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Multi-messenger from neutron star merger
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Heavy element production in NS mergers
Lattimer & 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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First observations of neutron star merger (2017)

The 90% credible intervals(Veitch et al. 2015; Abbott et al.
2017e) for the component masses (in the m m1 2 convention)
are m M1.36, 2.261 Î ( ) and m M0.86, 1.362 Î ( ) , with total
mass M2.82 0.09

0.47
-
+

, when considering dimensionless spins with

magnitudes up to 0.89 (high-spin prior, hereafter). When the
dimensionless spin prior is restricted to 0.05 (low-spin prior,
hereafter), the measured component masses are m 1.36,1 Î (

M1.60 ) and m M1.17, 1.362 Î ( ) , and the total mass is

Figure 2. Joint, multi-messenger detection of GW170817 and GRB170817A. Top: the summed GBM lightcurve for sodium iodide (NaI) detectors 1, 2, and 5 for
GRB170817A between 10 and 50 keV, matching the 100 ms time bins of the SPI-ACS data. The background estimate from Goldstein et al. (2016) is overlaid in red.
Second: the same as the top panel but in the 50–300 keV energy range. Third: the SPI-ACS lightcurve with the energy range starting approximately at 100 keV and
with a high energy limit of least 80 MeV. Bottom: the time-frequency map of GW170817 was obtained by coherently combining LIGO-Hanford and LIGO-
Livingston data. All times here are referenced to the GW170817 trigger time T0

GW.
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Spectroscopy => element identification 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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5

simulations for dynamic NSNS ejecta, for other cases we use a parametrized treatment with 
numerical values based on existing hydrodynamic studies.

2.1. NSNS merger simulations

The NSNS simulations of this paper make use of the Smooth Particle Hydrodynamics (SPH) 
method, see [72–75] for recent reviews. Our code is an updated version of the one that was 
used in earlier studies [11, 76–78]. We solve the Newtonian, ideal hydrodynamics equa-
tions for each particle a:
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Figure 2. Summary of various rate constraints. The lines from the upper left to lower 
right indicate the typical ejecta mass required to explain all r-process/all r-process with 
A  >  80/all r-process with A  >  130 for a given event rate (lower panel per year and 
Milky Way-type galaxy, upper panel per year and Gpc3). Also marked is the compiled 
rate range from Abadie et al (2010) for both double neutron stars and neutron star black 
hole systems and (expected) LIGO upper limits for O1 to O3 (Abbott et al 2016b). 
The dynamic ejecta results from some hydrodynamic simulations are also indicated: 
the double arrow denoted ‘nsns Bauswein  +  13’ indicates the ejecta mass range found 
in [23], ‘nsns Rosswog 13’ refers to [24], ‘nsns Hotokezaka  +  13’ to [25], ‘nsbh 
Foucart  +  14’ to [26] and ‘nsbh Kyutoku  +  13’ to [27].
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Power of multi-messenger astronomy
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Status of GW observations



GW190425: 2nd NS merger event in O3

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 AppendixB 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 athttps://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

Abbott+2020

~10,000 deg2

Diversity in neutron star masses 
=> diversity in mass ejection, r-process, and kilonova

GW170817
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Diversity in NS merger and kilonova
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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.

M
or

e 
m

as
si

ve

NS-NS

Kawaguchi, Shibata, MT 2020

Prompt collapse to BH 
(GW190425)

NS => BH 
(GW170817)

16

Long-lived  NS



17

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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Fig. 1. Sky localization map of the gravitational wave event S240422ed,
overlaid with the positions of galaxies targeted in our follow-up observa-
tions. The background shows the probability density map derived from the
3D localization of the gravitational wave. The 50% and 90% confidence re-
gions are indicated by labeled solid contours. The positions of the galaxies
observed in our follow-up are shown as blue scatter points. Alt text: Sky
map of a gravitational wave event showing probability contours and ob-
served galaxy positions. The horizontal and vertical axes represent right
ascension and declination in equatorial coordinates.

apparent sizes of these galaxies are much smaller than the field-
of-view of each of the two MOIRCS detectors (4⇥ 7 arcmin2).
Thus, we subtracted the background by performing a median sky
subtraction using the three frames before and after, and a two-
dimensional low-order fit to the image.

Flux calibration was done using multiple catalogs, depending
on the sky location and filter. The public catalogs from the VISTA
surveys (VISTA Hemisphere Survey, VHS, McMahon et al. 2013;
and VISTA Variables in the Vía Láctea eXtended Survey, VVVX,
Saito et al. 2024) and from the Two Micron All Sky Survey
(2MASS; Skrutskie et al. 2006) were used for the Ks-band data
while the Pan-STARRS1 (PS1; Flewelling et al. 2020) and the
Dark Energy Camera Plane Survey 2 (DECaPS2; Waters et al.
2020) catalogs were used for the Y -band data.

2.2 Survey completeness
We evaluated the survey completeness of our follow-up observa-
tions. It is defined as the sum of the probabilities that each ob-
served galaxy is the host of the GW event. This definition ef-
fectively quantifies the coverage of host-galaxy candidates in our
follow-up observations. This contrasts with volume-based com-
pleteness estimates in wide-field surveys.

The GW alert gives a 3D localization map: a probability p is as-
signed at each 3D position of the sky r. We used the 3D localiza-
tion map provided by BAYESTAR (Ligo Scientific Collaboration
et al. 2024a) and Bilby (Ligo Scientific Collaboration et al. 2024c).
The compact binary merger rate may also depend on the stellar
mass or star formation rate of the galaxy. Thus, we weighted the
probability with the properties of the galaxy. A possible choice of
the weight includes (i) K-band luminosity of the galaxy, which is

a proxy of the stellar mass, (ii) B-band luminosity of the galaxy,
which is a proxy of star formation rate, or (iii) a combination of
these two. In our work, since the K-band luminosity is available
only for ⇠60% of the galaxies in the GLADE catalog, we weighted
the probability with B-band luminosity (LB , see also Sasada et al.
2021).

Namely, we define the weighted probability P i for galaxy i as
follows:

P i =
Li

Bp(r
i)

⌃jL
j
Bp(r

j)/C(rj)
. (1)

Here the denominator is a normalization factor, representing the
sum of the weighted probabilities over all galaxies in the 3D lo-
calization volume. As described in subsection 2.1, we selected our
targeted galaxies based on the GLADE catalog. The GLADE cat-
alog is not necessarily complete. In other words, even if we could
observe all the GLADE galaxies, the survey completeness would
still be less than 100% because of the incompleteness of the cata-
log. To take this effect into account, we applied a correction for the
catalog incompleteness by introducing the completeness function
C(r). This function represents the ratio between the sum of the
B-band luminosities of cataloged galaxies and the total expected
B-band luminosity within a radial shell at a distance r (see also
Sasada et al. 2021).

The weighted probability for each targeted galaxy is given in ap-
pendix 2. By summing the weighted probabilities of the observed
206 galaxies, the total completeness of our survey for S240422ed
was estimated to be 22%.

2.3 Candidate screening
To find EM counterpart candidates in the reduced MOIRCS data,
we conducted two types of analyses: (1) visual inspection done al-
most in real-time during the observing run and (2) catalog match-
ing done afterwards. Both processes require archival data taken
previously. The archival data used in these analyses include PS1
and DECaPS2 in the Y band, as well as VHS, VVVX, and 2MASS
in the Ks band.

For the real-time visual inspection, we used our dedicated image
server (Sasada et al. 2021), which visualizes the archival and our
new images. The image server also has a function of image sub-
traction with the HOTPANTS software (Becker 2015). However,
due to the lack of the deep reference Y�band and Ks-band im-
ages over our survey area, we used the image subtraction method
only for offline analyses if needed. Thus, our real-time transient
detection was based on the visual inspection. The image server
generated new (MOIRCS) and reference cutout images around the
targeted galaxies. By comparing these images, visual inspection
was performed to select candidate transients around about 1 ar-
cmin from the GLADE galaxies.

For the catalog match, we performed object matching and
brightness comparison between the previous archival and our
MOIRCS data. We searched for possible counterparts by selecting
two types of sources depending on the brightness in the MOIRCS
data and the depths of the archival data. The first type consists of
sources detected in both the MOIRCS and archival data. Although
these are not necessarily transients in the strict sense, as they are
present in both datasets, we consider them as candidate transients
if (a) they are detected with high significance in the archival im-
ages at the MOIRCS source position, and (b) the brightness dif-
ference between the MOIRCS and archival data exceeds 5�, sug-
gesting a statistically significant flux variation. The second type
consists of sources that are clearly detected in the MOIRCS data

Subaru/MOIRCS 
(Takahashi+25)

BH-NS merger  
(S240422ed)
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5

simulations for dynamic NSNS ejecta, for other cases we use a parametrized treatment with 
numerical values based on existing hydrodynamic studies.

2.1. NSNS merger simulations

The NSNS simulations of this paper make use of the Smooth Particle Hydrodynamics (SPH) 
method, see [72–75] for recent reviews. Our code is an updated version of the one that was 
used in earlier studies [11, 76–78]. We solve the Newtonian, ideal hydrodynamics equa-
tions for each particle a:
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Figure 2. Summary of various rate constraints. The lines from the upper left to lower 
right indicate the typical ejecta mass required to explain all r-process/all r-process with 
A  >  80/all r-process with A  >  130 for a given event rate (lower panel per year and 
Milky Way-type galaxy, upper panel per year and Gpc3). Also marked is the compiled 
rate range from Abadie et al (2010) for both double neutron stars and neutron star black 
hole systems and (expected) LIGO upper limits for O1 to O3 (Abbott et al 2016b). 
The dynamic ejecta results from some hydrodynamic simulations are also indicated: 
the double arrow denoted ‘nsns Bauswein  +  13’ indicates the ejecta mass range found 
in [23], ‘nsns Rosswog 13’ refers to [24], ‘nsns Hotokezaka  +  13’ to [25], ‘nsbh 
Foucart  +  14’ to [26] and ‘nsbh Kyutoku  +  13’ to [27].
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•  重力波天体のマルチメッセンジャー観測 

•  最近の話題 

•  OISTERによる重力波天体の観測
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Observations of Gravitational Wave Sources 
重力波天体の観測
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Required survey for the events at 150 Mpc
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Fig. 5. Distribution of numbers of observed galaxies for GW events followed up by J-GEM in the distance–
probability area plane. Points are shown for BBH (filled circle), NSBH (filled triangle), BNS (filled square),
MassGap object (filled diamond), and Terrestrial event (cross). The point sizes represent the numbers of
observed galaxies within the 3D localization maps of each GW event. Solid lines show the expected numbers
of galaxies within the 3D localization map, from left to right, of 1, 10, 100, 1000, and 10 000.

Based on the above assumptions, the number of galaxies within the 3D localization maps for most
GW events is estimated to be over 1000 as shown in Fig. 5. Thus, with our follow-up campaigns,
observing all the galaxies within the huge 3D localization maps of such GW events is not feasible.
In our follow-up campaigns, the maximum number of observed galaxies was 170. If the localization
accuracy is about 500 deg2 and the distance to the event is ∼100 Mpc, a typical number of galaxies
is about 100. Therefore, our galaxy-targeted follow-up system is effective for detecting an EM
counterpart for a localization area of 500 deg2 (∼20 times larger than that of GW170817) and a
distance of 100 Mpc.

To understand the mechanism of the EM emission originating from a merger including at least
one NS, EM observations soon after GW detection are important. During the O3 run, our follow-
up observations started within one day after GW detection for 13 out of 23 events. In particular,
observations for 10 events started within half a day.

We compare the results of our observations with possible light curve models of EM emission
from NS mergers. The lines in Fig. 6 show the expected g-band magnitudes at 100 Mpc for a
radioactive model (solid) and a cocoon model (dashed). The radioactive model assumes that the
heating source is purely the radioactive decay of r-process elements in the lanthanide-free ejecta
with a mass of Mej = 0.05 or 0.03 M" and an electron fraction of Ye =0.30–0.40 [117]. The cocoon
model incorporates heating via interactions between the relativistic jet and the ejecta [118], where
the parameters are chosen to reproduce the early observations of GW170817.
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S250818k: a possible NS merger event (~250 Mpc)
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Figure 5. Top: Comparison of the griz-band lightcurves of SN 2025ulz and AT 2017gfo. Downward-facing triangles correspond
to 3� upper limits for SN 2025ulz. Bottom: KN model fits for SN 2025ulz. Both models presented have dynamical (low opacity)
ejecta with 0.025 M� and 0.3 c, and disk wind (higher opacity) ejecta with 0.05 M� and 0.15 c. The model on the left possesses
no shock heating, whereas the model on the right is generated invoking maximum shock heating.

dition of shock heating, we can also match the early
blue emission. Doing so requires setting the parameter
shock frac = 1; i.e., all the dynamical ejecta are heated
by a strong shock, which could for example result from
a GRB jet punching through kilonova ejecta (Piro &
Kollmeier 2018). Analysis of AT2017gfo with a binary-
constrained kilonova model (i.e., ejecta mass is deter-
mined by the masses of the constituent NSs) also showed

evidence for shock heating (Nicholl et al. 2021), though
with a lower shock frac ⇡ 0.5. The early UV emission
from GRB211211A suggested a shock frac = 0.6 � 1,
though that event had an unusually long-lived GRB jet.
In summary, the optical lightcurve of SN 2025ulz during
the first two days is consistent with a kilonova model
that is perhaps somewhat extreme, but compatible with
previous kilonova models.

GW170817

AT2025ulz

Gillanders+25

Key: Long-term monitoring and spectroscopy 



• Multi-messenger observations of neutron star mergers 

• Origin of heavy elements, Formation of relativistic jets 

• No significant event after 2019: an estimated event rate is becoming lower 

• Observational strategy 

• Observations of the events at ~150 Mpc distance 

• Survey depth: ~20 mag imaging 

• Area: 

• LIGO: ~1000 deg2 (~1000 galaxies) 

• LIGO+Virgo: ~100 deg2 (~100 galaxies) 

• Follow-up: imaging and spectroscopy: down to 25 mag

Summary
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