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Abstract

We present our follow-up observations to search for an electromagnetic counterpart of
the IceCube high-energy neutrino IceCube-170922A. Monitoring observations of a likely
counterpart, TXS 0506+056, are also described. First, we quickly took optical and near-
infrared images of seven flat-spectrum radio sources within the IceCube error region
right after the neutrino detection and found a rapid flux decline of TXS 0506+056 in
Kanata/HONIR J-band data. Motivated by this discovery, intensive follow-up observa-
tions of TXS 0506+056 were continuously performed, including our monitoring imaging
observations, spectroscopic observations, and polarimetric observations in optical and
near-infrared wavelengths. TXS 0506+056 showed a large-amplitude (∼1.0 mag) vari-
ability in a time scale of several days or longer, although no significant variability was
detected in a time scale of a day or shorter. TXS 0506+056 also showed a bluer-when-
brighter trend in optical and near-infrared wavelengths. Structure functions of the vari-
abilities were examined and indicate that TXS 0506+056 is not a special blazar in terms of
optical variability. Polarization measurement results of TXS 0506+056 are also discussed.

Key words: BL Lacertae objects: general — BL Lacertae objects: individual (TXS 0506+056) — galaxies: active —
neutrinos — relativistic processes — surveys

1 Introduction

Recent detections of high-energy, TeV–PeV, neutrinos real-
ized by the IceCube experiment (Aartsen et al. 2014) have
made more exciting the electromagnetic identification of the
neutrino sources. Such high-energy neutrinos are produced
by the decay of charged pions which are created through
cosmic-ray interactions with radiation (pγ ; Winter 2013)
or gas (pp; Murase et al. 2013). Therefore, detection of
high-energy neutrinos is smoking-gun evidence of the exis-
tence of high-energy protons (cosmic rays). Observations

of high-energy neutrinos provide unique information about
cosmic-ray acceleration mechanisms and their acceleration
sites, if their origins are identified.

In IceCube Collaboration (2015), detections of a total of
54 neutrino events by the IceCube experiment are reported
from data covering 4 years. The arrival directions of the
54 IceCube events are consistent with being isotropic and
do not show any clustering in the Galactic plane (IceCube
Collaboration 2015), indicating that the neutrino sources
would be extragalactic (Aartsen et al. 2014). Neutrinos can
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travel cosmological distances without being deflected by
cosmic magnetic fields or absorbed by photon fields. On the
other hand, the contribution of high-redshift sources repre-
sents only a small fraction of the total observed flux due to
redshift dilution. Thus, the competition between the neu-
trino’s penetrating power and the redshift dilution makes
emissions from sources at redshifts of z ∼ 1–2 dominant in
IceCube single-neutrino (singlet) events (Kotera et al. 2010;
Icecube Collaboration 2017). The IceCube collaboration
started issuing real-time alerts in 2016 April (Aartsen et al.
2017c), and the number of neutrino detections is increasing.

Many hypotheses for the origin of high-energy neu-
trinos have been proposed, including blazars (Mannheim
1995; Mücke et al. 2003; Becker et al. 2005), starburst
galaxies (Loeb & Waxman 2006; Bechtol et al. 2017),
Type IIn supernovae (Murase et al. 2011; Aartsen et al.
2015), choked-jet supernovae (Razzaque et al. 2004; Senno
et al. 2016), gamma-ray bursts (GRBs; Waxman & Bahcall
1997; Aartsen et al. 2017b), tidal disruption events (TDEs;
Senno et al. 2017), and active galactic nuclei (AGNs) core
(Eichler 1979; Inoue et al. 2019).

Attempts have been made to assess these theories obser-
vationally, and some observational results set constraints
on the theories as described in the this paragraph. Kadler
et al. (2016) showed that a high-fluence GeV blazar,
PKS 1424−418, is a possible origin for one of the high-
energy starting events (HESEs), HESE-35, based on the
temporal and positional coincidence between the neutrino
detection and the γ -ray flare of the blazar. This blazar
shows broad C IV, C III, and Mg II lines in its optical spec-
trum and is classified as a flat-spectrum radio quasar
(FSRQ) at z = 1.522 (White et al. 1988). On the other hand,
there is not, in general, good spatial and temporal correla-
tion between neutrino detections and Fermi γ -ray blazars,
indicating that the contribution of Fermi γ -ray blazars to
the diffuse neutrino flux is as small as <27% (Aartsen et al.
2017a). No other origin candidates have been strongly sup-
ported as a significantly contributing source to the neutrino
background (Senno et al. 2016, 2017; Bechtol et al. 2017).
Very recently, a radio-emitting TDE at z = 0.051, discov-
ered on 2019 April 1, was claimed to be an associated
source to the neutrino event IceCube-191001A (Stein et al.
2020).

On 2017 September 22 at 20:54:30.43 (MJD =
58018.871), the IceCube experiment detected a track event
of a high-energy neutrino (∼290 TeV; IceCube Collabora-
tion 2018), IceCube-170922A, and Kopper and Blaufuss
(2017) reported it via the Gamma-ray Coordinates Net-
work (GCN) Circular. The direction was constrained to be
RA = 77.◦43+0.95

−0.65 and Dec = +5.◦72+0.50
−0.30 in J2000.0 equinox

(90% confidence region). TXS 0506+056, a BL Lac blazar
within the error region, was pointed out to be a good

candidate for the counterpart (Tanaka et al. 2017; see
also subsection 3.1) and was subsequently observed with
many telescopes over a wide wavelength range (IceCube
Collaboration 2018). During the intensive follow-up obser-
vations, the redshift of TXS 0506+056 was successfully
determined to be z = 0.3365 (Paiano et al. 2018). In addi-
tion, TXS 0506+056 was independently detected in high-
energy γ -ray with the Large Area Telescope (LAT) on the
Fermi satellite (Tanaka et al. 2017; IceCube Collabora-
tion 2018), the MAGIC telescope (IceCube Collaboration
2018; Ansoldi et al. 2018), and the AGILE γ -ray telescope
(Lucarelli et al. 2019), which strengthens the coincidence
between TXS 0506+056 and the neutrino source.

TXS 0506+056 is a blazar registered in the Texas
Survey of Radio Sources catalog (Douglas et al. 1996) and
one of the highest-energy γ -ray-emitting blazars among
those detected by the Energetic Gamma Ray Experi-
ment Telescope (EGRET) γ -ray (30 MeV–30 GeV) satel-
lite (Dingus & Bertsch 2001). The radio-to-gamma-ray
spectral energy distribution (SED; IceCube Collaboration
2018) in combination with its featureless spectra (Paiano
et al. 2018; IceCube Collaboration 2018) and peak fre-
quency νS of 1014.5 ± 0.25 Hz (Padovani et al. 2019) indi-
cate that TXS 0506+056 is an intermediate synchrotron
peaked (1014 < νS < 1015 Hz) BL Lac object (ISP or IBL;
Padovani et al. 2018), although Padovani et al. (2019)
claimed that TXS 0506+056 is a masquerading BL Lac.
The bolometric luminosity Lbol is estimated to be a few ×
1045 erg s−1 (Padovani et al. 2019), which is roughly con-
sistent with being an ISP by following the so-called blazar
sequence (Fossati et al. 1998; Kubo et al. 1998; Ghisellini
et al. 2017).

In BL Lac SEDs, non-thermal emission from a rela-
tivistic jet dominates the thermal emission from an accre-
tion disk in rest-frame UV-optical wavelengths and from a
dusty torus in rest-frame near-infrared (NIR) wavelengths,
as well as its host galaxy. Temporal flux (luminosity) vari-
ability of blazars is sometimes explained by a shock-in-jet
model (Marscher & Gear 1985), and it is useful to see a
possible link between neutrino emission, probably from a
relativistic jet, and electromagnetic emission activities. To
assess whether or not TXS 0506+056 is a special blazar
and 2017 September 22 is a special timing, it is worth
examining the variability properties of TXS 0506+056.
Blazars, in general, show large and rapid variability in
optical wavelengths (Bauer et al. 2009), which could be
a key to understanding the relationship with neutrino emis-
sion. Although it is dependent on blazar types, intranight
variability is significantly detected for several tens of percent
of blazars, and its duty cycles are also several tens of per-
cent (Rani et al. 2011; Paliya et al. 2017; Bachev et al. 2017;
Gaur et al. 2017). Thus, short-time-scale variability is also
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worth examining. Polarization information would also pro-
vide clues to understanding what happens in a relativistic
jet.

The structure of this paper is as follows. In section 2
we describe our follow-up observations after the IceCube-
170922A alert, including imaging and spectroscopic obser-
vations in the optical and near-infrared wavelengths. We
describe and discuss the observational results in section 3.
The neutrino direction and TXS 0506+056 are inside the
Pan-STARRS1 (PS1; Chambers et al. 2016) footprint and
outside the Sloan Digital Sky Survey (SDSS; York et al.
2000) footprint. The cosmological parameters used in this
paper are �M = 0.3, �� = 0.7, H0 = 70 km s−1 Mpc−1. All
the observing times are specified in UT.

2 Follow-up observations and data

reduction

We started intensive follow-up observations in optical and
NIR wavelengths right after receiving the real-time alert
of the event. In this section we summarize our general
strategy for identifying an electromagnetic counterpart of
an IceCube neutrino-emitting source (subsection 2.1), quick
observations to search for a IceCube-170922A counterpart
candidate (subsections 2.2 and 2.3), and follow-up observa-
tions after a likely counterpart, TXS 0506+056, was identi-
fied, including monitoring imaging and spectroscopic obser-
vations. Polarimetric observations for TXS 0506+056 are
also described (subsection 2.4).

2.1 Strategy for seeking an IceCube-170922A
electromagnetic counterpart

Since the real-time alert system of IceCube was started in
2016 April (Aartsen et al. 2017c), we have organized a
strategic optical and NIR follow-up observing group uti-
lizing the Optical and Infrared Synergetic Telescopes for
Education and Research (OISTER; M. Yamanaka et al. in
preparation) and other Japanese facilities. Considering mul-
tiple possibilities for transient high-energy neutrino sources,
we adopt multiple observing strategies using our optical and
NIR facilities.

In order to test the blazar scenario, we first select blazar
candidates with flat radio spectra catalogued in the BROS
catalog (Itoh et al. 2020). The BROS catalog collects flat-
spectrum radio sources selected using a combined catalog
(de Gasperin et al. 2018) of the National Radio Astronomy
Observatory Very Large Array Sky Survey (NVSS; Condon
et al. 1998; 1.4 GHz) and the Tata Institute of Fundamental
Research Giant Metrewave Radio Telescope Sky Survey
(TGSS; Intema et al. 2017; 150 MHz) catalogs. The final
criterion on the radio spectral slope to select flat-spectrum
objects is α > −0.6 where fν ∝ να (Itoh et al. 2020), while

the criterion was α > −0.5 at the observation times in this
paper. We carry out optical and NIR imaging observations
to detect any possible brightness change from a neutrino-
emitting blazar within an IceCube localization. For this pur-
pose, 1–2 m class telescopes in the OISTER collaboration
are mainly used. A fraction of the BROS sources are appar-
ently optically faint and not detected in the PS1 data. We
search for variabilities of such faint blazar candidates with
Hyper Suprime-Cam (HSC; Miyazaki et al. 2012) on the
8.2 m Subaru telescope.

Supernovae are also thought to be candidates for gen-
erating high-energy neutrinos. To find a supernova from
which a neutrino may originate, we also carry out wide-
field optical imaging surveys to cover a significant fraction
of an IceCube localization using wide-field optical imagers
such as the Kiso Wide Field Camera (KWFC; Sako et al.
2012)1 and Tomo-e Gozen (Sako et al. 2016, 2018) on
the 1.05 m Kiso Schimidt telescope and HSC on the 8.2 m
Subaru telescope.

For the IceCube-170922A event, we performed optical
and NIR observations with both these strategies. Our blind
survey for supernovae is described in a separate paper
(T. Morokuma et al. in preparation).

2.2 Optical and NIR imaging

All the imaging observations are summarized below and in
table 1. The detailed characteristics of the telescopes and
instruments are summarized in the table.

2.2.1 Initial response to the alert: Search for a rapidly vari-
able blazar

We started follow-up imaging observations 0.8 d after
the IceCube-170922A alert with the Hiroshima Optical
and Near-Infrared camera (HONIR; Akitaya et al. 2014)
on the 1.5 m Kanata telescope at the Higashi Hiroshima
Observatory (RC and J bands) and the KWFC (Sako
et al. 2012) on the 1.05 m Kiso Schmidt telescope
(g, r, and i bands). On subsequent nights, the HSC
(Miyazaki et al. 2012) on the 8.2 m Subaru telescope
(z band) and 0.5 m MITSuME Akeno telescope (Kotani
et al. 2005; Yatsu et al. 2007; Shimokawabe et al. 2008;
g, RC, and IC bands) were also used. The fields-of-view of
KWFC and HSC are well suited to effectively covering the
localization area given by IceCube, as shown in figure 1.

The brightness of a counterpart is unknown and difficult
to predict because of the unknown nature of and distance
to the counterpart. Thus, we adopt multiple exposure times
of 3–180 s as summarized in table 1.

There were seven flat-spectrum radio sources in a pre-
liminary version of the BROS catalog within or right out-
side the 90% localization of IceCube-170922A, as shown

1KWFC was decommissioned in 2018 August.
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Table 1. Telescopes and instruments used for follow-up imaging observations.∗

Mode Telescope Aperture [m] Instrument FoV Filter texp [s]

M Kyoto 0.4 — 18′ (rectangle) V 60
SM MITSuME (Akeno) 0.5 — 28′ (rectangle) g, RC, IC 60
SM Kiso 1.05 KWFC 2.

◦
2 (rectangle) g, r, i 10, 30, 60, 180

M Kiso 1.05 Tomo-e Gozen (39.′7 × 22.′4) × 4† No 0.5
M IRSF 1.4 SIRIUS 7.′7 (rectangle) J, H, K 10
SM Kanata 1.5 HONIR 6′ (diameter) RC, J 25–95 (RC), 10–80 (J)
SM Subaru 8.2 HSC 1.

◦
5 (diameter) z 3–5

∗In the first column, S and M denote “survey” and “monitoring,” respectively.
†When we took the Tomo-e Gozen data, the instrument was operating with a limited number of sensors (four) before the completion of the 84-sensor instrument
in 2019.

Fig. 1. Coadded r-band image of the field taken with KWFC. North is up and east is left. The IceCube 90% containment region (IceCube Collaboration
2018) is shown by the thick blue ellipse, and its center is indicated as a blue cross. The seven flat-spectrum radio sources in the preliminary BROS
catalog which we observed first are indicated by small blue circles, and the TXS 0506+056 region is marked as a red rectangle, close to the blue
cross. A zoomed-in 1′ × 1′ view around TXS 0506+056 is also shown in the top right inset. The fields of view of the optical and NIR instruments used
in this paper are shown in brown. For Tomo-e Gozen, the field of view of one sensor is shown. (Color online)

in figure 1 and listed in table 2. Five of the seven sources
were detected in the optical archival PS1 DR1 data. Each
of the seven BROS sources was observed basically one by
one with Kanata/HONIR and MITSuME, while all seven
were also covered by two KWFC pointings and two HSC
pointings. As described in subsection 3.1, we performed a
quick data reduction for the data, and a Kanata/HONIR
difference image for TXS 0506+056 revealed that it was
fading on a time scale of a day.

2.2.2 Monitoring for TXS 0506+056
After detecting rapid NIR variability of TXS 0506+056
with Kanata/HONIR (described in subsection 3.1), we
continued monitoring TXS 0506+056 with the telescopes

described in sub-subsection 2.2.1. In addition, we carried
out J-, H-, and Ks-band simultaneous imaging with SIRIUS
(Nagayama et al. 2003; Nagayama 2012) on the 1.4 m
Infrared Survey Facility (IRSF) and V-band imaging with
the 0.4 m Kyoto telescope. The exposure times of the single
images were 10 s and 60 s. We also took non-filter CMOS
imaging data with Tomo-e Gozen (Sako et al. 2016, 2018)
on the Kiso Schmidt telescope with the 2 fps readout mode.
No filters were used; the sensors of Tomo-e Gozen are sen-
sitive in ∼350–900 nm (Kojima et al. 2018).

2.2.3 Data reduction of imaging data
All the data were reduced in a standard manner, including
bias, overscan, and dark current subtractions if necessary
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Table 2. Seven flat-spectrum radio sources observed within or right outside the IceCube 90% error region.∗

RA, Dec RA, Dec fTGSS fNVSS

Name (NVSS) (PS1) Sep. [mJy] [mJy] r(PS1) Note†

BROS J0509+0541 05h09m26.s0, +05
◦
41′35.′′6 05h09m26.s0, +05

◦
41′35.′′4 4.′58 406.7 546.8 15.04 (1)

J0509+0529 05h09m12.s0, +05
◦
29′22.′′0 05h09m12.s3, +05

◦
29′22.′′8 15.′83 25.8 17.9 17.05 (2)

BROS J0512+0538 05h12m05.s7, +05
◦
38′41.′′7 05h12m05.s7, +05

◦
38′41.′′2 35.′72 57.9 24.0 15.95

BROS J0512+0540 05h12m11.s6, +05
◦
40′15.′′2 05h12m11.s6, +05

◦
40′15.′′6 37.′03 160.9 63.0 22.62

J0512+0615 05h12m36.s0, +06
◦
15′45.′′0 05h12m36.s6, +06

◦
15′43.′′8 54.′03 24.7 10.2 20.86 (2)

BROS J0512+0608 05h12m56.s7, +06
◦
08′19.′′1 05h12m56.s8, +06

◦
08′17.′′6 54.′28 350.9 159.5 18.46

BROS J0514+0549 05h14m40.s1, +05
◦
49′23.′′2 05h14m39.s5, +05

◦
49′20.′′3 74.′11 267.6 268.0 19.87

∗These were registered in the preliminary version of the BROS catalog when we started the follow-up observations. The values are: coordinates of the sources
in the NVSS and PS1 catalogs, separation from the IceCube detection center in arcmin, radio fluxes at 150 MHz (TGSS) and 1.4 GHz (NVSS) in mJy, and PS1
r-band Kron magnitude.

†Notes: (1) TXS 0506+056, FL8Y J0509.4+0542. (2) No objects in latest BROS.

and possible, flat-fielding, astrometry with optimistic pat-
tern matching (OPM; Tabur 2007) or Astrometry.net (Lang
et al. 2010), although some differences exist (e.g., distor-
tion correction is applied only for HSC data). Details of the
data reductions are described in Morokuma et al. (2014)
for KWFC and Tachibana et al. (2018) for MITSuME. The
HSC data were analyzed with hscPipe v4.0.5, which is the
standard HSC reduction pipeline (Bosch et al. 2018). Tomo-
e Gozen CMOS sensor data were also reduced with the
dedicated pipeline described in Ohsawa et al. (2016).

Photometry was performed with SExtractor (Bertin &
Arnouts 1996) using MAG_AUTO. All magnitudes in
optical and NIR wavelengths are measured in the AB
system. The optical magnitudes were calibrated relative to
the PS1 Data Release 2 (DR2) catalog (Magnier et al. 2016;
Flewelling et al. 2016). Johnson–Cousins filter data were
also calibrated to PS1 data in filters with similar bandpasses
(i.e., PS1 r for RC and PS1 i for IC). No-filter Tomo-e Gozen
data were also calibrated relative to r-band PS1 data. The
magnitudes of field stars at NIR wavelengths were derived
from the 2MASS database (Skrutskie et al. 2006) and con-
verted to the AB system by following Tokunaga and Vacca
(2005).

To search for a counterpart (sub-subsection 2.2.1), we
applied an image subtraction method (Alard & Lupton
1998; Alard 2000) for the imaging data with reference
images from PS1 in optical and 2MASS in NIR. Except
for Subaru/HSC, all of our optical imaging data are shal-
lower than PS1 images and the depths of the search are
limited by the depths of our data. On the other hand, in
NIR, 2MASS data are not so deep and we also performed
another subtraction in which our first (reference) images
were subtracted from our new data.

For photometry for the normal images without image
subtractions, we add additional 3% errors to the errors
measured with SExtractor. This is because photometry

errors based on photon statistics usually underestimate the
errors, which should follow a Gaussian distribution around
the real values for non-variable objects, for example due to
imperfect flat-fielding procedures.

2.2.4 ASAS-SN monitoring data
ASAS-SN covers a large fraction of the sky. Long-term
data nicely covering before and after the neutrino detec-
tion are available, and significant variability and bright-
ening of TXS 0506+056 before the neutrino detection were
reported in Franckowiak et al. (2017). Original ASAS-SN
V-band data are available and taken from ASAS-SN Sky
Patrol2 (Shappee et al. 2014; Kochanek et al. 2017). The
data are calibrated relative to the AAVSO Photometric All-
Sky Survey (APASS; Henden & Munari 2014). As men-
tioned in IceCube Collaboration (2018), the star nearby to
the west,3 gMeanPSF = 14.7782 ± 0.0024, rMeanPSF = 14.4373
± 0.0010 in the PS1 DR2 catalog, corresponding to V =
14.587, which is converted using an equation in Kostov
and Bonev (2018), contaminates the target flux in photom-
etry of ASAS-SN Sky Patrol because of the coarse spatial
sampling (8′′ pixel−1) and large PSF (∼15′′ full width at half
maximum) of ASAS-SN. We estimate the contribution to
TXS 0506+056 to be 30% of the nearby star flux, and
subtracted this from the target flux to extract only the flux
of TXS 0506+056. We did not add additional errors to
the original error of TXS 0506+056. We also confirmed
that this correction does not change our conclusions. The
brightness of the star nearby to the west is confirmed to
be almost constant over our observing period based on our
data.

2〈https://asas-sn.osu.edu〉.
3Separated by 17.′′079, objID = 114830773534352391, (RA, Dec) = (05h09m24.s82,
+05◦41′35.′′7) in PS1 DR2.
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Table 3. Telescopes and instruments used for follow-up spectroscopic observations.

Telescope Aperture Instrument Grism Filter λ [Å]∗ R† texp [s] Date (UT) MJD

Nayuta 2.0 m MALLS 150 l mm−1 WG320 4700–8600 600 900 × 6 2017-09-29 58025.7
Kanata 1.5 m HOWPol grism NONE 4700–9200 400 900 × 3 2017-09-29 58025.7
Subaru 8.2 m FOCAS 300B SY47 4600–8200 400 100 × 11 2017-09-30 58026.6
Subaru 8.2 m FOCAS VPH850 SO58 7500–10500 1200 100 × 7 2017-10-01 58027.6
Gemini-North 8.2 m GMOS B1200 NONE 3400–4960 3700 600 × (3 + 8)

+ 240 × 1
2017-11-11,15 58071.5

∗Usable wavelength ranges rather than observed wavelength ranges.
†Spectral resolutions.

2.3 Optical spectroscopy

An obstacle to studying the neutrino source in detail was
uncertain redshift determination of TXS 0506+056. Red-
shift determination of BL Lac objects is in general diffi-
cult and requires a large amount of observing time with
a large-aperture optical telescope (Landoni et al. 2015a,
2015b) even if their images can be easily taken with 1 m
class telescopes. This was the case for TXS 0506+056, and
the redshift had not been reliably determined (Halpern et al.
2003).

TXS 0506+056 was spectroscopically observed in
optical wavelengths, and the redshift is reported to be
z = 0.336 in Ajello et al. (2014). However, the origin of
this redshift determination is unclear from the figure and
text in that paper. MAGIC high-energy γ -ray detection
(Mirzoyan 2017, 2018) gives another constraint on the
redshift through the measurement of the γ –γ attenuation
effect. In IceCube Collaboration (2018), several conserva-
tive estimates were made with the MAGIC data, and the
95% confidence level upper limit on the source redshift was
z < 0.98, while the lowest upper-limit redshift is z < 0.41.
Since there were still debates on the redshift determination
before Paiano et al. (2018) determined the redshift to be
z = 0.3365, spectroscopic measurement was still important
(Steele 2017; Morokuma et al. 2017).

We took optical long-slit spectra with the Medium And
Low-dispersion Long-slit Spectrograph (MALLS) on the
2 m Nayuta telescope, HONIR (Akitaya et al. 2014) on
the 1.5 m Kanata telescope, the Faint Object Camera and
Spectrograph (FOCAS; Kashikawa et al. 2002) on the 8.2 m
Subaru telescope, and the Gemini Multi-Object Spectro-
graph (GMOS; Hook et al. 2004) on the 8.2 m Gemini-
North telescope. The spectral resolutions of the observa-
tions were mostly as low as R ∼ 1000 or even lower. The
exposure times were not so long, 1.5 hr at longest. These
are summarized in table 3. The FOCAS observations and
spectra are described and shown in the supplementary part
of IceCube Collaboration (2018).

All the spectra were reduced in a standard manner with
IRAF, including bias subtraction, flat-fielding, wavelength

calibration, sky subtraction, and source extraction, while
the Gemini-N/GMOS data was reduced with the Gemini
IRAF package. Wavelength calibration was done using
lamp spectra or night-sky lines. Flux calibration was not
applied and the 1 d spectra obtained were normalized with
continua to see any weak emission and absorption lines.

2.4 Optical and NIR polarimetry

We also conducted optical and NIR polarimetry observa-
tions with HONIR (Akitaya et al. 2014) at the Cassegrain
focus on the 1.5 m Kanata telescope. HONIR is equipped
with a rotatable half-wave plate and a Wollaston prism
which enables us to conduct simultaneous polarimetry
observations in optical and NIR channels. We used the R
band and J band in the optical and NIR channels. The data
were taken on 15 nights, from t = 8 d to t = 213 d after the
IceCube alert. Each observation consisted of a set of four
exposures at half-wave plate position angles of 0.

◦
0, 22.

◦
5,

45.
◦
0, and 67.

◦
5.

The data were reduced following the data analysis
methodology described in Kawabata et al. (1999) to derive
polarization degrees and angles. Instrumental polarization
induced by the optical system within the Kanata telescope
and HONIR has been confirmed to be as small as 0.1%–
0.2% (Akitaya et al. 2014; Itoh et al. 2017).

Data taken with a fully polarizing filter inserted in front
of HONIR were used for the correction of the wavelength-
dependent origin points of the position angles (originating
from the multi-layered superachromatic half-wave plate).
The polarization degrees obtained were as stably high as
�99% with this filter in both R and J bands and we did not
perform the depolarization correction. A strongly polar-
ized star, BD +64

◦
106 (Schmidt et al. 1992), was observed

to correct the observed position angle in celestial coor-
dinates and was used to calibrate the position angles of
TXS 0506+056. Galactic foreground polarization should
be almost negligible (PR � 0.7% or PJ � 0.2%) because the
interstellar extinction toward TXS 0506+056 is AR = 0.235
or AJ = 0.077 mag (Schlafly & Finkbeiner 2011; Serkowski
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et al. 1975). These values are mostly smaller than the mea-
sured values so we did not adopt any correction for the
observed polarization.

The observing epochs are separated into two as below.
The first epochs were ∼1.5 months after the IceCube
alert. The second epochs were around t ∼ 180 d after the
alert, when larger polarization degrees of TXS 0506+056
based on polarimetric data taken with Liverpool/RINGO
were reported (Steele et al. 2018). Motivated by this
report, we also took additional polarization data with
Kanata/HONIR.

3 Results and discussions

3.1 Discovery of rapid NIR variability of
TXS 0506+056

We examined the subtracted J-band HONIR images
(HONIR–HONIR and HONIR–2MASS) to see any rapid
variability of the BROS blazars and blazar candidates.
Figure 2 shows HONIR–HONIR subtraction images for
the seven sources in table 2, which were listed in the pre-
liminary BROS catalog at the observation time. We found
that TXS 0506+056 showed a fading trend, by ∼0.15 mag,
from 2017 September 23 to 24, as shown in the top panels
of figure 2. In g-band data taken with Kiso/KWFC, about
0.15 mag decline was also detected. For the other sources,
we did not find any significant NIR variability from the
two-night HONIR data or did not detect the object, which
was consistent with the non-detection or faint magnitudes
recorded in the PS1 optical imaging data.

This rapid brightness change of TXS 0506+056 may
indicate a possible relation with the neutrino detection,
motivating examination of Fermi γ -ray all-sky monitoring
data. One of the co-authors of this paper led this effort,
found its γ -ray variability, and reported it via Astronomer’s
Telegram (ATel; Tanaka et al. 2017). This was further
followed by multi-wavelength follow-up observations; see
figure 3 and IceCube Collaboration (2018).

The timeline from the IceCube alert (Kopper &
Blaufuss 2017) to the first Fermi ATel report (Tanaka
et al. 2017) is summarized in figure 3. After the Ice-
Cube alert, some observational reports with monitoring
and follow-up data were distributed via GCN and ATel. In
summary, no possible related objects to the IceCube neu-
trino were mentioned in any of the reports before Tanaka,
Buson, and Kocevski (2017). At the event time, no sig-
nificant γ -rays (INTEGRAL SPI-ACS in Savchenko et al.
2017; HAWC in Martinez & Taboada 2017; H.E.S.S.
in de Naurois & H.E.S.S. Collaboration 2017) or neu-
trinos (ANTARES in Dornic & Coleiro 2017a, 2017b),
were detected. In Swift/XRT follow-up observations, nine

sources were detected (including eight known sources;
Keivani et al. 2017), although no special notices were made
for TXS 0506+056.

3.2 Light curves of TXS 0506+056

Time variabilities of the observables are shown in figure 4
for optical magnitudes, NIR magnitudes, optical and NIR
colors, optical and NIR polarization degrees and angles,
and γ -ray fluxes in the low (100–800 MeV) and high
(800 MeV–10 GeV) energy bands. In addition to our own
data (subsection 2.2), optical V-band data from ASAS-SN
(see sub-subsection 2.2.4), RINGO3 optical polarimetry
data (see subsection 2.4), and Fermi γ -ray data were also
used.

The γ -ray fluxes are taken from the Fermi All-sky Vari-
ability Analysis (FAVA; Abdollahi et al. 2017) website.4

Aperture photometry fluxes in the low (100–800 MeV)
and high (800 MeV–30 GeV) energy bands are used in
this paper. We understand that the FAVA light curves are
preliminary, as described on the FAVA website, but the
temporal behavior is similar to those shown in IceCube
Collaboration (2018) and the FAVA data are good enough
for our purposes.

3.3 Variability of TXS 0506+056

We investigate optical and NIR variabilities in daily (sub-
subsection 3.3.1), intranight (sub-subsection 3.3.2), and
second-scale (sub-subsection 3.3.3) time scales. We con-
struct structure functions (SFs) of the optical and NIR vari-
ability of TXS 0506+056, which are, in general, defined
to be the ensemble variability of an object or a specific
set of objects, to quantify its time variability. We compare
the SFs of TXS 0506+056 with those of other AGNs in
the literature. A caveat and problem are pointed out in
Emmanoulopoulos, McHardy, and Uttley (2010) when an
SF is used for studying the time scale of blazar variability;
however, in this paper we discuss only the variability ampli-
tudes at given time scales, not the time scale itself.

We adopt an usual concept in the definition of the struc-
ture function V(�t) as

V(�t) =
√

〈|�m|2〉 − 〈σ 2
S/N〉 (1)

where �t is the time interval between observations, �m
is the magnitude difference between different observations,
and σ S/N is the measurement error in mag. We calculate
SFs for TXS 0506+056 and neighboring stars with similar
brightness to TXS 0506+056. These two SFs are compared

4〈https://fermi.gsfc.nasa.gov/ssc/data/access/lat/FAVA/〉.
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Fig. 2. HONIR J-band images and subtracted images for the seven flat-spectrum radio sources catalogued in the preliminary BROS when we started
the follow-up observations (table 2). From left to right, HONIR J-band image on 2017 September 23, HONIR J-band image on 2017 September 24,
subtracted HONIR J-band image (September 23–24), and PS1 r-band image are shown for each BROS source. The red circles on the PS1 images are
NVSS radio locations with radii of 2′′, which are typical positional errors of NVSS sources. (Color online)
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Fig. 3. Timeline of the follow-up observations from the IceCube alert. Kanata/HONIR, Kiso/KWFC, and Subaru/HSC observations are shown in red,
blue, and magenta, respectively. The IceCube alert and the first GCN by (Tanaka et al. 2017) are indicated by solid black and green lines, respectively.
(Color online)

to see any significant flux variability of TXS 0506+056.
We estimate the median and 1 σ confidence level with a
bootstrap method.

The ASAS-SN data are useful for evaluating variability
behavior before and around the alert, while our own data
enable us to investigate short-time-scale variabilities after
the alert.

The SFs obtained for TXS 0506+056 are shown in
figure 5 and are compared with those of blazars (BL Lacs
and FSRQs) studied in the Palomar-QUEST survey (Bauer
et al. 2009), SDSS quasars (Vanden Berk et al. 2004), and
CTA102 (Bachev et al. 2017). In Bauer et al. (2009), 94
BL Lacs, 278 FSRQs, and 4 marginally classified (BL Lacs
or FSRQs) objects in total were observed with the 48 in
Samuel Oschin Schmidt Telescope and QUEST2 Large Area
Camera (4.

◦
6 × 3.

◦
6 field-of-view; Baltay et al. 2007) over

3.5 years to construct the SFs shown in figure 5. In Vanden
Berk et al. (2004), >25000 quasars were observed in the
five optical bands (ugriz) and rest-frame (both in time scales
and wavelengths) SFs derived, with different formulations
but quantitatively equivalent to each other.

3.3.1 Long-term variability
Daily or longer time scale variability is summarized in this
subsection. First, the optical and NIR fluxes are significantly
variable, as shown in figure 4. The peak-to-peak amplitude
reaches 1 mag. We also see some fluctuations over a time
scale of a few days. In addition, none of the optical, NIR
or γ -ray fluxes are at their peaks at the neutrino detection
(IceCube Collaboration 2018). The overall trend around
the neutrino detection indicates that TXS 0506+056 is in a
declining phase. About 180 d after the neutrino detection,
optical and NIR brightness increase again up to a brighter

level than around the neutrino detection; however, no neu-
trino detection is reported in this period.

The optical SF amplitudes of TXS 0506+056 are compa-
rable with or slightly larger than those of AGNs in the pre-
vious studies at time scales of �t > 101 d. TXS 0506+056
is more variable by a factor of ∼2 than the SDSS quasars
(Vanden Berk et al. 2004). The SFs of TXS 0506+056 in
our measurements are larger than or comparable to those of
FSRQs and BL Lacs (Bauer et al. 2009) at their face values.
Note that the SFs of AGNs in general have 0.1 dex or larger
scatter (Vanden Berk et al. 2004; Bauer et al. 2009), which
make the envelope of the distribution overlap between those
of FSRQs and BL Lacs and our measurements.

For NIR variability, TXS 0506+056 in the J band over
time scales from a few days to a few tens of days, and H and
Ks bands over a time scale of a few tens of days, are signifi-
cantly more variable than neighboring stars. The NIR vari-
abilities of TXS 0506+056 are as large as the optical ones
in these time scales. The NIR variabilities at shorter time
scales than a few days are comparable to those of neigh-
boring stars and are almost at the limit of the measurement
errors. Typical NIR variabilities of blazars in the literature
are ∼0.1 mag (Sandrinelli et al. 2014; Li et al. 2018), which
is comparable to our measurement for TXS 0506+056, and
this variability behavior of TXS 0506+056 is not special.

We also calculated SFs using the ASAS-SN V-band data
for each 30 d period from MJD = 57793 (225 d before the
neutrino detection) to MJD = 58243 (225 d after the neu-
trino detection), covering the IceCube neutrino detection
time on MJD ∼ 58018.87. The variability amplitudes for
three time scales (1 d, 5 d, and 10 d) are derived from the
SFs and shown in the fourth panel of figure 4. As a whole,
there are no special periods when significantly larger vari-
ability is detected than other periods. It is not clear, but
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Fig. 4. Daily variabilities of optical (g, blue; V, cyan; V by ASAS-SN, gray;
R and r, green; I and i, red; z, magenta) and NIR (J, blue; H, green; K, red)
fluxes and optical–NIR colors from the top to the third panel. Changes of
the structure functions in time scales of 1.0 d, 5.0 d, and 10.0 d are shown
in the fourth panel. Daily changes of polarization degree (R, green; J,
blue), polarization angle (R, green; J, blue), and Fermi/LAT γ -ray fluxes
in the 200–800 MeV and 800 MeV–10 GeV energy bands are shown from
the fifth to the bottom panel. For polarization degree, Liverpool/RINGO3
data is plotted in open circles (MJD ∼ 58192). The neutrino detection
time is indicated as gray dashed vertical lines. Vertical dash-dotted gray
lines indicate −150, −100, −50, +50, +100, +150, +200 d with respect
to the IceCube neutrino detection. Galactic extinction is not corrected.
(Color online)

the SFs marginally indicate that long-term (10 d) variability
around ∼60 d before the neutrino detection is the largest,
and larger than that in the detection period with a signif-
icance of 2.1 σ . On the other hand, the short-term (1 d)
variabilities are constant in time. This might indicate that
the neutrino emission could be related to the 10 d-timescale
variability in this epoch. The hard γ -ray fluxes are also
highly variable around this epoch (figure 4).

Fig. 5. Optical (top) and NIR (middle) structure functions of
TXS 0506+056 obtained in our observations. Power-law and exponential
fitting results for quasars (Vanden Berk et al. 2004) are shown in blue (g),
green (r), and red (i) thick solid and dashed lines for �t > 101 d, respec-
tively. Power-law fitting results for FSRQs and BL Lacs (Bauer et al. 2009)
are also shown in green dot-dashed and dotted lines, respectively. The
flat parts at short time scales are dominated by measurement errors
and the real SF amplitudes are thought to be lower than these lines.
The optical ASAS-SN structure function as a function of period (every
30 d) is also shown in the bottom panel. (Color online)

The correlation between the hard γ -ray fluxes
(800 MeV–10 GeV) and optical brightness is investigated
in figure 6. The optical magnitudes (brightness) are neg-
atively (positively) correlated with the γ -ray fluxes with
Spearman rank correlation coefficients of −0.471 and
p-values of <0.03. This indicates that the correlation is sig-
nificant and TXS 0506+056 is brighter in optical in brighter
γ -ray phases, which is consistent with the general trend of
ISPs or all types of blazars (Itoh et al. 2016; Jermak et al.
2016).

3.3.2 Intranight variability
Over 22 nights we contiguously took imaging data of
TXS 0506+056 for a few tens of minutes or longer
with the 0.4 m Kyoto University telescope, MITSuME,
Kanata/HONIR, and IRSF/SIRIUS. With these datasets,
intranight variability can be investigated.

Magnified views of the light curves on these densely
observed nights are shown in the first (optical) and third
(NIR) rows of figure 7. In this figure, photometry is per-
formed for each frame. For a comparison, ensemble rela-
tive light curves of nearby stars with similar brightness on
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Fig. 6. g- or V-band magnitude as a function of γ -ray flux. The colors of
the points indicate the observing epochs (MJD), as shown in the color
bar. (Color online)

average are also shown in the second (optical) and fourth
(NIR) rows of the figure. As seen in the daily light curves
in figure 4, a brightness change from night to night is easily
seen. The root mean square of the brightness is also shown
in the figure.

The observed intranight variabilities are as small as
0.03–0.11 mag, depending on the epochs (the data quality),
and no significant intranight variabilities are detected in
our dataset. The large scatters (�0.05 mag) seen in some
panels of the figure are partly attributed to bad seeing. In
Sagar et al. (2004), a few to 10% amplitude (�0.1 mag,
14.1% at maximum) intranight R-band variability is seen
for 11 blazars (6 BL Lacs and 5 radio core-dominated
quasars). The typical observation duration in a night in
Sagar et al. (2004) was 6.5 hr and the total number of the
observed nights was 47. They found that a duty cycle of
intranight optical variability is ∼60% for BL Lacs. Sim-
ilarly, Paliya et al. (2017) also monitored 17 blazars for
137 hr in the R band and also obtained a high duty cycle of
∼40% for blazars. Compared with these studies, the total

Fig. 7. Light curves of TXS 0506+056 based on photometry for each frame. From top to bottom: optical light curves of TXS 0506+056, optical light
curves of nearby similarly bright stars, NIR light curves of TXS 0506+056, NIR light curves of nearby similarly bright stars, and optical and optical–NIR
colors of TXS 0506+056. The dates in MJD for the data are shown at the top of each column. The colors used for the optical photometry are blue
for g, cyan for V, green for R and r, and red for I and i. The colors used for the NIR photometry are blue for J, green for H, and red for K. The
standard deviations in mag within a time window are shown at the bottom left of the panels. The optical PS1 photometry in gri bands and NIR
2MASS photometry in JHKs bands are shown by dashed lines. The thick gray line in the second top panel shows a length of 10 min. Panels with no
data are hatched in gray. Large scatters (�0.05 mag) are partly attributed to bad seeing. (Color online)
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Fig. 8. Optical light curves of TXS 0506+056 (red) and a nearby star
(blue) taken with Tomo-e Gozen. (Color online)

duration (sum) of our observations shown in figure 7 is
∼18 hr, and is much shorter by factor of ∼17 (Sagar et al.
2004) and ∼8 (Paliya et al. 2017). It is therefore difficult
to see any consistency in our non-detection with these two
observations.

3.3.3 Second-scale variability
The fastest variability detected for blazars so far is a few
minutes in optical (Sasada et al. 2008) and γ -ray (Albert
et al. 2007; Aharonian et al. 2007; Vovk & Neronov 2013;
Vovk & Babić 2015; Ackermann et al. 2016), which corre-
sponds to a comparable size of black hole, which indicates
a small emitting region in a relativistic jet. The mass of
a black hole hosting a blazar is expected to be as much
as ∼109 M
 in general (Castignani et al. 2013), and the
black hole mass of TXS 0506+056 is estimated to be ∼3 ×
108 M
 (Padovani et al. 2019) by assuming the typical host
galaxy luminosity of blazars (Paiano et al. 2018) and the
black hole mass and bulge mass relation (McLure & Dunlop
2002). Detection of variability in a shorter time scale would
put a tight constraint on the size of an emitting region with
the usually assumed Doppler boosting factor. If second-
scale variability was detected, this might be attributed to an
apparent change in viewing angle to a bent relativistic jet
(Raiteri et al. 2017).

Second-scale variability is investigated with the 2 fps
Tomo-e Gozen data. Four sets of 180 s (360 frames) expo-
sure were obtained. Detection of TXS 0506+056 was some-
times marginal and we use only photometric data with
signal-to-noise ratios of >10 σ . As a result, the photometric
data in the last (fourth) exposure are partly removed in our
analysis and shown in figure 8. The resultant SF is shown in
the leftmost part of the top panel of figure 5. In our dataset,
no significant rapid variability in the second time scale is
detected.

3.4 Optical and NIR colors of TXS 0506+056

Temporal changes of optical, optical–NIR, NIR–NIR colors
are shown in figure 4 (entire light curves), figure 7
(intranight light curves), and figure 9 (correlation between
magnitudes and colors).

The range of the optical colors of g − r and g − R
is 0.2–0.5 mag. A bluer-when-brighter trend is seen in the
color–magnitude diagrams (figure 9). This is consistent with
the idea that TXS 0506+056 is a BL Lac-type blazar with
little contribution from its accretion disk to optical–NIR
emission (Bonning et al. 2012). In figure 9, the bluish data
points indicating data obtained around MJD = 58200 are
offset by ∼0.4 mag from the most crowded (reddish) data
region. These bluish data also follow a tighter blue-when-
brighter trend. In summary, data points in different epochs
follow different color–magnitude relations. This behavior
is also observed for other blazars, for example OJ 287,
and indicates different activity states between the different
loci in the color–magnitude diagram in different epochs
(Bonning et al. 2012). These bluish points are data taken
after the γ -ray flare in 2018 March (Ojha & Valverd 2018),
while the reddish points are taken after the IceCube neu-
trino detection (IceCube Collaboration 2018). In these two
epochs, increased γ -ray fluxes are detected with Fermi but
the optical and NIR color–magnitude relations are different
from each other. In general, the brighter locations of the
bluish points at a given color may be attributed to high-
energy electron injection into the jet-emitting region or the
emergence of a much brighter accretion disk than usual,
possibly due to an accretion state change. Bluer-when-
brighter trends of BL Lacs are sometimes attributed to the
presumption that the objects are in the high state (Zhang
et al. 2015). TXS 0506+056 may show this trend in any
state considering that almost featureless power-law con-
tinua are always observed and that the equivalent widths
(EWs) of the emission lines of TXS 0506+056 (EW[O III] =
0.17 Å at most; Paiano et al. 2018) are small compared
to previously measured EWs of blazars (although many of
these measurements are upper limits; Landt et al. 2004).

The range of r − J or RC − J colors of TXS 0506+056 is
from 0.9 to 1.2 (figure 9), roughly corresponding to 1.8 to
2.1 in the Vega system. The r − J and RC − J color changes
are as small as ∼0.3 mag. Although the previous studies
examined different colors (e.g., V − J colors in Ikejiri et al.
2011), these are typical for ISP blazars. The bluer-when-
brighter trend is also seen. Note that no data points are
shown in the panel of figure 9 after the γ -ray flare in 2018
March reported by Ojha and Valverd (2018).

Intranight changes in optical colors are shown in
the bottom panels of figure 7. The g − r or g − RC

colors are almost constant, about 0.4 mag over all the
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Fig. 9. Optical magnitudes (r or R in the left panel and g or V in the right panel) as functions of optical–NIR color (left panel, g − J or V − J) and optical
color (right panel, g − r or g − R). (Color online)

Table 4. Polarization measurements of TXS 0506+056 with Kanata/HONIR.

Polarization degree Polarization angle

Date (UT) MJD R J R J Note

2017-09-30 58026.771 7.61 ± 0.49 — 24.78 ± 2.65 —
2017-10-26 58052.770 2.42 ± 0.39 — 17.71 ± 5.54 —
2017-10-29 58055.736 6.87 ± 1.09 — 10.05 ± 4.94 —
2017-11-09 58066.790 4.32 ± 0.36 4.47 ± 0.78 16.19 ± 2.47 19.70 ± 2.66
2017-11-16 58073.761 6.21 ± 2.92 — 30.11 ± 2.37 —
2018-03-14 58192∗ ∼14 — — — R, I bands (Steele

et al. 2018)
2018-03-22 58199.463 1.50 ± 0.67 3.13 ± 1.22 84.23 ± 12.91 65.33 ± 14.21
2018-03-24 58201.468 5.90 ± 1.79 — 54.72 ± 9.41 —
2018-03-25 58202.466 6.59 ± 2.07 — 49.79 ± 11.90 —
2018-03-26 58203.454 7.20 ± 1.47 7.47 ± 0.61 37.60 ± 2.15 45.62 ± 3.28
2018-03-27 58204.462 8.01 ± 2.30 — 27.21 ± 2.87 —
2018-03-28 58205.451 8.58 ± 0.53 7.76 ± 1.52 21.56 ± 1.33 35.36 ± 2.88
2018-03-31 58208.469 10.15 ± 1.33 11.84 ± 1.75 47.04 ± 1.90 45.86 ± 3.29
2018-04-02 58210.451 16.99 ± 0.47 — 40.55 ± 0.35 —
2018-04-03 58211.464 18.88 ± 0.76 16.27 ± 0.78 46.17 ± 2.13 43.91 ± 1.65
2018-04-08 58216.451 19.26 ± 1.36 20.49 ± 4.59 29.69 ± 1.90 32.63 ± 2.48
2018-04-09 58217.464 10.47 ± 0.40 8.80 ± 1.33 40.74 ± 3.88 31.69 ± 1.46
2018-04-13 58221.469 7.23 ± 0.51 — 56.48 ± 2.01 —

∗Calculated by assuming the observations are performed at UT = 0 hr.

nights. The NIR colors of J − H and H − K are also
almost constant in time, 0.3–0.4 mag. Note that no sig-
nificant intranight variability in any band is detected
(sub-subsection 3.3.2).

3.5 Polarization of TXS 0506+056

3.5.1 Temporal changes in polarization
Our measurement results for polarization in the R and J
bands are summarized in table 4, including the optical
polarimetric measurement taken with RINGO3 on the

2 m Liverpool telescope (Steele et al. 2018). The temporal
changes of the polarization degrees and angles are shown
in figure 4.

For the first five data points taken within 1.5 months
of the alert (defined as “first epoch”), the polarization
degrees are as small as 2%–8%, as partly reported in
Yamanaka et al. (2017). About 6 months after the neutrino
detection (defined as “second epoch”), Ojha and Valverd
(2018) reported that a flare of the highest daily averaged
γ -ray flux for TXS 0506+056 was detected with Fermi
on 2018 March 13. Soon after that, Steele, Jermak, and
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Fig. 10. The r- or R-band magnitude and R-band polarization angle as
a function of the R-band polarization degree. All the data points are
connected in time sequence. The different symbols indicate data taken
with different telescopes/instruments in the same way as in figure 4.
(Color online)

Copperwheat (2018) carried out polarimetric observation
on the night of 2018 March 14 with Liverpool/RINGO3
and found that the optical polarization degree increases up
to ∼14% at wavelengths roughly corresponding to the R
and I bands. As shown in figure 4 and table 4, our sub-
sequent observations with Kanata/HONIR (12 polariza-
tion measurements for 23 d starting 8 d after the RINGO3
observation) indicate that the optical polarization degree
again decreases down to 1.5% on March 22, which is
even lower than the observed level in the first epoch. After
this decrease, the polarization degrees gradually increase up
to ∼20% over about two weeks and then decrease again
down to 7.2%, which is as low as those in the first epoch.
Throughout this period, the J-band polarization exhibits a
similar time variation behavior to the R band.

In ISPs, typical polarization degrees and their temporal
change are ∼30% and ∼20% or less, respectively, among
the samples observed by Ikejiri et al. (2011), Itoh et al.

Fig. 11. Magnified view of temporal changes of optical magnitudes,
polarization degrees, and polarization angles around the γ -ray flare
reported by Ojha and Valverd (2018). The symbols and colors are the
same as in figure 4. (Color online)

(2016), and Jermak et al. (2016). The polarization degrees
and the temporal change observed in TXS 0506+056 is
comparable to or less than these, being consistent with those
objects.

The polarization angles are roughly constant at
∼20

◦ ± 10
◦

in both R and J bands in the first epoch. In
the second epoch, our HONIR measurements indicate that
the polarization angles are 20

◦
–90

◦
and significantly dif-

ferent from those in the first epoch. Following the polar-
ization degree increase from 1.5% to ∼20%, the polariza-
tion angles first change from 84

◦
to 22

◦
and then back to

30
◦
–60

◦
. The position angles in the J band also show a

similar behavior to the R band.

3.5.2 Correlations between optical brightness and
polarization

The top panel of figure 10 shows the relation between
the polarization degrees and optical r- or R-band mag-
nitudes. Although the optical brightness and polarization
degrees look roughly coincident with each other as a whole
(figure 4), almost no correlations are seen during the rapid
changes in the second epoch, as indicated by the bluish
points in figure 10. This is discussed later in this subsection.

Polarization changes in optical wavelengths associated
with γ -ray flares are reported in the literature (Sasada et al.
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2008; Abdo et al. 2010). In the second epoch, the polariza-
tion change of TXS 0506+056 seems to be associated with
the γ -ray flare (Ohja & Valverd 2018), although such cor-
related behavior is not clear in the first epoch because the
polarization measurements were not performed right after
(or before) the neutrino detection, the measurements are
sparse, and the number of measurements is small. In Itoh
et al. (2013), no brightness flare was observed during their
first polarization flare for the famous blazar CTA 102 (an
FSRQ at z = 1.037), indicating that the polarization degree
does not necessarily correlate with brightness.

The lack of strong correlations between optical bright-
ness and polarization degree in our data for TXS 0506+056
is similarly observed in previous works on other blazars
(Ikejiri et al. 2011; Jermak et al. 2016), although a signif-
icant negative (positive) correlation between “amplitudes”
of flux and polarization degree is detected for two blazars
(AO 0235+164 and PKS 1510−089) over a 10 d time
scale (Sasada et al. 2011). These observed weak correla-
tions could be partly due to ignorance of a possible time
lag between temporal changes of fluxes and polarization
degrees (Uemura et al. 2017). Figure 11 is a magnified view
of figure 4 around the second epoch. The peak of the polar-
ization degrees is around MJD∼58211–58217 d, while that
of optical brightness is around MJD∼58210–58211 d. This
indicates that the optical brightness change precedes the
polarization degree change, which is the opposite sense to
that observed for the BL Lac PKS 1749+096 as reported by
Uemura et al. (2017). This lag partly makes the correlation
worse in figure 10. A positive correlation would be seen if
the data point in MJD = 58217 (the bottom right point in
figure 10) is ignored.

The polarization angles also change in time by ∼70
◦

in the second epoch, although the change is not so dras-
tically large. Figure 11 indicates that the polarization
angles decrease as the polarization degrees increase in the
period MJD = 58198–58207. The polarization degrees still
increase after that, but the polarization angles do not show
a systematic decrease. These make the correlation between
the polarization angles and degrees poor, as shown in the
bottom panel of figure 10. Changes of polarization angles
are observed for many blazars (Itoh et al. 2016; Hovatta
et al. 2016). The observed change of the polarization angles
for TXS 0506+056 is not so large, which is sometimes
explained by a curved structure of a relativistic jet (Abdo
et al. 2010; Sorcia et al. 2014).

3.6 Spectra of TXS 0506+056

All of our three new spectra of TXS 0506+056 are shown
in figure 12. The Subaru/FOCAS spectra in the two different
setups shown in IceCube Collaboration (2018) are also

Fig. 12. Optical spectra of TXS 0506+056 taken with Nayuta/MALLS
(red), Kanata/HOWPol (blue), Gemini-South/GMOS (green), and
Subaru/FOCAS (black). The Subaru/FOCAS spectra are the same as
those shown in IceCube Collaboration (2018). There are no changes
in spectral features. Noisy wavelength ranges are omitted. The spiky
features seen in the spectra are all atmospheric. (Color online)

plotted as references. All these spectra were taken in roughly
similar epochs, ∼1 week to ∼1.5 months after the neutrino
detection, and before the GTC/OSIRIS spectrum, which
conclusively determines the redshift of TXS 0506+056, was
taken (Paiano et al. 2018). In the epochs of our observa-
tions, TXS 0506+056 is slightly brighter (g = 14.8–15.1)
than in the GTC observation (g = 15.4; Paiano et al. 2018),
which makes line detections more difficult. All of our three
spectra show basically featureless continua and no signif-
icant emission or absorption lines are detected, except for
the weak emission line in the Subaru/FOCAS spectrum (Ice-
Cube Collaboration 2018). These are quantitatively consis-
tent with the spectrum of Paiano et al. (2018). No significant
changes between the different epochs were detected.

4 Summary

We first made optical and NIR imaging observations
to search for a candidate for the neutrino source of
IceCube-170922A. We found that TXS 0506+056 was
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rapidly fading in NIR over a day scale. Motivated by
this discovery of rapid NIR variability, a γ -ray flare
was discovered in the Fermi/LAT monitoring data. We
conducted monitoring observations of TXS 0506+056
with Akeno/MITSuME, Kiso/KWFC, Kiso/Tomo-e Gozen,
Kyoto 0.4 m, Kanata/HONIR, and Subaru/HSC. Polariza-
tion imaging data were also taken with Kanata/HONIR at
17 epochs. We also took optical spectra four times with
Kanata/HOWPol, Nayuta/MALLS, Gemini-N/GMOS, and
Subaru/FOCAS.

Combining this data with ASAS-SN optical monitoring
data and Fermi/LAT γ -ray data, we find:

� daily variability is significant and as large as 1.0 mag;
� no significant intranight variability is detected;
� no special optical/NIR variability behavior was detected

over the observed period, but there was a very marginal
sign of a larger variability over a time scale of ∼10 d
about 2 months before the neutrino detection;

� weak correlation between optical/NIR and γ -ray fluxes;
� large changes in polarization degrees and angles about

180 d after the neutrino detection;
� weak or no correlation between polarization degree and

optical fluxes, while some correlated behavior can be seen
in part of the 2018 March (∼180 d after the neutrino
detection) data;

� no significant optical spectral changes over the three
months after the neutrino detection.

In summary, our data do not indicate that
TXS 0506+056 is a special blazar (BL Lac) among other
blazars in terms of intranight, daily, monthly optical/NIR
variability, and optical polarization. The neutrino detection
is also not a special timing.

For future Icecube neutrino events, to further examine
possible relations between high-energy neutrinos and
blazars, as well as blazar variability, more complete blazar
catalogs like the recently developed BROS (Itoh et al. 2020)
are required. In addition, in optical and NIR wavelengths,
routine high-cadence imaging and polarization monitoring
of blazars are desired. Normal imaging observations are
done in several wide-field surveys such as the Zwicky Tran-
sient Facility (ZTF; Graham et al. 2019) and Tomo-e Gozen
(Sako et al. 2018). Polarization monitoring is a more expen-
sive observation program but is expected to provide unique
science outputs.
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Pleso, 43, 518
Hook, I. M., Jørgensen, I., Allington-Smith, J. R., Davies, R. L.,

Metcalfe, N., Murowinski, R. G., & Crampton, D. 2004, PASP,
116, 425

Hovatta, T., et al. 2016, A&A, 596, A78

IceCube Collaboration 2015, arXiv:1510.05223
IceCube Collaboration 2017, A&A, 607, A115
IceCube Collaboration 2018, Science, 361, eaat1378
Ikejiri, Y., et al. 2011, PASJ, 63, 639
Inoue, Y., Khangulyan, D., Inoue, S., & Doi, A. 2019, ApJ, 880, 40
Intema, H. T., Jagannathan, P., Mooley, K. P., & Frail, D. A. 2017,

A&A, 598, A78
Itoh, R., et al. 2013, ApJ, 768, L24
Itoh, R., et al. 2016, ApJ, 833, 77
Itoh, R., et al. 2017, PASJ, 69, 25
Itoh, R., Utsumi, Y., Inoue, Y., Ohta, K., Doi, A., Morokuma, T.,

Kawabata, K. S., & Tanaka, Y. T. 2020, ApJ, 901, 3
Jermak, H., et al. 2016, MNRAS, 462, 4267
Kadler, M., et al. 2016, Nature Phys., 12, 807
Kashikawa, N., et al. 2002, PASJ, 54, 819
Kawabata, K. S., et al. 1999, PASP, 111, 898
Keivani, A., Evans, P. A., Kennea, J. A., Fox, D. B., Cowen, D. F.,

Osborne, J. P., & Marshall, F. E. 2017, GCN Circ., 21930, 1
Kochanek, C. S., et al. 2017, PASP, 129, 104502
Kojima, Y., et al. 2018, Proc. SPIE, 10709, 107091T
Kopper, C., & Blaufuss, E. 2017, GCN Circ., 21916
Kostov, A., & Bonev, T. 2018, Bulgarian Astron. J., 28, 3
Kotani, T., et al. 2005, Nuovo Cim. C, 28, 755
Kotera, K., Allard, D., & Olinto, A. V. 2010, JCAP, 10, 013
Kubo, H., Takahashi, T., Madejski, G., Tashiro, M., Makino, F.,

Inoue, S., & Takahara, F. 1998, ApJ, 504, 693
Landoni, M., et al. 2015a, AJ, 149, 163
Landoni, M., Falomo, R., Treves, A., Scarpa, R., & Reverte Payá,

D. 2015b, AJ, 150, 181
Landt, H., Padovani, P., Perlman, E. S., & Giommi, P. 2004,

MNRAS, 351, 83
Lang, D., Hogg, D. W., Mierle, K., Blanton, M., & Roweis, S. 2010,

AJ, 139, 1782
Li, X.-P., Yang, H.-Y., Luo, Y.-H., Yang, C., Cai, Y., Yang, H.-T.,

& Zhang, L. 2018, MNRAS, 479, 4073
Loeb, A., & Waxman, E. 2006, JCAP, 2006, 003
Lucarelli, F., et al. 2019, ApJ, 870, 136
McLure, R. J., & Dunlop, J. S. 2002, MNRAS, 331, 795
Magnier, E. A., et al. 2016, arXiv:1612.05242
Mannheim, K. 1995, Astropart. Phys., 3, 295
Marscher, A. P., & Gear, W. K. 1985, ApJ, 298, 114
Martinez, I., & Taboada, I. 2017, GCN Circ., 21924, 1
Mirzoyan, R. 2017, Astronomer’s Telegram, 10817
Mirzoyan, R. 2018, Astronomer’s Telegram, 12260
Miyazaki, S., et al. 2012, in Proc. SPIE, 8446, Ground-based and

Airborne Instrumentation for Astronomy IV, ed. I. S. McLean
et al. (Bellingham, WA: SPIE), 84460Z

Morokuma, T., et al. 2014, PASJ, 66, 114
Morokuma, T., Tanaka, Y. T., Ohta, K., Matsuoka, Y.,

Yamashita, T., & Kato, N. 2017, Astronomer’s Telegram,
10890
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Senno, N., Murase, K., & Mészáros, P. 2016, Phys. Rev. D, 93,

083003
Senno, N., Murase, K., & Mészáros, P. 2017, ApJ, 838, 3
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