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New era of mul6-messenger astronomy
Gravita6onal waves 

(GW170817)
High-energy neutrinos 

(IceCube-170922A)

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 GRB170817A. Top: the summed GBM lightcurve for sodium iodide (NaI) detectors 1, 2, and 5 for
GRB170817A 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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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
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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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• Gravita-onal wave sources 

• High-energy neutrino sources 

• Collabora-ons

Mul6-messenger astronomy with Subaru



Merging neutron stars = Gravita6onal wave source

(C) NASA (ar-sts’ impression)



Merging neutron stars => ejec6on of material (~0.01 Msun)

Sekiguchi+15, 16

Top view Side view

r-process (rapid neutron capture) nucleosynthesis
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Big bang

Inside stars, supernovae
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GoldPla6num

The origin of elements Neutron star merger?



L ~ 1040-1041 erg s-1 

t ~ weeks 

NIR > Op6cal 
(lanthanide elements,  
Z = 57-71)
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LIGO Scien-fic Collabora-on  
and Virgo Collabora-on, 2017, PRL
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gests a BNS as the source of the gravitational-wave sig-
nal, as the total masses of known BNS systems are be-
tween 2.57M� and 2.88M�, with components between
1.17 and ⇠1.6M� [47]. Neutron stars in general have pre-
cisely measured masses as large as 2.01 ± 0.04M� [48],
whereas stellar-mass black holes found in binaries in our
galaxy have masses substantially greater than the compo-
nents of GW170817 [49–51].

Gravitational-wave observations alone are able to mea-
sure the masses of the two objects and set a lower limit
on their compactness, but the results presented here do not
exclude objects more compact than neutron stars such as
quark stars, black holes or more exotic objects [52–56].
The detection of GRB 170817A and subsequent electro-
magnetic emission demonstrates the presence of matter.
Moreover, although a neutron star–black hole system is not
ruled out, the consistency of the mass estimates with the
dynamically measured masses of known neutron stars in
binaries, and their inconsistency with the masses of known
black holes in galactic binary systems, suggests the source
was composed of two neutron stars.

DATA

At the time of GW170817, the Advanced LIGO detec-
tors and the Advanced Virgo detector were in observing
mode. The maximum distances at which LIGO-Livingston
and LIGO-Hanford could detect a BNS system (SNR = 8),
known as the detector horizon [58–60], were 218 Mpc and
107 Mpc, while for Virgo the horizon was 58 Mpc. The
GEO600 detector [61] was also operating at the time, but
its sensitivity was insufficient to contribute to the analysis
of the inspiral. The configuration of the detectors at the
time of GW170817 is summarized in [29].

A time-frequency representation [57] of the data from
all three detectors around the time of the signal is shown in
Figure 1. The signal is clearly visible in the LIGO-Hanford
and LIGO-Livingston data. The signal is not visible in the
Virgo data due to the lower BNS horizon and the direction
of the source with respect to the detector’s antenna pattern.

Figure 1 illustrates the data as it was analyzed to deter-
mine astrophysical source properties. After data collection,
several independently-measured terrestrial contributions to
the detector noise were subtracted from the LIGO data us-
ing Wiener filtering [66], as described in [67–70]. This
subtraction removed calibration lines and 60 Hz AC power
mains harmonics from both LIGO data streams. The sen-
sitivity of the LIGO-Hanford was particularly improved by
the subtraction of laser pointing noise; several broad peaks
in the 150–800 Hz region were effectively removed, in-
creasing the BNS horizon of that detector by 26%.

Additionally, a short instrumental noise transient ap-
peared in the LIGO-Livingston detector 1.1 s before the
coalescence time of GW170817 as shown in Figure 2.
This transient noise, or glitch [71], produced a very brief

FIG. 1. Time-frequency representations [57] of data containing
the gravitational-wave event GW170817, observed by the LIGO-
Hanford (top), LIGO-Livingston (middle), and Virgo (bottom)
detectors. Times are shown relative to August 17, 2017 12:41:04
UTC. The amplitude scale in each detector is normalized to that
detector’s noise amplitude spectral density. In the LIGO data, in-
dependently observable noise sources and a glitch that occurred
in the LIGO-Livingston detector have been subtracted, as de-
scribed in the text. This noise mitigation is the same as that used
for the results presented in the Source Properties section.

(less than 5 ms) saturation in the digital-to-analog con-
verter of the feedback signal controlling the position of the
test masses. Similar glitches are registered roughly once
every few hours in each of the LIGO detectors with no
temporal correlation between the LIGO sites. Their cause
remains unknown. To mitigate the effect on the results
presented in the Detection section, the search analyses ap-
plied a window function to zero out the data around the
glitch [64, 72], following the treatment of other high am-
plitude glitches used in the O1 analysis [73]. To accurately
determine the properties of GW170817 (as reported in the
Source Properties section) in addition to the noise subtrac-
tion described above, the glitch was modeled with a time-
frequency wavelet reconstruction [65] and subtracted from
the data, as shown in Figure 2.

The first GW detec6on from  
neutron stars merger 

2017 Aug 17

Electromagne6c wave 
Observa6ons
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Wide-field survey with Subaru/HSC
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2017). The ejecta dominantly consist of r-process elements

(e.g., Lattimer & Schramm 1974; Eichler et al. 1989; Korobkin

et al. 2012; Wanajo et al. 2014), and thus the decay of radioac-

tive isotopes produced by the r-process nucleosynthesis heats

up and brightens the ejecta. The EM-bright object is called

“kilonova” or “macronova” (Li & Paczyński 1998; Kulkarni

2005; Metzger et al. 2010), and regarded as a promising EM

counterpart of a GW (Kasen et al. 2013; Barnes & Kasen

2013; Tanaka & Hotokezaka 2013; Metzger & Fernández 2014;

Tanaka et al. 2014; Kasen et al. 2015). Also, the central engine

of a short gamma-ray burst, which is believed to originate from

a binary neutron star coalescence, is a possible energy source

of EM counterparts through its jet and gamma/X-ray emission

(e.g., Kisaka et al. 2016).

On Aug 17, 2017, 12:41:04 GMT, Advanced LIGO and

Advanced Virgo detected a GW candidate from a binary NS

coalescence, being coincident with a gamma-ray detection with

Fermi/GBM (The LIGO Scientific Collaboration & the Virgo

Collaboration 2017a; The LIGO Scientific Collaboration & the

Virgo Collaboration 2017b). The sky localization with the

three detectors is as narrow as 28 deg2 for a 90% credible re-

gion centered at R.A.= 13h08m, decl.=−22◦30′ (J2000.0)

(Abbott et al. 2017c). And the localization is overlapped with

the error regions of gamma-ray detection with Fermi/GBM and

INTEGRAL (Connaughton et al. 2017; Savchenko et al. 2017a;

Savchenko et al. 2017b). The GW observation reveals the lu-

minosity distance to the GW source, named GW170817, as

40+8
−14 Mpc (90% probability) (Abbott et al. 2017c). Although

GW170817 appeared at the position close to the Sun, the first

significant alert of a binary NS coalescence and the narrow

sky localization area initiate many EM follow-up observations

(The LIGO Scientific Collaboration & the Virgo Collaboration

2017c).

Along with the EM follow-up observation campaign of

GW170817, the Japanese collaboration for Gravitational wave

ElectroMagnetic follow-up (J-GEM) performed a survey with

Hyper Suprime-Cam (HSC, Miyazaki et al. 2012), which is

a wide-field imager installed on the prime focus of the 8.2m

Subaru telescope. Its FoV of 1.77 deg2 is largest among the

currently existing 8-10 m telescopes, and thus it is the most

efficient instrument for the optical survey. In this paper, we

summarize the observation with Subaru/HSC and properties of

discovered candidates. Throughout the paper, we correct the

Galactic reddening (Schlafly & Finkbeiner 2011)1, and all the

magnitudes are given as AB magnitudes.

2 Observation and data analysis

We started HSC observation from Aug 18.23, 2017 (UT), cor-

responding to 0.7 days after the GW detection, and also per-

1 http://irsa.ipac.caltech.edu/applications/DUST/

Table 1. Subaru/HSC pointings.

Pointing R.A. decl.

(ID) (J2000) (J2000)

04 13h07m25s −26◦36′51′′

05 13h10m14s −27◦17′02′′

06 13h13m03s −27◦57′27′′

07 13h15m51s −28◦38′07′′

08 13h18m40s −29◦19′02′′

09 13h21m29s −30◦00′15′′

10 13h04m36s −24◦37′42′′

11 13h07m25s −25◦17′12′′

12 13h10m14s −25◦56′55′′

13 13h13m03s −26◦36′51′′

14 13h01m48s −22◦40′26′′

15 13h15m51s −27◦17′02′′

16 13h18m40s −27◦57′27′′

17 13h04m36s −23◦19′20′′

18 13h07m25s −23◦58′25′′

19 12h58m59s −20◦44′47′′

20 13h10m14s −24◦37′43′′

22 13h13m03s −25◦17′12′′

23 13h15m51s −25◦56′55′′

24 12h56m10s −18◦50′37′′

25 13h04m36s −22◦01′43′′

26 13h07m25s −22◦40′26′′

28 13h10m14s −23◦19′20′′

29 13h01m48s −20◦06′35′′

30o 30o

300o 300o

Fig. 1. Pointing map for GW170817 overlaid on the probability map

(LALInference v2.fits.gz; Abbott et al. 2017c). The white contour represents

the 90% credible region. Circles represent the field-of-view of HSC, chang-

ing their face color with an order of observation. Observations have been

carried out from darker color to lighter color. The dashed curves represent

the Galactic graticules.

No other transient within 40 Mpc distance

Important for events with larger distances



E B V-( ), and stellar mass. The best-fit stellar mass is scaled
up by using the ratio of the total flux to the 30″ diameter
aperture flux in the H band. There is a slight excess at 12 and
24 μm (W3 and W4) over the stellar radiation. Therefore, we
also tried to fit the SED with SSP model templates that include
AGB dust emission (Piovan et al. 2003), and we added the W3
and W4 data points in the fitting. The fitting results are
presented in Figure 2 and Table 2. Note that a similar result is

also presented in Troja et al. (2017), but here we try the fitting
with the updated data and include the AGB–dust emission
model.
These SED-fitting results indicate that NGC 4993 has a

stellar mass of (3–6) 1010´ M:, a metallicity of 20% to 100%
(with the best fit at 100%), and a τ of 0.3–0.5 Gyr. The age is
loosely constrained to be 3 Gyr2 (95% confidence). However,
the stellar mass is sensitive to the assumed initial mass function

Figure 1. Images of NGC 4993 and the result of the SB fitting. The top panels show NGC 4993 in the innermost region (HST F W606 ), the region over several effq
radii (the Pan-STARRS color composite), and the outer region that extends out to 8 effq radii (9 × 9 binned KMTNet R-band and WISE W1 images). The F W606
image reveals dust lanes in the inner part of NGC 4993, while the Pan-STARRS and the KMTNet images show extended features in the outer part. In the second and
the third rows, we show the SB-fitting results for the R and the F W606 images. From left to right, we show the original image, the residual image after the model
image subtraction, and the one-dimensional SB profile of the best-fit model in comparison to the data. The one-dimensional SB profile shows that NGC 4993 has an
SB with a Sérsic index around n=4, a typical value for elliptical galaxies.
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NGC 4993 @ 40 Mpc

Im+17 (using KMTNet)

No star forma6on 
Mstellar ~ 1011 Msun 
Age ~> 3 Gyr



GW170817: op6cal/infrared light curves

Arcavi+17, Cowperthwaite+17,  
Diaz+17, Drout+17,Evans+17,  
Kasliwal+17,Pian+17, 
Smar0+17, Tanvir+17, Troja+17, 
Utsumi, MT+17, Valen-+17
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Figure 2: The evolution of EM170817 derived from the observed spectral energy distribution.
(A) Bolometric luminosity. (B) Blackbody temperature. (C) Photospheric radius. (D) Inferred
expansion velocity. Individual points represent blackbody fits performed at discrete epochs to
which the observed photometry has been interpolated using low-order polynomial fits. Dashed
lines represent an independent Markov-Chain Monte Carlo fit without directly interpolating
between data points (see (10) for methodology and best-fit parameter values). The solid red
lines (in A and B) represent the results of a hydrodynamical simulation of the cocoon model
where the UVOIR emission is composed of (in A) cocoon cooling (yellow dashed line labeled
1), fast macronova (>0.4c; green dashed line labeled 2), and slow macronova (<0.4c; blue
dashed line labeled 3).

28

Kasliwal+17  
(GROWTH collabora-on  
incl. NCU group, Taiwan)

Bolometric  
light curves ~ t-1.3

=> steeper

Hea6ng rate ~ t-1.3 

(characteris6c for  
r-process)



• Neutron star merger produces/ejects r-process elements 

• Ejected mass is 0.03-0.05 Msun 

• Ejected material includes lanthanides (Z = 57-71)

What we have learned from GW170817 
(op6cal/NIR)

Open issues
• Ejecta mass is universal? 

• Enough event rate? (No need for SN for r-process?) 

• Which elements are produced?

=> Need more observa6ons  
     (different masses, angles, and environments)



h0ps://www.ligo.org/scien-sts/GWEMalerts.php

We are here

Future of GW observa6ons

O3

Big changes from O3 
- Detec6on alert will be public 
- KAGRA plans to join
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The Cosmic Neutrinos
 Production Mechanisms
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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
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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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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
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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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Blazar TXS 0506+056

IceCube-170922: High-energy neutrino with IceCube 
=> Immediate follow-up with 1.5m Kanata telescope @Hiroshima U.  
     (Yamanaka+17) 
=> Found flaring blazer in Fermi/LAT data  
      Electromagne6c counterpart!  (Y. Tanaka+17, ATel, 10791)

The IceCube collabora-on+ 2018

Detec6on of high-energy neutrino with IceCube



Blazars are NOT major sources for the diffuse neutrino flux 
(same is true for gamma-ray bursts)

5.4. The Maximal Contribution to the Diffuse
Astrophysical Flux

Astrophysical neutrino flux is observed between 10 TeV and
2 PeV (Aartsen et al. 2015b). Its spectrum has been found to be
compatible with a single power law and a spectral index of
−2.5 over most of this energy range. Accordingly, we use a
power law with the same spectral index and a minimum
neutrino energy of 10 TeV for the signal injected into the
simulated skymaps when calculating the upper limit for a direct
comparison. Figure 5 shows the flux upper limit for an -E 2.5

power-law spectrum starting at 10 TeV for both weighting
schemes in comparison to the most recent global fit of the
astrophysical diffuse neutrino flux, assuming an equal
composition of flavors arriving on Earth.
The equal-weighting upper limit results in a maximal 19%–

27% contribution of the total 2LAC blazar sample to the
observed best-fit value of the astrophysical neutrino flux,
including systematic uncertainties. This limit is independent of
the detailed correlation between the γ-ray and neutrino flux
from these sources. The only assumption is that the respective
neutrino and γ-ray SCDs have similar shapes (see Section 5.2
for details on the signal injection). We use the Fermi-LAT
blazar SCD published in Abdo et al. (2010c) as a template for
sampling. However, we find that even if the shape of the SCD
differs from the shape of this template, the upper limit still
holds and is robust. In Appendix A we discuss the effect of
different SCD shapes and how combination with existing point
source constraints (Aartsen et al. 2015c) leads to a nearly SCD-
independent result, since a point source analysis and a stacking
search with equal weights effectively trace opposite parts of the
available parameter space for the dN/dS distribution.
If we assume proportionality between the γ-ray and neutrino

luminosities of the sources, the γ-weighting limit constrains the
maximal flux contribution of all 2LAC blazars to 7% of the
observed neutrino flux in the full 10 TeV to 2 PeV range. Since
the blazars resolved in the 2LAC account for 70% of the total
γ-ray emission from all GeV blazars (Ajello et al. 2015), this
further implies that at most 10% of the astrophysical neutrino
flux stems from all GeV blazars extrapolated to the whole

Table 3
90% C.L. Upper Limits on the Diffuse (n n+m m) Flux from the Different Blazar

Populations Tested

Spectrum: · ( )F -E GeV0
1.5

Blazar Class [ ]F - - - -GeV cm s sr0
90% 1 2 1 1

γ-weighting Equal Weighting

All 2LAC Blazars ´ -1.6 10 12 ( – ) ´ -4.6 3.8 5.3 10 12

FSRQs ´ -0.8 10 12 ( – ) ´ -2.1 1.0 3.1 10 12

LSPs ´ -1.0 10 12 ( – ) ´ -1.9 1.2 2.6 10 12

ISPs/HSPs ´ -1.8 10 12 ( – ) ´ -2.6 2.0 3.2 10 12

LSP-BL Lacs ´ -1.1 10 12 ( – ) ´ -1.4 0.5 2.3 10 12

Spectrum: · ( )F -E GeV0
2.0

Blazar Class [ ]F - - - -GeV cm s sr0
90% 1 2 1 1

γ-weighting Equal Weighting

All 2LAC Blazars ´ -1.5 10 9 ( – ) ´ -4.7 3.9 5.4 10 9

FSRQs ´ -0.9 10 9 ( – ) ´ -1.7 0.8 2.6 10 9

LSPs ´ -0.9 10 9 ( – ) ´ -2.2 1.4 3.0 10 9

ISPs/HSPs ´ -1.3 10 9 ( – ) ´ -2.5 1.9 3.1 10 9

LSP-BL Lacs ´ -1.2 10 9 ( – ) ´ -1.5 0.5 2.4 10 9

Spectrum: · ( )F -E GeV0
2.7

Blazar Class [ ]F - - - -GeV cm s sr0
90% 1 2 1 1

γ-weighting Equal Weighting

All 2LAC Blazars ´ -2.5 10 6 ( – ) ´ -8.3 7.0 9.7 10 6

FSRQs ´ -1.7 10 6 ( – ) ´ -3.3 1.6 5.1 10 6

LSPs ´ -1.6 10 6 ( – ) ´ -3.8 2.4 5.2 10 6

ISPs/HSPs ´ -1.6 10 6 ( – ) ´ -4.6 3.5 5.6 10 6

LSP-BL Lacs ´ -2.2 10 6 ( – ) ´ -2.8 1.0 4.6 10 6

Note.The table contains results for power-law spectra with spectral indices of
−1.5, −2.0, and −2.7. The equal-weighting column shows the median flux
upper limit and the 90% central interval of different sample realizations of the
Fermi-LAT source count contribution (in parentheses). All values include
systematic uncertainties.

Figure 4. Differential 90% C.L. upper limit on the (n n+m m) flux using equal
weighting for all 2LAC blazars. The s1 and s2 null expectation is shown
in green and yellow, respectively. The upper limit and expected regions
correspond to the median SCD sampling outcome.

Figure 5. 90% C.L. flux upper limits for all 2LAC blazars in comparison to the
observed astrophysical diffuse neutrino flux. The latest combined diffuse
neutrino flux results from Aartsen et al. (2015b) are plotted as the best-fit power
law with a spectral index of −2.5 and as a differential flux unfolding using 68%
central and 90% U.L. confidence intervals. The flux upper limit is shown using
both weighting schemes for a power law with a spectral index of −2.5 (blue).
Percentages denote the fraction of the upper limit compared to the astrophysical
best-fit value. The equal-weighting upper limit for a flux with a harder spectral
index of −2.2 is shown in green.
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=> Supernova with chocked jet? (low-luminosity GRB?)



Iden6fying supernovae as neutrino sources

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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z = 1z = 0.06z = 0.02

Redship Distance SN brightness
Singlet z ~ 1 7 Gpc 26 mag

Doublet z ~ 0.06 280 Mpc 19 mag
Triplet z ~ 0.02 90 Mpc 17 mag

1m telescope

8m telescope!!

Event rate ~ Star forma-on rate



Subaru HSC transient surveys (~26 mag sensi6vity)
~1800 SNe in 0.5 yr (~6 deg2)

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
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Yasuda, MT, Tominaga+18, submi0ed

1 deg

HSC FOV

Large contamina6on 
~50 SNe / deg2 / 1 visit

Spectroscopy with PFS 
and with 30m-class telescopes 

(TMT/GMT/E-ELT)

Fig. 14. Distribution of redshifts for our SN samples with spec-z (189 objects) or COSMOS photo-z (381 objects) of the host objects (black solid). The

distribution for the objects classified as “SNe Ia” by SALT2 fitting using spec-z or COSMOS photo-z (127 objects) is shown in red solid line. Dashed lines

show the samples with spec-z.

photo-z. In the past, only the Hubble Space Telescope (HST) could reach this redshift range, and only

two dozens of SN Ia are measured (Suzuki et al. 2012; Riess et al. 2018). HSC is the only instrument

which can probe z > 1.0 SNe from the ground as of today with photometric accuracy which can be

used for cosmological analysis. By doubling the number of high redshift SNe Ia, we expect to have a

tight constrain on the nature of dark energy where cosmological parameter becomes sensitive in high

redshifts.

We conducted spectroscopic follow-up campaign for live SNe with large telescopes:

Subaru/FOCAS, Keck/LRIS, VLT/FORS, Gemini/GMOS and GTC/OSIRIS. In 2017 season, in col-

laboration with CLAMATO project team (Lee et al. 2014), we placed a few slits on live SNe on

Keck/LRIS mask while other slits are used for Lyman Break Galaxies. We observed 17 live SN

spectra and the details will be reported in a forthcoming paper.
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• Gravita-onal wave sources 

• High-energy neutrino sources 

• Collabora-ons

Mul6-messenger astronomy with Subaru



• J-GEM (Japanese collabora6on for GW-EM follow-up) 

• PI: Michitoshi Yoshida (NAOJ) 

• Subaru (HSC + opt/IR spectroscopy)  
+ various 1-2m class telescopes  
    incl. 1m Kiso Schmidt (20 deg2) and 2m MOA (2 deg2) 

• Neutrino follow-up 

• PI: Tomoki Morokuma (U. Tokyo) 

• Subaru (HSC + opt/IR spectroscopy)  
 + various 1-2m class telescopes  
    incl. 1.5m Kanata

Collabora6ons on mul6-messenger observa6ons



• New era of mul6-messenger astronomy 
• Gravita-onal waves, neutrinos, and electromagne-c waves  

• Observa6ons of GW sources 
• First observa-ons of EM counterpart 

• Hint of heavy element produc-on in NS merger 

• Observa6ons of high-E neutrino sources 
• Flaring blazar 

• But there should be other sources 

• Subaru will play a unique role to search for  
mul6-messenger transients (> 1 deg2 and 26 mag depth)

Summary


