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The sources of interest to these facilities are connected to spectacular explosions. How-
ever, the horizon (radius of detectability), either for reasons of optical depth (GZK cuto↵;
�� ! e±) or sensitivity, is limited to the Local Universe (say, distance . 100Mpc). Un-
fortunately, these facilities provide relatively poor localization. The study of explosions in
the Local Universe is thus critical for two reasons: (1) sifting through the torrent of false
positives (because the expected rates of sources of interest is a tiny fraction of the known
transients) and (2) improving the localization via low energy observations (which usually
means optical). In Figure 2 we display the phase space informed by theoretical considera-
tions and speculations. Based on the history of our subject we should not be surprised to
find, say a decade from now, that we were not su�ciently imaginative.

Figure 2. Theoretical and physically plausible candidates are marked in the
explosive transient phase space. The original figure is from Rau et al. (2009).
The updated figure (to show the unexplored sub-day phase space) is from the
LSST Science Book (v2.0). Shock breakout is the one assured phenomenon on the
sub-day timescales. Exotica include dirty fireballs, newly minted mini-blazars and
orphan afterglows. With ZTF we aim to probe the sub-day phase space (see §5).

The clarity a↵orded by our singular focus – namely the exploration of the transient
optical sky – allowed us to optimize PTF for transient studies. Specifically, we undertake
the search for transients in a single band (R-band during most of the month and g band
during the darkest period). As a result our target throughput is five times more relative
to multi-color surveys (e.g. PS-1, SkyMapper).

Given the ease with which transients (of all sorts) can be detected, in most instances, the
transient without any additional information for classification does not represent a useful,
let alone a meaningful, advance. It is useful here to make the clear detection between
detection

7 and discovery.8 Thus the burden for discovery is considerable since for most

7 By which I mean that a transient has been identified with a reliable degree of certainty.
8By which I mean that the astronomer has a useful idea of the nature of the transient. At the very

minimum we should know if the source is Galactic or extra-galactic. At the next level, it would be useful
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• Supernovae as high-E neutrino sources 

• Neutron star mergers as gravita0onal wave sources



Supernova with chocked jet as high-E neutrino source?
2

FIG. 1: The schematic picture of a collimated GRB jet inside
a progenitor. CR acceleration and HE neutrino production
may happen at collimation and internal shocks. The picture
of the radiation-mediated shock is also shown.

conservation. The subsequent jet head position rh is

rh ≈ 8.0× 109 cm t3/5L1/5
j0,52(θj/0.2)

−4/5"−1/5
a,4 . (2)

Even if the jet achieves Γ # Γcj in the star, Γcj ≈
5(θj/0.2)

−1 implies that the collimated jet is radiation
dominated. The jet breakout time tbo is determined by
rh(tbo) = R∗, where R∗ is the progenitor radius.
The progenitor of long GRBs has been widely believed

to be a star without an envelope, such as Wolf-Rayet
(WR) stars with R∗ ∼ 0.6–3R# [24]. Let us approximate
the density profile to be "a = (3−α)M∗(r/R∗)

−α/(4πR3
∗)

(α ∼ 1.5–3), where M∗ is the progenitor mass [25].
Then, taking α = 2.5, we obtain rcs ≈ 1.6 ×
109 cm t8/51 L6/5

0,52(θj/0.2)
8/5(M∗/20 M#)

−6/5R3/5
∗,11 and

rh ≈ 5.4×1010 cm t6/51 L2/5
0,52(θj/0.2)

−4/5(M∗/20 M#)
−2/5

R1/5
∗,11 [22], where L0 = 4L0j/θ2j is the isotropic

total jet luminosity. The GRB jet is successful if

tbo ≈ 17 s L−1/3
0,52 (θj/0.2)

2/3(M∗/20 M#)
1/3R2/3

∗,11 is
shorter than the jet duration tdur. With tdur ∼ 30 s, we
typically expect rcs ∼ 1010 cm for classical GRBs [26].
The comoving proton density in the collimated jet

is ncj ≈ L0/(4πr2csΓcjηmpc3) = L/(4πr2csΓcjΓmpc3) &
3.5×1020 cm−3 L52r

−2
cs,10Γ

−1
2 (5/Γcj). Here, L = (Γ/η)L0,

L is the isotropic kinetic luminosity, and η is the maxi-
mum Lorentz factor. The density in the precollimated
jet at the collimation or internal shock radius rs is
nj ≈ L/(4πr2sΓ

2mpc3) & 1.8 × 1019 cm−3 L52r
−2
s,10Γ

−2
2 ,

which is lower than ncj due to Γ # Γcj. This quantity is
relevant in discussions below. Note that inhomogeneities
in the jet lead to internal shocks, where the Lorentz fac-
tor can be higher (Γr) and lower (Γs) than Γ ≈

√
ΓrΓs.

Radiation constraints.— Efficient CR acceleration at
internal shocks and the jet head has been suggested,
since plasma time scales are typically shorter than any
elastic or inelastic collision time scale [12–14]. How-
ever, in the context of HE neutrinos from GRBs, it has
often been overlooked that shocks deep inside a star
may be radiation mediated [27]. At such shocks, pho-
tons produced in the downstream diffuse into the up-
stream and interact with electrons (plus pairs). Then
the upstream proton flow should be decelerated by pho-
tons via coupling between thermal electrons and pro-

tons [28]. As a result (see Fig. 1), one no longer ex-
pects a strong shock jump (although a weak subshock
may exist [29]), unlike the usual collisionless shock, and
the shock width is determined by the deceleration scale
ldec ≈ (nuσT y±)

−1 & 1.5 × 105 cm n−1
u,19y

−1
± when the

comoving size of the upstream flow lu is longer than ldec.
Here nu is the upstream proton density, and y±(≥ 1) is
the possible effect of pairs entrained or produced by the
shock [30].
In the conventional shock acceleration, CRs are in-

jected at quasithermal energies [31]. The Larmor ra-
dius of CRs with ∼ Γ2

relmpc2 is ruL ∼ Γ2
relmpc2/(eB) &

3.8 × 10−3 cm ε−1/2
B L−1/2

0,52 rs,10Γ2Γ2
rel, where B is the

magnetic field, Γrel is the relative Lorentz factor and
εB ≡ LB/L0 [32]. If the velocity jump of the flow is small
over ruL, the CR acceleration is inefficient. For ldec * lu,
since significant deceleration occurs over ∼ ldec, includ-
ing the immediate upstream [28, 29], CRs with ruL * ldec
do not feel the strong compression and the shock accel-
eration will be suppressed [27, 33, 34]. CRs are expected
when photons readily escape from the system and the
shock becomes radiation unmediated, which occurs when
lu ! ldec [30, 36]. Regarding this as a reasonably neces-
sary condition for the CR acceleration, we have

τuT = nuσT lu ! min[1, 0.1C−1Γrel], (3)

where C = 1 + 2 lnΓ2
rel is the possible effect by pair pro-

duction [29], although it may be small when photons start
to escape. Since the detailed pair-production effect is un-
certain, τuT ! 1 gives us a conservative bound.
Applying Eq. (3) to the collimation shock [37], the ra-

diation constraint for the CR acceleration is

L52rcs,10Γ
−3
2 ! 5.7× 10−4 min[1, 0.01C−1

1 Γrel], (4)

where nu = nj , lu ≈ rcs/Γ, and Γrel ≈ (Γ/Γcj + Γcj/Γ)/2
are used. As shown in Fig. 2, it is difficult to expect CRs
and HE neutrinos from the collimation shock for classical
GRBs. We note that the termination shock at the jet
head and internal shocks in the collimated jet are less
favorable for the CR acceleration than the collimation
shock since ncj # nj and Γcj * Γ.
We can also apply Eq. (3) to internal shocks in the

precollimated jet, which have been considered in the
literature [12, 13]. Internal shocks may occur above
ris ≈ 2Γ2

scδt & 3.0× 1010 cm Γ2
s,1.5δt−3, and the relative

Lorentz factor between the rapid and merged shells is
Γrel ≈ (Γr/Γ+Γ/Γr)/2, which may lead to the upstream
density in the rapid shell ∼ nj/Γrel. Using lu ≈ ris/Γr ∼
l/Γrel, we get τT = njσT l ! min[Γ2

rel, 0.1C
−1Γ3

rel] or

L52ris,10Γ
−3
2 ! 5.7× 10−3 min[Γ2

rel,0.5, 0.32C
−1
1 Γ3

rel,0.5].
(5)

As shown in Fig. 3, unless Γ " 103, it seems difficult to
expect CRs and HE neutrinos for high-power jets inside
WR-like progenitors (where ris ! rcs ∼ 1010 cm). Note
that although the constraint is relevant for shocks deep

Murase & Ioka 2013
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Can we detect SNe as a counterpart of high-E neutrino?

Accepted by Astronomy & Astrophysics

(a) Limits on short transients. (b) Limits on longer lasting transients.

Fig. 7: Flux upper limits from the multiwavelength observations. The confidence level varies between the di↵erent observations
as indicated in the legend and some limits depend on the assumed source spectrum (Swift XRT and BAT � = �2 and Fermi LAT
� = �2.1; see Sect. 4). For the optical telescopes, the limit corresponding to the deepest observation is shown, while for the other
instruments, all analyzed data were combined. The limit for the Swift BAT is purely based on the observation taken 100 s after the
detection of the first neutrino (compare Sect. 4.2.1) and hence applies to prompt gamma-ray emission. Follow-up observations were
triggered 22 h after the detection of the neutrino triplet.

shape as well as the measured normalization and consider sim-
ulated neutrino events which passed the event selection of the
follow-up program. We expect the detection of 600 astrophysical
muon neutrinos per year from the Northern sky. For this calcu-
lation, we extrapolated the measured neutrino spectrum down to
10 GeV, below the IceCube sensitivity threshold. If we were only
to consider events above 10TeV where the astrophysical flux has
been measured (Aartsen et al. 2015a), we would expect the de-
tection of 200 events per year. The large number of expected
astrophysical neutrino events results from the broad, inclusive
event selection of the follow-up program which aims to include
all well-reconstructed track events.

We simulate a population of transient neutrino sources that
accounts for the complete astrophysical neutrino flux. The cos-
mic star-formation rate approximately describes the redshift
distributions of several potential neutrino sources, like CC-
SNe (Cappellaro et al. 2015) and GRBs (Wanderman & Piran
2010; Salvaterra et al. 2012; Krühler et al. 2015) which how-
ever tend to be located at slightly larger redshifts. We simulated
a source population using the star-formation rate of Madau &
Dickinson (2014) and calculated for each source the probability
of detecting it with a certain number of neutrinos after apply-
ing the event selection of the follow-up program. We find that
a source detected with a single neutrino is located at a median
redshift of z = 1.1, as shown in Fig. 8.

To calculate the distance to a source detected with multi-
ple neutrinos, we have to simulate how bright the individual
sources are. We assume a population with a local source rate of
10�6 Mpc�3 yr�1, which corresponds to ⇠1% of the CCSN rate
(see e.g., Strolger et al. 2015). If this population accounts for the
astrophysical neutrino flux, we expect the detection of one neu-
trino triplet (or higher multiplet) per year. The rate of multiplet
alerts, however, strongly depends on the spectral shape and con-
sidered energy range of the neutrino flux. We further assumed
that the luminosity fluctuations between the neutrino sources fol-
low a log-normal distribution with a width of one astronomical

Fig. 8: Probability of detecting a neutrino source within a certain red-
shift. The figure was generated by simulating a population of transient
neutrino sources with a density of 10�6 Mpc�3 yr�1 distributed in red-
shift according to the star-formation rate and normalized to produce
the detected astrophysical neutrino flux. Sources detected with only one
single neutrino are on average far away (median redshift of 1.1), while
sources detected with three or more neutrinos must be located nearby.

magnitude, which is comparable to the luminosity spread of CC-
SNe in optical light at optical wavelengths.

Figure 8 shows that the source of a neutrino doublet has a
median redshift of z = 0.06 and the median redshift of a triplet
source is z= 0.023. We note that these results strongly depend on
the spectral shape of the astrophysical neutrino flux. Considering
only neutrino events with an energy above 10 TeV, the source
rate that yields one triplet per year is 3⇥ 10�8 Mpc�3 yr�1 and
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Fig. 1. Pointing layout on the sky (Ultra-Deep : blue (solid), Deep : blue (dashed), Original COSMOS (Scoville et al. 2007) coverage : green (dash dot))

overlaid on SFD (Schlegel et al. 1998) reddening map. Positions of detected SN candidates are indicated by red points. Since we are dithering around fiducial

pointings, actual coverage is a bit wider than dashed blue line and some SN candidates are detected in those area.

The difference imaging has been done for each warped images and warped difference images are

coadded to make deep difference images for each filter and epoch. With this method we can avoid bad

subtraction caused by discrete PSF change at CCD gaps in coadded images. Once difference coadded

images are created, we have detected and measured sources on difference coadded images. Based on

these sources, transient sources are identified (see section 2.4 for details) and forced photometry have

been done at the location of transients for images of all filters and epochs. The location of transients

has been defined as a direct mean position of detected images.

2.3 Limiting magnitude/Detection efficiency

To estimate the limiting magnitude of each epoch images, we have injected artificial stars with mag-

nitudes between 24 and 28 mag in processed CCD images (CORR file in the HSC pipeline world). The

5
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• Supernovae as high-E neutrino sources 

• Neutron star mergers as gravita0onal wave sources
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11第 107巻　第 1号

0.1‒1秒ほどかけて原始中性子星付近の0.01太陽
質量程度の物質が脱出速度に達するまで押し上げ
られる．この加熱は，主に中性子 （n） の電子
ニュートリノ （νe） 捕獲

νe＋n→p＋e－ （1）

および陽子 （p） の反電子ニュートリノ （ν̄e） 捕獲

ν̄e＋p→n＋e＋ （2）

によるものである．超新星爆発のシミュレーション
により，この二つの反応はほぼ同じ程度起きてい
ることが確かめられているので，最終的には中性
子と陽子の数はほぼ同じになってしまうと考えら
れる．
もう少し定量的に話を進めるために，電子比

Ye（一核子あたりの電子数．1グラムあたりの電
子のモル数に等しい）という値を用いることにす
る．星や超新星の内部では物質は電気的に中性に
保たれているので，これは一核子あたりの陽子数
ということもできる．つまり，物質が陽子だけで
できていればYe＝1，中性子だけでできていれば
Ye＝0，4He原子核（中性子と陽子それぞれ2個か
らなる．α粒子という）だけでできていればYe＝
2/4＝0.5，56Fe原子核（中性子30個と陽子26個
からなる）だけでできていればYe＝26/56＝0.464
である．上の例では，原始中性子星の表面付近で
はYe≪0.5であるが，ニュートリノを浴びるにつ
れ，中性子数と陽子数はほぼ同数に，つまりYe

は0.5に近づいていくということになる．
図4に，9太陽質量の超新星シミュレーション
で得られた最深部の放出物質（約0.01太陽質量）
のYe分布を示す 9）．ニュートリノの効果により，
放出物質はそれほど中性子過剰でないのがわか
る．Yeの最小値は0.40，つまり，中性子の占め
る割合はたかだか6割程度に過ぎない．面白いこ
とに，最大値はYe＝0.55に達している．つまり，
原始中性子星から放出される物質にもかかわらず
陽子過剰になっている成分があることになる．こ

れは，電子ニュートリノと反電子ニュートリノの
数やエネルギーが同じ程度であれば，中性子より
陽子の質量のほうがわずかに小さい（つまりエネ
ルギー的に安定）であるために，式（2）より
式（1）の反応のほうが起こりやすくなるからであ
る．
この程度の中性子過剰率では rプロセスは起こ
らない．Ye＝0.4程度の場合，放出された物質の
温度が100億度程度まで下がると，ほぼ同数の中
性子と陽子が結合してα粒子になるため，中性子
数は全体の半分くらいになってしまう．この段階
ではまだ光分解が優勢なために rプロセスは起き
ない．光分解が弱くなる30億度以下に冷えるま
で待たねばならない．しかし，その頃には中性子
とα粒子がさらに融合し，物質は質量数80‒90程
度の元素（種核という）で占められ，中性子は枯
渇してしまう．図5の実線は，この9太陽質量の
超新星モデルを用いたときの元素合成の計算結果
を表している．質量数56（鉄）と90（ジルコニ
ウム）のピークは温度が50億度くらいのときに
核反応の熱平衡状態において形成されたものであ
り，rプロセスは全く起こっていない．
それでは，rプロセスにはどのくらいのYeが必

図4 9太陽質量星の超新星爆発シミュレーションに
よる放出物質（最深部の約0.01太陽質量）の
電子比（Ye）分布 9）．横軸はYe，縦軸はそれ
ぞれのYe範囲（ΔYe＝0.005）に含まれる物質
の質量比．
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1378 M. Tanaka et al.

Figure 10. Same as Fig. 5 but for s-shell elements.

Figure 11. Top panel: abundance distribution for different Ye (Wanajo et al. 2014). Bottom left-hand panel: expansion opacity as a function of wavelength for
each Ye. Bottom right-hand panel: Planck mean opacity as a function of temperature for each Ye.

T = 5000–10 000 K and there is a strong temperature dependence
at T < 5000 K.

4.2 Time evolution of the opacity

The opacities in the NS merger ejecta depend not only on elements
and temperature but also the density of the ejecta (and thus, the
position in the ejecta). Therefore, the opacities evolves with time by
the combination of these effects. In this section, we apply our new

atomic data to radiative transfer simulations of kilonovae and study
the time variation of the opacities in the ejecta. We use a Monte
Carlo radiative transfer code developed by Tanaka & Hotokezaka
(2013), Tanaka et al. (2014) and further updated by Kawaguchi et al.
(2018) to include special-relativistic effects. We adopt a simple one-
dimensional ejecta model with a power-law density structure ρ ∝
r−3 from v = 0.05 to 0.2c (Metzger et al. 2010; Metzger 2017),
which gives an average velocity of 〈v〉 = 0.1c. The total mass is set
to be Mej = 0.03 M%.

MNRAS 496, 1369–1392 (2020)
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Kilonova as a probe of  nucleosynthesis
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More events, larger variety 森崎さん講演

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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5. Astrophysical Implications

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,

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 M1.76 0.06 :, is also in a high-mass
binary (with =m 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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GW190425 Mtot ~ 3.4 Msun
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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. 17.— Comparison of the peak magnitude (the brightest magnitude for t � 1 day) in the iJK-band observed from the polar direction
(0�  ✓  20�) among various kilonova models. Each point in the plot shows the time of peak and its magnitude for each kilonova model.
The light curves of which brightness is within ⇡ 1mag and ⇡ 0.5mag from the peak magnitude are shown in the plots for the i-band
and the JK-band, respectively. The blue, green, red, and black regions denote the regions in which the peak brightness and time of peak
approximately cluster for the SMNS, HMNS, prompt collapse, and BH-NS models (NS tidal disruption cases), respectively. We note that
the ejecta mass for BH-NS mergers could have a large variety depending on the binary parameters, and the peak brightness and time of
peak would become faint and shifted toward the early phase, respectively, (toward the direction of arrows in the figure) for small amount
of ejecta.

BH-NS merger could also exhibit peak brightness and
time of peak similar to those of the prompt collapse or
HMNS cases.

7. SUMMARY

We performed radiative transfer simulations for kilo-
nova light curves for a variety of ejecta profiles suggested
by latest numerical simulations. The radiative transfer
simulations were performed employing a new line list ob-
tained by systematic atomic structure calculations for all
the r-process elements (Tanaka et al. 2019).

We demonstrated the strong e↵ect of the radiative
transfer of photons in the multiple ejecta components
on the resulting light curve of kilonovae and clarified the

dependence of the light curves on the ejecta parameters.
We showed that the brightness of the optical light curves
observed in the polar direction could be enhanced by 50–
100% in the presence of optically thick dynamical ejecta
concentrated near the equatorial plane due to the prefer-
ential di↵usion to the polar direction. This indicates that
the ejecta mass could be overestimated by a factor of ⇠ 2
if one fails to take into account this e↵ect. We found that
such enhancement of the optical emission particularly for
the early phase of t . 2 days depends only weakly on the
dynamical ejecta mass as long as Md � 0.001 M�. In
addition, significant angular dependence of the optical
emission was found in the presence of dynamical ejecta
with Md � 0.001 M�. Indeed, we found that the optical

GW170817

Toward complete census of neutron star mergers
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GW => Mass (ini0al condi0on!) 
EM => physics and nucleosynthesis in NS merger
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• Supernovae as high-E neutrino sources 

• Doublet events (z ~< 0.2): ideal test for SN scenario  

• Singlet events: 

• Beier localizaNon (< 1 deg)   => IceCube-Gen2 

• Higher EM sensiNvity  => TMT 

• Neutron star mergers as GW sources 

• GW170817: r-process nucleosynthesis  

• More events, larger variety 

• Beier localizaNon => KAGRA 

• Complete understanding of nucleosynthesis

Summary


