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lower limit of 183 TeV, depending onlyweakly on
the assumed astrophysical energy spectrum (25).
The vast majority of neutrinos detected by

IceCube arise from cosmic-ray interactions within
Earth’s atmosphere. Although atmospheric neu-
trinos are dominant at energies below 100 TeV,
their spectrum falls steeply with energy, allowing
astrophysical neutrinos to be more easily identi-
fied at higher energies. The muon-neutrino as-

trophysical spectrum, together with simulated
data, was used to calculate the probability that a
neutrino at the observed track energy and zenith
angle in IceCube is of astrophysical origin. This
probability, the so-called signalness of the event
(14), was reported to be 56.5% (17). Although
IceCube can robustly identify astrophysical neu-
trinos at PeV energies, for individual neutrinos
at several hundred TeV, an atmospheric origin

cannot be excluded. Electromagnetic observations
are valuable to assess the possible association of
a single neutrino to an astrophysical source.
Following the alert, IceCube performed a

complete analysis of relevant data prior to
31 October 2017. Although no additional excess
of neutrinoswas found from the direction of TXS
0506+056 near the time of the alert, there are
indications at the 3s level of high-energy neutrino
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Fig. 1. Event display for
neutrino event IceCube-
170922A. The time at which a
DOM observed a signal is
reflected in the color of the hit,
with dark blues for earliest hits
and yellow for latest. Times
shown are relative to the first
DOM hit according to the track
reconstruction, and earlier and
later times are shown with the
same colors as the first and
last times, respectively. The
total time the event took to
cross the detector is ~3000 ns.
The size of a colored sphere is
proportional to the logarithm
of the amount of light
observed at the DOM, with
larger spheres corresponding
to larger signals. The total
charge recorded is ~5800 photoelectrons. Inset is an overhead perspective view of the event. The best-fitting track direction is shown as an arrow,

consistent with a zenith angle 5:7þ0:50
"0:30 degrees below the horizon.

Fig. 2. Fermi-LATand MAGIC observations of IceCube-170922A’s
location. Sky position of IceCube-170922A in J2000 equatorial coordinates
overlaying the g-ray counts from Fermi-LAT above 1 GeV (A) and the signal
significance as observed by MAGIC (B) in this region. The tan square
indicates the position reported in the initial alert, and the green square
indicates the final best-fitting position from follow-up reconstructions (18).
Gray and red curves show the 50% and 90% neutrino containment regions,
respectively, including statistical and systematic errors. Fermi-LATdata are
shown as a photon counts map in 9.5 years of data in units of counts per

pixel, using detected photons with energy of 1 to 300 GeV in a 2° by 2°
region around TXS0506+056. The map has a pixel size of 0.02° and was
smoothed with a 0.02°-wide Gaussian kernel. MAGIC data are shown as
signal significance for g-rays above 90 GeV. Also shown are the locations of
a g-ray source observed by Fermi-LAT as given in the Fermi-LAT Third
Source Catalog (3FGL) (23) and the Third Catalog of Hard Fermi-LAT
Sources (3FHL) (24) source catalogs, including the identified positionally
coincident 3FGL object TXS 0506+056. For Fermi-LAT catalog objects,
marker sizes indicate the 95% CL positional uncertainty of the source.
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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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IceCube-170922A/TXS 0506+056: Kiso/KWFC (optical)

0.25 deg

TM+2021

Subaru/HSC

very crowded in optical
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IceCube-170922A/TXS 0506+056: PS1 (optical, 3pi)

very crowded in optical
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74-4 Publications of the Astronomical Society of Japan (2019), Vol. 71, No. 4

Fig. 2. Pointing layout on the sky (ultra-deep: blue (solid), deep: blue (dashed), original COSMOS (Scoville et al. 2007) coverage: green (dash–dotted))
overlaid on an SFD (Schlegel et al. 1998) reddening map. Positions of detected supernova (SN) candidates are indicated by red points. Given that we
were dithering around fiducial pointings, the actual coverage is wider than that indicated by the dashed blue line. Some SN candidates are detected
in those area. (Color online)

table 1. Each image was taken with five-point dithering, as
described in Aihara et al. (2018a), to fill the gaps between
the HSC CCDs. There are overlaps between ultra-deep and
deep pointings, as mentioned earlier; additionally, the expo-
sure time and other statistics vary from one position to the
next. In table 1, values around the center of the pointings
are presented. Seeing values measured on coadded images
are listed in table 1 and are shown in figure 3.

2.2 Data reduction

HSC pipeline (Bosch et al. 2018) version 4.0.5, with default
configuration parameters, was used for the data reduction.
We applied the same reduction procedure with the HSC-SSP
data release (Aihara et al. 2018b) for the standard image
reduction, which included bias, dark, flat, and fringe correc-
tions, as well as astrometric and photometric calibrations
against the PS1 catalog (Magnier et al. 2013). The typ-
ical photometric accuracy is 1%–2% (Aihara et al. 2018b).
Based on the astrometric solutions, the images were warped

into a predefined sky grid, which we refer to as a warped
image. Data were processed on a nightly basis.

For the image subtraction, the difference imaging
method of Alard & Lupton (Alard & Lupton 1998; Alard
2000) was applied using deep, coadded reference images
created from data taken during 2014 March and 2016
April. Images with seeing better than 0.′′7 were used as refer-
ence images, with the exception of the g-band. Table 1 also
includes exposure time and seeing of reference images. Dif-
ference imaging was conducted for each warped image, and
warped difference images were coadded to create deep dif-
ference images for each filter and epoch. With this method,
we can avoid subtraction error caused by a discrete change
in the point spread function (PSF) at the CCD gaps in
coadded images.

Note that r- and i-band filters were replaced with filters
having a more spatially uniform response across the focal
plane in 2016 July and February, respectively (Aihara et al.
2018a). Thus, reference images were observed with the old
filters, and search images were observed with the new filters.
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Yasuda+2019

1,824 supernova candidates over ~7 deg2

Subaru (8.2m) + Hyper Suprime-Cam

Very Variable/Transient optical universe

0.25 deg

non-transient: O(105-6) deg-2 (Furusawa+2008)

transient: O(102) deg-2 (TM+2008, Yoshida+2018)
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Most of the transient phenomena are luminous in rest-
frame UV to optical. 


supernovae, TDEs, blazars/AGN, …

“Wide-field”: 


narrower than other (gamma etc.) wavelengths, but..

almost no confusion limit (well spatially resolved)

“Wide-field”, “deep”, and “spatially resolved” are 
simultaneously achieved. 


Host galaxies are bright  
(stellar light, nebular gas). 


relatively easier redshift  
determination (spectroscopy  
of transients/host galaxies)

SN candidates -May 2015-

7

Roles/Uniqueness of optical observations

Tominaga+2015, ATel, 7565
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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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IceCube

“The FAVA light curve at energies above 800 MeV shows a 
flaring state recently.” (Y. Tanaka+2017, ATel, #10791, Posted 
at 10:10 on 28 Sep. 2017 in UT) Kanata (1.5m) / HONIR (TM+2021)

IceCube-170922A : EM Counterpart Identification

near-infrared variability detected

Fermi/LAT
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IceCube-170922A : EM Counterpart Discovery
34 Publications of the Astronomical Society of Japan (2021), Vol. 73, No. 1

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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TM+2021

Yasuyuki Tanaka (Hiroshima U.) and I conducted Subaru/HSC (remote) observation. We discussed 
the Kanata/HONIR data and checked the FAVA light curve. We started thinking that TXS 
0506+056 may be the neutrino source and reduced the integration times of a part of the 
HSC data to avoid CCD saturation so that the TXS source would be accurately measured. In 
parallel, Yasu started examining Fermi/LAT data and quickly issued the ATel. 

We noticed the infrared variability for TXS 0506+056  
w/ Kanata/HONIR data. 
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Paiano+2018 (background)

0.1-0.3 hours

integration

Subaru(8.2m)/FOCAS

S/N~100

1% (S/N=100)

IceCube-170922A : redshift determination (spectroscopy)

TM+2017, ATel, #10890
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Paiano+2018

30 times longer

1.5 times larger

==> ~7 times better 

than Subaru/FOCAS
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

IceCube-170922A : redshift determination (spectroscopy)

TM+2017, ATel, #10890
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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. 1. The bottom plot shows the lightcurve in the optical ZTF g-band, the infrared P200 Ks- and WISE W1-band as well
as the modeled dust echo (black line, dashdot), with the neutrino arrival time marked with a red dotted vertical line. The
SRG/eROSITA X-ray measurements are also included. The shaded gray areas are averaged and their respective SEDs are
shown in the top panels, including a fitted blue and a red blackbody (blue dashed and red dotted curve; lab frame), as well as
the combined spectrum (black solid curve). The left axes all show ⌫F⌫ , where F⌫ is the spectral flux density at frequency ⌫,
while the right axes show ⌫L⌫ , where L⌫ is the luminosity at frequency ⌫. The second epoch (middle plot on top) encompasses
several months to include both WISE and P200 infrared data points. The global values for line-of-sight dust extinction are
AV = 0.45+0.14

�0.14 mag, assuming RV = 3.1 and the Calzetti attenuation law [54]. Note that the X-ray measurements were not
included in the blackbody fits. The luminosities are given in the source rest frame.

tions for SLSNe. Frederick et al. [45] already disfavored
the SLSN hypothesis based on the long-lived U-band and
the UV emission, the flare’s longevity, emission at the
blue end of the Balmer line profiles as well as its proxim-
ity to the nucleus of the galaxy. Here we add a late-time
X-ray detection and the detection of a strong infrared
echo, rendering a SLSN interpretation less likely (see be-
low).

After discovery, AT2019fdr was also observed by the
Ultraviolet and Optical Telescope (UVOT) [60] aboard
the Neil Gehrels Swift Observatory (Swift) [45, 61]. Ad-
ditional observations continued up to 2020, June 7, in-
cluding one epoch shortly after the neutrino detection.
By that point, the transient had faded by 84% in the
UVW1-band from its peak luminosity of 2.1 ⇥ 10

44 erg
s�1. AT2019fdr was not detected in any of the simulta-
neous X-ray observations by the Swift X-ray Telescope
(XRT) [62], yielding a combined 3� flux upper limit of
1.4⇥ 10

�13 erg s�1 cm�2 for all observations before neu-

trino arrival (corrected for absorption).
The position of AT2019fdr was also visited by the

eROSITA telescope [63] aboard the Spectrum-Roentgen-

Gamma (SRG) mission [64] four times. The first two
visits did not detect an excess, with a mean flux upper
limit of 2.7 ⇥ 10

�14 erg s�1 cm�2 at the 95% confidence
level. However, at the third visit on 2021, March 10–11,
it detected late time X-ray emission from the transient
with an energy flux of 6.2

+2.7
�2.1 ⇥ 10

�14 erg s�1 cm�2 in
the 0.3–2.0 keV band, thus showing temporal evolution
in the X-ray flux (see Fig. 1). The detection displayed
a very soft thermal spectrum with a best fit blackbody
temperature of 56

+32
�26 eV.

The softness of the spectrum provides further evidence
for AT2019fdr being a TDE rather than regular AGN
variability, where soft spectra are rare [65]. Though
NLSy1 galaxies generally exhibit softer X-ray spectra,
the temperature of AT2019fdr is atypically low even in
this context (lower than all NLSy1s in [66] and [67]). Fur-

200 days

200 days200 days

IceCube-170922A

TXS 0506+056@z=0.336

(TM+2021, blazar)

variability detected  
w/ Kanata (1.5m)

Previous identifications

lower-z than expectation (<z>~0.5-1)

other origin?: supernovae

suffering from many contaminations


“How can we overcome the difficulty  
in identifying the counterparts?”


better telescopes/instruments

better strategy

better neutrinos

IceCube-191001A: AT2019dsg@z=0.051 (TDE)

discovered w/ ZTF (1.2m) (Stein+2021)

IceCube-200530A: AT2019fdr@z=0.267 (TDE)

discovered w/ ZTF (1.2m) (Reusch+2022)

source # [deg-2] (z<1)

SNe ~102-3 (~101 if classified “interacting”)

Blazars
 ~100-1

TDEs <1

AGNs ~103

contamination rate
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SN Ia@z~1

Subaru/FOCAS, 6.3 hours

13

Better Telescopes/Instruments: Wide-Field Deep Imaging
How Wide?


“a few deg2” is wide enough. (Subaru/HSC, Rubin/LSST, other smaller tels)

unpredictable location ==> wide-field/all-sky monitoring is favorable. 


How Deep?

~25 mag for z~1 sources ==> 8m-class telescopes are necessary. 


Subaru/HSC (8.2m, 1.8 deg2 FoV), Rubin/LSST (6.5m, 9.6 deg2 FoV)

How to “identify”?


Most(?) of the targets at z~1 are too far (too apparently faint) for 8m-class 
telescopes. 


30m-class telescopes are needed. 

Rubin/LSST

https://www.lsst.org

Subaru

http://subarutelescope.org

13

https://www.lsst.org
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Better Telescopes/Instruments: Wide-Field Deep Spectroscopy
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lower limit of 183 TeV, depending onlyweakly on
the assumed astrophysical energy spectrum (25).
The vast majority of neutrinos detected by

IceCube arise from cosmic-ray interactions within
Earth’s atmosphere. Although atmospheric neu-
trinos are dominant at energies below 100 TeV,
their spectrum falls steeply with energy, allowing
astrophysical neutrinos to be more easily identi-
fied at higher energies. The muon-neutrino as-

trophysical spectrum, together with simulated
data, was used to calculate the probability that a
neutrino at the observed track energy and zenith
angle in IceCube is of astrophysical origin. This
probability, the so-called signalness of the event
(14), was reported to be 56.5% (17). Although
IceCube can robustly identify astrophysical neu-
trinos at PeV energies, for individual neutrinos
at several hundred TeV, an atmospheric origin

cannot be excluded. Electromagnetic observations
are valuable to assess the possible association of
a single neutrino to an astrophysical source.
Following the alert, IceCube performed a

complete analysis of relevant data prior to
31 October 2017. Although no additional excess
of neutrinoswas found from the direction of TXS
0506+056 near the time of the alert, there are
indications at the 3s level of high-energy neutrino
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Fig. 1. Event display for
neutrino event IceCube-
170922A. The time at which a
DOM observed a signal is
reflected in the color of the hit,
with dark blues for earliest hits
and yellow for latest. Times
shown are relative to the first
DOM hit according to the track
reconstruction, and earlier and
later times are shown with the
same colors as the first and
last times, respectively. The
total time the event took to
cross the detector is ~3000 ns.
The size of a colored sphere is
proportional to the logarithm
of the amount of light
observed at the DOM, with
larger spheres corresponding
to larger signals. The total
charge recorded is ~5800 photoelectrons. Inset is an overhead perspective view of the event. The best-fitting track direction is shown as an arrow,

consistent with a zenith angle 5:7þ0:50
"0:30 degrees below the horizon.

Fig. 2. Fermi-LATand MAGIC observations of IceCube-170922A’s
location. Sky position of IceCube-170922A in J2000 equatorial coordinates
overlaying the g-ray counts from Fermi-LAT above 1 GeV (A) and the signal
significance as observed by MAGIC (B) in this region. The tan square
indicates the position reported in the initial alert, and the green square
indicates the final best-fitting position from follow-up reconstructions (18).
Gray and red curves show the 50% and 90% neutrino containment regions,
respectively, including statistical and systematic errors. Fermi-LATdata are
shown as a photon counts map in 9.5 years of data in units of counts per

pixel, using detected photons with energy of 1 to 300 GeV in a 2° by 2°
region around TXS0506+056. The map has a pixel size of 0.02° and was
smoothed with a 0.02°-wide Gaussian kernel. MAGIC data are shown as
signal significance for g-rays above 90 GeV. Also shown are the locations of
a g-ray source observed by Fermi-LAT as given in the Fermi-LAT Third
Source Catalog (3FGL) (23) and the Third Catalog of Hard Fermi-LAT
Sources (3FHL) (24) source catalogs, including the identified positionally
coincident 3FGL object TXS 0506+056. For Fermi-LAT catalog objects,
marker sizes indicate the 95% CL positional uncertainty of the source.
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Figure 8. Quasar-like and elliptical-like regions defined in the BROS g − r vs g plot.

corresponding to FSRQs and BL Lacs, respectively. Note that jet-dominated BL Lac objects232

are included in the quasar-like population because of the blue synchrotron spectrum.233

4. The objects showing elliptical-like colors have lower radio fluxes than those showing quasar-like234

colors. This support our previous conclusion that the elliptical-like population mostly consists235

of BL Lacs, as they usually show fainter radio fluxes compared to FSRQs.236

5. The BROS elliptical-like sequence mostly includes nearby BL Lac objects, a fraction of which237

would be TeV emitters.238

We thank Tomoki Morokuma and Masaomi Tanaka for fruitful discussions.239

Facilities: TGSS, NVSS, Pan-STARRS1240

APPENDIX241

A. CROSS MATCHING BETWEEN CRATES AND PS1 CATALOGS242

For comparison, we searched for optical counterparts of CRATES sources using the PS1 photometric243

data. The cross-matching method is completely the same as that utilized for BROS and PS1 cross-244
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Better Strategy (w/ current observing facilities): faint blazars?
Blazar Radio and Optical Survey (BROS; Itoh+2020)


flat-spectrum@radio: NVSS (1.4 GHz) + TGSS (151 MHz)

Pan-STARSS(PS1)@optical


~40% not detected in PS1 (r>23)

88,211 sources at Dec.>-40 deg


largest blazar candidate catalog

3,516 (ROMA-BZCAT), ~11,000 (CRATES), ~1,500 (3FGL)


a new faint blazar population in early-type galaxies?

7 BROS sources in 170922A region (TM+2021)BROS catalog 7

Figure 3. Location of all the 56314 BROS sources in Galactic coordinates. The large elliptical region
centered at l ∼ −60◦ and b ∼ −30◦ corresponds to the southern sky of δ < −40◦, where the NVSS does not
cover. The small blank region located around l ∼ −150◦ and b ∼ 40◦ are due to lack of TGSS sources in
that region.

Figure 4. logN-logS plots for the BROS sources using the TGSS (left) and NVSS (right) fluxes. In both of
the plots, fitting was performed for the data points above 103 mJy

sources which have TGSS counterparts but are not listed in the BROS catalog is due to the soft153

radio spectra of α < −0.5.154

We also checked the reason why about 25% of the CRATES sources are not detected by the TGSS.155

One reason would be due to the sensitivity of the TGSS catalog at 0.15 GHz. Since it is reported156

that the RMS noise of the TGSS is mostly below 5 mJy beam−1 (see Intema et al. 2017, Fig. 7). In157

the CRATES catalog, the sources of 4.8 GHz flux is larger than 65 mJy. Thus, if the source has158

Itoh+2020
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Better Neutrinos: “Multiplet”

16

z=1z=0.1

z=0.06

z=0.023

IceCube Collaboration 20173.2. Identification of a Transient Associated with a Neutrino
Multiplet

As described in Section 3.1, the multiplet source is most
likely located at a relatively small redshift (z< 0.15, with an
88% probability). Given that most astrophysical neutrino
multiplets will therefore originate from objects with small
redshifts, we can construct a follow-up search strategy for
identifying the optical counterpart. Figure 7 shows a flow chart
to illustrate our proposed procedure to find a source candidate.
The first step in this procedure for the follow-up observations is
to see if the optical transient counterparts are close enough. We
propose z= 0.15 as the threshold for the first level selection.

To detect emission from transients at z 0.15, the required
sensitivity for optical follow-up observations is about 23 mag.
Figure 8 shows the typical peak optical magnitude of different
transients as a function of redshift. The sensitivity of 23 mag is
sufficient to detect hypernovae and broad-lined, energetic
Type Ic SNe at z = 0.15. To perform such an optical survey for
a 1 deg2 area, wide-field optical telescopes with a diameter of
>4 m, such as DECam on the 4 m Blonco telescope (Flaugher
et al. 2015), HSC on the 8.2 m Subaru telescope (Miyazaki
et al. 2018), and the 8.4 m Rubin observatory telescope (Ivezić
et al. 2019), are required.

Such a deep survey can identify not only the true multiplet
source but also unrelated transient objects (i.e., contaminants).
In the following sections, we first estimate the number of
contamination sources that may be found with such a survey,
and then discuss the strategy to identify the neutrino multiplet
source.

3.2.1. Expected Number of Contaminants

We perform survey simulations to estimate the number of
contaminants in an observation with 23 mag sensitivity. Most
optical transients are common SNe, namely Type Ia SNe
(thermonuclear SNe), Type II SNe, and Ibc SNe (CC SNe).
These SNe are located by successive imaging observations.
Our strategy is to survey the neutrino direction sky patch of
ΔΩ= 1 deg2 three times with a time interval comparable to the
typical timescales of light curves of SNe.

The light curves of normal SNe are generated with the
sncosmo package (Barbary et al. 2016) by using templates of
the available spectral energy distributions and their time
evolutions. For Type Ia SNe, the SALT2 model (Guy et al.
2007) is used as a template. The parameters of the SALT2
model, such as the stretch and color parameters, are randomly
selected according to the measured distribution (Scolnic &
Kessler 2016). The peak luminosity of Type Ia SNe is assigned
from the stretch and color parameters. For Type II and Ibc SNe,
the set of the spectral templates in sncosmo is used. These
spectral energy distribution templates are based on each type of
observed SN, and therefore, we randomly select the template
SNe to generate the light curves. The distribution of the peak
luminosity of Type II and Ibc SNe is assumed to be Gaussian
with an average absolute magnitude of −16.80 mag and
−17.50 mag and a dispersion of 0.97 mag and 1.10 mag,
respectively (Richardson et al. 2014). Although the true
luminosity distribution is not a Gaussian distribution (Perley

Figure 6. Skymap of the B-band luminosity density in equatorial coordinates.
The band defined by the black lines is removed from the density profile
calculations due to contamination associated with the Galactic plane. The
region where no galaxy is registered within 100 Mpc is set to
2.4 × 107 Le Mpc−3 for the conservative estimate determined by the catalog
completeness.

Figure 7. A flow chart of the procedure used to find a neutrino source
candidate following a neutrino multiplet detection.

Figure 8. Observed magnitude as a function of redshift for target objects after
expected time delays (green: hypernovae at peak; red: TDEs at 100 days after
the event; blue: SNe Ibc at peak).
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(strongly depending on neutrino spectral shape)

Much better than “singlet”

closer origin, better localization 
==> much lower contamination 
==> jet/interacting SNe can be  
claimed as a neutrino source  
w/ high confidence.


Identified w/ smaller (~4m) telescopes

(better “singlet” localization: ~10-1 deg-2)

source # [deg-2] (z<1) multiplet

SNe ~102-3 (~101 if classified “interacting”) ~101 (<1)

Blazars
 ~100-1 ~<1

TDEs <1 <1

AGNs ~103 ~101

Yoshida+2022



IceCube ICRC2023 Satellite Workshop University Chiba University 2023/08/07-08 17

Optical universe is so crowded & variable/transient. 

One blazar (TXS 0506+056@z=0.336) was identified as a counterpart 
of IceCube-170922A (w/ much contribution from Japanese group).

Current difficulties in identifying the neutrino origin (if it is really of 
an astrophysical origin) may be overcome w/ 


better telescopes/instruments 

wide-field imaging (~8m; Subaru/HSC, Rubin/LSST) 
+ 8-30m spectrographs

blind spectroscopy w/ Subaru/PFS for multiplet


better strategy

faint blazar population


better neutrinos

multiplet w/ lower contaminations w/ smaller telescopes

w/ as good as ~0.1 deg2 localization


near-future ultimate? 
= Rubin/LSST (imaging) + Subaru/PFS (spectroscopy) for multiplet

Summary & Future Prospects


