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blazar: AGN relativistic jet

©NASA/Fermi

GRB©NSF starburst galaxy

©NASA

(peculiar) supernova

©U. Tokyo

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

transient (variable)
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©NSF

optical/NIR telescopes
aperture [m]
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non-transient: O(105-6) deg-2 (Furusawa+2008)

transient: O(102) deg-2 (TM+2008)

variable star

[high proper motion star]

[asteroid]

supernova (SN)

active galactic nuclei (AGN)

gamma-ray burst (GRB)

fast radio burst (FRB): Parkes, …

Gravitational Wave source (kilonova)

neutrino source

objects in optical wavelengths

0.5 deg

3-color image taken with 
Subaru (8.2m)

Suprime-Cam


field-of-view: 0.25 deg2

<==> 40,000 deg2 (all-sky)
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7

objects in optical wavelengths

Nugent+2011, SN 2011fe@M101

SN 1987A@LMC

before after after before
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before after
!!! Let’s find a new supernova !!!
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Example: image subtraction
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before

©Takahiro Kato, Masaomi Tanaka

Supernova,and,the,its,detection?
• the(survey(of(the(transient(objects
By(subtraction of(that(images,(we(found(the(
transients(point.

0.2deg
new

ref.

> =

Are(all(of(these(points(really(
the(transient(objects(?

difference

Supernova,and,the,its,detection?
In(practice,(these(circle(are(ensured(the(transient(
objects.

0.2deg
difference

All(of(these(detected(points(are(
not the(real(transient(objects.((

new

ref

                    subtracted image                 


     

=|

real

bogusreal vs bogus

~ 1   :   1000

       

Image subtraction is not perfect, 
but this ratio is improved by 
machine learning technique (e.g., 
Morii+2016). 
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Field-of-View (FoV) of optical/NIR telescopes/instruments

Palomar 
Zwicky Transient Facility (ZTF) 

(1.2)

Kiso Schmidt  
Tomo-e Gozen


(1.05)

CTIO  
DECam


(4)

Subaru

HSC

(8.2)

typically ~0.1 deg << IceCube localization

ASAS-SN  
(0.14) 
x ~10

HST>1 deg (wide-field)
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EM Counterpart Search of IceCube events
~0.5-0.8 deg localization

O(103) transients@optical (TM+2008, M. Yoshida+2017)

1 deg
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blazar: AGN relativistic jet

©NASA/Fermi

GRB©NSF starburst galaxy

©NASA

(peculiar) supernova

©U. Tokyo

<1% (Aartsen+2017)
~<30%@100 TeV

(Bechtol+2017)

?

~<27% (Fermi)

(Aartsen+2017)

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

transient (variable)
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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

BROS catalog 13

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

Blazar Radio and Optical Survey (BROS; Itoh et al. in prep.)

56,315 sources at Dec.>-40 deg


ROMA-BZCAT: 3,516 sources

CRATES: ~11,000 sources

3FGL (Fermi): ~1,500 sources


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

Pan-STARSS(PS1)@optical


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

New Blazar Catalog (BROS)
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Counterpart Search Strategy@optical

brig
ht b

laza
r

faint blazar

supernova
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OISTER Collaboration: Japanese Optical Telescopes

Subaru 8.2

@Hawaii, USA

+@Tibet, China

+@NZ

…

Kiso 1.05 (Tokyo)

Kanata 1.5

(Hiroshima)

Pirka 1.3

(Hokkaido)

Kyoto 0.4 ==> 3.8

Nayuta 2.0

(Hyogo)

Kagoshima 1.0

MITSuME 1.0  
(Ishigaki)

MITSuME 0.5  
(Titech)

Saitama 0.5

Okayama 1.88

(NAOJ)

TAO 0.5 
==> 6.5  
(Tokyo)

@Chile

IRSF 1.4 
(Nagoya)

@South Africa

    

[name] aperture
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IceCube-170922A case

Subaru/HSC

Kiso/KWFC

IceCube

Kanata/HONIR FoV

BROS sources

7 BROS sources (blazar candidates) incl. 1 Fermi blazar. 

We observed all these blazars  
w/ Subaru/Hyper Suprime-Cam (HSC) & Kiso/KWFC.


covered almost the  
entire error region. 

TXS 0506+056
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Counterpart Search Strategy@optical

brig
ht b

laza
r

faint blazar

supernova

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

7 BROS sources within IceCube-170922A error region


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

Y. Tanaka & TM talked during Subaru ToO observations at remote observing 
room and noticed LAT variability…(no special care about Subaru…)


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

blue-when-brighter trend: not special

no detailed studies yet about variability behavior

IceCube-170922A 増光天体探索②

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

かなた
9/23

かなた
9/23
ー

2MASS
差分

2MASS
カタログ

かなた
9/23
ー

かなた
9/24
差分

いた。

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

広島大学は世界でも最初期の観測に成功！！

1,000 days
3/23

3/23 - 3/24

2MASS

Kanata/HONIR

J-band

ASAS-SN long-term light curve (V-band, 0.5um)
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linear polarization of 

TXS 0506+056

3/23 - 3/24

2MASS

Polarization Degree [%]

Polarization Angle [deg]

evidence for highly-ordered large-scale 
magnetic field (Falomo 2014)

Kanata/HONIR in R, J-bands


6-8% (Yamanaka+2017, ATel #10844)

interstellar pol. < 1%


not so variable in time

consistent w/ BL Lac


~14% polarization measured with 
Liverpool/RINGO3 recently reported 
(Steele+2018, ATel #11430)

0.2 mag

ASAS-SN (V-band)

IceCube alert
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BL Lac

z=0.336 (Ajello+2014)

z>0.21 (Shaw+2013)

no reliable determination?

8m-class telescopes are necessary “in 
general”. (e.g., Landoni+2015)


very strong continuum (by relativistic jets)

new observations

Kanata (1.5m)

Nayuta (2m)

Liverpool (2m)

Subaru/FOCAS (8.2m)

Gemini-N/GMOS (8.2m)

VLT/X-SHOOTER (8.2m)

SALT/HRS (10m)

GTC/OSIRIS (10m)

redshift (distance) of TXS 0506+056 PS1 (gri)

2.5 arcmin

The Astrophysical Journal, 780:73 (24pp), 2014 January 1 Ajello et al.

National de Physique Nucléaire et de Physique des Particules in
France; the Agenzia Spaziale Italiana and the Istituto Nazionale
di Fisica Nucleare in Italy; the Ministry of Education, Culture,
Sports, Science and Technology (MEXT), High Energy Accel-
erator Research Organization (KEK), and Japan Aerospace Ex-
ploration Agency (JAXA) in Japan; and the K. A. Wallenberg

Foundation, the Swedish Research Council, and the Swedish
National Space Board in Sweden. Additional support for science
analysis during the operations phase is gratefully acknowledged
from the Istituto Nazionale di Astrofisica in Italy and the Centre
National d’Études Spatiales in France.

Facility: Fermi (LAT)

APPENDIX

A.1. Table with Redshift Constraints

Table 5 reports the 211 BL Lac objects used in this work with all the available redshift constraints (with the exception of the exclusion
functions). The sample and the nature of the redshift constraints are described in Sections 2 and 3.3.

Table 5
The 211 BL Lac Objects Detected by Fermi Used for This Analysis

NAME Flux100
a Photon Index zb Photo-zc zLLd zMAX

e Photo-zULf SED CLASSg

1FGL J0006.9+4652 4.35 ± 0.79 2.50 ± 0.12 · · · · · · · · · · · · · · · ISP
1FGL J0021.7−2556 1.22 ± 0.41 2.13 ± 0.16 · · · · · · 0.56 1.63 1.44 ISP
1FGL J0022.2−1850 0.45 ± 0.16 1.64 ± 0.13 · · · · · · 0.77 1.64 1.38 HSP
1FGL J0033.5−1921 2.03 ± 0.32 1.89 ± 0.07 · · · · · · 0.50h 1.77 · · · HSP
1FGL J0035.1+1516 0.70 ± 0.23 1.72 ± 0.12 · · · 1.28 · · · 1.65 · · · HSP
1FGL J0038.0+1236 1.41 ± 0.59 2.23 ± 0.19 0.089 · · · · · · 1.76 · · · HSP
1FGL J0045.3+2127 1.39 ± 0.38 1.86 ± 0.11 · · · · · · · · · 1.78 1.06 HSP
1FGL J0050.6−0928 7.39 ± 0.64 2.20 ± 0.05 0.635 · · · · · · 2.18 · · · ISP
1FGL J0100.2+0747 1.90 ± 0.36 1.90 ± 0.09 · · · · · · · · · 4.01 · · · ISP/HSP
1FGL J0105.7+3930 4.80 ± 0.90 2.70 ± 0.14 0.440 · · · · · · 2.68 · · · · · ·
1FGL J0109.0+1816 0.76 ± 0.35 2.00 ± 0.19 0.443 · · · · · · 2.48 · · · HSP
1FGL J0114.4+1327 3.81 ± 0.76 2.66 ± 0.14 · · · · · · · · · 1.63 1.22 ISP/HSP
1FGL J0115.5+2519 1.49 ± 0.42 2.02 ± 0.12 · · · · · · 0.27 1.63 1.45 HSP
1FGL J0115.7+0357 1.19 ± 0.40 2.03 ± 0.15 0.913 · · · 0.14 1.62 1.25 · · ·
1FGL J0120.5−2700 3.90 ± 0.45 2.03 ± 0.06 · · · · · · 0.56 1.76 · · · ISP
1FGL J0136.5+3905 2.86 ± 0.39 1.80 ± 0.06 · · · · · · · · · 1.65 · · · HSP
1FGL J0141.7−0929 1.85 ± 0.45 2.16 ± 0.12 0.735 · · · 0.50 2.17 · · · ISP
1FGL J0144.6+2703 4.77 ± 0.65 2.22 ± 0.08 · · · · · · 0.71 1.66 · · · ISP
1FGL J0154.1+0823 1.68 ± 0.39 1.97 ± 0.10 0.681 · · · 0.34 1.64 1.37 ISP
1FGL J0155.0+4433 0.95 ± 0.55 2.10 ± 0.23 · · · · · · 0.39 1.63 · · · ISP/HSP
1FGL J0158.0−3931 2.19 ± 0.52 2.34 ± 0.14 · · · · · · · · · 2.15 1.35 ISP
1FGL J0159.5+1047 1.28 ± 0.19 1.95 ± 0.06 0.195 · · · · · · 1.76 · · · HSP
1FGL J0159.7−2741 0.98 ± 0.30 2.06 ± 0.14 · · · · · · 0.58 1.78 1.05 ISP
1FGL J0203.5+3044 4.91 ± 0.85 2.74 ± 0.13 0.761 · · · · · · 2.72 · · · · · ·
1FGL J0209.3−5229 1.80 ± 0.48 1.94 ± 0.11 · · · · · · · · · 2.18 1.18 HSP
1FGL J0210.6−5101 14.63 ± 0.95 2.37 ± 0.04 0.999 · · · · · · · · · · · · ISP
1FGL J0211.2+1049 3.86 ± 0.69 2.27 ± 0.09 · · · · · · · · · 1.67 · · · ISP
1FGL J0213.2+2244 1.29 ± 0.40 1.95 ± 0.13 0.459 · · · · · · 2.66 · · · HSP
1FGL J0217.9−6630 1.19 ± 0.46 2.07 ± 0.17 · · · · · · 0.67 1.88 1.25 HSP
1FGL J0222.6+4302 21.51 ± 1.03 1.94 ± 0.02 · · · · · · · · · 1.67 · · · ISP
1FGL J0238.6+1637 43.54 ± 1.10 2.15 ± 0.02 0.940 · · · · · · · · · · · · ISP
1FGL J0238.6−3117 0.96 ± 0.35 2.07 ± 0.17 0.232 · · · · · · 1.63 1.02 HSP
1FGL J0250.4+1715 1.28 ± 0.40 2.13 ± 0.13 0.612 · · · · · · · · · 3.10 · · ·
1FGL J0303.5−2406 4.71 ± 0.41 2.00 ± 0.05 0.260 · · · · · · · · · · · · HSP
1FGL J0315.9−2609 0.32 ± 0.16 1.62 ± 0.17 0.443 · · · · · · · · · · · · HSP
1FGL J0316.1+0904 1.73 ± 0.42 1.78 ± 0.09 · · · · · · · · · 1.66 · · · HSP
1FGL J0319.7+1847 0.51 ± 0.23 1.65 ± 0.16 0.190 · · · · · · · · · · · · HSP
1FGL J0322.1+2336 4.26 ± 0.92 2.41 ± 0.12 · · · · · · · · · · · · · · · HSP
1FGL J0323.7−0106 0.34 ± 0.16 1.59 ± 0.17 0.392 · · · · · · 2.17 1.54 HSP
1FGL J0326.2+0222 1.94 ± 0.53 2.21 ± 0.13 0.147 · · · · · · · · · · · · HSP
1FGL J0334.2−4010 7.85 ± 0.10 2.34 ± 0.01 1.357 · · · 1.21 2.05 · · · ISP
1FGL J0334.4−3727 2.59 ± 0.18 2.09 ± 0.04 · · · · · · · · · 1.92 1.34 ISP
1FGL J0354.6+8009 7.76 ± 0.90 2.58 ± 0.08 · · · · · · · · · · · · · · · ISP
1FGL J0416.8+0107 0.80 ± 0.50 1.96 ± 0.24 0.287 · · · · · · · · · · · · HSP
1FGL J0428.6−3756 31.07 ± 0.89 2.13 ± 0.02 1.111 · · · · · · · · · · · · ISP
1FGL J0434.1−2018 1.67 ± 0.46 2.31 ± 0.15 0.928 · · · · · · 2.43 · · · ISP
1FGL J0448.5−1633 1.05 ± 0.37 1.97 ± 0.15 · · · · · · · · · 1.63 1.25 HSP
1FGL J0449.5−4350 10.40 ± 0.55 1.99 ± 0.03 0.205 · · · · · · · · · · · · HSP
1FGL J0507.9+6738 1.37 ± 0.20 1.73 ± 0.06 0.340 · · · · · · 2.51 · · · HSP
1FGL J0509.3+0540 8.18 ± 0.87 2.31 ± 0.06 0.336 · · · · · · 1.66 1.24 ISP

19Ajello+2014

Shaw+2013

featureless(?)

continuum subtracted
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Optical Spectroscopy: redshift determination

Paiano+2018 (background)

0.1-0.3 hours

integration

Subaru(8.2m)/FOCAS

S/N~100

1% (S/N=100)
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Optical Spectroscopy: redshift determination

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
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Counterpart Search Strategy@optical
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Counterpart Search Strategy@optical

brig
ht b
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r

faint blazar

supernova

170922A
next??
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Several mechanisms proposed for high-energy neutrinos. 

We developed a new blazar catalog (BROS) incl. ~56,000 
sources (increased by a factor of ~5). 

Our Kanata quick follow-up for BROS (flat-spectrum radio) 
sources found variability of TXS 0506+056.  
==> Fermi/LAT gamma-ray variability ==> further multi-
wavelength follow-ups

Spatial/Temporal coincidence indicates the origin of 
IceCube-170922A is a blazar (BL Lac), TXS 0506+056. 

showed optical flare around the Icecube detection. 

not a special blazar at a glance? (need more examination)


10-hour integration w/ 10m telescope GTC determines the 
redshift z=0.336 (S/N~several hundreds) of the BL Lac object. 

Future IceCube alerts: blazar again? supernova? need 
multiple/coordinated observing strategies w/ small (OISTER) & 
large (Subaru etc.) telescopes

Summary & Future Prospects


