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Fig. 5 Sky locations of GW events confidently detected in O1 and O2. Top panel: initial sky location
released in low-latency to the astronomers (Abbott et al. 2016i; LIGO Scientific Collaboration and Virgo
Collaboration 2015; Abbott et al. 2019d). Bottom panel: refined sky location including updated calibration
and final choice of waveform models (Abbott et al. 2018d). Three events (GW151012, GW170729,
GW170818) among the 11 confidetent detections were identified offline, and were not shared in low-latency.
The shaded areas enclose the 90% credible regions of the posterior probability sky areas in a Mollweide
projection. The inner lines enclose regions starting from the 10% credible area with the color scheme
changing with every 10% increase in confidence level. The localization is shown in equatorial coordinates
(right ascension in hours, and declination in degrees). The HLV label indicates events for which both the
LIGO and Virgo data were used to estimate the sky location

distance measurement is dominated by the degeneracy with the inclination of the
binary, which also determines the signal amplitude (Cutler and Flanagan 1994; Röver
et al. 2007a; Nissanke et al. 2010; Aasi et al. 2013b). The degeneracy could be broken
by observing with more non-co-aligned detectors (Veitch et al. 2012; Rodriguez et al.
2014), or if precession of the orbital plane is observed (Vecchio 2004; van der Sluys
et al. 2008; Vitale et al. 2014), but this is not expected for slowly spinning BNS (Farr
et al. 2016). Distance information can further aid the hunt for counterparts, particularly
if the localization can be used together with galaxy catalogs (Abadie et al. 2012c;
Nissanke et al. 2013; Hanna et al. 2014; Fan et al. 2014; Blackburn et al. 2015; Singer
et al. 2016a; Del Pozzo et al. 2018). Table 3 reports the low-latency and refined
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光赤外観測から見たMMA
重力波 高エネルギーニュートリノ (track)

位置決定

精度 

~> 1,000 deg2 w/ 2 detectors

~< 100 deg2 w/ 3/4 detectors [1]

~0.5 deg sigma (singlet) [2]

~0.3 deg sigma (multiplet) [2]

天体種族 BNS, NS-BH, BBH 
supernova

blazar, TDE, supernova, GRB 
(type-2 AGN, Galactic Plane)

距離 ~< 160-190 Mpc (LIGO) [3]

O(kpc) (Galactic)

z ~ 0.5-1 (singlet)

z < 0.15 (multiplet) [4]

見かけの 
明るさ

~17 mag (GW170817/AT2017gfo)

@ 40 Mpc [5]

~14-15 mag (IC170922A/TXS 0506+056) 
@ z=0.34 [6,7]

光赤外

性質

kilonova: theoretically predicted, (partly) 
confirmed for GW170817/AT2017gfo

wide variety

「パイオニア・スピリット」 [8]

[1] Nissanke, S., et al. 2013, ApJ, 767, 124

[2] 清水さん講演 (Z103a)
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[5] Utsumi, Y., et al. 2017, PASJ, 69, 101

[6] Morokuma, T., et al. 2021, PASJ, 73, 25

[7] Paiano, S., et al. 2018, ApJL, 854, L32

[8] 吉田さん講演 (Z101r)
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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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光赤外観測の役割・特長
Pros

多種多様な放射天体候補を観測可能 (あらゆる天体現象が可視・赤外放射を伴う)

起源天体の熱放射や噴出物の情報から爆発エネルギー・ 元素合成等の情報を抽出可能

天体までの赤方偏移 (距離) の精度良い決定が可能

母銀河も同時に観測可能


広視野・深撮像観測 (confusionなし) を同時に実現可能

大型望遠鏡を含め世界に多くの望遠鏡が存在


Cons

重力波・ニュートリノ放射天体と無関係な天体の大量混入不可避

起源天体の同定 + 他にいないことの証明

天体面密度

定常天体: O(105-6) deg-2 (Furusawa+2008)

突発天体: O(102) deg-2 (TM+2008, Yoshida+2018)


==> 機械学習を利用した効率的かつ正確な天体選出手法の開発

地上からは夜間のみ(1/3日程度)観測可能


==> 複数の異なる経度にまたがる望遠鏡ネットワークの構築 Yasuda+2019

1,824 supernova candidates over ~7 deg2

Subaru (8.2m) + Hyper Suprime-Cam
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 突発天体(候補天体)検出 

広視野サーベイ観測

w/ 広視野望遠鏡・装置 (O(100-1) deg2 FoV)

追観測 + 近傍銀河サーベイ観測

w/ 普通視野望遠鏡・装置 (O(10-2) deg2 FoV)

光赤外観測網@MMA@日本 J-GEM講演: 笹田さん (Z126a)

 他波長等での候補天体発見 
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重力波: J-GEM = Japanese collaboration for Gravitational wave ElectroMagnetic 

follow-up (PI: 吉田 道利さん@NAOJ; 笹田さん講演 Z126a; TM+2016; Sasada+2021)

IceCube高エネルギーニュートリノ: J-GEM/OISTER有志 + ニュートリノ/CR理論の方々

光赤外観測網@MMA@日本 OISTER講演: 村田さん (Z119b)
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重力波源に対する光赤外観測
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Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and wavelength
relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger. First, the shaded dashes represent the times when
information was reported in a GCN Circular. The names of the relevant instruments, facilities, or observing teams are collected at the beginning of the row. Second,
representative observations (see Table 1) in each band are shown as solid circles with their areas approximately scaled by brightness; the solid lines indicate when the
source was detectable by at least one telescope. Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray, and
radio bands. They are respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Section 2.1), the
Fermi-GBM and INTEGRAL/SPI-ACS lightcurves matched in time resolution and phase (see Section 2.2), 1 5×1 5 postage stamps extracted from the initial six
observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 days; Buckley et al. 2017; McCully et al. 2017b), ESO-NTT (at
tc+1.4 days; Smartt et al. 2017), the SOAR 4 m telescope (at tc+1.4 days; Nicholl et al. 2017d), and ESO-VLT-XShooter (at tc+2.4 days; Smartt et al. 2017) as
described in Section 2.3, and the first X-ray and radio detections of the same source by Chandra (see Section 3.3) and JVLA (see Section 3.4). In order to show
representative spectral energy distributions, each spectrum is normalized to its maximum and shifted arbitrarily along the linear y-axis (no absolute scale). The high
background in the SALT spectrum below 4500Å prevents the identification of spectral features in this band (for details McCully et al. 2017b).
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The Astrophysical Journal Letters, 848:L12 (59pp), 2017 October 20 Abbott et al.

Abbott+2017

EM observations

(GW170817)
EM counterpart: SSS17a/AT2017gfo


report: Coulter+2017, GCN, 21529

Discovery w/ 1m Swope@Chile


galaxy-targeted survey

~11 hours after GW detection


host galaxy: NGC 4993@~40 Mpc

GW: dL=40+8-14 Mpc

1m-class
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Fig. 1. Pointing map for GW170817 overlaid on the probability map3

(Abbott et al. 2017d). The white contour represents the 90% credible
region. Circles represent the field-of-view of HSC; their colors changing
with an order of observation. Observations have been carried out from
darker to lighter colors. The dashed curves represent the Galactic gratic-
ules. (Color online)

observed area is 28.9 deg2 corresponding to the 66.0% cred-
ible region of GW170817 (figure 1). Exposures used in the
following analysis are listed in table 2.

The data are analyzed with HSCPIPE v4.0.5, which is a
standard reduction pipeline of HSC (Bosch et al. 2018). It
provides full packages for data analyses of images obtained
with HSC, including bias subtraction, flat-fielding, astrom-
etry, flux calibration, mosaicing, warping, stacking, image
subtraction, source detection, and source measurement. The
astrometric and photometric calibration is made relative
to the PS1 catalog with a 4.′′0 (24 pixel) aperture diam-
eter. Further, in order to select variable sources, we per-
form image subtraction between the HSC and archival PS1
z-band images using a package in HSCPIPE based on an
algorithm proposed by Alard and Lupton (1998). The PS1
images are adopted as the reference images and convolved
to fit the point spread function (PSF) shape of the HSC
images.

We measure the FWHM sizes of PSF in the stacked
images with HSCPIPE. These scatter over a wide range from
0.′′7 to 1.′′8 depending on the pointings, especially on the
elevation, and the median is ∼1.′′2 (figure 2). The PSF size
statistics are summarized in table 3. The median FWHM
size is slightly worse than that of the image quality of the
PS1 3π survey (Magnier et al. 2016a), and the PSF con-
volution of the PS1 image for the image subtraction works
well.

After the image subtraction, the 5σ limiting magnitudes
in the difference images are estimated by measuring stan-
dard deviations of fluxes in randomly distributed apertures

3 Publication LALInference localization 〈https://dcc.ligo.org/public/0146/G1701985/
001/LALInference_v2.fits.gz〉.

with a diameter of twice the FWHM of PSF, and scatter
from 18.3 mag to 22.5 mag with a median of 21.3 mag
(figure 3 and table 4). The 5σ limiting magnitudes are
mainly determined by the depths of HSC images, which
are typically shallower than those of the PS1 image. In
particular, the depths in the pointings observed early on
August 19 are quite shallow. We also evaluate completeness
of detection by a random injection and detection of artifi-
cial point sources with various magnitude (dashed lines in
figure 4). The magnitude of artificial point sources are fixed
in time. The large diversity in the depth of images taken on
August 19 causes the shallow dependence of completeness
on the PSF magnitude of artificial sources. The median of
5σ limiting magnitude is roughly comparable to the 70%
completeness magnitude.

As the detected sources include many bogus detections,
candidate selection is performed as in Utsumi et al. (2018).
Criteria for the detection in a single difference image are
(1) |(S/N)PSF| > 5, (2) (b/a)/(b/a)PSF > 0.65, where a and b
are the lengths of the major and minor axes of a shape of a
source, respectively, (3) 0.7 < FWHM/(FWHM)PSF < 1.3,
and (4) PSF-subtracted residual <3σ . These criteria confirm
a high confidence level of detection and the stellar-like shape
of a source. Further, we impose the sources to be detected in
both of the difference images on August 18 and 19, and find
1551 sources. We also evaluate the completeness of this can-
didate selection with the artificial point sources (solid lines
in figure 4). The candidate selection makes the 50% com-
pleteness magnitudes shallower by 0.7–0.8 mag. The com-
pleteness of the two-epoch detection is comparable to that
seen on August 19 because the observation from August 19
is shallower than that from August 18. The 50% complete-
ness magnitude for two-epoch detection is 20.6 mag.

The two-epoch detection is only possible for the fields
with the archival PS1 images and the HSC images on both
of August 18 and 19. The resultant area for the transient
search is 23.6 deg2, corresponding to the 56.6% credible
region of GW170817.

3 Transient search and characteristics

3.1 Source screening

As the 1551 sources include sources unrelated to
GW170817, we need to screen them in order to pick up
candidates that may be related to GW170817. We adopt a
procedure shown here in a flowchart (figure 5).

First of all, the flux of optical counterpart of GW170817
needs to not be negative on August 18 and 19. We exclude
sources having significantly negative fluxes (<−3σ ) on
August 18 or 19. We also rule out sources associated with
stellar-like objects in the PS1 catalog (Magnier et al. 2016b;
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optical+NIR photometry (Utsumi+2017)

IRSF/SIRIUS@South Africa

Subaru/MOIRCS@Hawaii

MOA-II/MOA-cam3@New Zealand

B&C/Tripol5@New Zealand


optical wide-field “survey” (Tominaga+2018)

Subaru/HSC@Hawaii

Publications of the Astronomical Society of Japan (2017), Vol. 00, No. 0 5

Fig. 2. Light curves and color evolution of SSS17a. The face color is
changed with the respective bands. The Galactic extinction has been
corrected by assuming E(B − V) = 0.1 mag (Schlafly & Finkbeiner 2011).

Fig. 3. Absolute magnitude of z-band observations (dots) compared with
models of supernovae (SN Ia and SN IIP in gray curves) and kilonovae
(colored curves). The kilonova models are calculated assuming that the
mass of the ejecta from a neutron star merger Mej is 0.01 M". The
absolute magnitudes of the kilonova models quickly decline as com-
pared with supernovae. The z-band light curve of SSS17a follows the
decline of the kilonova models although the observed magnitudes are
1–3 magnitude brighter than the model predictions. The arrows indi-
cate the behaviors of the brightness decline corresponding to various
!z, which is the difference in the magnitude of the two epochs for an
interval of !t = 6 d.

H − Ks color. As a result, the optical-NIR color of SSS17a
progressively becomes redder with time (figure 1).

4 Origin of SSS17a
Figure 3 shows the z-band light curves for SSS17a, Type
Ia supernova (SN Ia: Nugent et al. 2002), Type II plateau

Fig. 4. Result of the photometry of SSS17a is plotted on !z and (i − z)1st

plane with kilonova and supernova models. For SSS17a (red symbol),
!z is the magnitude difference between the two epochs, t = 1.7 and
7.7 d (!t = 6 d) after the detection of GW170817, and (i − z)1st is the
color at the first epoch (t = 1.7 d). The models for kilonovae and super-
novae are shown by colored dots and gray dots, respectively. Each dot
corresponds to different starting epoch of !t with an increment of 1 d.
The larger dots in the kilonova model loci show the values for the case
that the starting epoch of !t is the 2nd day from the merger. The kilo-
nova models are located far from the crowds of those for supernovae at
40 Mpc, especially in terms of !z. The data point of SSS17a is consistent
with the model of medium Ye wind.

supernova (SN IIP: Sanders et al. 2015), and three kilo-
nova models with an ejecta mass of Mej = 0.01 M" as
mentioned by Tanaka et al. (2017a). The kilonova models
are a Lanthanide-rich dynamical ejecta model and post-
merger wind models with a medium Ye of 0.25 and high Ye

of 0.30. The model with Ye = 0.25 contains a small frac-
tion of Lanthanide elements while that with Ye = 0.30 is
Lanthanide-free. The rapid decline of SSS17a is not sim-
ilar to the properties of known supernovae, and the z-
band magnitude of SSS17a at t = 7.7 d is >3 mag fainter
than supernovae Ia and IIP. However, the rapid decline of
SSS17a is consistent with the expected properties of kilo-
novae, although SSS17a is 1–3 mag brighter than all the
three kilonova models.

The rapid evolution of SSS17a is characterized by a mag-
nitude difference in the z band (!z) between t = 1.7 d and
7.7 d (6 d interval). The red point in figure 4 shows the
!z and i − z color at t = 1.7 d (see Utsumi et al. 2017).
For the purpose of comparison, we show !z in a 6 d
interval and (i − z)1st color at the 1st epoch for supernovae
using the spectral template of Nugent, Kim, and Perlmutter
(2002). The points show !z and (i − z)1st with a 1 d step
from the day of the merger, and their time evolutions are

Downloaded from https://academic.oup.com/pasj/article-abstract/doi/10.1093/pasj/psx118/4554238/J-GEM-observations-of-an-electromagnetic
by guest
on 17 October 2017

57% (Subaru/HSC@Hawaii) Tominaga+2018

EM observations

(GW170817, J-GEM)

Utsumi+2017
Figure 2: The i band limiting magnitude of the HSC ob-
servation of GW151226 and kilonova light curves. A filled
triangle represents median limiting magnitudes of the HSC
observation. The theoretical i band light curves of NS–NS
merger (pink lines) and BH–NS merger (blue lines) are taken
from Tanaka+ (2014). Solid, dashed and dotted lines corre-
spond to the event distances of 50 Mpc, 100 Mpc, and 200
Mpc, respectively.
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Figure 3: The color evolution of kilonova (Tanaka+
2014). The interval of the dots on the lines is 5 days.
The color range of minor planets is shown as thick ar-
row at the ottom-left of the plot. 5σ detection limit
with HSC 1 minute exposure is shown by dashed lines,
and the gray colored area is unobservable region with
this project.

instrument in the world which can cover most of the 90% credible area of GW in O2B with 8m telescope detection
capability (see Fig.2). We therefore propose a deep wide-field search of EM counterparts of GW sources with HSC.

We trigger ToO observations to Subaru HSC immediately after (within 6 days) GW alerts, if HSC is
attached to the telescope (this corresponds to ToO (A) mentioned above). We choose ToO targets using the
EM bright ranking and the event distance provided with the alerts (see section 2). We perform i and z bands survey
observations within the localization error area. This two color observation is very efficient to identify the EM counterpart
of GW source (Fig.3). With 50 sec exposure, HSC i and z bands can reach ∼24.4 mag and ∼23.6 mag, respectively
(5σ; this was confirmed by our previous ToO observations: Fig.2). We repeat the observation twice with the interval
of ∼1 hour per one field in each band to reject moving objects and cosmic ray events. We can survey ∼60 deg2 within
5 hours with HSC (including 15% field overlap to fill the gap between CCDs, readout time, and filter exchange time).
Thus we request 0.5 nights for this initial observation. To identify the EM counterpart, we also need to follow the
time variability by making the same observations a few days after the initial observation. In addition, we need another
observation at an epoch well separated (∼1 month) from the initial observation to get the reference images. To make
these two observations, we request additional 2×0.5 nights.

As explained in section 1, the event rate of NS–NS merger is expected to be an order of 1 in O2. The event rate
of BH–NS merger has not been quantitatively estimated so far, since no such system has been observed, but BH–NS
is theoretically possible to exist. Assuming that ∼10% of short γ-ray bursts (SGRB) arise from BH–NS merger, we
estimated the merger rate of BH–NS detectable in O2 based on the event rate of SGRB and found that it would be the
same order of magnitude as that of NS–NS (Nakamura+ 2016). Thus we expect a few sources which contain a NS and
produce kilonova emission. We therefore request 3 sets of the above ToO observation set. In summary, we request
3×3×0.5 nights (4.5 nights in total) for this project.

If good candidates of optical-infrared counterpart are detected with HSC or other facilities in the
world, we trigger ToO observation of ToO (B) using FOCAS, MOIRCS, IRCS or HDS, or NIR imaging
with MOIRCS or IRCS. The spectral resolution R we need is ∼500–1000 for FOCAS, MOIRCS and IRCS to obtain
the SED and line spectrum of the counterpart, or the spectrum of the host galaxy when the candidate has already
faded out. We make high-resolution spectroscopy with R ∼ 50, 000 using HDS to obtain the detailed spectrum of the
absorption lines. If MOIRCS or IRCS is available, we will try to perform NIR (J, H, or K bands) imaging. Instrument
selection and observing mode depend on both the brightness of the target and the availability of instrument.

5. Source detection method
A deep, wide-field survey using HSC must find many transient signals in the surveyed area. In fact, we detected

∼1,000 transient candidates in the follow-up observations of GW151226 with HSC with a limiting magnitude of 24.4
mag even after removing various artifacts and cosmic rays. Most of these sources were false signals. We will exclude
the false signals by (1) two visits for one FOV and (2) using positional coincidence analysis between two color (i and
z) bands data in the initial observation. Then we will measure the color-magnitude variability of the candidate sources
using the second and third epoch observation data, and pick up the final candidates. Tracing the color-mag evolutions
of the candidate sources is very powerful to distinguish GW EM sources from SNe or minor planets (Fig.3). Fig.3 shows
that the color-mag evolution loci of NS–NS or BH–NS mergers are quite different from those of SNe and minor planets.
Using this plot, we can pick up candidates of EM counterparts.

References: Abadie+ 2010, CQG, 27, 173001.; Abbott+ 2016a, PRL, 116, 061102.; Abbott+ 2016b, PRL, 116,
241103.; Morokuma+ 2016, PASJ, 68, L9.; Nakamura+ 2016, in prep.; Singer+ 2014, ApJ, 795, 105.; Tanaka+ 2014,
ApJ, 780, 31.; Yoshida+ 2016, in prep.
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Red in optical

red i-z color

AT2017gfo was blue 
in the early phase. 


Rapid decline  
in a few days

c.g. 81% (CTIO/DECam@Chile) Soares-Santos+2017
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Optical/Near-Infrared light curves of kilonovae

10

-20

-19

-18

-17

-16

-15

-14

-13

-12

-11
0.5 1 2 3 4 5 7 10 14

AB
ab
so
lu
te
m
ag
ni
tu
de

t [day]

Angular Dependence

g
z
K

0°≤θ<20°
35°≤θ<41°
55°≤θ<59°
86°≤θ<90°

Fig. 7.— Angular dependence of the gzK-band light curves for
the fiducial model (HMNS YH). The solid, dashed, densely dotted,
and sparsely dotted curves denote the light curves observed from
0�  ✓ < 20�, 35�  ✓  41�, 55�  ✓ < 59�, and 86�  ✓ < 90�,
respectively.

bands. These results indicate that the di↵erence in the
velocity profile is reflected most significantly in the de-
cline rates of the light curves particularly in the optical
(and perhaps, also, ultraviolet) bands. We note that the
rapid decline of the optical light curves for HMNS YH VH

may reflect the fact that the opacity depends strongly on
the temperature near T ⇡ 3000 K and the temperature
of the post-merger ejecta for HMNS YH VH decreases more
steeply than for other models.

For the light curves observed from the equatorial di-
rection, the di↵erence from the fiducial model is only re-
markable for HMNS YH VH. This reflects the fact that the
light curves observed from the equatorial direction are
dominated by the emission from the dynamical ejecta
because the density profiles of the dynamical ejecta for
HMNS YH VL and the fiducial model are the same.

4.4. Ye dependence

Figure 10 shows the grizJHK light curves of the models
with lanthanide-free (HMNS YH; Solid curves, Xpm,lan ⌧
10�3), mildly lanthanide-rich (HMNS YM; Dashed curves,
Xpm,lan ⇡ 0.025), and highly lanthanide-rich (HMNS YL;
Dotted curves, Xpm,lan ⇡ 0.14) post-merger ejecta (Here,
Xpm,lan denotes the lanthanide mass fraction of the post-
merger ejecta). For the light curves observed from the
polar direction, the griz-band emission become faint and
show shallow decline as the lanthanide fraction of the
post-merger ejecta increases. These can be understood
by the fact that di↵usion timescale of the post-merge
ejecta is longer for the lower-Ye models due to the large
opacities. We note that the Ye dependence of the heating
rate is also an important reason for the di↵erence in the
light curves particularly for the late phase (t & 5 days)
(see Figure 11).

We find that the optical light curves observed from
the polar direction are dominated by the emission from
the post-merger ejecta as long as its mass is larger than
that of dynamical ejecta. This indicates that the ob-
served brightness in the griz-band would be used to

constrain the post-merger ejecta mass. We note that,
as is found in the fiducial model, the optical emission
for the lanthanide-rich post-merger ejecta (HMNS YM and
HMNS YL) is also brighter than that for the models purely
composed of the post-merger ejecta (PM YM and PM YL)
due to the preferentially di↵usion of the photon in the
polar direction (see Figure 19). Thus, the enhancement
of the brightness due to di↵usion in the preferential di-
rection should be taken into account for the ejecta mass
estimation also for the case with lanthanide-rich post-
merger ejecta.

For all the models, the brightness in the JHK-bands
observed from the polar direction agrees with each other
within ⇡ 0.1 mag for . 3 days. On the other hand, the
low-Ye models show brighter JHK-band emission than
the fiducial model after ⇡ 5 days, and much brighter
emission is seen in the lanthanide-rich model (HMNS YL).
This indicates that the lanthanide fraction of the post-
merger ejecta would be reflected in the JHK-band light
curves for the late phase. However, we note that this en-
hancement in the JHK-band brightness for the late phase
for the lanthanide-rich post-merger ejecta models is not
only due to the bright infrared emission directly emitted
from the post-merger ejecta but also due to the strong
heating to the dynamical ejecta by the post-merger ejecta
because the heating rate is larger for the lower-Ye model
particularly for the late phase (see Figure 11). Indeed,
we found that the JHK-band emission at & 5 days for
the fiducial model is as bright as that for the mildly
lanthanide-rich case (HMNS YM) shown in Figure 10 if the
same heating rate for the post-merger ejecta is employed.
This indicates that employing reliable heating rate model
particularly for the late phase would be crucial for mea-
suring the lanthanide fractions of ejecta from the infrared
light curves.

As is the case for the ejecta mass dependence, Ye de-
pendence of the light curves observed from the equatorial
direction is only remarkable in the infrared light curves.
The griz-band emission is strongly suppressed and that
among di↵erent Ye models are not distinguishable. On
the other hand, the di↵erence in the JHK-band light
curves among di↵erent Ye models is clearly seen as in
those observed from the polar direction for t & 6 days.

5. MODEL PARAMETERS FOR INTERPRETING
GW170817

In this section, we discuss which model parameters
would be suitable to interpret the observed optical and
infrared light curves in GW170817. We focus only on the
light curves observed from the direction close to the po-
lar axis since the GW data analysis of GW170817 infers
that the event is observed from ✓ . 28� (Abbott et al.
2017a).

For our setup of ejecta profile, we find that the post-
merger ejecta is required to explain the brightness in
griz-band. Indeed, we confirm that the griz-band emis-
sion only with the dynamical ejecta is too faint to in-
terpret the observational results as long as we assume
Md  0.01 M� (see Figure 20 in the appendix). The
results obtained only with post-merger ejecta suggest
that the mass of ⇡ 0.03 M� would be suitable to in-
terpret the brightness in griz-band (see Figure 19 in the
appendix). On the other hand, a smaller mass is pre-
ferred for the multi-components model due to the e↵ect
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3.1. Asymmetric Model

In addition to the spherically symmetric assumption in the
previous section we also explore a simple asymmetric model in
which the blue component is confined to the polar regions,
while the red component (and purple component in the three-
component model) are confined to an equatorial torus. Such a
model is seen in numerical simulations (see, e.g., Metzger &
Fernández 2014; Metzger 2017). We implement this asym-
metric distribution by correcting the bolometric flux of each
component by a geometric factor: q-( )1 cos for the blue
component and qcos for the red/purple component, where θ is
the half-opening angle of the blue component. Although this
model neglects other important contributions such as changes
in diffusion timescale, effective blackbody temperature, or
angle dependence, it roughly captures a first-order correction to
the assumption of spherical symmetry.

3.2. Fitting Procedure

We model the combined data set using the light curve fitting
package MOSFiT (Guillochon et al. 2017a; Nicholl et al. 2017;
Villar et al. 2017), which uses an ensemble-based Markov
Chain Monte Carlo method to produce posterior predictions
for the model parameters. The functional form of the

log-likelihood is
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where Oi, Mi, and si, are the ith of n observed magnitudes,
model magnitudes, and observed uncertainties, respectively.
The variance parameter σ is an additional scatter term, which
we fit, that encompasses additional uncertainty in the models
and/or data. For upper limits, we use a one-sided Gaussian
penalty term.
For each component of our model there are four free

parameters: ejecta mass (Mej), ejecta velocity (vej), opacity (κ),
and the temperature floor (Tc). We use flat priors for the first
three parameters, and a log-uniform prior for Tc (which is the
only parameter for which we consider several orders of
magnitude). In the case of the asymmetric model, we assume a
flat prior for the half-opening angle (θ).
For each model, we ran MOSFiT for approximately 24 hr

using 10 nodes on Harvard University’s Odyssey computer
cluster. We utilized 100 chains until they reached convergence
(i.e., had a Gelman–Rubin statistic <1.1; Gelman &
Rubin 1992). We use the first �80% of the chain as burn-in.
We compare the resulting fits utilizing the Watanabe–Akaike
Information Criteria (WAIC; Watanabe 2010; Gelman
et al. 2014), which accounts for both the likelihood score and
number of fitted parameters for each model.

4. Results of the Kilonova Models

We fit three different models to the data: a spherical two-
component model, a spherical three-component model, and an
asymmetric three-component model. The results are shown in
Figures 1–5 and summarized in Table 2.

Figure 1. UVOIR light curves from the combined data set (Table 3), along with the spherically symmetric three-component models with the highest likelihood scores.
Solid lines represent the realizations of highest likelihood for each filter, while shaded regions represent the s1 uncertainty ranges. For some bands there are multiple
lines that capture subtle differences between filters. Data originally presented in Andreoni et al. (2017), Arcavi et al. (2017), Coulter et al. (2017), Cowperthwaite et al.
(2017), Díaz et al. (2017), Drout et al. (2017), Evans et al. (2017), Hu et al. (2017), Kasliwal et al. (2017), Lipunov et al. (2017), Pian et al. (2017), Pozanenko et al.
(2017), Shappee et al. (2017), Smartt et al. (2017), Tanvir et al. (2017), Troja et al. (2017), Utsumi et al. (2017), and Valenti et al. (2017b).
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FIG. 1. Left panel: A Mollweide projection of the 50% and 90% LIGO localization regions for S190521g (with 44%/56% in
the northern/southern hemisphere) and the location of ZTF19abanrhr (within the 78% contour). ZTF covered 48% of the
90% region and contours at declination < �30� indicate southern hemisphere regions not covered by ZTF. Right panel: The
marginal luminosity distance distribution integrated over the sky (dotted blue line) for S190521g as well as the conditional
distance distribution (black line) at the position of ZTF19abanrhr. The red line corresponds to the luminosity distance of
ZTF19abanrhr, assuming a Planck15 cosmology [36].

Fig. 3 shows that a decade-long baseline reveals evidence for more significant variability in J1249+3449. Note that
these data, from the Catalina Real-time Transient Survey [CRTS; 43], are noisier than ZTF (a result of a 0.7-m survey
telescope vs. a 1.2-m survey telescope), and are binned at 15 day intervals for clarity in the plot. Using the DRW
model parameters from the CRTS data, which characterize the overall variability of the source, we simulated the
observed ZTF light curve 250,000 times and find an equivalent flare (i.e., matching the selection criteria described
above) in four instances. The event is thus very unlikely to arise from AGN activity in this particular source (i.e.,
⇠ O(0.002%). Similarly, to address the look-elsewhere e↵ect, we produced 1000 simulations of the full sample of 3255
AGN in the 90% three-dimensional localization region of S190521g using their CRTS DRW parameterizations and
ZTF time sampling. We find a comparable AGN flare in just five simulations, i.e., O(0.5%) chance of a false positive,
prior to visual inspection.

Supernovae can occur in AGN [e.g., 44], although the rate is likely small (> 2 ⇥ 10�7 AGN�1 yr�1 in the WISE

sample). Even with a O(1051erg) energy output, we expect rise times of O(20� 50) days and a decay time or plateau
of ⇠ 100� 200 days [45]. The flare in Fig. 2 lasts 40 days observed-frame, or only 28 days rest-frame which is a poor
match to supernova lightcurves. In addition, supernovae evolve in color over time [46] whereas this flare is uniform
with color over time, suggestive of a shock or accretion, rather than a supernova. We therefore rule out a supernova
as a likely false positive.

Microlensing, with an expected rate of O(10�4) per AGN [47], is uniform in color at restframe UV/optical bands
and is also expected for AGN. However, the expected characteristic timescale for microlensing is O(yrs) [47], which
is inconsistent with the several week ZTF19abanrhr flare. Assuming a M� lens in the source galaxy, we require the
lens to orbit at ⇠ 1kpc at 200km s�1 in order to match the timescale (⇠ 2 ⇥ 106s) and magnification (⇠ 1.4) of
this event; assuming a population of O(1010) stars in appropriate orbits, geometric considerations produce a rate of
O(10�5) events yr�1 AGN�1.

Tidal disruption events (TDEs) also occur in AGN. Stellar disruptions can occur around the central SMBH in a
galaxy, but only for MSMBH ⇠< 108 M� [for a non-spinning SMBH; 48]. TDEs can also occur around small BHs in
AGN disks, but as neutron star (NS) or white dwarf (WD) disruptions. EM counterparts to BH-NS tidal disruptions
in AGN disks at z < 0.5 should span ⇠ [4, 113] (fAGN/0.1) yr�1 where fAGN is the fraction of BBH mergers expected
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FIG. 2. ZTF g-band photometry, r-band photometry, and g � r color for J1249+3449 over the past 25 months. The flare
beginning MJD ⇠ 58650 represents a 5� departure from the ZTF baseline for this source. The flare emission is fit according
to the model described in the text and assuming a linear model for the source continuum behaviour over time. The dashed
vertical line corresponds to the S190521g trigger time.

FIG. 3. Lightcurve for J1249+3449, including an additional decade of CRTS photometry (binned at 15 day intervals). ZTF
data is binned in 3 day intervals, with g- and r-band data corrected to the CRTS photometric system using median o↵sets of
0.52 mag for g-band and 0.34 mag for r-band.

from the AGN channel [49]. The expected integrated total energy of such events is O(1052 erg) [50], an order of
magnitude more powerful than ZTF19abanrhr. Such an event would also produce a GW signal unlike what was
observed based on the inferred chirp mass Mc discussed below for S190521g, and the absence of any other reported
LIGO triggers with an appropriate spatial and temporal coincidence). BH-WD disruptions lead to underluminous
Type Ia SN with integrated energy 1049�51erg, generally less luminous than ZTF19abanrhr, and decay over a year,
and so are ruled out [51].

Testing the candidate counterpart.— We can derive an approximate mass for any reported GW event from the
distance (dL) and sky area (A90, the 90% confidence interval for sky area) reported in the public GW event alerts.

Specifically, A90 / SNR�2 [e.g. 52] and SNR / M5/6

c d�1

L
[53]. Deriving the proportionality constant for a 3-detector

system for A90 / SNR�2 from GW190412 [54], we estimate SNR⇠ 8.6 for S190521g. Assuming equal mass components
for this rough calculation, that ZTF19abanrhr is related to S190521g, and using a binary NS range of 110 Mpc (LIGO
Hanford) to determine detector sensitivity during the S190521g detection, we estimate a source-frame total mass for
MBBH ⇠ 150M� (roughly accurate to a factor of 2, O(100M�), and plausibly in the upper mass gap).
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sources considered here. In this paper we, therefore, ignore any
possible impact of strong lensing on our cosmological
parameter estimates.

Apart from strong lensing, weak lensing of GW sources can
also be a potential source of contamination. However, due to
the effects of sky averaging, weak lensing should not produce a
bias in the inferred values of the cosmological parameters, but
will introduce additional variance on the luminosity distance of
individual sirens at the level of a few percent (Holz &
Wald 1998; Hirata et al. 2010) and it is subdominant in
comparison to the intrinsic measurement error (of about 20%)

Figure 8. Top panels: distribution of galaxies observed in the GLADE+ K (left panels) and BJ (right panels) bands as a function of the redshift z with and without
galaxy luminosity weights, compared with the GW190814 redshift localization in its 90% CI sky area, assuming a cosmology with H0 = 67.9 km s−1 Mpc−1 and
Ωm = 0.3065 (green line) and the predicted redshift distribution for a prior that is uniform in the comoving volume (blue dashed line). The redshift distribution is not
intended as representative of the reconstructed galaxy distribution as it is calculated by stacking each galaxy redshift localization assumed as a normal distribution.
This procedure only serves to give a rough idea where the H0 contribution is coming from. Bottom panels: completeness calculated using the K and BJ band with and
without application of the luminosity weighing scheme.

Figure 9. Hubble constant posterior for several cases. Gray dotted line:
posterior obtained using all dark standard sirens without any galaxy catalog
information and fixing the BBH population model. Orange dashed line:
posterior using all dark standard sirens with GLADE+ K-band galaxy catalog
information and fixed population assumptions. Black solid line: posterior from
GW170817 and its EM counterpart. Blue solid line: posterior combining dark
standard sirens and GLADE+ K-band catalog information (orange dashed line)
with GW170817 and its EM counterpart (black solid line). The pink and green
shaded areas identify the 68% CI constraints on H0 inferred from the CMB
anisotropies (Ade et al. 2016) and in the local universe from SH0ES (Riess
et al. 2019), respectively.

Figure 10. Evolution of the Hubble parameter predicted from the most
preferred mass model POWER LAW + PEAK (blue lines). The yellow shaded
area indicates the 90% CL contours identified by the uniform priors on H0, Ωm,
and w0 while the blue shaded area indicates the 90% CL contours from the
posterior of the preferred mass model. The dashed lines indicate the median of
the prior and posterior for H(z).
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panel of Figure 9, we estimate that the mass fraction of
La is higher than 1/30 times that of the L model, i.e.,
X(La)> 2× 10−6, which is required to identify the visible
absorption feature at λ∼ 12500Å in the spectra of AT2017gfo.

By contrast, the situation is different in the case of Ce. To
investigate the effect of the Ce amount on the spectra, we
perform the same calculations for Ce as done for La above. The
resultant spectra at t= 2.5 days after the merger are shown in
the right panel of Figure 9. We find that the absorption feature
at λ∼ 14000Å diminishes as the mass fraction of Ce is
substantially reduced (blueish curves). Also, the absorption
feature disappears as well, even when the mass fraction of Ce is
substantially increased (pink curve). Because Ce lines appre-
ciably contribute to the total opacity, the higher Ce mass
fraction results in a higher total opacity. As a result, the

photosphere shifts outward compared to that in the L model.
This makes the photospheric temperature lower, and thus, the
Ce III lines disappear.
The amount of Ce affects not only absorption features but

also overall spectral shapes. The spectra become redder and
bluer when X(Ce) is increased and reduced, respectively. This
is because Ce has high opacity in the NIR region and is the
most dominant opacity source at the NIR wavelengths in this
model. As the contribution of other heavy elements to the total
opacity is subdominant, even if the mass fractions of all the
elements with a mass number larger than 100 are varied by a
factor of 10, the results are almost the same as those in the right
panel of Figure 9. Note that the element species that dominate
the opacity depend on the ejecta conditions (such as density,
temperature, and epoch), but generally lanthanide elements

Figure 8. Comparison between the synthetic spectra (blue) and the observed spectra of AT2017gfo (gray, Pian et al. 2017; Smartt et al. 2017) at t = 1.5, 2.5, and 3.5
days after the merger (dark to light colors). Spectra are vertically shifted for visualization. The gray shade shows the regions of strong atmospheric absorption.

Figure 9. Synthetic spectra at t = 2.5 days after the merger for different mass fractions of La (left) and Ce (right). Variation of each element is shown in the legend
with the same color used for the spectra. Pink and orange arrows in each panel indicate the position of the notable absorption lines caused by La III and Ce III,
respectively. Line segments above and below the spectra indicate spectral slopes for visualization.
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Distance and Properties of NGC 4993 3

Fig. 1.— Images of NGC 4993 and the result of the SB fitting. Top panels show NGC 4993 in the innermost region (HST F606W ),
the region over several ✓e↵ radii (the Pan-STARRS color composite), and the outer region that extends out to 8 ✓e↵ radii (9 ⇥ 9 binned
KMTNet R-band and WISE W1 images). The F606W image reveals dust lanes in the inner part of NGC 4993, while the Pan-STARRS
and the KMTNet images show extended features in the outer part. In the second and the third rows, we show the SB fitting results for
the R, and the F606W images. From left to right, we show the original image, the residual image after the model image subtraction, and
the 1-dimensional SB profile of the best-fit model in comparison to the data. The 1-dimensional SB profile shows that NGC 4993 has a SB
with a Sérsic index around n = 4, a typical value for elliptical galaxies.

Im+2017
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GW observing runs Rubin/LSST
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Subaru/HSC
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https://observing.docs.ligo.org/plan/

now

~50 (100) deg2 at O4/O5 BNS ranges can be surveyed w/ Subaru/HSC (Rubin/LSST) 
(Tominaga+2018, Ohgami+2021, Andreoni+2022).

All the nearby gals can be observed w/ J-GEM tels. for ~<500 deg2 & <100 Mpc 
(Sasada+2021). 

O(1) deg2 localization ==> Subaru/PFS (1.25 deg2, 2400 fibers) spectroscopy for Rubin/
LSST transients or point sources in nearby galaxies(?) @5-detector era (Nissanke+2013)

“すばる2”
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IceCube高エネルギーニュートリノ源に対する光赤外観測
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Optical properties of possible neutrino sources

Hadronic signals from interaction-powered SNe 2529

Figure 1. The schematic picture of the interaction-powered SN scenario.

collision between the SN ejecta with a CSM shell and found that CR
protons may be accelerated, and furthermore that the protons may
experience strong pionic losses via inelastic pp collisions, producing
gamma-rays and neutrinos. Thus, interaction-powered SNe may be
interesting CR accelerators and high-energy/multi-messenger emit-
ters. In this work, we continue our study of the possibility of the
non-thermal emission from the shock interaction of a SN embedded
in a dense CSM. In particular, we focus on the secondary electrons
and positrons expected from the same pp collisions that give rise to
neutrinos and gamma rays. Importantly, we show that these secon-
daries can emit detectable synchrotron radiation at high-frequency
radio wavelengths including mm/submm and FIR bands.

In Section 2, we review the shock physics and the potential for CR
acceleration in interaction-powered SNe, providing a much more
detailed discussion than Murase et al. (2011). Section 3 gives a brief
discussion of the high-energy emission expected, and recipes that
connect the observed optical emission to the non-thermal signatures
are provided in Appendix A. In Section 4 we discuss high-frequency
radio diagnostics. For a range of CSM parameters, we show that
secondary leptons from pp interactions should radiate synchrotron
at ∼3–3000 GHz, and with fluxes of ∼0.01–0.1 mJy at distances of
hundreds of Mpc. In Section 5, we summarize our results.

Throughout this work, we use the notation Q = Qx10x in CGS
unit unless we give notice.

2 BASIC SETUP

In this preparatory section, before we discuss non-thermal signa-
tures, we explain the picture of interaction-powered SNe and de-
scribe the basic physical setup.

Let us consider SN ejecta with the kinetic energy Eej and the
velocity Vej. Noting Eej = MejV

2
ej/2 for the ejecta mass Mej, the

momentum and energy conservation laws give

MejVej + McsVcs = (Mej + Mcs)V (1)

1
2
MejV

2
ej + 1

2
McsV

2
cs = 1

2
(Mej + Mcs)V 2 + Ed, (2)

where Mcs is the total CSM mass and Vcs(<Vej) is the CSM velocity.
The total dissipated energy Ed is written as

Ed = Mcs

Mej + Mcs

1
2
Mej(Vej − Vcs)2

≈ Mcs

Mej + Mcs
Eej, (3)

where Vej $ Vcs is used in the last equality. The above equation
suggests that a significant fraction of Eej can be dissipated if the
CSM mass is large (see also e.g. van Marle et al. 2010; Moriya
et al. 2013b). Density profiles of both the ejecta and CSM are
important for detailed predictions. For example, when the density
profile of the ejecta is steep enough and most of its energy is carried
by lower-velocity ejecta material, the explosion has driven waves
that can be described by Chevalier-Nadezhin self-similar solutions
(Chevalier 1982a). When the shock wave sweeps up ambient mass
comparable to Mej and it is non-radiative, we expect blast waves
that can be described by Sedov–Taylor-like self-similar solutions
(see Truelove & McKee 1999, and references therein). In this work,
to push the basic idea and avoid uncertainty in the ejecta profile
and many other complications due to radiation processes, we dis-
cuss non-thermal properties without relying on such details. Our
treatment still provides an order of magnitude estimate of expected
non-thermal signals, and a more detailed study will be presented in
an accompanying paper (Murase et al., in preparation).

Hereafter, we assume that the CSM has a wind-like power-law
density profile and extends to the edge radius of the wind, Rw. We
expect that this is reasonable (see e.g. Ofek et al. 2014), although
details are uncertain due to poor understandings of the CSM eruption
mechanism. Then, the CSM density is written as

!cs = DR−2
0

(
R

R0

)−s

% 5.0 × 1016D∗R
−2
0

(
R

R0

)−s

g cm−3 (4)

where R should be expressed in cm, R0 = 1015 cm, and D∗ is
defined1 for the mass-loss rate of Ṁcs ≡ 1 M) yr−1 Ṁcs,0 and the
wind velocity of Vcs ≡ 103 km s−1 (Vcs/103 km s−1). This can also
be expressed by

D ≡ Ṁcs

4πVcs
% 5.0 × 1016 Ṁcs,0(Vcs/103 km s−1)

−1
g cm−1. (5)

The CSM mass within R is estimated to be

Mcs(<R) =
∫ R

Rcs

dr 4πr2!cs, (6)

where Rcs is the CSM inner edge radius. In particular, in the wind
case (s = 2), we have

Mcs(<R) = 4πD#R % 3.2 M)D∗R16, (7)

where we have used #R ≈ R and R ≡ 1016 cm R16. Note that, in the
one-zone model where the calculation is performed for a CSM den-
sity ncs at a given radius R, qualitative pictures for different density
profiles are simply obtained by using Mcs instead of D∗ (although
the dynamics and temporal evolution depend on density profiles).
The deceleration is significant after the ejecta accumulates the CSM
mass equivalent to its own mass, whose radius is characterized by

Rdec ≈ Mej

4πD
% 1016 cm (Mej/100.5 M))D−1

∗ . (8)

If Rdec < Rw, most of the ejecta energy is dissipated by the ejecta–
CSM collision.

One of the important quantities is the Thomson optical depth.
Using the CSM electron density,

ne = DR−2

µemH
% 3.0 × 108 cm−3 µ−1

e D∗R
−2
16 , (9)

1 Another definition is ρcs = D∗R−2 that is different from ours.

MNRAS 440, 2528–2543 (2014)
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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

The IceCube Collaboration et al., Science 361, eaat1378 (2018) 13 July 2018 2 of 8

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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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)
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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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NEUTRINO ASTROPHYSICS

Multimessenger observations of a
flaring blazar coincident with
high-energy neutrino IceCube-170922A
The IceCube Collaboration, Fermi-LAT, MAGIC, AGILE, ASAS-SN, HAWC, H.E.S.S.,
INTEGRAL, Kanata, Kiso, Kapteyn, Liverpool Telescope, Subaru, Swift/NuSTAR,
VERITAS, and VLA/17B-403 teams*†

INTRODUCTION: Neutrinos are tracers of
cosmic-ray acceleration: electrically neutral
and traveling at nearly the speed of light, they
can escape the densest environments andmay
be traced back to their source of origin. High-
energy neutrinos are expected to be produced
in blazars: intense extragalactic radio, optical,
x-ray, and, in somecases, g-ray sources
characterized by relativistic jets of
plasma pointing close to our line of
sight. Blazars are among the most
powerful objects in the Universe and
are widely speculated to be sources
of high-energy cosmic rays. These cos-
mic rays generate high-energy neutri-
nos and g-rays, which are produced
when the cosmic rays accelerated in
the jet interact with nearby gas or
photons. On 22 September 2017, the
cubic-kilometer IceCube Neutrino
Observatory detected a ~290-TeV
neutrino from a direction consistent
with the flaring g-ray blazar TXS
0506+056. We report the details of
this observation and the results of a
multiwavelength follow-up campaign.

RATIONALE:Multimessenger astron-
omy aims for globally coordinated
observations of cosmic rays, neutri-
nos, gravitational waves, and electro-
magnetic radiation across a broad
range of wavelengths. The combi-
nation is expected to yield crucial
information on the mechanisms
energizing the most powerful astro-
physical sources. That the produc-
tion of neutrinos is accompanied by
electromagnetic radiation from the
source favors the chances of a multi-
wavelength identification. In par-
ticular, a measured association of
high-energy neutrinos with a flaring
source of g-rays would elucidate the
mechanisms and conditions for ac-
celeration of the highest-energy cos-

mic rays. The discovery of an extraterrestrial
diffuse flux of high-energy neutrinos, announced
by IceCube in 2013, has characteristic prop-
erties that hint at contributions from extra-
galactic sources, although the individual sources
remain as yet unidentified. Continuously mon-
itoring the entire sky for astrophysical neu-

trinos, IceCube provides real-time triggers for
observatories around the world measuring
g-rays, x-rays, optical, radio, and gravitational
waves, allowing for the potential identification
of even rapidly fading sources.

RESULTS: A high-energy neutrino-induced
muon trackwas detected on22 September 2017,
automatically generating an alert that was

distributed worldwide
within 1 min of detection
and prompted follow-up
searchesby telescopesover
a broad range of wave-
lengths. On 28 September
2017, theFermiLargeArea

Telescope Collaboration reported that the di-
rection of the neutrino was coincident with a
cataloged g-ray source, 0.1° from the neutrino
direction. The source, a blazar known as TXS
0506+056 at a measured redshift of 0.34, was
in a flaring state at the time with enhanced
g-ray activity in the GeV range. Follow-up ob-
servations by imaging atmospheric Cherenkov
telescopes, notably the Major Atmospheric

Gamma ImagingCherenkov (MAGIC)
telescopes, revealed periods where
the detected g-ray flux from the blazar
reached energies up to 400GeV.Mea-
surements of the source have also
been completed at x-ray, optical, and
radio wavelengths. We have inves-
tigated models associating neutrino
and g-ray production and find that
correlation of the neutrino with the
flare of TXS 0506+056 is statistically
significant at the level of 3 standard
deviations (sigma). On the basis of the
redshift of TXS 0506+056, we derive
constraints for the muon-neutrino
luminosity for this source and find
them to be similar to the luminosity
observed in g-rays.

CONCLUSION: The energies of the
g-rays and the neutrino indicate that
blazar jetsmay accelerate cosmic rays
to at least several PeV. The observed
association of a high-energy neutrino
with a blazar during a period of en-
hanced g-ray emission suggests that
blazarsmay indeed be one of the long-
sought sources of very-high-energy
cosmic rays, andhence responsible for
a sizable fraction of the cosmic neu-
trino flux observed by IceCube.▪

RESEARCH

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

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

Multimessenger observations of blazar TXS 0506+056.The
50% and 90% containment regions for the neutrino IceCube-
170922A (dashed red and solid gray contours, respectively),
overlain on a V-band optical image of the sky. Gamma-ray sources
in this region previously detected with the Fermi spacecraft are
shown as blue circles, with sizes representing their 95% positional
uncertainty and labeled with the source names. The IceCube
neutrino is coincident with the blazar TXS 0506+056, whose
optical position is shown by the pink square. The yellow circle
shows the 95% positional uncertainty of very-high-energy g-rays
detected by the MAGIC telescopes during the follow-up campaign.
The inset shows a magnified view of the region around TXS 0506+056
on an R-band optical image of the sky. IM
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Improvements on Follow-Ups for Identification?
Publications of the Astronomical Society of Japan (2021), Vol. 73, No. 1 35

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 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
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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 faint even for 8m-class telescopes. 

30m-class telescopes are wanted. 

Rubin/LSST

https://www.lsst.org

Subaru

http://subarutelescope.org

20

https://www.lsst.org
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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)

2121

Target: tidal disruption events (TDEs)

2 previous successes (discoveries by ZTF)


low contamination rate of unrelated TDEs

We can claim the coincidence of the 
neutrino event once a TDE is identified. 

http://subarutelescope.org

IC230724A (~0.5 deg radius localization) is inside HSC-SSP field. 

Subaru/HSC Follow-Up for IceCube neutrino GOLD events = TDE search
Led by S. S. Kimura
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Telescopes/Instruments: Wide-Field Deep Spectroscopy

22

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

The IceCube Collaboration et al., Science 361, eaat1378 (2018) 13 July 2018 2 of 8

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.

RESEARCH | RESEARCH ARTICLE
on O

ctober 20, 2020
 

http://science.sciencem
ag.org/

Downloaded from
 

Subaru/PFS

IceCube Collaboration 2017

~2,400 science fibers over 1.25 deg2 FoV

Most of possible origins can be spectroscopically observed. 

Spectroscopy for “transients”  
(TDEs, interacting SNe etc.) 
from Rubin/LSST


Operation starts from 2024. 

Prime Focus Spectrograph (PFS) on 8.2m Subaru Telescope

Dec

RA

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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Neutrinos: “Multiplet”

23

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).

7

The Astrophysical Journal, 937:108 (11pp), 2022 October 1 Yoshida et al.

(strongly depending on neutrino spectral shape)

Much better than “singlet”

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


Identified w/ smaller (~4m) telescopes

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

清水さん講演 (Z103a)
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光赤外観測の特長

多種多様な放射天体、物理量の推定、赤方偏移決定、広視野深撮
像、多数の望遠鏡群

無関係天体の混入不可避 <==> 起源天体は1つ


重力波

<50 (100) deg2, <200-300 Mpc: Subaru/HSC (Rubin/LSST)

<500 deg2, <100 Mpc: J-GEM望遠鏡群


高エネルギーニュートリノ

IC170922A/TXS 0506+056: 日本貢献大 (IC Collab.+2018, TM+2021)

ニュートリノ放射と無関係な天体の排除がキー

潮汐破壊現象に注目 (Subaru/HSC)、multiplet事象に期待


いずれも「Subaru/HSC撮像」、「Rubin/LSST transientsのSubaru/PFS

分光」が強力 (“すばる2”)

まとめ


