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Figure 2: The planned sensitivity evolution and observing runs of the aLIGO, AdV and
KAGRA detectors over the coming years. The colored bars show the observing runs,
with achieved sensitivities in O1 and in O2, and the expected sensitivities given by the
data in Fig. 1 for future runs. There is significant uncertainty in the start and end times
of the planned observing runs, especially for those further in the future, and these could
move forward or backwards relative to what is shown above. Uncertainty in start or
finish dates is represented by shading. We do anticipate that the break between O3 and
O4 will last at least 18 months. Any extension of O3 would lead to a corresponding
delay in the start of O4. O3 will finish by June 30 2020 at the latest. A commissioning
break for the LIGO and Virgo observatories is scheduled to begin October 1, 2019 at
1500 UTC (0800 Pacific Time). The break is planned for one month, and the end date for
O3 is now planned to be April 30, 2020. The O4 run is expected to last for one calendar
year. We indicate a range of potential sensitivities for aLIGO during O4 depending on
which upgrades and improvements are made after O3. The most significant driver of the
aLIGO range in O4 is from frequency-dependent squeezing, which may or may not be
implemented for this run.
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Introduction

Event Source category 90% credible 
region

Luminosity 
distance

GW190412 BBH [>99%] 21 deg2 734 Mpc

GW190425 BNS [>99%] 7461 deg2 156 Mpc

GW190521 BBH [97%], Terrestrial [3%] 936 deg2 4567 Mpc

GW190814 NSBH [99%] 23 deg2 267 Mpc

GW170817 BNS 28 deg2 40 Mpc

Because the localizations are spread reaching to 〜1000 deg2 or 
more, it is very important to perform a survey with large 
telescopes with a wide FoV.

very far and very wide

Several events of interest



Introduction

Because Subaru telescope has one of the powerful cameras in the 
world, Hyper Suprime-Cam, it has very important role for the 
transient survey.

Subaru / Hyper Suprime-Cam 

Primary mirror: 8.2m 
FoV : 1.5deg in diameter 
         (1.77deg2)

This work takes on a role of wide-field survey in the J-GEM 
activities (targeted or wide-field).
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Abstract
A gravitational wave event, S190510g, which was classified as a binary-neutron-star coa-
lescence at the time of preliminary alert, was detected by LIGO/Virgo collaboration on
2019 May 10. At 1.7 hours after the issue of its preliminary alert, we started a target-
of-opportunity imaging observation in the Y band to search for its optical counterpart
using the Hyper Suprime-Cam (HSC) on the Subaru Telescope. The observation covers
a 118.8 deg2 sky area corresponding to 11.6% confidence in the localization skymap
released in the preliminary alert and 1.2% in the updated skymap. We divided the

C" The Author(s) 2021. Published by Oxford University Press on behalf of the Astronomical Society of Japan.
All rights reserved. For permissions, please e-mail: journals.permissions@oup.com
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observed area into two fields based on the availability of HSC reference images. For the
fields with the HSC reference images, we applied an image subtraction technique; for the
fields without the HSC reference images, we sought individual HSC images by matching
a catalog of observed objects with the PS1 catalog. The search depth is 22.28 mag in the
former method and the limit of search depth is 21.3 mag in the latter method. Subse-
quently, we performed visual inspection and obtained 83 candidates using the former
method and 50 candidates using the latter method. Since we only have the one-day
photometric data, we evaluated the probability of candidates being located inside the 3D
skymap by estimating their distances with photometry of associated extended objects.
We found three candidates are likely located inside the 3D skymap and concluded they
could be a counterpart of S190510g, while most of the 133 candidates were likely to be
supernovae because the number density of candidates was consistent with the expected
number of supernova detections. By comparing our observational depth with a light-
curve model of such a kilonova reproducing AT2017gfo, we show that early deep obser-
vations with the Subaru/HSC can capture the rising phase of the blue component of a
kilonova at the estimated distance of S190510g (!230 Mpc).

Key words: gravitational waves — nuclear reactions, nucleosynthesis, abundances — stars: neutron — surveys

1 Introduction
A multi-messenger observation with gravitational waves
(GW) and electromagnetic (EM) waves is crucial for under-
standing the physical processes of compact star coalescence.
Neutron-star (NS) mergers are expected to be accompa-
nied by EM emissions called “kilonova” (or “macronova”)
powered by radioactive decays of r-process nuclei (Li &
Paczyński 1998; Kulkarni 2005; Metzger et al. 2010); there-
fore, the EM emission from binary neutron star (BNS)-
merger events aids in understanding the origin of heavy
elements produced by the r-process (Metzger et al. 2010;
Kasen et al. 2013, 2015; Barnes & Kasen 2013; Tanaka &
Hotokezaka 2013; Tanaka et al. 2014).

The localization area of GW observations can be an
order of 10 deg2 for the best case, but can be as large as
1000 deg2. It has been quite large for locating a galaxy
hosting a system that caused the GW event. Therefore, EM
follow-up observations had been expected to play a key role
in identifying the counterpart. The first identification of an
EM counterpart to GW was achieved in the event of the first
detection of GW from a neutron star merger (GW170817).
GW170817 was localized with three interferometers in the
second observing run (O2) of the LIGO/Virgo collaboration
(Abbott et al. 2017). The identification of the EM counter-
part was made by several observatories including space tele-
scope from radio to gamma-ray (Arcavi et al. 2017; Coulter
et al. 2017; Dı́az et al. 2017; Evans et al. 2017; Lipunov
et al. 2017; Soares-Santos et al. 2017; Tanvir et al. 2017;
Tominaga et al. 2018; Valenti et al. 2017).

Untargeted wide-field surveys are important for iden-
tifying the uniqueness of the counterpart. The Japanese
collaboration for Gravitational wave ElectroMagnetic
follow-up (J-GEM; Morokuma et al. 2016) conducted coor-
dinated observations (Utsumi et al. 2017) and deep blind
z-band imaging surveys to identify an EM counterpart
using the Hyper Suprime-Cam (HSC) on the Subaru Tele-
scope (Miyazaki et al. 2018; Kawanomoto et al. 2018;
Komiyama et al. 2018; Furusawa et al. 2018). They
succeeded in independently identifying the counterpart
(AT2017gfo; Tominaga et al. 2018). HSC is a 1."5 ! wide-
field optical imager, which is the largest among the current
existing telescopes with an aperture larger than 8 m. While
galaxy-targeted and untargeted wide-field surveys identi-
fied AT2017gfo, wide-field survey observations with the
Subaru/HSC and Blanco/Dark Energy Camera (DECam)
succeeded in identifying the uniqueness of AT2017gfo
with a high completeness by ruling out the other can-
didates including transients which are not associated
with galaxy.

Kilonova models can broadly reproduce the time evolu-
tion of optical and near-infrared emissions of AT2017gfo
(Shibata et al. 2017; Tanaka et al. 2017; Kasen et al. 2017;
Perego et al. 2017; Kawaguchi et al. 2018; Rosswog et al.
2018). However, the observed emissions display blue com-
ponents in the early-phase spectra, and the origin of the
emission is unclear. Two models for the early blue com-
ponent are proposed: a radioactive heating model (a kilo-
nova model having higher electron fraction; Tanaka et al.
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Results of candidate selection

Name RA Dec Mag (AB) P3D

fields with HSC-SSP reference

Cand-A10 13h29m50s.37 -01d25’44’’.5 21.11 65.0%

fields without HSC-SSP reference

Cand-B01 13h46m52s.14 +03d45’01’’.4 21.24 84.8%

Cand-B02 13h44m36s.38 +03d17’19’’.6 20.56 73.3%
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Fig. 6. Examples of the candidates in the fields without HSC-SSP reference images; reference images in the PS1-y band (Ref) and our observation
images with HSC (New). (Color online)

observations with Subaru/HSC. When we convert the abso-
lute magnitudes to the apparent magnitudes, we correct
the Galactic extinction by assuming E(B ! V) = 0.10 mag
(Schlafly & Finkbeiner 2011).

Here, we adopt a kilonova based on the radiative transfer
simulations by Banerjee et al. (2020) for comparison with
the early phase of brightness evolution. We assume that
a kilonova with the same propertieis as GW170817 is
located at the distance of 227 Mpc reported for S190510g.
Figure 8 shows the multi-color (i, z, and Y band) light
curve of a kilonova model with an ejecta mass Mej =
0.05 M" and an electron fraction Ye = 0.30–0.40 (no lan-
thanide). This parameter set can explain the observed early
multi-color light curve of AT2017gfo. Properties of the
light curves are affected by the choice of ejecta mass and
electron fraction. The peak bolometric luminosity roughly
scales with Mej to the power of 0.35 (e.g., Fernández &

Metzger 2016; Tanaka 2016; Metzger 2019). Also, the
electron fraction Ye influences the light curves through
the opacity: for example, if Ye is low (Ye < 0.25), the
ejecta becomes lanthanide-rich and the opacity becomes
higher. In such a case, the light curves can be fainter by
2–3 mag than our fiducial model (Ye = 0.30–0.40) in the
early time.

For observational limits, we show the limiting magni-
tude in the difference images (green solid line), the 5! depth
of the PS1-y band catalog (gray dotted line), and the lim-
iting magnitudes in HSC-z or HSC-i2 bands (orange dotted
lines) by horizontal lines. The values in HSC-z and HSC-
i2 are calculated with HSC ETC by assuming an expo-
sure time of 60 s (30 s # 2 exposures). We can observe an
area of $60 deg2 in both z and i bands with this expo-
sure time during a half-night of the telescope time. We note
that the limiting magnitudes could be shallower ($0.5 mag)
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Fig. 4. Examples of the candidates obtained in the fields with HSC-SSP reference images with the image subtraction; HSC-SSP reference images
(Ref), our observation images (New) and difference images (Diff). (Color online)

Table 2. Candidates obtained in the fields with the HSC-SSP reference images with the image subtraction.!

Name RA Dec Mag.† ! sep
‡ P3D

(J2000.0) (J2000.0) (AB) [ ""] [%]

Off-center (Outside§)
Cand-A01 13h38m44.s73 #01$51"33.""0 21.21 2.9 13.4
Cand-A02 13h31m44.s51 #00$16"03.""3 22.14 14.3 2.9
Cand-A03 13h40m17.s42 +00$01"54.""8 20.16 4.2 43.3
Cand-A04 13h27m22.s92 +01$28"19.""2 20.57 13.0 31.8
Cand-A05 13h34m33.s39 +00$57"35.""6 20.41 11.7 6.0
Cand-A06 13h31m45.s48 #00$04"26.""7 21.17 6.8 10.3

No close objects
Cand-A07 13h29m04.s60 +00$14"19.""7 21.43 — —
Cand-A08 14h44m09.s04 +04$43"51.""7 20.48 — —
Cand-A09 14h54m15.s63 +04$47"35.""0 17.50 — —

!Off-center of the extended objects or No close objects.
†Magnitudes in the difference image before the Galactic extinction correction.
‡Angular separations from the extended object in the PS1 catalog.
§Outside 3" region of 3D localization map (P3D < 50%). These are not likely to be related to the GW event S190510g.

j-band apparent magnitude mj at a distance of D, and # =
#(D; #j) is the rest wavelength redshifted from a observed
wavelength #j at a distance of D. We correct the Galactic
extinction (Schlafly & Finkbeiner 2011)2 when we con-
vert the apparent magnitudes to the absolute magnitudes.
We use the r- and/or i-band PSF magnitudes (rMeanPSFMag,
iMeanPSFMag in the PS1 catalog) of the extended objects
for conversion to M and classify the objects according to
whether P3D is higher than 50% or not (“Inside” or “Out-
side” 3D skymap, respectively). The objects classified as
“Outside” are likely to be unrelated to the GW event. If
both rMeanPSFMag and iMeanPSFMag are set to #999, the
P3D are not evaluated, and these objects are classified as
“No Info.”

2 %http://irsa.ipac.caltech.edu/applications/DUST/&.

Finally, we perform a visual inspection because bogus
detections remain in these candidates. After the visual
exclusion of bogus detections, we finally obtain 83 can-
didates. Figure 4 shows some example images of these
candidates. A detailed information of these candidates is
shown in table 2 (“Off-center” and “No close objects”) and
table 3 (“Center of extended object”). Since only Cand-
A10 has a high P3D, we conclude that this source is a final
candidate of an electromagnetic counterpart of S190510g.
However, this source may result from a variability of an
active galactic nucleus because it is located at the center of
the extended object. We cannot evaluate P3D of three of the
candidates (Cand-A07, Cand-A08, and Cand-A09) because
these have no close extended object, and thus we cannot
rule out the possibility that they are the counterpart of
S190510g.
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Fig. 4. Examples of the candidates obtained in the fields with HSC-SSP reference images with the image subtraction; HSC-SSP reference images
(Ref), our observation images (New) and difference images (Diff). (Color online)

Table 2. Candidates obtained in the fields with the HSC-SSP reference images with the image subtraction.!

Name RA Dec Mag.† ! sep
‡ P3D

(J2000.0) (J2000.0) (AB) [ ""] [%]

Off-center (Outside§)
Cand-A01 13h38m44.s73 #01$51"33.""0 21.21 2.9 13.4
Cand-A02 13h31m44.s51 #00$16"03.""3 22.14 14.3 2.9
Cand-A03 13h40m17.s42 +00$01"54.""8 20.16 4.2 43.3
Cand-A04 13h27m22.s92 +01$28"19.""2 20.57 13.0 31.8
Cand-A05 13h34m33.s39 +00$57"35.""6 20.41 11.7 6.0
Cand-A06 13h31m45.s48 #00$04"26.""7 21.17 6.8 10.3

No close objects
Cand-A07 13h29m04.s60 +00$14"19.""7 21.43 — —
Cand-A08 14h44m09.s04 +04$43"51.""7 20.48 — —
Cand-A09 14h54m15.s63 +04$47"35.""0 17.50 — —

!Off-center of the extended objects or No close objects.
†Magnitudes in the difference image before the Galactic extinction correction.
‡Angular separations from the extended object in the PS1 catalog.
§Outside 3" region of 3D localization map (P3D < 50%). These are not likely to be related to the GW event S190510g.

j-band apparent magnitude mj at a distance of D, and # =
#(D; #j) is the rest wavelength redshifted from a observed
wavelength #j at a distance of D. We correct the Galactic
extinction (Schlafly & Finkbeiner 2011)2 when we con-
vert the apparent magnitudes to the absolute magnitudes.
We use the r- and/or i-band PSF magnitudes (rMeanPSFMag,
iMeanPSFMag in the PS1 catalog) of the extended objects
for conversion to M and classify the objects according to
whether P3D is higher than 50% or not (“Inside” or “Out-
side” 3D skymap, respectively). The objects classified as
“Outside” are likely to be unrelated to the GW event. If
both rMeanPSFMag and iMeanPSFMag are set to #999, the
P3D are not evaluated, and these objects are classified as
“No Info.”

2 %http://irsa.ipac.caltech.edu/applications/DUST/&.

Finally, we perform a visual inspection because bogus
detections remain in these candidates. After the visual
exclusion of bogus detections, we finally obtain 83 can-
didates. Figure 4 shows some example images of these
candidates. A detailed information of these candidates is
shown in table 2 (“Off-center” and “No close objects”) and
table 3 (“Center of extended object”). Since only Cand-
A10 has a high P3D, we conclude that this source is a final
candidate of an electromagnetic counterpart of S190510g.
However, this source may result from a variability of an
active galactic nucleus because it is located at the center of
the extended object. We cannot evaluate P3D of three of the
candidates (Cand-A07, Cand-A08, and Cand-A09) because
these have no close extended object, and thus we cannot
rule out the possibility that they are the counterpart of
S190510g.
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We concluded that 3 sources are 
final candidates (P3D > 50%). And 
we could not rule out the 
possibility that 44 candidates are 
related to the GW event because 
t h e i r d i s t a n c e c a n n o t b e 
estimated.

S190510g

See Ohgami et al. 2021 for the details.



Follow-up observations with 
Subaru/HSC

S191216ap 

MassGap -> BBH 

GCN 26509 (LIGO/Virgo S191216ap: Subaru/Hyper Suprime-Cam 
observations of GW+IceCube+HAWC error region) 

started 2019-12-20 05:06 UT 

observation area: 2.3 deg2 

main target: GL213356+051647 

covers the HAWC’s 68% credible region 
z-band (2730 sec) 
limiting magnitude: 25.2 mag

No additional observation 
because the estimated origin 
changed from MassGap to BBH.

Distance: 376±70 Mpc 
50% area: 68 deg2 
90% area: 253 deg2



S200224ca 

BBH event 

GCN 27205 (LIGO/Virgo S200224ca: Subaru/Hyper Suprime-Cam follow-
up observations) 

2020-02-25, 2020-02-28, 2020-03-23 UT 

observation area: 57.8 deg2 

60 pointings 

integrated probability: 80.8% 

r 2- and z-band

Follow-up observations with 
Subaru/HSC

Date Filter Exposure Limiting magnitude
(Day after event) time (AB)
2020-02-25 UT r 2 30 sec x 2 24.51 - 25.71

(Day 1) z 30 sec x 2 22.84 - 24.14
2020-02-28 UT r 2 30 sec x 2 23.98 - 25.13

(Day 4) z 30 sec x 2 22.54 - 23.76
2020-03-23 r 2 50 or 70 sec 24.64 - 26.25

(Day 28) z 35 sec x 2 22.85 - 24.64

50% area: 17 deg2 
90% area: 71 deg2 
Distance: 1575±322 Mpc

2 Publications of the Astronomical Society of Japan, (2018), Vol. 00, No. 0

and the Virgo Collaboration 2020b). The distance was also

updated and released as 1575± 322 Mpc at Feb 28, 2020

17:54:21 UTC.

In this event, the Japanese collaboration for

Gravitational wave ElectroMagnetic follow-up (J-GEM)

has performed optical observations to survey the EM

counter part of GW source on Feb. 25, 28 and Mar. 23,

2020 UTC with hyper Suprime-Cam (HSC; Miyazaki et al.

2012), which is a wide-field imager installed on the prime

focus of the Subaru telescope, in HSC-r2 and HSC-z band.

The field of view (FoV) of 1.77 deg2 is the largest among

the currently existing 8 m-class telescopes, and it is the

most e!cient instrument for the optical survey. We chose

60 survey pointings that cover 57.8 deg2 corresponding

to the 83.4% credible region in the BAYESTAR skymap

(80.8% in the LALInference skymap). The exposure

times for each pointings are 30 seconds and we revisited

each pointings about one hour apart in each observation

epochs. The first exposure was started at about 12.3

hours after the GW detection (The J-GEM collaboration

2020). 観測された画像から候補天体を探査し、除外できな
い天体の母銀河の距離を測定するために Gran Telescopio

CANARIAS (GTC)の follow-up分光観測をやった。
In this paper, we report the detail of the observation

with Subaru/HSC and GTC, the classification of observed

sources and the list of final candidates. Throughout the

paper, all the magnitudes are given as AB magnitudes.

2 Observations with the Subaru/HSC and
data analysis

2.1 ToO observation

We conducted target of opportunity (ToO) observations

with Subaru/HSC on Feb. 25, 28 and Mar. 23, 2020 in the

HSC-r2 and HSC-z band. We selected the 60 survey point-

ings from high probability area in the BAYSTAR skymap

for HEALPix grid with resolution of NSIDE =64 taking the

FoV into consideration (Table 1). The exposure time per

frame was 30 seconds and we visited twice each pointings

at least one hour apart in each bands in order of pointing

ID on Feb. 25 and 28. On Mar. 23, we changed the expo-

sure times and the order to visit with the ones be highest

elevation to be first (Table 2). In the HSC-z band, we took

shots with 35 seconds and visited twice each pointings. In

the HSC-r2 band, we took shots with 50 seconds in the

first 32 pointings, and with 70 seconds in last 28 point-

ings. The observed area is 57.8 deg2 corresponding to the

83.4% credible region in the BAYESTAR skymap and the

80.8% in the LALInference skkymap. We show the survey

pointings and two skymaps in Fig. 1. The basic policy of

Fig. 1. Preliminary (left, BAYESTAR; The LIGO Scientific Collaboration and
the Virgo Collaboration 2020a) and refined (right, LALInference; The J-
GEM collaboration 2020) localization probability skymaps of the S200224ca.
Contour line and red-filled circles show the 90% credible regions and our
survey pointings with Subaru/HSC, respectively. We have conducted the
observation on the basis of the BAYESTAR map.

J-GEM activity is that we use HSC-i and HSC-z band, but

we started the observation in the HSC-r2 band because it

had been installed before the starting of our observation.

The first exposure in first epoch has been started at Feb.

25, 10:43:07 UTC, which corresponds to about 12.3 hours

after the GW detection. Because overlaps between the ob-

served images exist when NSIDE = 64, there are the areas

observed three times or more. Therefore, the overlap areas

may be observed repeatedly in less time than one hour.

2.2 Data reduction and image subtraction

We analyzed the observed data with hscPipe v4.0.5 which

is standard analysis pipeline of HSC (Bosch et al. 2018) in

accordance with Tominaga et al. (2018) and Utsumi et al.

(2018). This pipeline provides full packages for data analy-

ses, which includes image subtraction and source detection,

of images obtained with HSC. Here, we temporarily assume

an aperture which has a diameter of twice the full width

at half maximum (FWHM) of the point spread function

(PSF) and distribute it randomly. Measuring the devia-

tions of fluxes in the apertures, we estimated the limiting

magnitudes in the stack images. We show the mode, maxi-

mum and minimum values of the 5! limiting magnitudes in

Table 3. Those scatter with a range of ! 1 mag and there

are di"erences of about 1.5 mag between the mode values

in each filters. Note that the limiting magnitudes in HSC-

r2 band on Mar. 23 have localization dependence since the

exposure times are di"erent between each pointings.

The image subtraction is quite useful to find transient

objects. We set the stacked images in the third epoch as

the reference images, and carried out the image subtrac-

tions in the stacked images in the first or second epochs.

The subtraction package we used is in the hscPipe based



S200224ca

MCMC fitting with light curve templates 

Type Ia SN 

Core-collapse SNe            
(Type Ibc, IIL, IIP, IIn) 

Rapid transients          
(PS1-10ah, 10bjp, 11bbq, 11qr, 
12bb, 12bv, 12brf, 13ess, 13duy) 

threshold: Q-value(χ2) > 10-4 

29 candidates inconsistent with the 
transient templates 

18 Inside 3D skymap 

3 Outside 3D skymap 

2 No Information 

6 No close objects

5 of 18 candidates probably inside 
3D skymap were observed with  
GTC (10m Opt/IR telescope)/OSIRIS to 
be measured its redshift (spec-z). 

  -> analysis ongoing

cannot be 
ruled out

Source detection and screening 

image subtraction (ref 03-23) 

selection criteria 

identified point sources 

detected at least twice 
in 4 difference images6 Publications of the Astronomical Society of Japan, (2018), Vol. 00, No. 0

Detected sources 
5213

Matched known source 
in PS1 catalog ( < 1! ! )

Associated with 
extended object 
in PS1 catalog !sep

Location in 
3D skymap P3D

Off-center 

258
(1! ! " !sep " 15! ! )

No close objects 

329
(!sep > 15! ! )

Match 
4626

No match 
587

Visual inspection 68

Inside 

194
( # 50%)

Outside 

42
( < 50%)

No Info. 

22

80 8 5

Fig. 5. Flowchart of the candidate screening and the classification process
for the detected sources. Numbers in each box represent the number of
remaining sources at each step.

– 引き算前と引き算後両方で測光
– 光度曲線の図

• 光度曲線テンプレートとのフィッティング
– 使ったテンプレート
– MCMC（付録でもいいかも）
– 判断基準 (Q値のスレッショルドとか)

3.2 Candidates consistent with transient template

• 候補の情報。
– 顔写真と light curveの例
– それぞれの正体（どの transient templateと consistent

か。母銀河があるかどうか。)

3.3 Candidates inconsistent with transient template

• 候補の情報。
– 顔写真と light curve

– inconsistentな理由（多分 zが暗いからとかになる）
– 距離も含めてGW源の電磁波対応天体と言えるかどう
か（明るさから求めた redshiftや SDSSの photo-zを
使って判断）

3.4 Spectroscopic observations with the
GTC/OSIRIS

• 5つの天体を選定して GTCでの観測実施

– 選定条件
– 観測の条件（どのラインを狙ったとか）

• データ解析（向こうがやってくれる？）
• spec-zと GWの距離を比較

– GWの redshiftの範囲内に入っているかどうか
– 入っていれば除外できない（spec-z での fitting を載
せる）

3.5 Discussion

• kilonova modelとの比較
– Tanaka et. al. model とフィッティングしてどうな
るか確認してみる（急な減光がないから恐らくうまく
フィッティングできない）

• SN rateとの比較（これは 3.1節に入れた方がいいかも）
– 今回の観測では**個の天体が SN template と consis-

tent であった。
– Niino の計算では、!1/deg2 (観測面積では 60個)程度
の SNがある見積もり。

– これと比べて consistent か inconsistent であるので、
判断基準は妥当であるまたは妥当でない。

4 Conclusion
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Fig. 7. Expected number density of SN detections in the Y band. The
vertical axis indicates the area number density of SNe brighter than
the limiting magnitudes in the horizontal axis. The cyan region is the
±50% error originating from the uncertainty of the core-collapse-SN
rate density. The dots with error bars are obtained by the number of
candidates obtained in the fields with/without the HSC-SSP reference
images (filled/open circle). (Color online)

depending on the sky condition as in the case of our Y-band
observation.

This comparison demonstrates that observations using
Subaru/HSC can detect the kilonova emission in i, z, and
Y bands during peak times even at 227 Mpc. For S190510g,
our observations covered approximately 0.1–0.3 d (2.8–
7.0 h), as shown in the gray shaded area in figure 8. If
the emission is purely powered by radioactive decays, the
emission still rises in those phases, as shown in figure 8.
However, if ejecta are further heated by a cocoon produced
by the interaction between the relativistic jets and the ejecta,
the emission might be brighter than this kilonova model
(Arcavi 2018). Therefore, the early observations will be
important to provide constraints on the emission models.

Observations with the Subaru/HSC can detect kilonova
fainter than GW170817/AT2017gfo even at the distance of
S190510g (227 Mpc). For example, if Mej is 0.01 M! with
all the other parameters fixed, the peak bolometric lumi-
nosity is decreased from our fiducial model by 40%. Then,
the peak of the light curves gets "0.6 mag fainter under an
assumption that the magnitude in each band is decreased
following the bolometric luminosity. Subaru/HSC can easily
detect such an emission from the rising phase. Also, if Ye is
low (Ye < 0.25), the magnitudes are expected to be fainter
by 2–3 mag in the early time as mentioned above. Even for
such a case, we can also detect the peak of the light curve
in i and r bands.

Here, we also emphasize the importance of the deep ref-
erence image. The horizontal solid line shows our limiting
magnitude for the fields with a HSC-SSP reference image,
while the dashed line shows the limit of the search depth in
the fields without the reference. In the latter case, observa-
tions are limited by the depth of the PS1 images, and thus,

Fig. 8. Multi-color (i, z, and Y band) light curve of the kilonova model with
an ejecta mass Mej = 0.05 M! and an electron fraction Ye = 0.30–0.40
[the i- and z-band cases are shown in Banerjee et al. (2020)], assuming
that it is located at the distance of 227 Mpc reported in S190510g. Hor-
izontal lines indicate the limiting magnitude in the difference images
(green solid line), the 5! depth of the PS1 y-band catalog (gray dotted
line) and the limiting magnitudes in HSC-z or HSC-i2 band calculated
by HSC Exposure Time Calculator under the assumption of 30 s # 2
exposures (orange dotted lines), respectively. The gray-filled square
shows the range of time and depth we observed. The bottom panel is
the enlarged figure of the dash-framed part in the upper panel. (Color
online)

we cannot detect transient sources fainter than 21.3 mag.
For this particular kilonova model at 227 Mpc distance, if
the deep reference image is available, the first detection in
the Y band would be 0.4 d compared to 1.5 d without the
deep reference image.

Finally, we consider future prospects in the fourth and
fifth observing runs (O4 and O5) of the GW interferom-
eters. Colored squares in figure 9 correspond to a BNS
range and an observation period in the each observing run
shown in the document of the observing run plans.6 Dots
with error bars are distances (left-hand vertical axis) of
GW events reported in O1, O2, and O3. The right-hand
vertical axis refers to a peak magnitude of the light curve
in the z band in the same kilonova model as figure 8 on
an assumption that it is located at the distance shown in
the left-hand vertical axis. The limiting magnitude evalu-
ated with the exposure time of 60 s in the HSC-z band is
23.45 mag (black dashed line). We expect that observations
with HSC will sufficiently attain the BNS ranges expected
in O4 or O5.

6 $https://dcc.ligo.org/public/0161/P1900218/002/SummaryForObservers.pdf%, Abbott
et al. (2018).
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Fig. 9. BNS range during each observing run shown in the document
of observing run plans. Dots with error bar are the distance (left-hand
vertical axis) of GW events reported in O1, O2, and O3. The right-hand
vertical axis refers to a peak magnitude of the light curve in the z band in
the same kilonova model as figure 8, on the assumption that it is located
at the distance shown in the left-hand vertical axis. The black dashed
line indicates the expected limiting magnitude in the HSC-z band. (Color
online)

Here, we estimate how many survey observations for
GW events classified as BNS can be performed with
Subaru/HSC. Assuming the Subaru telescope can view the
sky above 20! of elevation, the total area of visible sky is
approximately 90% of the whole sky in a day. Since the
seeing becomes poor in the elevations lower than 20!, those
elevations are undesirable for the good imaging quality.
Furthermore, the typical duration of “night,” eight hours,
reduces this ratio to approximately 30%. In addition, con-
sidering nights available for HSC ToO observations, which
is estimated as 30% (Utsumi et al. 2018), the resulting
chance we can conduct a follow-up observation will be
approximately 9% of BNSs, of which the most probable
point is located in the observable sky for HSC. Assuming
the BNS rate of 110–3840 Gpc"3 yr"1 shown in Abbott
et al. (2019) and the mean ranges of LIGO during each
observing run, the numbers of BNS-merger events expected
to be detected by LIGO are 0.8 # 28.2 (in O3), 4.9 #
172.4 (in O4), and 41.4 # 1445.1 (in O5). Therefore, the
expected number of BNS events that HSC can contribute
to is 0.1 # 2.5 (in O3), 0.4 # 15.2 (in O4), and 3.7 #
127.7 (in O5). These numbers are further increased if we
include poorly localized events whose most probable point
is located outside the observable sky. It is, therefore, impor-
tant to prioritize the events with a better localization.

5 Summary and conclusion
The GW detection S190510g, which may include NSs, had
been reported by the LIGO/Virgo Collaboration on 2019
May 10. For this event, we performed a ToO observation
with Subaru/HSC in the Y band for the optical-counterpart

survey as early as 1.7 hours after the issue of its prelimi-
nary alert. Our observation area, which was selected from
the preliminary localization skymap, covers 118.8 deg2.
It corresponds to 11.6% of the total probability in the
localization skymap released in the preliminary alert, and
1.2% in the updated skymap. We searched for an optical-
counterpart by dividing the observed area into two fields,
depending on whether a previous reference HSC image is
available.

For the fields with HSC-SSP reference images, we
searched for optical counterparts by using the image sub-
traction. We obtained 83 candidates through screening
sources in the difference images. For the fields without HSC-
SSP reference images, we searched our individual observa-
tion images by matching the observed sources with the PS1
catalog, and found 50 candidates except the sources located
at the center of the extended object. We then estimate
their distance using the photometry of associated extended
objects. Finally, we concluded that three sources (Cand-
A10, Cand-B01, and Cand-B02) are final candidates of the
electromagnetic counterpart of S190510g because they are
likely located inside the 3D skymap. We could not rule out
the possibility that 44 candidates are related to the GW
event because their distance cannot be estimated. Unfor-
tunately, no spectroscopic observations for them are per-
formed. The search depth for the second method is shal-
lower than that for the first method because we chose only
sources brighter than 21.3 mag to match the sources with
the PS1 catalog.

We estimated the expected number of SN detections
by performing mock observations. We confirmed that the
number density of our candidates was consistent with the
expected number within a 50% uncertainty. Therefore, it
may imply that most of the 133 candidates could be SNe.

By comparison with a radioactive kilonova model repro-
ducing AT2017gfo, which is based on the radiative transfer
simulations with realistic opacity (Banerjee et al. 2020), we
found that our observations were sufficiently deep to detect
the kilonova emission well before the peak at #230 Mpc
distance. We showed that our observations reached the
required sensitivity to detect the kilonova emission from the
future BNS events in O4 and O5. With the current estimate
of the event rate, we find that Subaru/HSC can observe
0.1 # 2.5 (in O3), 0.4 # 15.2 (in O4), and 3.7 # 127.7
(in O5) events.

Our observations demonstrate that follow-up observa-
tions with Subaru/HSC can cover over 100 deg2 within a
few hours after the GW event. For future GW observing
runs, most of the GW events will be discovered at
>100 Mpc distance; therefore, deep and wide observa-
tions, as shown in this paper, will become more impor-
tant. The early observations with Subaru/HSC will enable
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The chance we can trigger a ToO observation will be 9% (8hr/1day 
& availability rate of 30%). 
0.4-15.2 BNS events might be observed with Subaru/HSC in O4. 
(BNS event rate 110-3840 Gpc-3yr-1; Abbott et al. 2019)
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Summary & Conclusion

We performed ToO observation with Subaru/HSC at 3 events; 
S190510g, S191216ap and S200224ca. 

S190510g (BNS -> Terrestrial) 
3 candidates 
44 sources are not ruled out 

S191216ap (MassGap -> BBH) 
not found apparent transient associated with 
GL213356+051647 
estimated origin changed MassGap to BBH 

S200224ca (BBH) 
18 candidates are likely inside of 3D skymap 
5 of them were observed by GTC/OSIRIS to be 
measure its redshift (spec-z) 
8 candidates cannot be ruled out 

Future prospects 
Subau/HSC has a chance to contribute to 0.4 - 15 BNS 
events in O4.


