lanthanide-free due to neutrino irradiation (Fu-
jibayashi et al. 2018).

In addition, the rotational kinetic energy of the rem-
nant NS could be an additional energy source to the
ejecta by releasing it through the EM radiation, and
could modify the light curves for the early phase .
1 days (Metzger & Piro 2014; Shibata et al. 2017; Mar-
galit & Metzger 2017). We note that the e�ciency and
timescale for releasing the rotational kinetic energy of the
remnant NS to the ejecta are currently quite uncertain.
In particular, if the timescale of the energy injection is
much shorter than the timescale of the kilonova emission,
⇠ 1–10 days, energy injected into the ejecta would be
lost by adiabatic expansion, and would not be directly
reflected to the light curves. However, even for such a
case, the light curves could show di↵erent feature from
the case in the absence of the energy injection from the
remnant, because the ejecta profile would be modified
by the increase in its kinetic energy. Indeed, the rota-
tional kinetic energy of the NS could be as large as ⇡ 1-
2⇥1053 erg for the case of mass shedding limit (e.g., Shi-
bata et al. 2017; Margalit & Metzger 2017; Shibata et al.
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nuclear reaction network code rNET described in Wanajo
et al. (2018). The network consists of 6300 isotopes with
atomic number Z= 1–110, which are connected with a set of
relevant reactions. Experimentally evaluated rates are
adopted if they are available (JINA REACLIB V2.0,6 Cyburt
et al. 2010; Nuclear Wallet Cards7) and otherwise theoretical
ones are adopted. The theoretical rates for neutron, proton, and
alpha captures (TALLYS; Goriely et al. 2008) and beta decays
(GT2; Tachibana et al. 1990) are based on a microscopic
nuclear mass model (HFB-21; Goriely et al. 2010). The
theoretical spontaneous, beta-delayed, and neutron-induced
fission rates are predicted from the HFB-14 mass model
(Goriely et al. 2007) with the fission-fragment distributions
adopted from the GEF model (Schmidt & Jurado 2010;
version 2021/1.18). Neutrino-induced reactions are not
included in the nucleosynthesis calculations, because they are
expected to play only minor roles in our present models (except
for setting the values of Ye for T 10 GK; see the bottom panel
of Figure 15).

Each nucleosynthesis calculation starts when the temper-
ature decreases to 10 GK with the initial composition of
1− Ye and Ye for free neutrons and protons, respectively.
Because of the high temperature, the nuclear composition
immediately settles into that in NSE after the beginning of the
calculation. Such a simple choice of the initial composition is
justified from the fact that almost the entire ejecta, even the
tidally expelled component of the dynamical ejecta, experi-
ence higher temperature than 10 GK as shown in the top right
panel of Figure 1.

3.4.2. Nucleosynthetic Yields

The bottom left and bottom middle panels of Figure 5 show
the calculated nucleosynthetic yields for models SFHo135-135
and SFHo120-150. Here, Y(A) indicates the abundance
(number per nucleon) of the nuclei with atomic mass number
A. In the equal-mass merger case, the nuclear abundance of the
dynamical ejecta (shown in the blue curve) is in reasonable
agreement with that of the solar r-residuals with a small
underproduction of the first peak of r-process nuclei (A∼ 80; as
also found in Wanajo et al. 2014; Radice et al. 2018; Kullmann
et al. 2022). On the other hand, as a result of the lower typical
value of Ye, the first-peak nuclei are more severely under-
produced in the dynamical ejecta of the asymmetric merger.
However, because of the similar typical electron fraction with
Ye≈ 0.3 (see the top left and top middle panels of Figure 5), the
post-merger ejecta for mergers of both equal-mass and
asymmetric binaries have similar abundance patterns (red
curves) with production mainly of the first-peak nuclei, which
compensates for the underproduced first-peak nuclei in the
dynamical ejecta. The ratio of the post-merger mass to the
dynamical ejecta mass is larger for mergers of more
asymmetric binaries (see Table 2), resulting in larger contrib-
ution to the production of the first-peak nuclei. Hence, the total
nucleosynthetic yield approximately reproduces the solar
pattern for both equal-mass and asymmetric merger cases.
Figure 6 shows the total nucleosynthetic yields for all the

models explored in this study.9 It is found that the pattern of the
solar r-residuals is reasonably reproduced irrespective of the
mass ratio of the binaries (typically within a factor of 2–3; see
Section 4), in particular for those between A∼ 140 and 200.
This is qualitatively consistent with earlier work, e.g.,

Figure 5. Top panels: Ye distributions for three representative cases with a total mass of 2.7 Me; the equal-mass merger leaving a hypermassive neutron star
(SFHo135-135; left), the asymmetric merger leaving a hypermassive neutron star (SFHo120-150; center), and the equal-mass merger in which a massive neutron star
survives for more than 10 s (model DD2-135 in Fujibayashi et al. 2020a; right). The blue and red shaded histograms denote those of dynamical and post-merger ejecta,
respectively, and the gray lines denote the total distribution. Bottom panels: Abundance distribution corresponding to the models in the top panels. The blue and red
curves denote the contributions from dynamical and post-merger ejecta, respectively, and the gray curves denote the total nucleosynthetic yields.

6 https://groups.nscl.msu.edu/jina/reaclib/db/index.php
7 http://www.nndc.bnl.gov/wallet/
8 http://www.khschmidts-nuclear-web.eu/GEF-2021-1-1.html

9 The tables of nucleosynthetic yields are available upon request to the
authors.
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Impact to the nucleosynthesis

Hypermassive NS τ ~ 10 msec Long-lived NS (> 10 sec)

Fujibayashi+23



Mul7-messenger from neutron star merger

Gravita7onal wave (GW)

merge

Electromagne7c (EM) wave

NS or BH

neutron star (NS)
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• Neutron star merger and kilonova 

• Toward op7cal-infrared observa7ons 

• Localiza9on 

• Alert latency
16

Op7cal and infrared observa7ons of kilonovae



hhps://observing.docs.ligo.org/plan/

Beler sensi7vity = more events!
17



Challenges in op7cal+infrared observa7ons of NS mergers

18

GW170817 
 (40 Mpc)

Further events 
are fainter 

=> Bigger telescope
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1m telescope 4m telescope 8m telescope

(C) NAOJ

(C) U. Tokyo

(C) Palomar/Caltech

Wide-field op7cal telescopes

(C) DOE/FNAL/DECam/R. Hahn/ 
CTIO/NOIRLab/NSF/AURA

Beler sensi7vity

Wider field of view

More telescopes

see Niino-san’s talk



Sensi7vity vs field of view

Higher 
sensi9vity

4m

(typical)
8m

(typical)

CFHT

DECam

Subaru 
HSC

Rubin 
(2025-)

PS

2m

La Silla

ZTF

Tomo-e

ATLAS

1m

Wider

Larger op7cal telescopes tend to have a smaller field of view 20
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Survey area vs distance
Assump9on 
Survey area = 100 x FOV 
Distance: GW170817 is detectable at 2 day

1m class

4m class

8m class

26

Observable

Too wide and faint

Fainter 
kilonova

GW170817

GW190425

~ 0.1/yr ~ 1/ yr ~ 10/yr



Survey area vs distance
Assump9on: ΔΩ ~ (S/N)-2 ~ d2 
LIGO: 1000 deg2 at 150 Mpc 
LIGO+Virgo: 30 deg2 at 40 Mp (GW170817)

1m class

4m class

8m class
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Fainter 

kilonova

~ 0.1/yr ~ 1/ yr ~ 10/yr

LIGO (O4)

LIGO+Virgo (O4)



Survey area vs distance

1m class

4m class

8m class

28
Fainter 

kilonova

~ 0.1/yr ~ 1/ yr ~ 10/yr

Assump9on: ΔΩ ~ (S/N)-2 ~ d2 
LIGO: 10 deg2 at 120 Mpc 
LIGO+KAGRA: 1.2 deg2 at 120 Mpc

LIGO A# (O6)

LIGO A# + KAGRA (O6)

Thanks to 
Michimura-san



IF we are targe7ng the event at < 150 Mpc

• Current op9cal survey with 1m class telescopes can detect EM counterpart 
(ex. GW170817) 

• Joint localiza9on with LIGO, Virgo, KAGRA: 
1-10 deg2 < FOV of the op9cal telescopes!  
One-poin9ng will find EM counterpart (no more “search”) 

• Low event rate…

29

KAGRA A# LF2019 LF2024 BB2019 BB2024 HF2019 HF2024 HF3k

100M☉
- 100M☉

353 Mpc 4927 Mpc 2019 Mpc 3787 Mpc 306 Mpc 2154 Mpc 112 Mpc 200 Mpc 277 Mpc

30M☉-
- 30M☉

1095 Mpc 6144 Mpc 1088 Mpc 2382 Mpc 842 Mpc 4229 Mpc 270 Mpc 407 Mpc 552 Mpc

1.4M☉
- 1.4M☉

153 Mpc 670 Mpc 85 Mpc 196 Mpc 178 Mpc 537 Mpc 155 Mpc 133 Mpc 104 Mpc

BNS sky 

localization ※
10.64 deg2 (HL-only)
→ 1.40 deg2 (with K)

10.28 deg2 2.65 deg2 0.77 deg2 0.42 deg2 0.57 deg2 0.61 deg2 0.93 deg2

BNS post-merger signal detection rate (LF & BB plans are less than 10-3 events/year)
Based on merger rate estimate from O3; SNR>5. See H. Tagoshi & S. Morisaki, JGW-P2416311 for details.

10-5-10-3

/year
10-3-0.06

/year
10-3-0.2

/year
Technical 

challenges

FC = filter cavity
SQZ = squeezing
SRM = signal 
recycling mirror

* Low loss 
suspension
* Sapphire 
birefringence
* 0.35 MW 
arm power

* 40 kg → 
100 kg test mass
* 300 m FC, 10 
dB SQZ
* 1.5 MW arm 

power

* 1/4 coating 

thermal

* Heavier & longer suspensions
+ for 2024 ver...

* Reducing vertical resonant 

frequency of blade springs

* 23 kg → 40 kg test mass
*  300 m FC w/ 30 ppm loss

* 1/2 absorption

* Various technical noises at 

low frequencies

* 30 m FC with 30 ppm loss
+ for 2024 ver...

* Reducing vertical resonant 

frequency of blade springs

* 23 kg → 100 kg test mass

* 30 m → 85 m FC, 9 dB SQZ
* 1.5 MW arm power

* 1/4 coating thermal

* 1/4 absorption

* Shorter and 
thicker 
sapphire fibers
* No FC, 6 dB 
SQZ
* 1.7 MW arm 

power

* 90.7% SRM

* 96% SRM * 99.5% 

SRM

References:

For plans 2019 (~5-year plans), see 
YM+, PRD 102, 022008 (2020)

For other plans (~10-year plans), see 
JGW-T2416182 (public document)

For various science cases, see
KAGRA, PTEP 2021, 05A103 (2021)

Which KAGRA upgrade plan do you like?

Theories of Astrophysical Big Bangs 2025 (RIKEN, Feb 17-19, 2025)

high-frequency upgrade 

for neutron star physics
To make multi-messenger observations like GW170817 
routine, LIGO and Virgo are planning broadband upgrades, 
and next-generation projects such as Einstein Telescope 
and Cosmic Explorer are underway. The world’s only 
cryogenic interferometer, KAGRA,  requires a different 

upgrade strategy, as high-frequency sensitivity demands 
higher laser power, while low-frequency sensitivity 
requires thin fibers with limited heat extraction capability. 
After evaluating various upgrade scenarios, we find that 
high-frequency option is the most feasible as a first 

step towards a broadband upgrade. This upgrade would 
improve sky localization of binary neutron stars and 
enable post-merger signal detections.

※ Fisher analysis using IMRPhenomD waveform for GW170817-like binary at z=0.03 (127 Mpc) with two A#s and KAGRA.
Median of 108 uniformly distributed sets of the source location and the polarization angle is shown.

Design and status of KAGRA
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April 2016

May 2018

Aug 2019

Nov 2019
Dec 2019

Feb 2020
Mar 2020 (O3GK)

May 2023 (O4a)

Target by June 2025

aLIGO 2024 (O4)
aLIGO design
A+ design (O5; 2027?)
A# design (O6; 2030?)
LIGO Voyager (cryo)
NEMO (Australia 4 km)
Einstein Telescope
(EU 3G 10 km LF+HF
xylophone; 2035~?)

Cosmic Explorer
(US 3G 40 km; 2035~?)

KAGRA design

Seismic noise + 
gravity gradient 
noise is low due 
to underground

Quantum shot noise
is high due to limited 
laser power

Suspension thermal noise
is high due to thick sapphire
fibers to extract heat
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Low frequency focus Broadband plans

BBH100-100
at 1Gpc

* No FC, 10 dB SQZ
* 0.75 MW arm power

* No changes in the 
suspensions required. Can 
go to other configurations 
just by changing the SRM.

Mirror thermal noise
is low due to cryogenic 
sapphire mirror (22 K)

LIGO Hanford

LIGO Livingston
(4 km)

Virgo (3 km) KAGRA
(3 km, cryogenic)

LIGO-India
(4km; 2030?~)

KAGRA

Virgo

LIGO

TAMA

Cosmic Explorer
Einstein Telescope

KAGRA 

upgrade?
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Yuta Michimura
RESCEU, University of Tokyo
michimura@resceu.s.u-tokyo.ac.jp
For KAGRA 10yr Task Force,

KAGRA Future Strategy Committee

(LIGO O6

upgrade)

Baseline design

BNS1.5-1.5
at 100 Mpc

Post-merger signal

example

R. Harada+, PRD 110,
123005 (2024)

High frequency focus

Table courtesy of Michimura-san

120 Mpc



IF the majority of BNS events are at > 150 Mpc…

• Op9cal follow-up requires a rela9vely deep observa9ons 
(deep survey for > a few 1000 deg2 is challenging) 

• Follow-up will be feasible with upcoming GW observing run (O5-O6) 

• Further improvement in the localiza9on (w/ Virgo, KAGRA)  
enhances the chance of mul9-messenger observa9ons 

• Sensi9vity is the most important  
(contribu9ng to the event at > 150 Mpc)

30
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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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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
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observed light curves for an NS merger event at 200 Mpc. The
model NSM-all (black) and four realistic models (red and blue)
are shown. Note that all the magnitudes in Figure 8 are given in
the AB system for ease of comparison with different survey

projects. The horizontal lines show 5σ limiting magnitudes
for different sizes of telescopes assuming 10 minute exposure
times.

After the detection of the GW signal, EM follow-
up observations should discover a new transient object
from a ∼10–100 deg2 area. Thus, the use of wide-field
telescopes and cameras is a natural choice (e.g., Kelley et al.
2013; Nissanke et al. 2013). For optical wavelengths, there are
several projects using 1 m-class telescopes that can cover !4
deg2 area, such as the Palomar Transient Factory (PTF; Law
et al. 2009; Rau et al. 2009), the La Silla-QUEST Variabil-
ity Survey (Hadjiyska et al. 2012), and the Catalina Real-Time
Transient Survey (Drake et al. 2009). In Figure 8, we show the
limiting magnitudes deduced from Law et al. (2009). Because of
the red color, a detection at blue wavelengths (ug bands) seems
difficult. Even for the bright cases, deep observations with >10
minute exposure at red wavelengths (i or z bands) are needed.
The faint models are far below the limit of 1 m-class telescopes.

For larger optical telescopes, the field of view tends to
be smaller. Among 4 m-class telescopes, Megacam on the
Canada–France–Hawaii Telescope (CFHT) and DECAM for
the Dark Energy Survey8 on the Blanco 4 m telescope have
3.6 deg2 and 4.0 deg2 fields of view, respectively. In Figure 8,
we show the limiting magnitudes from CFHT/Megacam.9 The
bright models (red and black lines) are above the limits during
the first 5–10 days. Similar to 1 m-class telescopes, observations
at redder wavelengths are more efficient. The faintest model
(model H4-1314; blue dashed line) is still below the limit of
4 m-class telescopes with a 10 minute exposure.

8 https://www.darkenergysurvey.org
9 http://www.cfht.hawaii.edu/Instruments/Imaging/Megacam/
generalinformation.html
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observed light curves for an NS merger event at 200 Mpc. The
model NSM-all (black) and four realistic models (red and blue)
are shown. Note that all the magnitudes in Figure 8 are given in
the AB system for ease of comparison with different survey

projects. The horizontal lines show 5σ limiting magnitudes
for different sizes of telescopes assuming 10 minute exposure
times.

After the detection of the GW signal, EM follow-
up observations should discover a new transient object
from a ∼10–100 deg2 area. Thus, the use of wide-field
telescopes and cameras is a natural choice (e.g., Kelley et al.
2013; Nissanke et al. 2013). For optical wavelengths, there are
several projects using 1 m-class telescopes that can cover !4
deg2 area, such as the Palomar Transient Factory (PTF; Law
et al. 2009; Rau et al. 2009), the La Silla-QUEST Variabil-
ity Survey (Hadjiyska et al. 2012), and the Catalina Real-Time
Transient Survey (Drake et al. 2009). In Figure 8, we show the
limiting magnitudes deduced from Law et al. (2009). Because of
the red color, a detection at blue wavelengths (ug bands) seems
difficult. Even for the bright cases, deep observations with >10
minute exposure at red wavelengths (i or z bands) are needed.
The faint models are far below the limit of 1 m-class telescopes.

For larger optical telescopes, the field of view tends to
be smaller. Among 4 m-class telescopes, Megacam on the
Canada–France–Hawaii Telescope (CFHT) and DECAM for
the Dark Energy Survey8 on the Blanco 4 m telescope have
3.6 deg2 and 4.0 deg2 fields of view, respectively. In Figure 8,
we show the limiting magnitudes from CFHT/Megacam.9 The
bright models (red and black lines) are above the limits during
the first 5–10 days. Similar to 1 m-class telescopes, observations
at redder wavelengths are more efficient. The faintest model
(model H4-1314; blue dashed line) is still below the limit of
4 m-class telescopes with a 10 minute exposure.

8 https://www.darkenergysurvey.org
9 http://www.cfht.hawaii.edu/Instruments/Imaging/Megacam/
generalinformation.html
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• Neutron star merger and kilonova 

• Toward op7cal-infrared observa7ons 

• Localiza9on 

• Alert latency
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Op7cal and infrared observa7ons of kilonovae



Timeline
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see Serino-san’s talk



Early kilonova emission
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distribution with realistic opacities (Kawaguchi et al. 2018),
etc. Still, the origin of this blue KN component is under debate.

In addition to the merger ejecta produced by the merger, there
is the sGRB jet launched by the merger remnant. The sGRB’s
prompt emission is produced by emission from this jet in the line
of sight (LOS; Ruderman 1975). In NS mergers, mass is ejected
dynamically before the merger (tidal interaction) and immedi-
ately after the merger (10 ms; Hotokezaka et al. 2013; Shibata
& Hotokezaka 2019). Hence, as shown in Figure 1 (panel (B)),
the jet is initially surrounded by the dense ejecta, and it had to
propagate through this dense ejecta to produce the observed
sGRB prompt emission (panel (C)). This is known to produce a
jet shock that heats a part of the ejecta forming a cocoon
component (in active galactic nuclei: Begelman & Cioffi 1989;
in collapsars, Martíet al. 1997; MacFadyen & Woosley 1999;
Matzner 2003; and in sGRBs, Murguia-Berthier et al. 2014;
Nagakura et al. 2014; Duffell et al. 2015; Nathanail et al. 2020;

Hamidani & Ioka 2021; Nathanail et al. 2021; Gottlieb &
Nakar 2022). Hence, the jet, with its large energy budget, is
another element to take into account in NS mergers (Kasliwal
et al. 2017; Nakar & Piran 2017; Gottlieb et al. 2018).
This prompt jet-heated cocoon has been proposed to

explain the blue KN in GW170817/AT2017gfo (Ioka &
Nakamura 2018; Piro & Kollmeier 2018). Piro & Kollmeier
(2018) claimed that AT2017gfo shows evidence of the prompt
jet cocoon. However, this contradicts simulation results, showing
that for prompt sGRB jets, most of the cocoon is trapped inside
the ejecta (see Figure 1), and only a small fraction of its mass
(<10%) manages to escape (∼10−4–10−6Me; see Table 2 in
Hamidani & Ioka 2023a). This small mass implies that the
timescale of emission from the escaped cocoon is too short
(∼1 hr) to explain the blue KN (∼1 day), and by the time the
escaped cocoon is transparent, the trapped cocoon has
adiabatically cooled down to the point of being too dim to be

Figure 1. Schematic illustration of a late jet-heated cocoon in BNS mergers, and its cooling emission. After the merger (A), mass is ejected and an sGRB’s prompt jet
is launched within ∼1 s (B). At much later times, ∼10–104 s, jets associated with extended/plateau emission, commonly observed in sGRBs (see Figure 2) are
launched (C). These jets (white) shock the ejecta (red), heating it and producing a hot cocoon. There are two cocoon components: (i) a component that is fast enough to
escape the ejecta, i.e., escaped cocoon (purple); and (ii) a component that is slower and is trapped inside the ejecta, i.e., trapped cocoon (light blue). Cooling emission
from the escaped cocoon is expected to produce soft X-ray to UV photons. For the trapped cocoon heated by late jets, cooling emission could be similar to a blue KN
component. The r-process heated ejecta and its red KN emission (red) is also shown.
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Addi7onal emission from jet-cocoon 

(mainly in UV)



Probe of the central engine
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GRB 070714B (Gao et al. 2017), GRB 070809 (Jin et al. 2020),
and GRB 150101B (Troja et al. 2018); also see (Gompertz et al.
2018), and Table 2 in Rossi et al. 2020 for a summary).

Emission from the trapped cocoon, with its delayed start and
long timescale, contributes to making the cocoon emission
from late jets easier to detect and to exploit, as a tool to probe
BNS and sGRBs (also its color; see Section 4.3.3). Also, the
trapped cocoon is wider than the escaped cocoon, and can be as
wide as ∼60°–70° (for wide jets), making it even more
accessible (see Section 5.3.1 and Appendix D). Considering the
typical plateau jet (PL-T) model (see Table 1), the parameter
dependency of this trapped cocoon emission can be found as
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where kµ ( )t Mcobs
1
2 (see Equation (D3)), tobs∼ 2tb is roughly

considered as the starting time, and p is the power-law index of
the time dependency of this luminosity, with p∼ 1.1−1.3 at the
early phase of this emission; roughly between tobs∼ 2tb and
20× tb. This shallow power-law index p (∼2 for the escaped
cocoon; see Hamidani & Ioka 2023b) is due to the less severe
adiabatic cooling at early times (as ~D

D
1t

t
1 for t t1∼ 2tb). For

more details see Appendix D and Equation (D7) in particular.
Dependency of this luminosity can be used to estimate the
combination q µL Ljiso,0 0

2 (i.e., jet power), if this emission is
observed (i.e., both Lbol and tb).

4.3.2. Photospheric Four-velocity

The photospheric four-velocity is shown in Figure 4 (middle
panels). The late-time evolution is similar for all jet models, as
the photosphere moves inward, across the escaped cocoon, and
to the trapped cocoon. As explained in Hamidani & Ioka
(2023b), the photospheric velocity can be inferred from
observations, and is potentially a powerful tool to reveal the

Figure 5. Apparent (left axis; for a distance D = 40 Mpc) and absolute (right axis) magnitudes of the cocoon emission from different jet phases, prompt (light gray),
extended (green), and plateau (blue) and different jet models: narrow (thin lines), typical (medium), and wide (thick), as in Table 1. The top and bottom panels show
UVOT’s UVM2 band and g band, respectively. The expected magnitude of the r-process powered KN is shown (dotted gray line) using our analytic model in
Appendix E. Observation of the KN AT2017gfo are also shown (gray circles for detection, and triangles for upper limits; taken from Drout et al. 2017; Kasliwal
et al. 2017; Villar et al. 2017 and references therein). The limiting magnitude of the relevant detectors is indicated (horizontal black lines; UVOT: ∼22 for an exposure
time of ∼1000 s (Roming et al. 2005); ULTRASAT: ∼22.4 for 900 s (Sagiv et al. 2014); ZTF: 20.8 for 30 s (Burdge et al. 2020); LSST: 24.9 for 30 s (Ivezić
et al. 2019). All models are shown in the frame of the source (no reddening applied) and AT2017gfo observations have been de-reddened (using the Milky Way
extinction model; Rv = 3.1 and E(B – V ) = 0.11) using (Brown et al. 2010; for the UVM2 band) and (Schlegel et al. 1998; for the g band). A jet with parameters
similar to those of the PL-T appears to reproduce the blue KN of AT2017gfo effectively. There is a slight difference between the analytic models in the UV band and
the g band, e.g., in comparison to AT2017gfo. This discrepancy, although the emission process is a blackbody in both cases, arises from our use of a simplified, non-
wavelength-dependent mean gray opacity (κ = 1 cm2 g−1; see Banerjee et al. 2023).
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Table 1. (Continued)

Pointing RA Dec taiObs
(ID) (J2000.0) (J2000.0) (UTC)

108 14h31m56.s28 +05◦23′01.′′4 2019-05-10T07:37:08 2019-05-10T09:46:05
109 14h43m11.s28 +04◦11′09.′′0 2019-05-10T07:38:08 2019-05-10T09:47:15
110 14h46m00.s03 +04◦47′04.′′2 2019-05-10T07:39:09 2019-05-10T09:48:16
111 14h43m03.s52 +05◦22′30.′′3 2019-05-10T07:40:10 2019-05-10T09:49:17
112 14h40m14.s77 +05◦58′29.′′6 2019-05-10T07:41:10 2019-05-10T09:50:18
113 14h48m41.s02 +05◦22′30.′′4 2019-05-10T07:42:11 2019-05-10T09:51:24
114 14h46m00.s04 +05◦59′00.′′6 2019-05-10T07:43:12 2019-05-10T09:52:25
115 14h43m11.s29 +06◦35′02.′′2 2019-05-10T07:44:13 2019-05-10T09:53:26
116 14h54m18.s52 +05◦22′30.′′3 2019-05-10T07:45:14 2019-05-10T09:54:37
117 14h51m29.s77 +05◦58′29.′′5 2019-05-10T07:46:15 2019-05-10T09:55:38
118 14h48m48.s79 +06◦35′02.′′1 2019-05-10T07:47:15 2019-05-10T09:56:39
119 14h54m18.s52 +06◦34′31.′′0 2019-05-10T07:48:16 2019-05-10T09:57:41

Fig. 1. Preliminary (top left, BAYESTAR; GCN, The LIGO Scientific Collaboration & the Virgo Collaboration 2019a) and updated (top right, LALInference;
GCN, The LIGO Scientific Collaboration & the Virgo Collaboration 2019b) localization skymaps of S190510g. White contour lines and red-filled circles
(bottom) represent the localization area corresponding to the 90% confidence region and our survey pointings, respectively. The observed area of
118.8 deg2 corresponds to 11.6% and 1.2% of the total probabilities in the BAYESTAR and LALInference skymaps, respectively. (Color online)

technique, which is useful for searching transient objects
embedded in host galaxies. However, deep reference images
are not available for all the survey pointings as shown in
figure 2. The area with deep Subaru/HSC reference images
is 25.9 deg2 while the area without deep reference images is
92.9 deg2. Therefore, we adopt the second method for the
remaining area, which searches the single-exposure images
without using the image subtraction by matching known

objects in the Pan-STARRS1 (PS1; Flewelling et al. 2020)
catalog.

3.1 Selection in fields with HSC-SSP
reference images

First, we apply image subtraction for the fields with deep
reference images. We use images obtained in the HSC

D
ow

nloaded from
 https://academ

ic.oup.com
/pasj/article/73/2/350/6127664 by H

ogaku-Bu Library user on 19 April 2025

Publications of the Astronomical Society of Japan (2021), Vol. 73, No. 2 355

Table 1. (Continued)

Pointing RA Dec taiObs
(ID) (J2000.0) (J2000.0) (UTC)

108 14h31m56.s28 +05◦23′01.′′4 2019-05-10T07:37:08 2019-05-10T09:46:05
109 14h43m11.s28 +04◦11′09.′′0 2019-05-10T07:38:08 2019-05-10T09:47:15
110 14h46m00.s03 +04◦47′04.′′2 2019-05-10T07:39:09 2019-05-10T09:48:16
111 14h43m03.s52 +05◦22′30.′′3 2019-05-10T07:40:10 2019-05-10T09:49:17
112 14h40m14.s77 +05◦58′29.′′6 2019-05-10T07:41:10 2019-05-10T09:50:18
113 14h48m41.s02 +05◦22′30.′′4 2019-05-10T07:42:11 2019-05-10T09:51:24
114 14h46m00.s04 +05◦59′00.′′6 2019-05-10T07:43:12 2019-05-10T09:52:25
115 14h43m11.s29 +06◦35′02.′′2 2019-05-10T07:44:13 2019-05-10T09:53:26
116 14h54m18.s52 +05◦22′30.′′3 2019-05-10T07:45:14 2019-05-10T09:54:37
117 14h51m29.s77 +05◦58′29.′′5 2019-05-10T07:46:15 2019-05-10T09:55:38
118 14h48m48.s79 +06◦35′02.′′1 2019-05-10T07:47:15 2019-05-10T09:56:39
119 14h54m18.s52 +06◦34′31.′′0 2019-05-10T07:48:16 2019-05-10T09:57:41

Fig. 1. Preliminary (top left, BAYESTAR; GCN, The LIGO Scientific Collaboration & the Virgo Collaboration 2019a) and updated (top right, LALInference;
GCN, The LIGO Scientific Collaboration & the Virgo Collaboration 2019b) localization skymaps of S190510g. White contour lines and red-filled circles
(bottom) represent the localization area corresponding to the 90% confidence region and our survey pointings, respectively. The observed area of
118.8 deg2 corresponds to 11.6% and 1.2% of the total probabilities in the BAYESTAR and LALInference skymaps, respectively. (Color online)

technique, which is useful for searching transient objects
embedded in host galaxies. However, deep reference images
are not available for all the survey pointings as shown in
figure 2. The area with deep Subaru/HSC reference images
is 25.9 deg2 while the area without deep reference images is
92.9 deg2. Therefore, we adopt the second method for the
remaining area, which searches the single-exposure images
without using the image subtraction by matching known

objects in the Pan-STARRS1 (PS1; Flewelling et al. 2020)
catalog.

3.1 Selection in fields with HSC-SSP
reference images

First, we apply image subtraction for the fields with deep
reference images. We use images obtained in the HSC
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Importance of rapid source classifica7on/localiza7on 

Preliminary alert

118 deg2 (!) observa9ons  
with Subaru/HSC 
1.7 hours ager the alert 
(S190510g, Ohgami+21)

Conserva7ve classifica7on/localiza7on 

 including systema7cs would be appreciated
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Table 1. (Continued)

Pointing RA Dec taiObs
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115 14h43m11.s29 +06◦35′02.′′2 2019-05-10T07:44:13 2019-05-10T09:53:26
116 14h54m18.s52 +05◦22′30.′′3 2019-05-10T07:45:14 2019-05-10T09:54:37
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Fig. 1. Preliminary (top left, BAYESTAR; GCN, The LIGO Scientific Collaboration & the Virgo Collaboration 2019a) and updated (top right, LALInference;
GCN, The LIGO Scientific Collaboration & the Virgo Collaboration 2019b) localization skymaps of S190510g. White contour lines and red-filled circles
(bottom) represent the localization area corresponding to the 90% confidence region and our survey pointings, respectively. The observed area of
118.8 deg2 corresponds to 11.6% and 1.2% of the total probabilities in the BAYESTAR and LALInference skymaps, respectively. (Color online)

technique, which is useful for searching transient objects
embedded in host galaxies. However, deep reference images
are not available for all the survey pointings as shown in
figure 2. The area with deep Subaru/HSC reference images
is 25.9 deg2 while the area without deep reference images is
92.9 deg2. Therefore, we adopt the second method for the
remaining area, which searches the single-exposure images
without using the image subtraction by matching known

objects in the Pan-STARRS1 (PS1; Flewelling et al. 2020)
catalog.

3.1 Selection in fields with HSC-SSP
reference images

First, we apply image subtraction for the fields with deep
reference images. We use images obtained in the HSC

D
ow

nloaded from
 https://academ

ic.oup.com
/pasj/article/73/2/350/6127664 by H

ogaku-Bu Library user on 19 April 2025

Updated alert (1 day later…)
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• Neutron star mergers and kilonova 

• Produc9on site of heavy elements 

• Diversity in nucleosynthesis depending on merging system 

• Localiza7on 

• BNS events at < 150 Mpc are already feasible (but event rate is not high) 

• BNS events at > 150 Mpc require rela9vely deep observa9ons 

• < a few x 100 deg2 localiza9on at > 150 Mpc (O5-O6) 

• Alert latency 

• Hour 9mescale emission can be a probe of central engine 

• Accurate (and conserva9ve) classifica9on and sky map within 1 hr are appreciated

Summary
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