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blazar: AGN relativistic jet

©NASA/Fermi

GRB©NSF starburst galaxy

©NASA

supernova: (choked) jet (Ic) & 
ejecta-CSM interaction (IIn)

©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)
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EM Counterpart Search of IceCube events
automatic public alert since 2016/Apr

localization: ~1 deg (track event)


O(103) transients@optical w/ 8m telescopes (TM+2008, Yoshida+2017)

Unknown distance to the source, but expected to be <z>~1

(Expected to be bright (flaring) at high energy (gamma, Fermi/LAT))

RESEARCH ARTICLE SUMMARY
◥

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.▪

RESEARCH

The IceCube Collaboration et al., Science 361, 146 (2018) 13 July 2018 1 of 1

The list of author affiliations is available in the full
article online.
*The full lists of participating members for each
team and their affiliations are provided in the
supplementary materials.
†Email: analysis@icecube.wisc.edu
Cite this article as IceCube Collaboration et al.,
Science 361, eaat1378 (2018). DOI: 10.1126/
science.aat1378

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

A
G
ES

:P
H
O
A
S
A
S
-S

N
FO

R
T
H
E
V
-B

A
N
D

O
P
T
IC
A
L
;K

A
N
A
TA

FO
R
T
H
E
R
-B

A
N
D

IN
M
A
G
N
IF
IE
D
V
IE
W

ON OUR WEBSITE
◥

Read the full article
at http://dx.doi.
org/10.1126/
science.aat1378
..................................................

on July 13, 2018
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

IceCube-170922A

1 deg

Optical/NIR searches include…

wide-field (~1 deg) imaging (w/ 
Subaru/HSC) surveys for 
variability / transient sources


rapidly variable blazars

peculiar supernovae


follow-up spec. (w/ Gemini/GMOS)

to determine the redshift

to characterize the counterpart

to say “this is the origin of this 
neutrino detected by IceCube”

IceCube Collaboration+2018
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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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article online.
*The full lists of participating members for each
team and their affiliations are provided in the
supplementary materials.
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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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Road to EM Counterpart Discovery of IceCube-170922A

IceCube Collaboration+2018
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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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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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Road to EM Counterpart Discovery of IceCube-170922A

IceCube Collaboration+2018

TM+ in prep.

Subaru/HSC

blazar candidates (Itoh+)
1 deg

background: Kiso/KWFC g-band
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Road to EM Counterpart Discovery of IceCube-170922A
IceCube alert (GCN 21916): 2017/09/22, 20:54:30 (UT)

7 BROS sources within IceCube-170922A error region


TXS 0506+056 variability detected with Kanata/HONIR on 
2017/09/24


found Fermi/LAT (gamma, ATel #10791, Tanaka+), ASAS-SN (optical) 
variabilities 
==> multi-wavelength follow-up  
optical/NIR imaging, spectroscopy, polarization:  
 incl. MITSuME,  Kiso, Nayuta, Kanata, IRSF (OISTER) 
 + Subaru (TM+ in prep.)

z: not determined reliably

IceCube-170922A 増光天体探索②

2017/12/14 森裕樹（広島大学） 光赤外天文学大学間連携ワークショップ 8

かなた
9/23

かなた
9/23
ー

2MASS
差分

2MASS
カタログ

かなた
9/23
ー

かなた
9/24
差分

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！！

9/23

9/23 - 9/24

2MASS

Kanata (1.5m)/HONIR

J-band
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Road to EM Counterpart Discovery of IceCube-170922A

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)

The IceCube Collaboration et al., Science 361, eaat1378 (2018) 13 July 2018 3 of 8
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D

E

F

-

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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Optical Spectroscopy: redshift determination

Paiano+2018 (background)

0.1-0.3 hours

integration

Subaru(8.2m)/FOCAS

S/N~100


No strong emission/
absorption lines

1% (S/N=100)

Subaru/FOCAS

0.1-0.3 hours
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Optical Spectroscopy: redshift determination

Paiano+2018

30 times longer

1.5 times larger

==> ~7 times better 

1% (S/N=100) z=0.336 < 0.4

consistent w/ 
MAGIC high-energy 
gamma detection

10-hour integration

GTC(10m)/OSIRIS

S/N~500

0.1-0.3 hours

integration

Subaru(8.2m)/FOCAS

S/N~100


No strong emission/
absorption lines

GTC(10m)/OSIRIS

10 hours
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Optical Spectroscopy: redshift determination

Paiano+2018

30 times longer

1.5 times larger
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consistent w/ 
MAGIC high-energy 
gamma detection

10-hour integration
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S/N~500
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integration

Subaru(8.2m)/FOCAS

S/N~100


No strong emission/
absorption lines

GTC(10m)/OSIRIS

10 hours

IceCube collaboration 2018
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Other possibilities for IceCube-170922A???

6

Figure 1. The DECam fields of view for the IC170922A
follow-up (top) and for the IC171106A follow-up (bottom)
showing di↵erence imaging products, the containment re-
gion for the neutrino at the 90% confidence level, and the
candidates selected by our Neutrino Candidate Identifica-
tion Pipeline (NCIP). The location of TXS 0506+056 is also
shown for reference.

of grizY = 25.2, 24.8, 24.0, 23.4, 21.7 mag over 5,000
deg2) with 577 full DECam observing nights (Mohr et
al. 2012). Operating within a large survey program is
ideal for our follow-up study because there is no need
to interrupt community observers, and the interruptions
are short ( 20 min). Specifically, we use triggered target-
of-opportunity (ToO) observations to promptly respond
to IceCube alerts for ⇠ 20 minutes (co-located 2 ⇥ 150
sec exposures in the gri-bands) per night on ⇠ 6 nights

Figure 2. Top: Light curves in gri for DES-Cand-1, one
of the di↵erence imaging products selected by NCIP in the
IC170922A follow-up. Bottom: Light curves in griz for DES-
Cand-2, the candidate from the IC171106A follow-up.

over approximately a three week period after the alert,
depending on atmospheric and moon conditions. For the
IC170922A follow-up, we dithered by a half chip in RA
and Dec between exposures of the same band to fill in
chip gaps, leading to a slightly larger e↵ective DECam
FoV area in Table 1.
The observing epochs were distributed with two nights

immediately after the alert to look for rapidly-fading
optical transients and with the remaining nights spread
in 5-7 night intervals to observe the rise and peak of
potentially-associated CC SNe. Cloudy nights or nights
where the moon is bright were avoided, which leads to
di↵erent cadences for each follow-up. For the IC170922A
follow-up, we dithered by a half-chip in each direction
to fill in DECam chip gaps, however for the IC171106A
follow-up, the same pointing was used for all exposures.
Exposures in the same band on the same night were
co-added to increase depth.
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co-added to increase depth.

origin: TXS 0506+056 (blazar, BL Lac)

No supernovae (possibly emitting neutrinos) there?


Type Ic or Type IIn?

~25 mag @ z~1

similar to HSC, DECam trials to search for other kilonova candidates 
than AT2017gfo for GW170817 (Tominaga+2018)


Limited data for SN search

Morgan+2019 w/ Blanco/DECam (z<0.3)

z-band in 1 epoch w/ HSC (another epoch for reference, TM+ in prep.)



Astronomical Society of Japan, 2019 Fall Meeting @ Kumamoto University Subaru-TMT 2019/09/13 15
TM+2010

i=26

i=27

Subaru/HSC

~1 hour integration SCP06G4


Subaru/FOCAS, 6.3 hours

Supernova light curves & spectra @ z~1

DECam (4m)

TMT spectroscopy
Subaru/HSC

Subaru/FOCAS

SN typing for ~24-25 mag 
candidates is possible. 


Especially for supernova hypothesis, 
Subaru+Gemini can do now. 

TM+2010

Yasuda+2019
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EM identification for neutrino sources is one of the important 
“multi-messenger” astronomy. 

Origins of high-E neutrinos are still ill-constrained. 

EM Follow-up Observations for EM Counterparts of IceCube 
neutrino sources are being intensively made. 

Difficulties in general there are 


multiple origins (theories) under consideration

multiple observing strategies required

IceCube localization is not so good (still much better than 
gravitational wave)


wide-field observations required in general

One Success: TXS 0506+056 for IceCube-170922A


blazar/BL Lac@z=0.3356

Follow-up Observations Now: Uniqueness of Subaru+Gemini

Follow-up Observations in Future: Subaru/LSST+TMT

Follow-up Observations for “Multiplets” are desired. 

Summary


