
Current Strategy of Search for 
Gravitational-Wave Counterpart  
by Optical and NIR Observations

Mahito Sasada (Hiroshima University) 
on behalf of J-GEM Team



Electro-magnetic counterpart 
for GW phenomenon

Gravitational-wave source 
• Since Nov. 2015, LIGO/Virgo have detected gravitational-wave (GW) 
signals from the Universe. 

• Those would come from astronomical phenomena, for example mergers 
of black hole-black hole, black hole-neutron star, and neutron star-
neutron star pairs. 

• The GW-radiated phenomena are expected to radiate electro-magnetic 
(EM) emission. 

• Multi-messenger observation can reveal the physical background of GW 
sources.



GW sources discovered by 
LIGO/Virgo

Credits: LIGO/VIrgo/Northwestern Univ./Frank Elavsky

GW170817



GW170817
•LIGO/Virgo detected the GW on 
17 Aug. 2017. 

• GW170817 was identified as the 
EM counterpart in the entire 
wavelength. 

• Gamma-ray: Detect gamma-ray 
emission after 1.74 seconds of 
GW detection. 

• X-ray: Detect after 9 days of GW 
detection. 

• Optical and NIR: Identify optical 
counterpart after 10.87 hours. 

• Radio: Detect after 17 days.

Abbott +2017



Neutron-Star Merger
NASA/CXC/M.Weiss

• The obtained GW indicated that the GW was generated 
by the binary neutron-star (BNS) merger.



Implication from EM Observation

Mooley+ 18

Tanaka+ 17

• Optical and IR emissions can be generated 
by the radioactive decays of r-process 
nuclei. (Kilonova model) 

• Radio, X-ray and gamma-ray emissions 
would come from the relativistic jet which 
was generated by the BNS merger.



J-GEM Observation for 
GW170817
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Fig. 1. Three-color composite images of SSS17a using z-, H-, and Ks-
band images. The size of the image is 56′′ × 56′′. From left to right, the
combined images created from the images taken between t = 1.17 and
1.70 d and between t = 7.17 and 7.70 d are shown.

elements in the Universe as emission properties reflect
the ejected mass and abundances of r-process elements
(e.g., Kasen et al. 2013; Barnes & Kasen 2013; Tanaka
& Hotokezaka 2013; Tanaka et al. 2014; Metzger &
Fernández 2014; Kasen et al. 2015).

On 2017 August 17, 12:41:04 GMT, the LIGO (Laser
Interferometer Gravitational-Wave Observatory) Hanford
observatory (LHO) identified a GW candidate in an NS
merger (The LIGO Scientific Collaboration and the Virgo
Collaboration 2017b). The subsequent analysis with three
available GW interferometers including the LIGO Liv-
ingston Observatory (LLO) and the Virgo shrank the
localization to 33.6 deg2 for a 90% credible region (The
LIGO Scientific Collaboration and the Virgo Collabora-
tion 2017c) and confirmed the detection (GW170817:
Abbott et al. 2017b). A Fermi-GBM trigger, approximately
2 s after the coalescence, coincided with this GW event and
provided additional initial information regarding the local-
ization with an error radius of 17.◦45 (The LIGO Scientific
Collaboration and the Virgo Collaboration 2017a), which
covers the area localized by the GW detectors. Coulter
et al. (2017a, 2017b) reported a possible optical counter-
part SSS17a, within the localization area, near NGC 4993.
The source located at (α, δ) = (13h09m48.s07, −23◦22′53.′′3),
10′′ away from NGC 4993 (figure 1), is an S0 galaxy at a
distance of ∼40 Mpc (Freedman et al. 2001).

We conducted coordinated observations in the frame-
work of Japanese collaboration for Gravitational-
wave Electro-Magnetic follow-up (J-GEM) (Morokuma
et al. 2016; Yoshida et al. 2017; Utsumi et al. 2017) imme-
diately after the discovery of the strong candidate SSS17a
and investigated the characteristics of the optical and NIR
emission. In this paper, we present the results of the J-GEM
follow-up observations of SSS17a. All magnitudes are given
using the unit of AB.

2 J-GEM Observations
A broad geometrical distribution of observatories was
required to observe SSS17a because it was visible for
a limited amount of time after sunset in the northern
hemisphere. J-GEM facilities were suitable for observing
this target because they are distributed all over the Earth
in terms of the longitude, which included the southern
hemisphere where the visibility was better. We used the
following facilities to perform follow-up optical obser-
vations of GW170817: 8.2 m Subaru/HSC (Miyazaki
et al. 2012) and MOIRCS (Suzuki et al. 2008) at Mauna
Kea in the United States; 2.0 m Nayuta/NIC (near-infrared
imager) at the Nishi-Harima Astronomical Observatory in
Japan; 1.8 m MOA-II/MOA-cam3 (Sako et al. 2008; Sumi
et al. 2016) and the 61 cm Boller & Chivens telescope
(B&C)/Tripol5 at the Mt. John Observatory in New
Zealand; 1.5 m Kanata/HONIR (Akitaya et al. 2014) at the
Higashi-Hiroshima Astronomical Observatory in Japan;
1.4 m IRSF/SIRIUS (Nagayama et al. 2003) at the South
African Astronomical Observatory; and 50 cm MITSuME
(Kotani et al. 2005) at the Akeno Observatory in Japan.

We reduced all the raw images obtained using the afore-
mentioned instruments in a standard manner. After elim-
inating the instrumental signatures, we made astrometric
and photometric calibrations. The astrometric calibrations
were performed with astrometry.net (Lang et al. 2010)
using the default reference catalog USNO-B1.0 (Monet
et al. 2003), while the PanSTARRS catalog (Chambers
et al. 2016) was used for the HSC calibration because
it is a standard catalog for the HSC reduction. The
number density of stars in the B&C/Tripol5 images was
not sufficient for solving the astrometric solution using
astrometry.net. We therefore used Scamp (Bertin 2006)
for the B&C/Tripol5 image astrometric calibration instead.
The photometric calibrations were performed using the
PanSTARRS catalog for the optical data and the 2MASS
catalog (Cutri et al. 2003) for the NIR data. We did not
apply system transformation for adjusting small differences
between the band systems because it required the assump-
tion of a spectrum of the source, except in the case of the
MOA-cam3 photometry. The R band used by MOA-cam3
of MOA-II is largely different from the standard Johnson
system. We determined an empirical relation for the differ-
ences between the catalog magnitudes and the instrumental
magnitudes as a function of the color constructed from
the instrumental magnitudes (e.g., Koshimoto et al. 2017).
Using Lupton’s equation, the catalog magnitudes were con-
verted from the PanSTARRS magnitude to the Johnson
system.1 We converted Vega magnitudes to AB magnitudes
using the method specified in Blanton and Roweis (2007).

1 ⟨http://www.sdss3.org/dr8/algorithms/sdssUBVRITransform.php#Lupton2005⟩.
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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
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• J-GEM succeeded the observation 
for GW170817 by using IRSF, 
MOA, B&C and Subaru/HSC. 

• Our aim is to observe the optical 
counterpart of GW source before 
1 day. 

Constrain a physical mechanism 
of GW counterpart.

1 day

Utsumi +2017



How to Identify Optical Counterpart

• There are many stars and galaxies within the probable region of GW170817. 
• It is not easy to identify an optical transient from the obtained image.
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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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Area of GW170817

our wide FOV (Lipunov et al. 2010), in real time (1–2 minutes
after a charge-coupled device (CCD) readout), and can work in
alert, inspect, and survey mode, independently of human
intervention. This is a unique feature that gives us the ability to
detect new objects in large fields in real time and to study
outbursts in the early stages of explosion (Lipunov et al. 2016;
Troja et al. 2017).

It is impossible to produce photometry of this object using
standard aperture or point-spread function (PSF) photometry
methods on the original image due to the galaxy background. For
accurate photometry we undertake the following procedure. For
the subtraction procedure, we choose the most suitable reference
image (by the average star FWHMs and the frame detection limit)
from our archive. After a very accurate (sub-pixel) centering of the
source and reference images, we obtain a difference image
following the technique described in Alard (2000). Using the
original image, we determine the transformation of the instru-
mental flux into standard stellar magnitudes, and then we measure

the object’s instrumental flux from the difference image. We
correct the obtained stellar magnitudes for the Galactic extinction,
based on E B V-( )=0.1 mag (Schlafly & Finkbeiner 2011).
The MASTER Global Robotic Net archive contains 126

images of the galaxy NGC 4993, obtained from 2015 January 17
00:45:46 to 2017 May 02 22:17:04, none of which show any
optical activity for SSS17a (see Table 3).
In Figure 4 we present the MASTER-composed discovery

image with kilonova position.

6. Discussion

The detection of EM radiation accompanying the coalescence
of NSs was by no means a surprise. The merger of NSs as a
formation mechanism of GRBs was first considered by Blinnikov
et al. (1984), and the occurrence rate of such events was computed
in 1987 using the population synthesis method (“Scenario
Machine”) by Lipunov et al. (1987) and later refined by taking

Table 2
Possible Kilonova Brightness

Name Z DL Mpc DM Obs. Band mvis Max[AB] MabsFlat spec AB Flux iso erg s−1 Link

Kilonova NGC 4993 0.0098 42.5 33.14 MASTER W 17.3 −16.03 1042 This paper
GRB 130603 0.3560 1911.9 41.41 HST H 25.73 −15.35 5.50 × 1041 Tanvir et al. (2013)
GRB 080503 0.561* 3290.5 42.59 Gemini/Keck r 25.48 −16.62 1.78 × 1042 Perley et al. (2009)

Figure 4. MASTER-composed discovery image started 2017 August 17 at 23:59:54 UT. We used color B, R, I, W filters, MASTER-OAFA, and MASTER-SAAO
images. The kilonova position is marked by white lines on the left part of composed image. The right (large) image is the MASTER main telescope’s usual FOV.

6

The Astrophysical Journal Letters, 850:L1 (9pp), 2017 November 20 Lipunov et al.

Lipunov+ 2017



J-GEM (Japanese collaboration for Gravitational-wave Electro-Magnetic follow-up)
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Purpose of J-GEM
Purpose 
• Multi-messenger observation to reveal the physical background of 
GW sources 

• Detect and observe an optical counterpart of GW source

Approach  
• We do a survey observation by using many Japanese telescopes

Requirements  
• Survey huge area (> 10 sq. degrees), because of a low sky-position 
accuracy of GW observatories. 

• Identify the optical counterpart as soon as possible to understand 
an early phase of GW event.



Two types of telescope
Normal Telescope (FoV < 1 deg^2) Telescope having large FoV (FoV > 1 deg^2)

Different strategies depending on telescopes 
Identify the EM counterpart using both types of telescopes

• Kanata 
• IRSF 
• Nayuta

• OAO WFC 
• MITSuME 
Akeno/Okayama

• Subaru 
• MOA 
• Kiso Tomo-e

• B&C 
• Saitama SaCRA



Strategy for Normal Telescope
The survey area may be so huge that a normal optical telescope can 
not cover the entire survey area. 

• Optical counterpart should be associated with a host galaxy. 
➡Observe candidate galaxies, and identify the associated 

transient (Targeted Observation). 
GW170817 was discovered by the similar way. 

• Survey the huge area 
➡List candidate galaxies, and observe with many collaborate 

telescopes 

• Do not duplicate candidate host galaxy to survey efficiently. 
➡Share a list of candidate host galaxies, and realtime observing 

information



Strategy for Normal Telescope

J-GEM 
Web System 

planner
• Make galaxy list 
• Serve realtime info

Image 
Server

OAOWFC
Okayama Astrophysical Observatory Wide Field Camera

2015/12/07 観測装置技術WS 7

• Save/show obtained images 
• Calculate limiting flux 
• Subtract image

①

②

③
④

• Observe 
• Reduction



Alert Information System; 
planner

Web-base system. Communicate through command line



Sharing Information of Observation

Galaxy ID Galaxy InfoProbability Obs Teles Obs Info Flag

Share information to avoid duplication of observation



J-GEM Ranking on GW170817

• NGC 4993 got 11-th rank based on GLADE galaxies 
with 3D probability and B-mag



How complete?

• 8223 SN Ia are used to validate GLADE completeness 
• Targeted observation with planner is promising for GW 
events up to 200Mpc



Image Subtraction

Web-base image server system. 
Assemble images obtained by each telescope.



Identification

•Reference image obtained by PanSTARRS 
•Image subtraction 
•Compare between obtained and reference images.

Obs Image Ref Image Sub Image Blinking gif



Nov	15,	2018 LV-EM	Open	Forum	Telecon 8

ER14: up to four weeks, starting at the earliest March 1st, 2019
O3 to follow 

ER13Commissioning O3: one calendar year long

2018
Sep Oct Nov Dec Jan Feb Mar Apr

2019
May

H1

L1

GEO

LIGO-VIRGO Joint Run Planning Committee
Working schedule for O3

(Public document G1801056-v4, based on G1800889-v7)

~70% observing mode

Detector in observing 
mode for a fraction of the time 

during Engineering Runs (ERs), 
possible GW alerts with human vetting

24/7 observing mode
(Observing Run,

Open Public Alerts in low-latency)

Detector operational,commissioning mode
(small fraction of observing mode time) 

Detector not producing data
(downtime)

L
I
G
O

Jun Jul Aug

ER14

ER13Commissioning O3: one calendar year longER14Commissioning

Commissioning

VIRGO ER13Commissioning O3: one calendar year longER14Commissioning

ER13: from 8am PT Dec 14 
 to 6 am PT Dec 18

LIGO-G1801056

Schedule for O3 Run

Observing Run
https://dcc.ligo.org/public/0157/G1802174/003/G1802174-v3.pdf

Engineering Run

Now
We have done two times of test observations for GW alert.

https://dcc.ligo.org/public/0157/G1802174/003/G1802174-v3.pdf


J-GEM 
Web System 
playground

• Organize obs info 
and transient info

Image 
Server

OAOWFC
Okayama Astrophysical Observatory Wide Field Camera

2015/12/07 観測装置技術WS 7

• Observe 
• Send obtained images

Coordinated Observation for GW Alert

Dummy Alert
Including supernova 
as transient

• Assemble images 
• Find transient by 
eye



Lesson from Coordinated 
Observation

BUT, we passed over the new transient at that time. 
Modify the observation scheme and image subtraction system.

Reference ImageSmoothing ImageObtained Image

Observed 45/137 galaxies using four telescopes in one night.



Engineering Run (ER13)
• LIGO/Virgo team expects rates of GW events: 

• Binary neutron stars ; 1/month to 1/year 
• Binary black holes ; few/week to few/month 
• Neutron-star black-hole binaries ; uncertain 

• Engineering Run (ER13) was conducted at the last week 
(from 12/15 to 12/18). 

There was no alert of GW event during ER13.



Summary
•Construct observational systems both for normal and wide-
field FoV telescopes to observe an optical counterpart of 
GW source. 

•Made web-base systems: 
1. Share a probability field of GW event and observational 
information.  

2. Assemble observed images and subtract from reference 
to identify the transient. 

•Did coordinated test observations with dummy alert of GW 
event. 

• There is no public alert during ER13.



Thank you for your attention


