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First observations of gravitational waves (2015)
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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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Multi-messenger signals from neutron star merger

Gravitational wave (GW)

merge

mass ejection

+ r-process


=> “kilonova”

(optical, infrared)

Electromagnetic (EM) wave

NS or BH

neutron star (NS)
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Heavy elements in kilonova spectra?
LETTERRESEARCH
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first named ‘SSS17a’ and ‘DLT17ck’, but here we use the official IAU 
designation, AT 2017gfo.

We carried out targeted and wide-field optical/near-infrared imag-
ing observations of several bright galaxies within the reconstructed 
sky localization of the gravitational-wave signal with the Rapid Eye 
Mount (REM) telescope and with the European Southern Observatory 
(ESO) Very Large Telescope (VLT) Survey Telescope (ESO-VST). This 
led to the detection of AT 2017gfo in the REM images of the field of 
NGC 4993, which were obtained 12.8 h after the gravitational-wave/
GRB event. Following the detection of this source, we started an 
imaging and spectroscopic follow-up campaign at optical and near- 
infrared wavelengths. Imaging was carried out with the REM telescope, 
the ESO-VST and the ESO-VLT. A series of spectra was obtained with 
the VLT/X-shooter in the wavelength range 3,200–24,800 Å, with VLT/
FORS2 (Focal Reducer/low-dispersion Spectrograph) in 3,500–9,000 Å 
and with Gemini-S/GMOS in 5,500–9,000 Å (see ref. 20 for GMOS 
reduction and analysis details). Overall, we observed the source with an 
almost daily cadence during the period 17 August 2017 to 3 September 
2017 (about 0.5–17.5 days after the gravitational-wave/GRB trigger; 
details are provided in Methods). We present here the results of the 
observations carried out in August 2017.

As described in the following, the analysis and modelling of the 
spectral characteristics of our dataset, together with their evolution 
with time, result in a good match with the expectations for kilonovae, 
providing the first compelling observational evidence for the existence 
of such elusive transient sources. Details of the observations are pro-
vided in Methods.

We adopted a foreground Milky Way extinction of E(B − V) = 0.1 mag 
and the extinction curve of ref. 21 and used them to correct both 
 magnitudes and spectra (see Methods). The extinction within the host 
galaxy is negligible according to the absence of substantial detection of 
characteristic narrow absorption features associated with its interstellar 
medium. The optical light curve resulting from our data is shown in 
Fig. 1 and the sequence of X-shooter, FORS2 and GMOS spectra is 
shown in Fig. 2. Apart from Milky Way foreground lines, the spectrum 

is otherwise devoid of narrow features that could indicate association 
with NGC 4993. In the slit, which was displaced from the position of 
the transient by 3″–10″ (0.6–2.0 kpc in projection), we detected narrow 
emission lines exhibiting noticeable structure, both spatially and in 
velocity space (receding at 100–250 km s−1 with respect to the systemic 
velocity), which were probably caused by the slit crossing a spiral struc-
ture of the galaxy (see Methods).

The first X-shooter spectrum of the transient shows a bright, blue 
continuum across the entire wavelength coverage—with a maximum 
at about 6,000 Å and total luminosity of 3.2 × 1041 erg s−1—that can be 
fitted with the spectrum of a blackbody of temperature 5,000 ± 200 K 
and a spherical equivalent radius of approximately 8 × 1014 cm. At a 
phase of 1.5 days after the gravitational-wave/GRB trigger, this indi-
cates an expansion velocity of the ejected material of about 0.2c. The 
temperature is considerably lower than that inferred from photometric 
observations about 20 h earlier (about 8,000 K)22, suggesting rapid cool-
ing. On top of this overall blackbody spectral shape are undulations that 
may represent very broad absorption features similar to those predicted 
by merger ejecta simulations16. We refrain from connecting these to the 
expansion velocity because they may be combinations of many lines 
with poorly known properties.

At the second epoch, one day later, when the spectrum covered only 
the optical range, the maximum moved to longer wavelengths, indicat-
ing rapid cooling. At the third epoch, when near-infrared wavelength 
information was again available, the peak shifted further to 11,000 Å 
and the overall spectral shape changed. This indicated that the photo-
sphere was receding, the ejecta was becoming increasingly transparent 
and more absorption lines became visible. The near-infrared part of the 
spectrum evolved in flux and shape much less rapidly than the optical 
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Figure 1 | Multiband optical light curve of AT 2017gfo.  The data shown 
for each filter (see legend) are listed in Extended Data Table 1. Details of 
data acquisition and analysis are reported in Methods. The x axis indicates 
the difference in days between the time at which the observation was 
carried out T and the time of the gravitation-wave event T0. The error 
bars show the 1σ confidence level. The data have not been corrected for 
Galactic reddening.
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Figure 2 | Time evolution of the AT 2017gfo spectra. VLT/X-shooter, 
VLT/FORS2 and Gemini/GMOS spectra of AT 2017gfo. Details of data 
acquisition and analysis are reported in Methods. For each spectrum, 
the observation epoch is reported on the left (phases with respect to the 
gravitation-wave trigger time are reported in Extended Data Table 2; 
the flux normalization is arbitrary). Spikes and spurious features were 
removed and a filter median of 21 pixels was applied. The shaded areas 
mark the wavelength ranges with very low atmospheric transmission. The 
data have not been corrected for Galactic reddening.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Progress: identification of heavy elements

Domoto,+22, 23, MT+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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Direct evidence of heavy element production

See S. Rahmouni’s talk 
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図 4: 左: セリウム（2階電離イオン）の吸収線を示す恒星スペクトルと天体写真．セリウムの吸収線の位置をオレンジ線で示してある．右: 左に示す恒星スペクトルの吸収線から推定した束縛-束縛遷移の
gf値（青）とその平均値（赤）．黒点は文献における理論計算からの値を示す（T20 [11]; WR98 [19];

B02 [20]; CG21 [21]）．
データを組み合わせた計算を行うことで，これ
までにない現実的なキロノバのスペクトルの
計算を可能にした．シミュレーションで得られ
たキロノバのスペクトル（図 3）には，破線で
示したようにいくつかの吸収特徴が見られる．
これらの特徴はそれぞれ，カルシウム，ストロ
ンチウム，ランタン，セリウムによるものであ
る．現実的なキロノバの計算からも，これらの
元素が実際に吸収特徴を作り出すことが確認で
きたと言える．
では，計算スペクトルを実際の観測スペクト
ルと比較してみる．実は，9000 Å 付近の吸収
特徴だけはすでにストロンチウムで説明できる
ことが報告されており [15]，筆者らの計算結果
もそれを裏付けていることがわかる．さらに赤
外線では，ランタンとセリウムの作る吸収特徴
が観測スペクトルに見られる吸収特徴と一致す
ることがわかった．これにより，この中性子星
合体でストロンチウム，ランタン，セリウムが
合成されていたことが特定できた．
なお，我々のモデルではカルシウムが強い吸
収特徴を示している．カルシウムとストロンチ

ウムは原子構造が非常によく似ているため，両
者が同時に吸収特徴を作ることは原子物理的な
性質から自然であると言える．しかし，観測ス
ペクトルにはカルシウムによる特徴は見られ
ない．これは 2017年の中性子星合体ではカル
シウムの合成量が少なかったことを示唆して
いる．
4. 「プラズマ実験室」としての恒星
ここまでで紹介したように，天体の観測スペ
クトルから元素を同定するには，実験的に構築
された「正確性」の高い束縛-束縛遷移データ
が必要不可欠である．筆者らは理論計算による
原子データの「完全性」の高さを利用し，まず
キロノバの物理状況で強い吸収度合いを示す元
素を特定することができた．さらに，実験的な
遷移確率が存在しないランタンとセリウムの束
縛-束縛遷移については理論計算による値を用
いることで，最も強い束縛-束縛遷移に対する
「正確な」原子データを構築し，結果，キロノ
バの観測スペクトルにおける吸収特徴を説明で
きる元素を特定することができた．

“Experiments” with stellar spectra (IGRINS)

Strong support of element identification in kilonova

present study. To our knowledge, this is the first high-
resolution spectrum of HR 465 covering such a wide NIR
wavelength range. The details of the observations and data
reduction are reported by Aoki et al. (2022). The telluric
absorption lines are correlated by the spectrum of the bright
extremely metal-poor star BD+44°493, in which few absorp-
tion lines are found in this wavelength range (Aoki et al. 2022).

The top panel of Figure 3 shows the entire spectrum of HR
465 (see Figure 6 for an extended view). The spectrum is
normalized by continuum fitting for the ease of line identifica-
tion. Furthermore, the broad hydrogen absorption features are
fitted and the spectrum around those features is flattened. After
masking the wavelength ranges with strong atmospheric
absorption, i.e., the ranges between the Y, J, and H bands, as
well as artifacts from the telluric correction (gray shaded
regions without line identifications in Figure 6), we detect
strong absorption lines. Then, the detected lines are matched
with the VALD line list (Kupka et al. 1999) and the NIR line

list by Domoto et al. (2022). There are some lines with which
no known transition is matched, in particular, at shorter
wavelengths where more absorption lines exist. We keep these
lines as “unID” as they may be caused by heavy elements.
Then, we measure the equivalent widths (EWs) of the strong
lines by assuming a Gaussian profile.
Figure 4 shows the EWs for the 50 strongest transitions. It is

clearly seen that, excluding elements lighter than Fe, the
strongest absorptions in the NIR spectrum of HR 465 are
dominated by the lines of Ce III and Sr II. The bottom panels of
Figure 3 show the spectra around the six strongest transitions of
Ce III and two strongest transitions of Sr II.

4. Implications to Kilonova Spectra

We apply the knowledge from HR 465 to the kilonova
spectra. In Figure 5, we show the spectrum of HR 465 (top
panel) and the EWs of the 50 strongest transitions (bottom

Figure 3. Normalized NIR spectrum of HR 465 (top) and that around the eight strongest transitions of heavy elements (bottom). In the top panel, the 50 strongest lines
are indicated. The lines of Sr II, Ce III, and Eu II are shown in red, blue, and green, respectively. The lines of elements lighter than Fe are shown in gray. The lines
shown in black are not matched with the line lists (unID). The gray shaded regions show the wavelength ranges with strong atmospheric absorption.
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Power of multi-messenger astronomy
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Status of GW observations



GW190425: 2nd NS merger event in O3 (no EM counterpart)

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,

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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Abbott+2020

Diversity in neutron star masses

=> diversity in mass ejection, nucleosynthesis, and kilonova

GW170817
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MNS formation
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Hydrodynamics/
viscous evolution

Viscous evolution of disk
Disk matter infall/out#ow

BH + disk BH + disk SMNS + disk

Isolated BH

Merger

Figure 1
A summary of the merger and postmerger evolution of binary neutron stars.Mthr andMmax,spin denote the
threshold mass for the prompt formation of a BH and the maximum mass of rigidly rotating cold neutron
stars, respectively. Their values are likely to beMthr ! 2.8M! andMmax,spin ! 2.4M!. For the total mass
m > Mthr, a BH is formed in the dynamical timescale after the onset of merger, and for the nearly
equal-mass case,m1 ≈ m2, the mass of disks surrounding the BH is tiny, #10−2M!, while it could be
!10−2M! for a highly asymmetric system with m2/m1 " 0.8. ForMmax,spin < m < Mthr, an HMNS is
formed, and it subsequently evolves through several angular momentum transport processes, leading to its
eventual collapse to a BH surrounded by a disk (or torus) (see References 69 and 70 for de!nitions of
HMNS and SMNS). When m is close toMthr, the lifetime of the MNS is relatively short, while for smaller
values of m towardMmax,spin, the lifetime is longer. For the longer lifetime, the angular momentum transport
process works for a longer timescale, and the disk mass could be !0.1M!, whereas for a short lifetime, the
mass could be ∼10−2M! or less. For m < Mmax,spin, an SMNS is formed, and it will be alive for a dissipation
timescale of angular momentum that will be much longer than the cooling timescale, ∼10 s. Abbreviations:
BH, black hole; HMNS, hypermassive neutron star; MNS, massive neutron star (either an HMNS or an
SMNS); SMNS, supramassive neutron star.

2.1. Binary Neutron Stars
Figure 1 summarizes the possible remnants and their evolution processes for mergers of binary
NSs. Broadly speaking, there are two possible remnants formed immediately after the onset of
merger: BH and MNS. A BH is formed if the total mass m is so high that the self gravity of the
merger remnant cannot be sustained by the pressure associated primarily with the repulsive force
among nucleons and centrifugal force due to rapid rotation associated with the orbital angular
momentum of the premerger binary.

In the last decade, simulations were performed employing a variety of NS EOSs (e.g., 37–39,
43, 49, 52, 71–79), in which themaximummass of a nonrotatingNS is consistent with the existence
of 2M! neutron stars (80, 81). An important !nding of these simulations is that for m " 2.8M!

the remnant is, at least temporarily, an MNS and not a BH, regardless of the EOS employed.
The total mass of nine Galactic binary NSs for which the merger time is less than a Hubble

time of ∼13.8 Gyr is in the range between ∼2.50M! and 2.88M! (82, 83). Among them, seven
objects have a total mass smaller than 2.75M!, suggesting that, for the typical total mass of binary
NSs, an MNS should be formed after merger (at least temporarily). In fact, the total mass of the
binary NS GW170817 is in the middle of the above range, 2.74+0.04

−0.01M!, for a low spin prior (4).
Form ! 2.8M!, a BH could be formed immediately after merger, although the threshold mass

for the prompt BH formation depends strongly on the EOS. The dimensionless BH spin, χ , in
the prompt BH formation case is ∼0.8 (73). The remnant BH in this formation channel is not

44 Shibata • Hotokezaka
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Direct collapse to BH?
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Observations of neutrinos
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lower limit of 183 TeV, depending onlyweakly on
the assumed astrophysical energy spectrum (25).
The vast majority of neutrinos detected by

IceCube arise from cosmic-ray interactions within
Earth’s atmosphere. Although atmospheric neu-
trinos are dominant at energies below 100 TeV,
their spectrum falls steeply with energy, allowing
astrophysical neutrinos to be more easily identi-
fied at higher energies. The muon-neutrino as-

trophysical spectrum, together with simulated
data, was used to calculate the probability that a
neutrino at the observed track energy and zenith
angle in IceCube is of astrophysical origin. This
probability, the so-called signalness of the event
(14), was reported to be 56.5% (17). Although
IceCube can robustly identify astrophysical neu-
trinos at PeV energies, for individual neutrinos
at several hundred TeV, an atmospheric origin

cannot be excluded. Electromagnetic observations
are valuable to assess the possible association of
a single neutrino to an astrophysical source.
Following the alert, IceCube performed a

complete analysis of relevant data prior to
31 October 2017. Although no additional excess
of neutrinoswas found from the direction of TXS
0506+056 near the time of the alert, there are
indications at the 3s level of high-energy neutrino

The IceCube Collaboration et al., Science 361, eaat1378 (2018) 13 July 2018 2 of 8

Fig. 1. Event display for
neutrino event IceCube-
170922A. The time at which a
DOM observed a signal is
reflected in the color of the hit,
with dark blues for earliest hits
and yellow for latest. Times
shown are relative to the first
DOM hit according to the track
reconstruction, and earlier and
later times are shown with the
same colors as the first and
last times, respectively. The
total time the event took to
cross the detector is ~3000 ns.
The size of a colored sphere is
proportional to the logarithm
of the amount of light
observed at the DOM, with
larger spheres corresponding
to larger signals. The total
charge recorded is ~5800 photoelectrons. Inset is an overhead perspective view of the event. The best-fitting track direction is shown as an arrow,

consistent with a zenith angle 5:7þ0:50
"0:30 degrees below the horizon.

Fig. 2. Fermi-LATand MAGIC observations of IceCube-170922A’s
location. Sky position of IceCube-170922A in J2000 equatorial coordinates
overlaying the g-ray counts from Fermi-LAT above 1 GeV (A) and the signal
significance as observed by MAGIC (B) in this region. The tan square
indicates the position reported in the initial alert, and the green square
indicates the final best-fitting position from follow-up reconstructions (18).
Gray and red curves show the 50% and 90% neutrino containment regions,
respectively, including statistical and systematic errors. Fermi-LATdata are
shown as a photon counts map in 9.5 years of data in units of counts per

pixel, using detected photons with energy of 1 to 300 GeV in a 2° by 2°
region around TXS0506+056. The map has a pixel size of 0.02° and was
smoothed with a 0.02°-wide Gaussian kernel. MAGIC data are shown as
signal significance for g-rays above 90 GeV. Also shown are the locations of
a g-ray source observed by Fermi-LAT as given in the Fermi-LAT Third
Source Catalog (3FGL) (23) and the Third Catalog of Hard Fermi-LAT
Sources (3FHL) (24) source catalogs, including the identified positionally
coincident 3FGL object TXS 0506+056. For Fermi-LAT catalog objects,
marker sizes indicate the 95% CL positional uncertainty of the source.
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Power of multi-messenger astronomy
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Fig. 1. Event display for
neutrino event IceCube-
170922A. The time at which a
DOM observed a signal is
reflected in the color of the hit,
with dark blues for earliest hits
and yellow for latest. Times
shown are relative to the first
DOM hit according to the track
reconstruction, and earlier and
later times are shown with the
same colors as the first and
last times, respectively. The
total time the event took to
cross the detector is ~3000 ns.
The size of a colored sphere is
proportional to the logarithm
of the amount of light
observed at the DOM, with
larger spheres corresponding
to larger signals. The total
charge recorded is ~5800 photoelectrons. Inset is an overhead perspective view of the event. The best-fitting track direction is shown as an arrow,

consistent with a zenith angle 5:7þ0:50
"0:30 degrees below the horizon.

Fig. 2. Fermi-LATand MAGIC observations of IceCube-170922A’s
location. Sky position of IceCube-170922A in J2000 equatorial coordinates
overlaying the g-ray counts from Fermi-LAT above 1 GeV (A) and the signal
significance as observed by MAGIC (B) in this region. The tan square
indicates the position reported in the initial alert, and the green square
indicates the final best-fitting position from follow-up reconstructions (18).
Gray and red curves show the 50% and 90% neutrino containment regions,
respectively, including statistical and systematic errors. Fermi-LATdata are
shown as a photon counts map in 9.5 years of data in units of counts per

pixel, using detected photons with energy of 1 to 300 GeV in a 2° by 2°
region around TXS0506+056. The map has a pixel size of 0.02° and was
smoothed with a 0.02°-wide Gaussian kernel. MAGIC data are shown as
signal significance for g-rays above 90 GeV. Also shown are the locations of
a g-ray source observed by Fermi-LAT as given in the Fermi-LAT Third
Source Catalog (3FGL) (23) and the Third Catalog of Hard Fermi-LAT
Sources (3FHL) (24) source catalogs, including the identified positionally
coincident 3FGL object TXS 0506+056. For Fermi-LAT catalog objects,
marker sizes indicate the 95% CL positional uncertainty of the source.
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Challenges in neutrino follow-up

Search for “something special”

Unknown source Large distance

supernovae ? tidal 
disruption?

blazars / 
AGNs??energetic


supernovae ??

(C) ESO

(C) NASA/CXC/M. Weiss

(C) NASA/SDO

(C) NASA By Seiji Toshikage

c.f. gravitational wave
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“Multiplet” from nearby Universe z ~ 0.5-1.0Singlet

“Multiplet”
z ~ 0.15Yoshida+22

Supernova (SN)

8 m class (or space) telescope

~25 mag

1 m class telescope

~20 mag

Subaru, Rubin

See the talk by L. Hao (CSST)

By Seiji Toshikage
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Toshikage+25 See S. Toshikage’s poster

Our null result disfavors SLSNe as the dominant source of
the cosmic neutrino background. This is consistent with the
theoretical expectation based on an energetics argument shown

below. CSM interaction features are observed not only SLSNe,
but also SNe IIn, which are roughly 100 times more frequent
but 10 times less luminous. This implies that SN IIn have 10

Figure 7. Constraints in tdecay − Lpk plane for TDE-L (top), TDE-F (middle), and SLSN (bottom) withΔt= tν,1 − tpk = 0 (left) and 30 days (right). Orange and cyan
regions are constrained by 90% and 68% con!dence levels. Yellow regions are typical parameter spaces for TDEs (Y. Yao et al. 2023) and SLSNe
(T. J. Moriya 2024).

10

The Astrophysical Journal, 993:23 (13pp), 2025 November 1 Toshikage et al.

See the talks by T. Sasaoka (Kiso) and J.H. Kim (7DT)

Future: real-time follow-up: survey (1m class) + spectroscopy

excluded

Search for optical counterpart of neutrino “multiplet” events

Transient search with ZTF Constraints on transient properties

the center of the galaxies. Thus, our criteria above may !lter
out a fraction of TDEs that occur in an AGN-like host galaxy,
which results in a reduction in TPR. We have checked that this
effect is not signi!cant by using the known TDE samples, but
the number of TDE samples is still small (71 samples in BTS),
preventing the estimate with high statistics. Also, two out of
three TDEs reported to be associated with the IceCube
neutrino detections occurred in AGN hosts. Our criteria above
may exclude such TDEs from occuring in AGNs.

In our background analysis with WF control data sample,
397 objects pass the level 3 selection which corresponds to a
background rate of 0.061 ± 0.003 objects deg−2.

3.4.4. Level 4 Selection

Finally, we apply the level 4 selection, object-wise light
curve cut (Δtneg� 50days) to further remove remaining
variable stars and AGNs. For this criterion, we use the light
curve of each object as additional information. For the light
curve of each object obtained through the ZTF alert broker,
ALeRCE API,9 we identify the signi!cant (>5σ) negative
detection. Negative detections mean that the "uxes signi!-
cantly decrease compared with the "uxes in the reference
images. We de!ne Δtneg as the time interval from the !rst to
the last signi!cant negative detection. This criterion of
Δtneg� 50 days effectively removes persistent objects such
as variable stars and AGNs without removing SNe and TDEs.

For this criterion, we estimate the TPR using historical
light curve data of BTS spectroscopically con!rmed SNe.
We use 891 SNe located within z� 0.02 from BTS samples
with well-sampled light curves. Before the TPR calculation,
we remove 27 SNe with the reference images contaminated
by SN "uxes. Among the remaining 864 SNe, only two SNe
show the light curve with Δtneg > 50 days. Thus, we
estimate the TPR of the level 4 selection as 0.9977 ±
0.0016.

The number of objects passing the level 4 selection is 138 in
the WF control data sample, which corresponds to a
background rate of 0.021 ± 0.002 objects deg−2.
Finally, we compare the TPR of level 3 and 4 selections

with the corresponding TPR of the ZTF standard !ltering
system. In the ZTF standard !ltering system, a stringent
criterion of sgscore (sgscore < 0.5 for PS1 objects
within 1.5) is imposed. To estimate the TPR of this criterion,
we use transients reported in BTS between 2019 August and
2020 July, which were selected using a looser condition of
sgscore < 0.76 for PS1 objects within 2″ (D. A. Perley
et al. 2020). This estimate gives a TPR of 0.949. Note that this
TPR should be regarded as an upper limit, since the true parent
sample of transients would be larger.

On the other hand, in our !ltering system, we impose a loose
condition of sgscore (sgscore < 0.83), whose TPR is
robustly estimated to be 0.995 by Y. Tachibana & A. A. Miller
(2018). An increase of background objects by this loose
condition is further suppressed by additional criteria in level 3
and level 4 selections. The total TPR of our level 3 and 4
criteria is 0.987 (=0.995 × 0.9987 × 0.9985 × 0.9973 ×
0.9977, see Table 2). This demonstrates that our !ltering
system achieves a higher TPR than the ZTF standard !ltering
system.

3.5. Multi-epoch Analysis

The transient source search for ICT-MJD59015 is facilitated
by the ZTF observations at multiple epochs. When any single
observation meets the detection-wise criteria, level 1 and 2
criteria are ful!lled. The incorporation of additional epochs
into the counterpart search process enhances the resultant TPR,
but it also raises the probability of contamination of back-
ground events (see also Appendix B and Figure 10). It is
imperative to judiciously optimize the number of epochs
contributing to the search to ensure the ef!cacy of the
methodology.
We trace the epoch dependence of TPR and the number of

background events by applying the level 1 and level 2
selections to the ME1 control data sample, which contains 11
observing epochs. As we mentioned in Section 2.2, we do not
include the shallow observations on 2020 July 6, since the data
on that day are not effective in detecting dimmer objects and
just increase the number of background objects. Each of the
observation epochs has a different depth due to the night sky
conditions as shown in Figure 5, and we search for the best
combination of epochs participating in the source search. The
speci!c six epochs have been chosen to give an excellent TPR
(0.983 in typical magnitude range, 18.5–19.0 mag) while
suppressing the number of penetrating background events
(≲0.1 deg2). We then apply the selections to the ME2 control
data sample, which contains exactly the six selected epochs,
but data from larger areas of the sky to gain statistical power.
The cumulative number of background objects is 67 objects,

which corresponds to a background rate of 0.084 ±
0.010 objects deg−2. For comparison, applying the ZTF
standard !ltering results in a background rate of 0.175 ±
0.015 objects deg−2. The IceCube localization area (3σ)
covered by the ZTF observation is 0.41 deg2 (Figure 1).
Therefore, the background rate in the !nal analysis for the
localization area of ICT-MJD59015 is 0.034 ± 0.004.
We examine the nature of the background objects remaining

in the !nal sample after applying all the cuts to the ME2
control data. They are dominated by true astrophysical sources.

Figure 5. Limiting magnitude of ZTF observations in each epoch at the
IceCube localization area around the date of the neutrino detections (dashed
lines). Filled points represent the epoch we used for multi-epoch analysis.
Examples of our light curve model are also shown with Lpk = 1043 erg s−1 and
tdecay = 50 days at redshift z = 0.05. We assume blackbody SED with
T = 20,000K. Solid lines represent Δt = 0 days and dotted lines represent
Δt = 30 days.

9 https://alerce.readthedocs.io/en/latest/index.html

7

The Astrophysical Journal, 993:23 (13pp), 2025 November 1 Toshikage et al.
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CE Astro2020

Future: Gravitational wave

Einstein Telescope

Cosmic Explorer
(C) Eddie Anaya, California State 
University Fullerton

(C) NIKHIF

More and more GW events!



Electromagnetic observations of the “exact moment” of the merger

10

(a) (b)

(c) (d)

(e)

FIG. 7: The same as Figure 6 but using the ET and CE as a network. For the same source distance, the scale of the
panels is the same as is shown in Figure 6, to allow a convenient comparison.

C. Calibration Errors

Previous studies have dealt with calibration errors in
the context of second generation detectors [48–51]. We
present here a brief discussion of the impact of calibration
errors on localization for third generation detectors. It is
recognized that bias in the output of a detector can be
introduced by errors in its calibration – i.e., di↵erences
between the actual response function and the measured
response function of the detector. These di↵erences can
then a↵ect the noise and cause amplitude errors and tim-
ing errors in the gravitational wave strain used for analy-
sis. Inference on the location of the source of a GW from

the output strain can therefore be biased.

Amplitude errors will a↵ect the localization by intro-
ducing a bias in the measurement of distance, inclination
and polarization angles. With second generation detec-
tors, these parameters cannot be measured precisely. For
example, the uncertainty on distance can be ⇠ 40% for
an event with SNR ⇠ 8 [49]. Therefore, systematic er-
rors caused by amplitude uncertainties are not expected
to be dominant. However, the fractional uncertainty on
distance of a GW from BNS is inversely proportional to
SNR. It is conceivable that when the ET and CE are op-
erational, higher SNR and the extended in-band duration
will increase the accuracy with which these parameters

1 hour before the merger

Chan+18 (ET + CE)

“Forecast” of gravitational wave detection

“Forecast” of neutron star merger
Lower frequency Higher frequency

(C) Tohoku U.

??

25*Time zone in Asia will be unique*



“Multi-wavelength” gravitational wave observations
Ground-basedSpace

NS (1 Msun)

BH (10 Msun)

BH (106 Msun)

PTA

http://www.sr.bham.ac.uk/~cplb/GWplotter/

Sensitivity

NS interior“Multi-wavelength”
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Future: High-energy neutrino
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PoS(ICRC2017)991

IceCube-Gen2 sensitivity studies J. van Santen

Figure 2: Muon detection and reconstruction performance of 240 m “sunflower” geometry. The left panel
shows the average muon effective area after quality cuts as a function of zenith angle at 4 selected muon
energies, evaluated at the border of the high-energy array. The geometric area of the array is shown for
comparison. The right panel shows the median angular distance between the reconstructed and true muon
direction. The typical angular error for IceCube is shown for comparison.

240 m “sunflower” geometry as 6.3 km3 above 200 TeV deposited energy [12] and 0 below. A
cascade deposits all of its energy over a short distance, making it simpler to infer its total energy.
We parametrize the deposited energy resolution as slog10(Eobs/Edep) = 0.04 · [1+(Edep/1PeV)�1/2].
The point spread function is omitted entirely. We do not take the surface veto into account for
cascade events. For simplicity’s sake we also neglect the possibility that tracks would start inside
the fiducial volume or that charged-current nt interactions inside the fiducial volume could be
positively identified.

2.2 Sensitivity and discovery potential

We use these predicted event rates to calculate parameter limits for various benchmark analy-
ses, modeling the sensitivity and discovery potential of each analysis as a binned Poisson likelihood
ratio test. We define the sensitivity as the median 90% confidence level (CL) upper limit on a param-
eter (e.g. the flux from a candidate neutrino source) that would be obtained in repeated experiments
if the parameter were 0, and the discovery potential as the value of the parameter required to ex-
clude 0 at a CL equivalent to 5s [13]. In both cases, we calculate the median test statistic using an
Asimov dataset [14] rather than an ensemble of pseudo-data realizations.

Here we present two broad categories of searches: quasi-diffuse analyses, which measure the
energy spectrum and flavor composition of the superposition of all astrophysical neutrino sources,
and point-source analyses, which search for neutrinos from individual sources or catalogs of similar
sources. The quasi-diffuse analyses use both track and cascade events, while the point-source
analyses use track events only.

2.3 Quasi-diffuse flux

IceCube has discovered a quasi-diffuse astrophysical neutrino flux both in the starting event
(cascade-dominated) [3] and up-going muon channels [5], but its origins remain unknown. The
observed flux level is compatible with the widely assumed hypothesis that these neutrinos are
associated with the production sites of ultra-high-energy cosmic rays (UHECR) [15]. The limited

4

IceCube collaboration 2017

Down

going

IceCube-Gen2

IceCube

Better sensitivity and localization

=> identification of the neutrino sources

Localization (x 3)

TRIDENT

KM3NeT

Figure 8: Visualization of source detection capabilities expected for IceCube-Gen2. Source positions on the
sky and intensities have been selected randomly from an intensity distribution expected for sources with a
constant density in the local universe, and consistent with current IceCube neutrino flux constraints. Shown is
the test statistic value determined in a mock-simulation of track-like events that can be obtained at the source
position after 10 years of operation of IceCube-Gen2. For better visibility, the region around the sources
(indicated by white dotted lines) has been magnified. The position of the Galactic plane is shown as a dashed
curve. Below the map, differential sensitivities for the detection of point sources (5� discovery potential,
and sensitivity at 90% CL) are shown for two selected declinations, at the celestial horizon and at � = 30`.
Absorption of neutrinos in the Earth limits the sensitivity in the PeV energies for higher declinations. The
IceCube and IceCube-Gen2 sensitivities are calculated separately for each decade in energy, assuming a
differential flux dN/dE ö E�2 in that decade only. Neutrino fluxes are shown as the per-flavor sum of neutrino
plus anti-neutrino flux, assuming an equal flux in all flavors. The curves refer to the optical array only.

uncertainties on the sensitivity of the radio array for long-duration observations of steady
neutrino sources due to the unknown backgrounds at these energies, from, e.g., diffuse
astrophysical and cosmogenic neutrinos.

IceCube-Gen2 reaches its peak sensitivity in the region around the celestial equator. Due
to the huge atmospheric backgrounds and the increased absorption in the Earth at high
neutrino energies, the sensitivity below 100 TeV is largest for events from the Northern
Hemisphere, while above a few PeV, mainly the southern sky is observed. Between
100 TeV and 1 PeV the Northern Hemisphere averaged 5� discovery potential for a neu-
trino energy flux is 1.3 ✓ 10�12 ergs cm�2 s�1 — similar to the energy flux level current
generation high-energy and very-high-energy �-ray telescopes can detect in the GeV to
TeV range.

As �-rays and neutrinos are produced by CR in the same interaction processes their energy
fluxes are expected to be similar at production. However, due to absorption of �-rays in
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Summary
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Multi-wavelength/energy

“All-messenger”

More collaboration in east Asia and beyond


