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Figure 8.1 Framework of Cosmic Explosions in the Year 2011. Note that until 2005 (Fig-

ure 1.1), we only knew about three classes (denoted by gray bands). Systematic surveys,

serendpitous discoveries and archival searches have yielded multiple, new classes of tran-

sients. Discoveries presented in thesis Chapters 3, 5, 6 and 7 are denoted by ⋆.

(Brown et al. 2011) that undergo such an explosion.

2. Luminous Red Novae: The defining characteristics of the emerging class of luminous

red novae (LRN) are: large amplitude (> 7mag), peak luminosity intermediate be-

tween novae and supernovae (−6 to −14mag), very red colors and long-lived infrared

emission. When the first LRN was discovered (Kulkarni et al. 2007), the similarities

to three Galactic explosions (including V838Mon) suggested a common origin. Since

then, 5 more extragalactic and 1 more Galactic LRN have been discovered. Recent

developments suggest there may be two progenitor channels.

�3
Kasliwal 2011

factor of 100
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Kasliwal 2011, Cooke (http://www.astro.caltech.edu/~ycao/B&ETalks/B&E_FRBs_Cooke.pdf)
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Figure 4. Framework of Cosmic Explosions in the Year 2011 (Kasliwal 2011). Note that until 2005 (Fig. 1),
we only knew about three classes (denoted by gray bands). In the past six years, systematic searches,
serendipitous discoveries and archival searches have uncovered a plethora of novel, rare transients. Discov-
eries by the Palomar Transient Factory and P60-FasTING (Kasliwal et al. 2011a) are denoted by ?. Several
new classes are emerging and the governing physics is being widely debated: luminous red novae (electron
capture induced collapse of rapidly rotating O–Ne–Mg white dwarfs?), luminous supernovae (magnetars
or pair instability explosions?), .Ia explosions (helium detonations in ultra-compact white dwarf binaries),
Calcium-rich halo transients (helium deflagrations?).

(advanced LIGO, advanced VIRGO, LCGT, INDIGO) coming online. Detecting gravitational
waves from neutron star mergers every month is expected to become routine. A basic common-
ality between gravitational wave searches and the electromagnetic search described above is that
both are limited to the local Universe (say, < 200 Mpc). A known challenge will be the poor sky
localizations of the gravitational wave signal and consequent large false positive rate of electro-
magnetic candidates (Kulkarni & Kasliwal 2009). Therefore, prior to the ambitious search for an
electromagnetic counterpart to a gravitational wave signal, it would only be prudent to build this
complete inventory of transients in the local Universe.
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we only knew about three classes (denoted by gray bands). In the past six years, systematic searches,
serendipitous discoveries and archival searches have uncovered a plethora of novel, rare transients. Discov-
eries by the Palomar Transient Factory and P60-FasTING (Kasliwal et al. 2011a) are denoted by ?. Several
new classes are emerging and the governing physics is being widely debated: luminous red novae (electron
capture induced collapse of rapidly rotating O–Ne–Mg white dwarfs?), luminous supernovae (magnetars
or pair instability explosions?), .Ia explosions (helium detonations in ultra-compact white dwarf binaries),
Calcium-rich halo transients (helium deflagrations?).

(advanced LIGO, advanced VIRGO, LCGT, INDIGO) coming online. Detecting gravitational
waves from neutron star mergers every month is expected to become routine. A basic common-
ality between gravitational wave searches and the electromagnetic search described above is that
both are limited to the local Universe (say, < 200 Mpc). A known challenge will be the poor sky
localizations of the gravitational wave signal and consequent large false positive rate of electro-
magnetic candidates (Kulkarni & Kasliwal 2009). Therefore, prior to the ambitious search for an
electromagnetic counterpart to a gravitational wave signal, it would only be prudent to build this
complete inventory of transients in the local Universe.
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capture induced collapse of rapidly rotating O–Ne–Mg white dwarfs?), luminous supernovae (magnetars
or pair instability explosions?), .Ia explosions (helium detonations in ultra-compact white dwarf binaries),
Calcium-rich halo transients (helium deflagrations?).
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waves from neutron star mergers every month is expected to become routine. A basic common-
ality between gravitational wave searches and the electromagnetic search described above is that
both are limited to the local Universe (say, < 200 Mpc). A known challenge will be the poor sky
localizations of the gravitational wave signal and consequent large false positive rate of electro-
magnetic candidates (Kulkarni & Kasliwal 2009). Therefore, prior to the ambitious search for an
electromagnetic counterpart to a gravitational wave signal, it would only be prudent to build this
complete inventory of transients in the local Universe.

Transients in the local Universe 383

100 101 102

−24

−22

−20

−18

−16

−14

−12

−10

−8

−6

Characteristic Timescale [day]

Pe
ak

 L
um

in
os

ity
 [M

V]

V838 Mon
M85 OT

M31 RV

SCP06F6

SN2006gy
SN2005ap SN2008es

SN2007bi

SN2008S

NGC300OT

SN2008ha

SN2005E

SN2002bj

PTF10iuv
PTF09dav

PTF11bij
PTF10bhp

PTF10fqs

PTF10acbp

PTF09atu
PTF09cnd

PTF09cwlPTF10cwr

 Thermonuclear
 Supernovae

 Classical Novae

 Luminous
 Red

 Novae

 Core−Collapse
 Supernovae

 Luminous Supernovae

 .Ia Explosions

 Ca−rich
 Transients

P60−M81OT−071213

P60−M82OT−081119

1038

1039

1040

1041

1042

1043

1044

1045

Pe
ak

 L
um

in
os

ity
 [e

rg
 s−

1 ]

Figure 4. Framework of Cosmic Explosions in the Year 2011 (Kasliwal 2011). Note that until 2005 (Fig. 1),
we only knew about three classes (denoted by gray bands). In the past six years, systematic searches,
serendipitous discoveries and archival searches have uncovered a plethora of novel, rare transients. Discov-
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or pair instability explosions?), .Ia explosions (helium detonations in ultra-compact white dwarf binaries),
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localizations of the gravitational wave signal and consequent large false positive rate of electro-
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electromagnetic counterpart to a gravitational wave signal, it would only be prudent to build this
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ality between gravitational wave searches and the electromagnetic search described above is that
both are limited to the local Universe (say, < 200 Mpc). A known challenge will be the poor sky
localizations of the gravitational wave signal and consequent large false positive rate of electro-
magnetic candidates (Kulkarni & Kasliwal 2009). Therefore, prior to the ambitious search for an
electromagnetic counterpart to a gravitational wave signal, it would only be prudent to build this
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ality between gravitational wave searches and the electromagnetic search described above is that
both are limited to the local Universe (say, < 200 Mpc). A known challenge will be the poor sky
localizations of the gravitational wave signal and consequent large false positive rate of electro-
magnetic candidates (Kulkarni & Kasliwal 2009). Therefore, prior to the ambitious search for an
electromagnetic counterpart to a gravitational wave signal, it would only be prudent to build this
complete inventory of transients in the local Universe.
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Figure 4. Framework of Cosmic Explosions in the Year 2011 (Kasliwal 2011). Note that until 2005 (Fig. 1),
we only knew about three classes (denoted by gray bands). In the past six years, systematic searches,
serendipitous discoveries and archival searches have uncovered a plethora of novel, rare transients. Discov-
eries by the Palomar Transient Factory and P60-FasTING (Kasliwal et al. 2011a) are denoted by ?. Several
new classes are emerging and the governing physics is being widely debated: luminous red novae (electron
capture induced collapse of rapidly rotating O–Ne–Mg white dwarfs?), luminous supernovae (magnetars
or pair instability explosions?), .Ia explosions (helium detonations in ultra-compact white dwarf binaries),
Calcium-rich halo transients (helium deflagrations?).

(advanced LIGO, advanced VIRGO, LCGT, INDIGO) coming online. Detecting gravitational
waves from neutron star mergers every month is expected to become routine. A basic common-
ality between gravitational wave searches and the electromagnetic search described above is that
both are limited to the local Universe (say, < 200 Mpc). A known challenge will be the poor sky
localizations of the gravitational wave signal and consequent large false positive rate of electro-
magnetic candidates (Kulkarni & Kasliwal 2009). Therefore, prior to the ambitious search for an
electromagnetic counterpart to a gravitational wave signal, it would only be prudent to build this
complete inventory of transients in the local Universe.
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Fig. 1. Summary of typical survey depth (in optical band) and area for long-term transient surveys: All-Sky Automated Survey for Supernovae (ASAS-SN,

Kochanek et al. 2017; Holoien et al. 2017); ATLAS (Tonry et al. 2018); Evryscope (Law et al. 2015); Catalona Real-Time Transient Survey (CRTS, Drake

et al. 2009; Djorgovski et al. 2011; Palomar Transient Factory (PTF, Rau et al. 2009; Law et al. 2009; Zwicky Transient Facility (ZTF. Bellm et al. 2019); Kiso

Supernova Survey (KISS, Morokuma et al. 2014); Skymapper (Keller et al. 2007; Scalzo et al. 2017); La Silla-QUEST Low Redshift Supernova Survey (Baltay

et al. 2013); Sloan Digital Sky Survey (SDSS, Frieman et al. 2008); Pan-STARRS1 (PS1, Rest et al. 2014); Supernova Legacy Survey (SNLS, Astier et al.

2006); ESSENCE (Miknaitis et al. 2007); Dark Energy Survey (DES, (D’Andrea et al. 2018)); Subaru/XMM-Newton Deep Survey (SXDS, Morokuma et al.

2008); HST Cluster Supernova Survey (HST-CSS, Dawson et al. 2009) HST/GOODS (Dahlen et al. 2012); HST/CANDELS (Rodney et al. 2014); HST/CLASH

(Postman et al. 2012; Graur et al. 2014). Orange points show multi-filter surveys while blue points show single-filter surveys. Surveys shown in the square

symbol are high-cadence surveys with a cadence higher than 1 day.
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Kiso Schmidt telescope (1.05m)
KWFC (8 CCDs, 2012-)  
==> Tomo-e Gozen (巴御前; 84 CMOS, Sako+2016)


completed in April, 2019

wide field-of-view (20 deg2), fast readout (>2Hz)

high-cadence supernova survey 
==> “all-sky” (~7,000 deg2) & high-cadence (~2 hrs)


Start the survey from this October !!!!

second scale transient search (Richmond, TM, submitted)

蔀関月作, 「巴御前出陣図」,
 東京国立博物館, 
©Image: TNM Image Archives

ÓƷžŞ;Ƈđbeǳā=ô»
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Rapidly Evolving Transients

�9

progenitor stars of core-collapse supernovae

1 day

Bersten+2018, Nature

SN 2016gkg

@NGC 613

The [O II] λ3727 emission line is detected from all the host
galaxies, which indicates that they are all star-forming galaxies.
The redshifts range from z = 0.384 (SHOOT14jr) to z = 0.821
(SHOOT14or).

3. LIGHT CURVES

3.1. Overview

Figure 3 shows light curves of our samples on Day 1 and
Day 2. Hereafter, the epochs of stacked g-band data on Day
2 are taken to be t=0 unless otherwise mentioned. The
photometry is performed in the subtracted images using the
final references (e.g., Day 1 – Day 327 and Day 2 – Day 327
for the g-band).

Throughout the paper, we do not take into account full K-
correction for absolute magnitudes since only limited informa-
tion about the spectral energy distribution is available for our
samples. Instead, we correct only the effect of redshifts, i.e.,
M m z2.5 log 1( )m= - + + , where M and m are absolute
and observed AB magnitudes (measured as fν) and μ is the
distance modulus. The last term originates from the difference
in the frequency bins in the restframe and observer frame, i.e.,
L d z f4 1e o

2( ) [( ) ( )] ( )n p n= +n n , where νe and νo are rest-
frame and observer frame frequencies, and d is the luminosity
distance (Hogg et al. 2002).

The absolute magnitudes of the five objects range from −16
to −19 mag in the restframe near-ultraviolet (UV) wavelengths
(2620–3450Å, depending on the redshifts). The photometric
values of our samples are corrected for extinction in our Galaxy
but not for extinction in the host galaxy. Therefore, intrinsic
absolute magnitudes can be brighter than those shown in
Figure 3.

All of the five objects show a blue g− r color on
Day 2, g r 0.60, 0.21, 0.15- - - -� , and −0.15 mag for
SHOOT14gp, 14or, 14 ha, and 14jr, respectively. For
SHOOT14ef, the color is g r 0.39- < - mag. This indicates
that, for the blackbody case, the peak of the spectra is located

at wavelengths shorter than the wavelengths corresponding
to the observed r-band. Therefore the blackbody temperatures
for our objects are TBB13,000, 15,000, 13,000, 11,000,
and 13,000 K for SHOOT14gp, 14or, 14 ha, 14jr, and 14ef,
respectively. Note that the intrinsic colors can be bluer due to
the extinction in the host galaxies.
SHOOT14or and 14jr are detected in the images of

Day 1 – Day 327. We measure the rates of rise from
Day 1 to Day 2 using the g-band one-day stacked images:

m t∣ ∣D D =3.12 0.70
1.11

-
+ and 1.61 0.32

0.39
-
+ mag day−1 for SHOOT14or

and 14jr, respectively (errors represent 1σ, Table 3). Note that
the rate of rise is measured in the restframe, so the time interval
used for the measurement varies with the source redshift
(Δt=0.55 days for SHOOT14or while Δt=0.72 days for
SHOOT14jr). The other three objects (SHOOT14gp, 14 ha, and
14ef) are not detected in the subtracted images of Day 1 – Day
327. The 3σ lower limits of the rate of rise measured in the
g-band are m t∣ ∣D D >3.10, 1.21, and 1.17 mag day−1. These
are also high enough to match our criterion for rapidly rising
transients.
In the following sections, we compare the light curves of our

samples with those of previously known SNe and transients.

3.2. Comparison with SNe

Figure 4 shows a comparison of rapidly rising transients with
normal SNe. Since the redshifts of our samples are moderately
high, z=0.384–0.821, we compare our g- and r-band light
curves with near-UV and u-band light curves of nearby SNe
with good temporal coverage. We use the Swift uvw1- and
u-band data from Brown et al. (2012) and Pritchard et al. (2014)
with extinction correction (both in our Galaxy and host galaxies)
using the extinction law of Brown et al. (2010). Since the
effective restframe wavelengths do not always match perfectly,
we always give effective restframe wavelengths in parenthesis.
Figure 4 shows that the properties of our samples are not

consistent with those of SNe Ia at any phase, or those of core-
collapse SNe more than a few days after the explosion. The

Figure 3. Light curves of the five rapidly rising transients on Days 1 and 2. The g- and r-band photometry is shown by the blue and red points, respectively. Triangles
show the 3σ upper limit. For the g-band data, photometry for one visit (5×2 minute exposures) is shown in pale blue while photometry in the one-night stacked data
is shown in blue.

5

The Astrophysical Journal, 819:5 (15pp), 2016 March 1 Tanaka et al.

Tanaka, 
Tominaga, 
TM+2016

w/ Subaru/HSC

20 minutes

~10^-3 Msun/yr

mass loss
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Multi-Messenger Astronomy

in Optical

1. Gravitational Wave (LIGOx2, Virgo, KAGRA)

2. High-Energy Neutrino (IceCube)
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Gravitational Wave detections w/ LIGOx2, Virgo (O1, O2)

10 BH-BH mergers
1 NS-NS merger
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Observing Run 3 (O3) https://gracedb.ligo.org/superevents/public/O3/

now

31 detection candidates

(some retracted)

no EM counterpart identified

better GW sensitivity ==> larger telescopes
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red color/spectrum due to broad absorption. 

very different from supernova spectra

lanthanoid elements

high-speed ejecta (~0.1-0.3c)


different from expectations….

bluer in early phase. 

brighter


need more samples

different viewing angles, rate, yield, etc.

�13

First Kilonova: Gravitational Wave Source incl. NSs

Before GW170817, very limited observational constraints 
on kilonova properties (short GRB afterglow)

Publications of the Astronomical Society of Japan (2017), Vol. 00, No. 0 5

Fig. 2. Light curves and color evolution of SSS17a. The face color is
changed with the respective bands. The Galactic extinction has been
corrected by assuming E(B − V) = 0.1 mag (Schlafly & Finkbeiner 2011).

Fig. 3. Absolute magnitude of z-band observations (dots) compared with
models of supernovae (SN Ia and SN IIP in gray curves) and kilonovae
(colored curves). The kilonova models are calculated assuming that the
mass of the ejecta from a neutron star merger Mej is 0.01 M⊙. The
absolute magnitudes of the kilonova models quickly decline as com-
pared with supernovae. The z-band light curve of SSS17a follows the
decline of the kilonova models although the observed magnitudes are
1–3 magnitude brighter than the model predictions. The arrows indi-
cate the behaviors of the brightness decline corresponding to various
!z, which is the difference in the magnitude of the two epochs for an
interval of !t = 6 d.

H − Ks color. As a result, the optical-NIR color of SSS17a
progressively becomes redder with time (figure 1).

4 Origin of SSS17a
Figure 3 shows the z-band light curves for SSS17a, Type
Ia supernova (SN Ia: Nugent et al. 2002), Type II plateau

Fig. 4. Result of the photometry of SSS17a is plotted on !z and (i − z)1st

plane with kilonova and supernova models. For SSS17a (red symbol),
!z is the magnitude difference between the two epochs, t = 1.7 and
7.7 d (!t = 6 d) after the detection of GW170817, and (i − z)1st is the
color at the first epoch (t = 1.7 d). The models for kilonovae and super-
novae are shown by colored dots and gray dots, respectively. Each dot
corresponds to different starting epoch of !t with an increment of 1 d.
The larger dots in the kilonova model loci show the values for the case
that the starting epoch of !t is the 2nd day from the merger. The kilo-
nova models are located far from the crowds of those for supernovae at
40 Mpc, especially in terms of !z. The data point of SSS17a is consistent
with the model of medium Ye wind.

supernova (SN IIP: Sanders et al. 2015), and three kilo-
nova models with an ejecta mass of Mej = 0.01 M⊙ as
mentioned by Tanaka et al. (2017a). The kilonova models
are a Lanthanide-rich dynamical ejecta model and post-
merger wind models with a medium Ye of 0.25 and high Ye

of 0.30. The model with Ye = 0.25 contains a small frac-
tion of Lanthanide elements while that with Ye = 0.30 is
Lanthanide-free. The rapid decline of SSS17a is not sim-
ilar to the properties of known supernovae, and the z-
band magnitude of SSS17a at t = 7.7 d is >3 mag fainter
than supernovae Ia and IIP. However, the rapid decline of
SSS17a is consistent with the expected properties of kilo-
novae, although SSS17a is 1–3 mag brighter than all the
three kilonova models.

The rapid evolution of SSS17a is characterized by a mag-
nitude difference in the z band (!z) between t = 1.7 d and
7.7 d (6 d interval). The red point in figure 4 shows the
!z and i − z color at t = 1.7 d (see Utsumi et al. 2017).
For the purpose of comparison, we show !z in a 6 d
interval and (i − z)1st color at the 1st epoch for supernovae
using the spectral template of Nugent, Kim, and Perlmutter
(2002). The points show !z and (i − z)1st with a 1 d step
from the day of the merger, and their time evolutions are

Downloaded from https://academic.oup.com/pasj/article-abstract/doi/10.1093/pasj/psx118/4554238/J-GEM-observations-of-an-electromagnetic
by guest
on 17 October 2017

GW

Fermi
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wide-field surveys for IceCube EM counterparts

�14

http://icecube.wisc.edu

High Energy neutrino detector

isotropic ==> extragalactic?

~1 deg localization

no correlation  
w/ TeV gamma sources or GRBs

54 events (1347 days, 2010-2014)

automatic alert since 2016/04  
==> electromagnetic follow-up


New alert system: GOLD & BRONZE 
(2019/07-)

http://icecube.wisc.edu
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blazar: AGN relativistic jet

©NASA/Fermi

GRB©NSF starburst galaxy

©NASA

(peculiar) supernova

©U. Tokyo

<1% (Aartsen+2017)

~<30%@100 TeV

(Bechtol+2017)

?

~<27% (Fermi)

(Aartsen+2017)

Origin of high-energy (TeV-PeV) neutrinos (cosmic ray)

transient (variable)

TDE w/ jet

©Science

<5-10%

(Senno+2017)



EAVW-2019@Ibaraki University 2019/09/24-26 Optical Time Domain and Multi-Messenger Astronomy   �16

Neutrino from Choked-Jet Supernova

Senno+2017

Murase+2014

Neutrino from interaction between SN ejecta & CSM

Type IIn supernova

Type Ic broad-line supernova (GRB, Type Ic broad-line)
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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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EM Counterpart Discovery of IceCube-170922A

RESEARCH ARTICLE SUMMARY
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NEUTRINO ASTROPHYSICS

Multimessenger observations of a
flaring blazar coincident with
high-energy neutrino IceCube-170922A
The IceCube Collaboration, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.E.S.S.,
INTEGRAL, Kanata, Kiso, Kapteyn, Liverpool Telescope, Subaru, Swift/NuSTAR,
VERITAS, and VLA/17B-403 teams*†

INTRODUCTION: Neutrinos are tracers of
cosmic-ray acceleration: electrically neutral
and traveling at nearly the speed of light, they
can escape the densest environments andmay
be traced back to their source of origin. High-
energy neutrinos are expected to be produced
in blazars: intense extragalactic radio, optical,
x-ray, and, in somecases, g-ray sources
characterized by relativistic jets of
plasma pointing close to our line of
sight. Blazars are among the most
powerful objects in the Universe and
are widely speculated to be sources
of high-energy cosmic rays. These cos-
mic rays generate high-energy neutri-
nos and g-rays, which are produced
when the cosmic rays accelerated in
the jet interact with nearby gas or
photons. On 22 September 2017, the
cubic-kilometer IceCube Neutrino
Observatory detected a ~290-TeV
neutrino from a direction consistent
with the flaring g-ray blazar TXS
0506+056. We report the details of
this observation and the results of a
multiwavelength follow-up campaign.

RATIONALE:Multimessenger astron-
omy aims for globally coordinated
observations of cosmic rays, neutri-
nos, gravitational waves, and electro-
magnetic radiation across a broad
range of wavelengths. The combi-
nation is expected to yield crucial
information on the mechanisms
energizing the most powerful astro-
physical sources. That the produc-
tion of neutrinos is accompanied by
electromagnetic radiation from the
source favors the chances of a multi-
wavelength identification. In par-
ticular, a measured association of
high-energy neutrinos with a flaring
source of g-rays would elucidate the
mechanisms and conditions for ac-
celeration of the highest-energy cos-

mic rays. The discovery of an extraterrestrial
diffuse flux of high-energy neutrinos, announced
by IceCube in 2013, has characteristic prop-
erties that hint at contributions from extra-
galactic sources, although the individual sources
remain as yet unidentified. Continuously mon-
itoring the entire sky for astrophysical neu-

trinos, IceCube provides real-time triggers for
observatories around the world measuring
g-rays, x-rays, optical, radio, and gravitational
waves, allowing for the potential identification
of even rapidly fading sources.

RESULTS: A high-energy neutrino-induced
muon trackwas detected on22 September 2017,
automatically generating an alert that was

distributed worldwide
within 1 min of detection
and prompted follow-up
searchesby telescopesover
a broad range of wave-
lengths. On 28 September
2017, theFermiLargeArea

Telescope Collaboration reported that the di-
rection of the neutrino was coincident with a
cataloged g-ray source, 0.1° from the neutrino
direction. The source, a blazar known as TXS
0506+056 at a measured redshift of 0.34, was
in a flaring state at the time with enhanced
g-ray activity in the GeV range. Follow-up ob-
servations by imaging atmospheric Cherenkov
telescopes, notably the Major Atmospheric

Gamma ImagingCherenkov (MAGIC)
telescopes, revealed periods where
the detected g-ray flux from the blazar
reached energies up to 400GeV.Mea-
surements of the source have also
been completed at x-ray, optical, and
radio wavelengths. We have inves-
tigated models associating neutrino
and g-ray production and find that
correlation of the neutrino with the
flare of TXS 0506+056 is statistically
significant at the level of 3 standard
deviations (sigma). On the basis of the
redshift of TXS 0506+056, we derive
constraints for the muon-neutrino
luminosity for this source and find
them to be similar to the luminosity
observed in g-rays.

CONCLUSION: The energies of the
g-rays and the neutrino indicate that
blazar jetsmay accelerate cosmic rays
to at least several PeV. The observed
association of a high-energy neutrino
with a blazar during a period of en-
hanced g-ray emission suggests that
blazarsmay indeed be one of the long-
sought sources of very-high-energy
cosmic rays, andhence responsible for
a sizable fraction of the cosmic neu-
trino flux observed by IceCube.▪
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The list of author affiliations is available in the full
article online.
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Multimessenger observations of blazar TXS 0506+056.The
50% and 90% containment regions for the neutrino IceCube-
170922A (dashed red and solid gray contours, respectively),
overlain on a V-band optical image of the sky. Gamma-ray sources
in this region previously detected with the Fermi spacecraft are
shown as blue circles, with sizes representing their 95% positional
uncertainty and labeled with the source names. The IceCube
neutrino is coincident with the blazar TXS 0506+056, whose
optical position is shown by the pink square. The yellow circle
shows the 95% positional uncertainty of very-high-energy g-rays
detected by the MAGIC telescopes during the follow-up campaign.
The inset shows a magnified view of the region around TXS 0506+056
on an R-band optical image of the sky. IM
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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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emission from that direction in data prior to 2017,
as discussed in a companion paper (26).

High-energy g-ray observations of
TXS 0506+056

On 28 September 2017, the Fermi Large Area
Telescope (LAT) Collaboration reported that the
direction of origin of IceCube-170922A was con-
sistent with a known g-ray source in a state of
enhanced emission (16). Fermi-LAT is a pair-
conversion telescope aboard the Fermi Gamma-
ray Space Telescope sensitive to g-rays with energies
from 20MeV to greater than 300 GeV (27). Since
August 2008, it has operated continuously, pri-
marily in an all-sky survey mode. Its wide field
of view of ~2.4 steradian provides coverage of the
entire g-ray sky every 3 hours. The search for pos-
sible counterparts to IceCube-170922Awas part of
the Fermi-LAT collaboration’s routinemultiwave-
length, multimessenger program.
Inside the error region of the neutrino event,

a positional coincidence was found with a pre-
viously cataloged g-ray source, 0.1° from the best-
fitting neutrino direction. TXS 0506+056 is a
blazar of BLLacertae (BLLac) type. Its redshift of
z ¼ 0:3365T0:0010was measured only recently
based on the optical emission spectrum in a
study triggered by the observation of IceCube-
170922A (28).

TXS 0506+056 is a known Fermi-LAT g-ray
source, appearing in three catalogs of Fermi
sources (23, 24, 29) at energies above 0.1, 50, and
10 GeV, respectively. An examination of the
Fermi All-Sky Variability Analysis (FAVA) (30)
photometric light curve for this object showed
that TXS 0506+056 had brightened consider-
ably in the GeV band starting in April 2017 (16).
Independently, a g-ray flare was also found by
Fermi ’s Automated Science Processing [ASP (25)].
Such flaring is not unusual for a BLLac object and
would not have been followed up as extensively if
the neutrino were not detected.
Figure 3 shows the Fermi-LAT light curve and

the detection time of the neutrino alert. The light
curve of TXS 0506+056 from August 2008 to
October 2017was calculated in bins of 28 days for
the energy range above 0.1 GeV. An additional
light curve with 7-day bins was calculated for the
period around the time of the neutrino alert. The
g-ray flux of TXS 0506+056 in each time bin was
determined through a simultaneous fit of this
source and the other Fermi-LAT sources in a
10° by 10° region of interest along with the
Galactic and isotropic diffuse backgrounds, using
a maximum-likelihood technique (25). The inte-
grated g-ray flux of TXS 0506+056 forE> 0.1 GeV,
averaged over all Fermi-LAT observations span-
ning 9.5 years, is ð7:6 T 0:2Þ $ 10% 8 cm% 2 s% 1. The

highest flux observed in a single 7-day light curve
bin was ð5:3 T 0:6Þ $ 10% 7 cm% 2 s% 1, measured in
the week 4 to 11 July 2017. Strong flux variations
were observed during the g-ray flare, themost prom-
inent being a flux increase from ð7:9 T 2:9Þ$
10% 8 cm% 2 s% 1 in the week 8 to 15 August 2017
to ð4:0 T 0:5Þ $ 10% 7 cm% 2 s% 1 in the week 15 to
22 August 2017.
The Astro-Rivelatore Gamma a Immagini Leg-

gero (AGILE) g-ray telescope (31) confirmed the
elevated level of g-ray emission at energies above
0.1 GeV from TXS 0506+056 in a 13-day window
(10 to 23 September 2017). The AGILEmeasured
fluxofð5:3 T 2:1Þ $ 10% 7 cm% 2 s% 1 is consistentwith
the Fermi-LAT observations in this time period.
High-energy g-ray observations are shown in

Figs. 3 and4.Details on theFermi-LAT andAGILE
analyses can be found in (25).

Very-high-energy g-ray observations of
TXS 0506+056

Following the announcement of IceCube-170922A,
TXS 0506+056 was observed by several ground-
based Imaging Atmospheric Cherenkov Tele-
scopes (IACTs). A total of 1.3 hours of observations
in the direction of the blazar TXS 0506+056
were taken using the High-Energy Stereoscopic
System (H.E.S.S.) (32), located in Namibia, on
23 September 2017 [Modified Julian Date (MJD)
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Fig. 3. Time-dependent multiwavelength observations of TXS
0506+056 before and after IceCube-170922A. Significant variability of
the electromagnetic emission can be observed in all displayed energy
bands, with the source being in a high-emission state around the
time of the neutrino alert. From top to bottom: (A) VHE g-ray
observations by MAGIC, H.E.S.S., and VERITAS; (B) high-energy g-ray
observations by Fermi-LAT and AGILE; (C and D) x-ray observations by
Swift XRT; (E) optical light curves from ASAS-SN, Kiso/KWFC, and
Kanata/HONIR; and (F) radio observations by OVRO and VLA. The red

dashed line marks the detection time of the neutrino IceCube-170922A.
The left set of panels shows measurements between MJD 54700
(22 August 2008) and MJD 58002 (6 September 2017). The set of
panels on the right shows an expanded scale for time range
MJD 58002 to MJD 58050 (24 October 2017). The Fermi-LAT light
curve is binned in 28-day bins on the left panel, while finer 7-day bins
are used on the expanded panel. A VERITAS limit from MJD 58019.40
(23 September 2017) of 2:1 $ 10% 10 cm% 2 s% 1 is off the scale of the plot
and not shown.
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EM Counterpart Discovery of IceCube-170922A
IceCube alert (GCN 21916): 2017/09/22, 20:54:30 (UT)

7 BROS (blazar candidates, Itoh+ in prep.) sources within error region


TXS 0506+056 variability detected with Kanata/HONIR  
==> Fermi/LAT variabilities (gamma, ATel #10791, Tanaka+) 
==> multi-wavelength follow-up (IceCube Collaboration+2018) 
optical/NIR imaging, spectroscopy, polarization: incl. MITSuME, Kiso, 
Nayuta, Kanata, IRSF (OISTER) + Subaru (TM+ in prep.)


z=0.336 (Paiano+2018, GTC/OSIRIS)IceCube-170922A 増光天体探索②
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いた。

IceCubeが稼働して以来、初めてpossible source（の候補）を発見！！
（Fermiでも E>800MeV で受かっている。）

広島大学は世界でも最初期の観測に成功！！

3/23

3/23 - 3/24

2MASS
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TM+ in prep.

Publications of the Astronomical Society of Japan, (2014), Vol. 00, No. 0 3

Fig. 1. Will be modified. Coadded r-band image of the field taken with KWFC. North is up and east is left. The IceCube 90% containment region (IceCube
Collaboration et al. 2018) is shown in red. The 7 BROS sources which we observed first are shown in blue. Zoom-up 1× 1 arcmin2 view is also shown in the
inset. TXS 0506+056is marked in the inset. The field-of-views of the optical and NIR instruments used in this paper are shown in green.

neutrino-emitting blazar within an IceCube localization. For
this purpose, 1-2 m class telescopes in the OISTER collab-
oration (Yamanaka et al. 2016; Morokuma et al. 2017) are
mainly used. We also use Subaru/HSC for faint sources without
optical PS1 counterparts, depending on availability of HSC and
localization accuracy(?) of the IceCube neutrino detection.

A supernova is also thought to be another strong candidate
to generate high-energy neutrinos. To find a supernova which
neutrino may originate from, we also carry out wide-field imag-
ing survey in optical and cover a significant fraction of IceCube
localization using wide-field optical imagers such as KWFC1

and Tomo-e Gozen on the 1.05-m Kiso Schimidt telescope and
HSC on the 8.2-m Subaru telescope.

For IceCube-170922A, we performed optical and NIR ob-
servations with both the strategies. We observed 7 BROS
sources (again, 7 in the latest catalog?) inside the IceCube
90%(?) credible region ($2.2.1) and made follow-up observa-
tions ($2.2.2, $2.3) as follows. Our blind survey for supernovae
is described in a separate paper (Morokuma et al. 2019).

1 KWFC was decommissioned in August 2018.

2.2 Optical and NIR Imaging

All the imaging observations are summarized below and in
Table 1.

2.2.1 Initial Response to the Alert: Search for a brightening
blazar

We started follow-up imaging observations 1x hours after the
alert of IceCube-170922A with four Japanese observing fa-
cilities; HONIR (Akitaya et al. 2014) on the 1.5-m Kanata
telescope at the Higashi Hiroshima Observatory (RC and J-
bands), Kiso Wide Field Camera (KWFC; Sako et al. 2012)
on the 1.05-m Kiso Schmidt telescope (g, r and i-bands), HSC
on the 8.2-m Subaru telescope (z-band, and 0.5-m MITSuME
Akeno telescope (g, RC , and IC-bands). Field-of-views of
KWFCand HSC are well suited for effectively covering a lo-
calization area given by IceCube. Typical exposure times are
120-180 seconds.

There are 7 BROS sources within the 90% localization
of IceCube-170922AḞour sources among the seven are de-
tected?? visible?? (check later) in the optical archival PS1 DR1
data. Each of the 7 BROS sources was observed one by one
with Kanata/HONIR and MITSuME while all the seven BROS
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Optical Time Domain/transient + VLBI?
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supernova ejecta interaction w/ CSM

mass loss history just before explosion  
= end of life of massive stars

progenitor stars of Type Ia supernovae


relativistic jets for Type Ic supernovae/GRBs

jet in kilnovae (GW170817)/sGRBs

high-energy neutrino sources?


relativistic jets in AGN

blazars


high-energy neutrino sources?

radio-loud NLS1s
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VLBI observations for nearby SNe

Bietenholz+2003
detection: all Type II or Ib/c


massive star origin

ejecta-CSM interaction


CSM density, ejecta density, 
magnetic field


~> 1 mJy / beam @ 8.4 GHz 
(~0.5-1 mas)

distance ~< 10 Mpc


rate: ~1 SN / yr

“movie”


SN 1993J (~3 Mpc): Type IIb

8.4 GHz
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Type Ia supernova progenitors: single/double degenerate?
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recent mass loss expected for single degenerate

no detection even for nearest cases


SN 2011fe@M101 (Chomiuk+2012, <19 uJy@5 GHz?)

SN 2014J@M82 (Perez-Torres+2014, <12-41 uJy@1.5-22 GHz)


tight constraint on mass loss rate: several x 10^-10 Msun/yr 
==> likely double degenerate (at least for these two)

single degenerate (SD)double degenerate (DD)

©AAVSO
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very strongly on Γ (as roughly Γ10.4), which implies that on day 150 the 
Lorentz factor of the radio source was19 less than about 5. Last, and 
most constraining, is the rapid turnover around the peak of the radio 
light curve and the very fast decline that follows Fν ∝ t−2 after day 200, 
where Fν is the flux density and t is the time in the observer frame 
(K.P.M. et al., manuscript in preparation). The shape of the peak and 
the following decline depends on the ratio θs/(θobs − θs). A smaller ratio 
results in a narrower peak, and if θ θ θ−≫s obs s the decay is expected to 
be19 at first roughly linear in time, whereas if θ θ θ−≪s obs s the flux decay 
after the peak is predicted to behave as roughly Fν ∝ t−p, where the 
radio spectrum dictates8,12,16 that p ≈ 2.16. We conclude that the com-
bination of the image and the light curve indicate that around the peak, 
at day 150, the emission is most probably dominated by a narrow com-
ponent with θ .≪ 0 25 rads  and Γ ≈ 4, which is observed at an angle of 
θobs − θs ≈ 0.25 rad (in contrast to the emission during the first month 
or two, which was most probably dominated by cocoon emission from 
angles larger than θs).

The constraints derived above strongly disfavour an uncollimated 
choked jet, where the jet has a wide opening angle and does not suc-
cessfully escape the neutron-rich material ejected dynamically during 
the merger (that is, it is choked and so does not contain a relativistic 
narrow core). A narrowly collimated choked jet may generate an out-
flow with a narrow high-energy core, but it is hard to obtain a Lorentz 
factor that is high enough without a fine tuning of the location where 
the jet is choked. In contrast to all other models, the successful-jet 
model predicts a structure that can easily satisfy the constraints of the 
image and the light curve. In this model, the gradual rise is generated 
by cocoon emission and the peak is observed when the core of the 
successful jet decelerates and starts to dominate the emission. The jet 
opening angle θj and its Lorentz factor are those of the source in our 

images around the time of the peak, namely θj ≈ θs. We can only put a 
lower limit on the initial Lorentz factor of the jet Γ0, because we do not 
know the deceleration radius (that is, when the transition from the 
coasting phase to the power-law decline phase took place). All of the 
observational data can be explained with a narrowly collimated jet with 

!Γ 100 .
To verify the analytical considerations discussed above, and to find 

tighter constraints on the outflow, we ran a set of relativistic hydrody-
namic simulations (see Methods). Our simulations include configura-
tions of choked and successful jets at various opening angles and 
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Fig. 1 | Proper motion of the radio counterpart of GW170817. The 
offset positions of the centroid (shown by 1σ error bars) and 3σ–12σ 
contours of the radio source detected 75 days (black) and 230 days (red) 
after the merger event using VLBI at 4.5 GHz. The two VLBI epochs have 
image root-mean-square noise of 5.0 µJy beam−1 and 5.6 µJy beam−1 
(natural weighting), respectively, and the peak flux densities of GW170817 
are 58 µJy beam−1 and 48 µJy beam−1, respectively. The radio source 
is consistent with being unresolved at both epochs. The shapes of the 
synthesized beams for the images from each epoch are shown as dotted 
ellipses in the lower right corner. The proper-motion vector of the radio 
source has a magnitude of 2.7 ± 0.3 mas and a position angle of 86° ± 18°, 
measured over 155 days.
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C: wide jet (Tj,0 = 0.07, Tj,p = 0.13, Tobs = 0.5 )
D: choked jet (Tobs = 0.6)

Narrow jeta

b

Fig. 2 | Radio, 3-GHz light curves of several representative simulated 
models. The black error bars (1σ) are the 3-GHz flux density (Fν) values 
for GW170817. The grey shaded regions denote the VLBI epochs:  
75 and 230 days after the merger. a, A narrow jet with an initial opening 
angle of θj,0 = 0.04 rad (2.3°), total energy of E = 1050 erg and isotropic 
equivalent energy of Eiso = 1053 erg at the core, as observed at three 
different viewing angles (models A1–A3). For all light curves, we take  
the energy fraction of accelerated electrons to be εe = 0.1, assume a  
power-law index of p = 2.16, and vary the energy fraction of the magnetic 
field εB and the external density n (which is assumed to be constant in 
space) to obtain a best fit to the light curve. The opening angle of the jet 
core at the time of the peak is θj,p = 0.08 rad. The model that gives best fits 
both for the light curve and the images corresponds to a viewing angle 
of θobs = 0.35 rad (εB = 10−4, n = 6 × 10−4 cm−3). The red line shows the 
contribution of emission from the jet core (θ < θj,p) and the green line 
shows the cocoon emission. The fit to the observations is obtained  
only in a narrow range of viewing angles. For smaller angles (such as 
θobs = 0.25 rad, εB = 2 × 10− 4, n = 10− 4 cm−3) the light curve rises too 
slowly and the image centroid moves too far, whereas at larger angles (such 
as θobs = 0.5 rad, εB = 8 × 10− 5, n = 6 × 10−3 cm−3) the light curve rises too 
quickly and the image centroid motion is too small. b, Light curves of three 
other models. Model B: another narrow jet with a lower energy, θj,p = 0.06 rad,  
E = 1049 erg and Eiso = 2 × 1052 erg (εB = 4 × 10− 5, n = 7 × 10−3 cm−3), 
at θobs = 0.3 rad, which provides a reasonable fit to the data. Model C: a 
wider jet with θj,p = 0.13 rad; even for θobs = 0.5 rad, the light curve does 
not decay fast enough to be consistent with the most recent data points, 
and at this viewing angle the image centroid moves too slowly. Model D: a 
model of a choked jet; the light curve does not decay fast enough after the 
peak and the image motion, although superluminal, is very slow compared 
to the observations. In all of the models that we considered, the spectrum 
between radio and X-ray frequencies follows a constant power law (cooling 
and self-absorption do not affect this spectral range) and so models that fit 
the radio, 3-GHz data fit the entire afterglow observations from radio to 
X-ray frequencies; see Methods for details.
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density29 for short GRBs (SGRBs); while keeping all other values con-
stant), we find an afterglow that is brighter by about an order of mag-
nitude at the peak compared to that of GW170817. Such an afterglow 
could have been detected at a distance of 40 Mpc at a larger viewing 
angle of about 50°.

Our VLBI result implies that binary neutron-star mergers launch 
relativistic, narrowly collimated jets that successfully penetrate the 
dynamical ejecta, which is a prerequisite for the production of SGRBs 
(which require !Γ 1000 ). If GW170817 produced an SGRB pointing 
away from us, then its peak isotropic equivalent luminosity in γ-rays 
was Liso ≈ 1052 erg s−1 when observed within the jet cone, assuming 
that the initial opening angle of the jet was around 0.05 rad. The rate of 
SGRBs with a peak Liso of more than about 1052 erg s−1 is only30 about 
0.1 Gpc−3 yr−1, corresponding to about 1% of all SGRBs that point 
towards Earth. This suggests either that we were extremely lucky to 
observe such an event or that all such luminous events are more nar-
rowly beamed than events of smaller Liso and do not typically point 
towards Earth. For example, if GW170817, with an opening angle of 

approximately 0.05   rad, is representative of events with 
Liso ≈ 1052 erg s−1, it would imply that there are 1,000 events with such 
luminosity that point away from Earth for every SGRB-producing event 
that points towards Earth—that is, a rate of about 100 Gpc−3 yr−1 for 
GW170817-like events. This rate is about 3%–30% of the binary  
neutron-star merger rate1 −

+ − −(1,540 Gpc yr )1,220
3,200 3 1  and would imply 

that the true fraction of high-luminosity SGRBs is much higher than 
observed at Earth. An anticorrelation between the opening angle of the 
jet and its isotropic equivalent energy is one possible cause for such a 
relationship, and follows naturally if the total energy of different events 
varies less than their beaming. This possibility can be easily tested with 
a small number of future events with off-axis afterglow emission.

Online content
Any methods, additional references, Nature Research reporting summaries, source 
data, statements of data availability and associated accession codes are available at 
https://doi.org/10.1038/s41586-018-0486-3.
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Fig. 4 | Schematic of the physical and geometric parameters derived 
for GW170817. GW170817 has a successful jet (yellow) that drives a 
cocoon (red) through interaction with the dynamical ejecta (blue). This 
scenario is the same as scenario E in our previous work8 and consistent 
with structured-jet models. The shock breakout from the cocoon probably 
produced the γ-ray signal and the cocoon’s interaction with the interstellar 
medium produced the early-time (up to about two months after the 
merger) radio and X-ray emission. The relativistic core of the jet has a 
half-opening angle of θjet ≤ 5°. Earth is located θobs = 14°–28° away from 
the core of the jet. GW170817 most probably gave rise to a SGRB pointing 
at such an angle away from Earth. The interaction between the jet and the 
interstellar medium produced the late-time radio and X-ray emission. Our 
VLBI measurement suggests that the Lorentz factor of the jet 150 days 
after the merger (at the peak of the radio light curve, when the core of the 
jet came into view) is Γ ≈ 4. The total energy (E) of the jet and cocoon 
system is 1049–1050 erg. The density (n) of the circum-merger environment 
is 10−4–5 × 10−3 cm−3.
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Figure 1. Left: discovery image of SDSS J1100+4421 taken on 2014 February 23 UT with KWFC (upper), the SDSS image (middle), and the FIRST 1.4 GHz radio
image (lower; the beam size is 5.′′4 as shown with the circle; White et al. 1997). The contour levels in the FIRST image start from 3σ (1σ = 0.20 mJy beam−1),
separated by a factor of

√
2. Right: light curves of SDSS J1100+4421 around the discovery epoch (upper) and until 40 days after the flare (lower). The vertical arrows

in black show the epochs of spectroscopic data. Our photometric data are compared with SDSS g-band magnitude and B- and Rc-band magnitudes estimated from
SDSS magnitudes (left panel and shaded region). Magnitudes are given in the AB system for the SDSS g band and Vega units for the other bands.
(A color version of this figure is available in the online journal.)

Several plausible relations between this parameter and other
fundamental characteristics of a central engine (such as BH
mass, accretion rate, and possibly BH spin) have been discussed
in the literature (e.g., Sikora et al. 2007 and references therein).
In general, AGNs with higher BH masses (>108M⊙) and lower
accretion rates tend to be more radio loud.

In this context, the radio properties of narrow-line Seyfert
1 galaxies (NLS1s) are of particular interest, since AGNs of
this peculiar type (Osterbrock & Pogge 1985; Pogge 2000)
are believed to have relatively small BH masses (106–108M⊙)
and very high accretion rates (e.g., Mathur 2000). By these
properties, it had been inferred that NLS1s are a radio-quiet
class of AGNs, and that young BHs in NLS1s that un-
dergo rapid growth via high-rate accretion do not produce
relativistic jets.

Statistical studies (e.g., Komossa et al. 2006; Whalen et al.
2006; Zhou et al. 2006 hereafter Z06), in fact, show that the
fraction of radio-loud NLS1s is small, i.e., only 7% of NLS1s
have R > 10 while about 20% of broad-line Seyfert 1 galaxies
have R > 10 (Komossa et al. 2006). However, they also find
that a small fraction (∼2.5%) of NLS1s is very radio-loud
(R > 100). Recently more and more radio-loud NLS1s are
being discovered (e.g., Yuan et al. 2008; Caccianiga et al. 2014).

Interestingly, high-energy γ -rays (100 MeV–100 GeV) have
been detected from some radio-loud NLS1s with Fermi Large
Area Telescope (LAT; Abdo et al. 2009a, 2009b; D’Ammando
et al. 2012). The γ -ray detection implies the presence of
relativistic jets in these objects, in direct analogy to blazars.
To fully understand the cosmological evolution of supermassive
BHs, it is therefore important to clarify the jet production
efficiency and the jet duty cycle in such young systems in
formation, or in other words to investigate in detail the radio-
loud population of NLS1s.

In this Letter, we report our serendipitous discovery of
dramatic optical variability in a peculiar radio-loud NLS1
candidate SDSS J110006.07+442144.3 (SDSS J1100+4421) by
the Kiso Supernova Survey (KISS; Morokuma et al. 2014).
Throughout this Letter, we assume cosmological parameters
ΩΛ = 0.7, ΩM = 0.3, and h = 0.7.

2. OBSERVATIONS

2.1. Discovery

SDSS J1100+4421 was detected as a transient object by the
high-cadence optical transient survey KISS (Morokuma et al.
2014). KISS uses the 1.05 m Kiso Schmidt telescope equipped

2

The Astrophysical Journal Letters, 793:L26 (6pp), 2014 October 1 Tanaka et al.

KISS

SDSS

N

E

60”

FIRST

10’’
5.4’’

100 kpc

19.0

19.5

20.0

20.5

21.0

21.5

22.0

22.5

M
ag

ni
tu

de

2003

-1  0  1  2  3
MJD-56711.0 (2014-02-23 UT)

g
B

2014 Epoch
1 2 3

19.0

19.5

20.0

20.5

21.0

21.5

22.0

22.5

M
ag

ni
tu

de

2003

-5  0  5  10  15  20  25  30  35  40
MJD-56711.0 (2014-02-23 UT)

g
B
Rc
J+2.0

2014

Figure 1. Left: discovery image of SDSS J1100+4421 taken on 2014 February 23 UT with KWFC (upper), the SDSS image (middle), and the FIRST 1.4 GHz radio
image (lower; the beam size is 5.′′4 as shown with the circle; White et al. 1997). The contour levels in the FIRST image start from 3σ (1σ = 0.20 mJy beam−1),
separated by a factor of
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2. Right: light curves of SDSS J1100+4421 around the discovery epoch (upper) and until 40 days after the flare (lower). The vertical arrows

in black show the epochs of spectroscopic data. Our photometric data are compared with SDSS g-band magnitude and B- and Rc-band magnitudes estimated from
SDSS magnitudes (left panel and shaded region). Magnitudes are given in the AB system for the SDSS g band and Vega units for the other bands.
(A color version of this figure is available in the online journal.)

Several plausible relations between this parameter and other
fundamental characteristics of a central engine (such as BH
mass, accretion rate, and possibly BH spin) have been discussed
in the literature (e.g., Sikora et al. 2007 and references therein).
In general, AGNs with higher BH masses (>108M⊙) and lower
accretion rates tend to be more radio loud.

In this context, the radio properties of narrow-line Seyfert
1 galaxies (NLS1s) are of particular interest, since AGNs of
this peculiar type (Osterbrock & Pogge 1985; Pogge 2000)
are believed to have relatively small BH masses (106–108M⊙)
and very high accretion rates (e.g., Mathur 2000). By these
properties, it had been inferred that NLS1s are a radio-quiet
class of AGNs, and that young BHs in NLS1s that un-
dergo rapid growth via high-rate accretion do not produce
relativistic jets.

Statistical studies (e.g., Komossa et al. 2006; Whalen et al.
2006; Zhou et al. 2006 hereafter Z06), in fact, show that the
fraction of radio-loud NLS1s is small, i.e., only 7% of NLS1s
have R > 10 while about 20% of broad-line Seyfert 1 galaxies
have R > 10 (Komossa et al. 2006). However, they also find
that a small fraction (∼2.5%) of NLS1s is very radio-loud
(R > 100). Recently more and more radio-loud NLS1s are
being discovered (e.g., Yuan et al. 2008; Caccianiga et al. 2014).

Interestingly, high-energy γ -rays (100 MeV–100 GeV) have
been detected from some radio-loud NLS1s with Fermi Large
Area Telescope (LAT; Abdo et al. 2009a, 2009b; D’Ammando
et al. 2012). The γ -ray detection implies the presence of
relativistic jets in these objects, in direct analogy to blazars.
To fully understand the cosmological evolution of supermassive
BHs, it is therefore important to clarify the jet production
efficiency and the jet duty cycle in such young systems in
formation, or in other words to investigate in detail the radio-
loud population of NLS1s.

In this Letter, we report our serendipitous discovery of
dramatic optical variability in a peculiar radio-loud NLS1
candidate SDSS J110006.07+442144.3 (SDSS J1100+4421) by
the Kiso Supernova Survey (KISS; Morokuma et al. 2014).
Throughout this Letter, we assume cosmological parameters
ΩΛ = 0.7, ΩM = 0.3, and h = 0.7.

2. OBSERVATIONS

2.1. Discovery

SDSS J1100+4421 was detected as a transient object by the
high-cadence optical transient survey KISS (Morokuma et al.
2014). KISS uses the 1.05 m Kiso Schmidt telescope equipped
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Figure 1. Naturally weighted 1.7-GHz EVN image of J1100+4421.
Observation took place on 2015 February 10. The peak brightness is
19.4 mJy beam−1, the restoring beam is 24.8 mas × 8.2 mas (FWHM)
at a position angle of 9◦ and shown in the lower left-hand corner of the
image. The lowest contours are at ±3.5σ noise level (±0.1 mJy beam−1),
further positive contour levels increase by a factor of 2. The dashed line
represents negative contour. The labels denote the Gaussian components
fitted to the visibility data.

corrections factors did not exceed 10 per cent. Four–four channels,
the most affected by the bandpass response function, were discarded
at the beginning and end of each IF. Then fringe-fitting on the cal-
ibrator was repeated in AIPS, now taking into account its brightness
distribution using its CLEAN component model obtained in DIFMAP.
The derived solutions were interpolated and applied to the target
source, J1100+4421. The hybrid mapping of the target was also
performed in DIFMAP. No amplitude self-calibration was attempted
on the source, and phase self-calibration was not done for Sheshan
for time intervals shorter than 60 min at 1.7 GHz and 15 min at
5 GHz.

Since J1100+4421 was sufficiently bright and compact, we also
performed fringe-fitting directly on the target source at both fre-
quencies. Then, we imaged the source in the same way as described
above. The images obtained (Figs 1 and 2) were in good agreement
with those obtained by transferring the phase solutions of the cali-
brator. Comparing the peak brightness values in the two images in
both bands, the coherence loss in phase-referencing was 1 per cent
at 1.7 GHz and 14 per cent at 5 GHz.

2.2 Archival VLA data

J1100+4421 was also observed during a 40-s snapshot at 8.4 GHz
with the Very Large Array (VLA) in its most extended A configura-
tion on 1995 August 15 (project code: AM484) within the Cosmic
Lens All-Sky Survey (Myers et al. 2003). The data were down-
loaded from the NRAO archive2 and analysed following standard
data reduction steps in AIPS. The absolute flux density calibrator

2 http://archive.nrao.edu

Figure 2. Naturally weighted 5-GHz EVN image of J1100+4421. Observa-
tion took place on 2015 March 24. The peak brightness is 23.2 mJy beam−1,
the restoring beam is 3.8 mas × 1.2 mas (FWHM) at a position angle of 16◦

and shown in the lower left-hand corner of the image. The lowest contours
are at ±3.5σ noise level (±0.2 mJy beam−1), further positive contour levels
increase by a factor of 2. The dashed line represents negative contour. The
label denotes the Gaussian component fitted to the visibility data.

Figure 3. 8.4-GHz VLA image of J1100+4421. The observation was per-
formed on 1995 August 15. The peak brightness is 18.4 mJy beam−1. The
FWHM size of the restoring beam is 0.27 × 0.25 arcsec2 at a position angle
of −81◦, as shown in the bottom left-hand corner of the image. The lowest
contours are at ±0.5 mJy beam−1 corresponding to 3σ image noise level,
further positive contour levels increase by a factor of 2.

used in the project was 3C286. The calibrated visibility data were
exported from AIPS, imaging was done in DIFMAP. The resulting map
is shown in Fig. 3. The weights of the data points are set inversely
proportional to the amplitude errors (natural weighting).
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Time Domain Astronomy in optical is now rapidly evolving. 

High-Cadence surveys (multiple visits per night) even for 
extragalactic objects are now one of the frontier fields. 

Multi-Messenger Astronomy is now one of the hot topics; 


EM counterparts of gravitational wave sources: kilonovae

EM counterparts of IceCube high-energy neutrinos: 


blazar? peculiar supernovae?

Optical-Time-Domain & VLBI collaborative observations


nearby SNe w/ CSM interaction 

jets in kilonovae

AGN w/ relativistic jets

Summary


