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We present our follow-up observations in optical and infrared wavelengths to identify electro-
magnetic (EM) counterparts of high-energy neutrinos detected with the IceCube experiment.
Our observing facilities include a wide range of telescope apertures from small-size (∼ 0.5m)
to the largest-size (∼ 8m) in the world. Unique wide-field instruments are also utilized; Hyper
Suprime-Cam (1.8 deg2 field-of-view) on the 8.2-m Subaru telescope and Tomo-e Gozen (20 deg2

field-of-view) on the 1.05-m Kiso Schmidt telescope. We first aim for searching for candidates of
highly variable blazars (including those with red optical colors dominated by their host galaxies
rather than blazar components), peculiar supernovae (SNe), and tidal disruption events (TDEs).
We also conduct follow-up spectroscopic observations to identify the nature and determine the
redshift of the candidates to claim the coincidence of the source with the neutrino detection.
We successfully identified the EM counterpart of the high-energy neutrino IceCube-170922A,
TXS 0506+056, with quick detection of the rapid near-infrared brightness change with HONIR
on the 1.5-m Kanata telescope. After this variability detection in addition to the Fermi/LAT
flux increase, world-wide follow-up observations were intensively conducted and the coincidence
with the neutrino detection was found. We found that TXS 0506+056 showed a large-amplitude
(∼ 1.0 mag) variability in >several-day time scale or longer with the bluer-when-brighter trend,
although no significant variability was detected in a time scale of < 1-day. Structure function
analyses indicate that TXS 0506+056 is not a special blazar in terms of optical variability.
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1. Introduction

Identification of the origin of high-energy (TeV-PeV) neutrinos are important to understand
the acceleration mechanisms of high-energy neutrinos and cosmic rays. The IceCube experiment
at the South Pole has been detecting high-energy neutrinos. The IceCube collaboration started
issuing alerts in 2016 [1] to promote electromagnetic follow-up observations to identify the origin.
Follow-up observations in optical wavelengths play key roles in many aspects, including searches
for transients possibly related to the neutrino detection, determination of the distances/redshifts to
the transients and their host galaxies via spectroscopic observations, and characterization of the
transients. Typically, the localization of a neutrino arrival direction is as wide as ∼ 1 deg, which
can be observed with wide-field telescopes and instruments in optical wavelengths.

Our observing group has been conducting follow-up observations in optical and near-infrared
wavelengths with a variety of telescopes with apertures of the primary mirrors from ∼ 0.5 m
to ∼ 8 m spread over the world [2]. Among them, two wide-field imaging instruments, Hyper
Suprime-Cam (1.8 deg2 field-of-view; [3]) on the 8.2-m Subaru telescope and Tomo-e Gozen (20
deg2 field-of-view; [4]) on the 1.05-m Kiso Schmidt telescope, are so powerful that the entire error
region can be covered to search for transient phenomena.

2. Success of Neutrino Source Identification for IceCube-170922A

The IceCube experiment detected a ∼ 290 TeV neutrino on September 27, 2017, and issued an
alert via GCN [5, 6]. The central coordinate of the neutrino direction for this event was determined
to be (RA, Dec) = (77.43+0.95

−0.65, +5.72+0.50
−0.30) [deg] in J2000. We quickly started imaging observations

for 7 blazar candidates in the BROS catalog [7] inside the error region with HONIR [8] on the 1.5-m
Kanata telescope and towards the entire error region with the Kiso Wide Field Camera (KWFC;
[9]) on the 1.05-m Kiso Schmidt telescope.

Among the 7 BROS blazar candidates, rapid near-infrared variability of TXS 0506+056 was
detected by comparing the September 23 and 24 HONIR 𝐽-band data. Then, the Fermi/LAT data
in this region were examined and the recent 𝛾-ray flare was reported [10]. These led to further
intensive multi-wavelength follow-up observations of TXS 0506+056, resulting in revealing the
detailed SED of TXS 0506+056 as a neutrino source [2, 6].

The redshift of was determined with multiple weak emission lines to be 𝑧 = 0.3365 with the 10-
m GTC [11]. We also took several spectra with Kanata/HOWPol, Nayuta/MALLS, Subaru/FOCAS,
and Gemini-S/GMOS and all the spectra are consistent with the GTC result.

We monitored TXS 0506+056 with our observing facilities including the 0.4-m Kyoto telescope,
the 0.5-m MITSuME Akeno telescope, Tomo-e Gozen [4] on the 1.05-m Kiso Schmidt telescope,
SIRIUS on the 1.4-m Infrared Survey Facility (IRSF), HONIR [8] on the 1.5-m Kanata telescope,
and HSC [3] on the 8.2-m Subaru telescope. A large-amplitude (∼ 1.0 mag) variability in >several-
day time scale or longer is observed, although no significant variability was detected in a time scale
of < 1-day [2]. With the follow-up optical data, the bluer-when-brighter trend are observed as seen
in other AGN [2, 12]. Structure function analyses indicate that TXS 0506+056 is not a special
blazar in terms of optical variability [2].
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3. Near-Future Prospects

After the IceCube-170922A event, two TDEs are identified to be likely sources of the two
neutrinos; AT2019dsg at 𝑧 = 0.051 for IceCube-191001A [13] and AT2019fdr at 𝑧 = 0.267 for
IceCube-200530A [14]. Given the typical optical luminosity of possible neutrino sources such
as TDEs [15] and SNe [16] and the expected higher redshifts of 𝑧 ∼ 0.5 − 1 for a typical singlet
neutrino [17], 4m or 8m-class optical telescopes are required to discover in imaging, and classify
and identify those types of transients in spectroscopy, as tried for IceCube-170922A with DECam
on the 4m Blanco telescope with which a source SN is searched for [18]. Currently, Hyper Suprime-
Cam (HSC, 1.8 deg2 field-of-view) on the 8.2-m Subaru Telescope has the largest survey power
while the Rubin/LSST (6.5-m-effective primary mirror and 9.6 deg2 field-of-view) will start its
operation soon. Spectroscopic identification of apparently faint transients at 𝑧 ∼ 1 is not easy but
not impossible with the current 8-m class telescopes [19]. Spectroscopy with 30m-class telescopes
will enable us to effectively identify them.

A blind spectroscopic survey with high-multiplicity spectrographs on > 4-m telescopes such
as Prime Focus Spectrograph (PFS) on the 8.2-m Subaru Telescope [20] and the Dark Energy
Spectroscopic Instrument (DESI) on the 4-m Mayall telescope [21] will be another solution. These
instruments can cover the IceCube error region effectively. The number of the transients within
the region is roughly a few hundreds [22] and can be simultaneously observed with these powerful
instruments.

However, chance coincidence of transients unrelated to the neutrino event always will be a
problem when we want to pin down the source of the neutrino [23]. Interacting SNe are rarer than
Type Ia SNe and normal core-collapse SNe, but the number density is still an order of 10 deg−2 up
to 𝑧 ∼ 1 discovered with 8m-class telescopes. Then, better localization (∼ 0.1 deg2 for a singlet)
or closer source (i.e., smaller volume) would be expected to identify the source with smoking-gun
evidence. TDEs are as rare as < 1 deg−2 and PFS or DESI specetroscopic survey for transients
enables us to identify a TDE as a neutrino source. For a multiplet neutrino event, the expected
redshift to a source is as low as 𝑧 ∼ 0.15 [23] and such chance coincidence is smaller than unity
even for intearacting SNe. For such closer transients, 4m-class telescope imaging capability is deep
enough.
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