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The Laser Interferometer Gravitational-wave Observatory Scientific Collaboration and Virgo
Collaboration (LVC) sent out 56 gravitational-wave (GW) notices during the third observ-
ing run (O3). The Japanese Collaboration for Gravitational wave ElectroMagnetic follow-up
(J-GEM) performed optical and near-infrared observations to identify and observe an electro-
magnetic (EM) counterpart. We constructed a web-based system that enabled us to obtain and
share information on candidate host galaxies for the counterpart, and the status of our observa-
tions. Candidate host galaxies were selected from the GLADE catalog with a weight based on
the 3D GW localization map provided by LVC. We conducted galaxy-targeted and wide-field
blind surveys, real-time data analysis, and visual inspection of observed galaxies. We performed
galaxy-targeted follow-ups to 23 GW events during O3, and the maximum probability covered
by our observations reached 9.8%. Among these, we successfully started observations for 10
GW events within 0.5 days after the detection. This result demonstrates that our follow-up obser-
vation has the potential to constrain EM radiation models for a merger of binary neutron stars
at a distance of up to ∼100 Mpc with a probability area of ≤ 500 deg2.
.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Subject Index F12, F33

1. Introduction

In 2015, gravitational waves (GWs) were detected for the first time by the Laser Interferometer
Gravitational-wave Observatory (LIGO) [1], which marked the dawn of GW astronomy. The most
plausible targets for the current GW detectors are signals emitted from compact binary coalescences
(CBCs). CBCs include three types: mergers of binaries composed of two black holes (BHs), two
neutron stars (NSs), and one NS and one BH, called BBH, BNS, and NSBH, respectively. The first
GW event, GW150914, detected by Advanced LIGO was a coalescing BBH [2]. In 2017, the first
GW event from a BNS, GW170817, was also detected by both the Advanced LIGO and Advanced
Virgo [3] detectors [4].

The direction of a GW signal is predominantly determined by the differences in the arrival times
of the GW to more than two detectors. The uncertainty of the localization depends on the number of
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detectors that observe the GW signal, the source direction, and the signal-to-noise ratio. The median
90% credible region is 120–180 square degrees [5], and regularly exceeds ∼1000 square degrees.

Depending on the nature of the coalescing source, a GW source may accompany electromagnetic
(EM) emission [6–8]. The identification and observation of the EM counterpart to a GW signal
are important not only for understanding the physics of the merging event but also for maximally
utilizing information in the GW signal. However, identifying an EM counterpart to a GW source is
challenging, particularly in optical bands because of limited fields of view (FoVs) of instruments. A
wide-field blind survey using a wide FoV instrument can search any EM counterpart associated with
the GW source, even without any association with a host-like galaxy. Another approach is to survey
cataloged galaxies within the 3D localization map under the assumption that the EM counterpart is
located close to or on a galaxy [9]. This approach is called a galaxy-targeted survey.

In fact, EM follow-up surveys to GW150914 were performed across the entire EM spectrum,
from the radio to the gamma-ray bands [10]. However, no evident EM counterpart was discovered
[11–14]. The non-detection in GW150914 may be a natural consequence of a BBH merger. Note
that a possible gamma-ray counterpart to GW150914 was tentatively claimed by Ref. [15], which
triggered a discussion on the possible presence of relativistic jets in BBH mergers as in gamma-ray
bursts (GRBs) (e.g., Refs. [16,17], though see the counterargument presented by Ref. [18]).

Identification of an EM counterpart to a GW event was achieved for the first time for GW170817,
where a gamma-ray signal was detected 1.74±0.05 sec after the GW detection (GRB 170817A [19,
20]). Subsequently, the optical counterpart (AT 2017gfo) was identified by galaxy-targeted surveys
10.86 hours after the GW detection [21,22]. The optical emission of AT 2017gfo rapidly declined,
while the near-infrared (NIR) emission lasted relatively longer (e.g., Refs. [23–27]). The optical
spectra of AT 2017gfo rapidly evolved from blue to red [28,29]. These properties are clearly different
from those of supernovae. Also, EM emission was detected in the X-ray (e.g., Refs. [30,31]) and
radio wavelengths (e.g., Ref. [32]) 9 and 16 days after the GW detection, respectively. The X-ray and
radio emission were detected for hundreds of days [33]. At the same time, the Very Long Baseline
Interferometric observation detected a knot with a superluminal motion [34].

When a BNS coalesces, a portion of matter of the merger material is ejected into interstellar space
[35]. In this material, r-process elements including lanthanides are likely to be synthesized. This
matter gives rise to thermal emission mainly in the optical and IR bands, which is powered by the
radioactive decay of the r-process nuclei [6], called a “kilonova”. The observed temporal evolution
of the optical and NIR emission of AT 2017gfo was consistent with simple kilonova models [36–38].
However, the blue component seen in the early phase may not be fully reproduced by the simple
kilonova model. To explain the blue emission, two models were proposed: (1) a kilonova model with
a higher electron fraction [37], or (2) a cocoon generated by interactions between the NS ejecta and
the jet that powered the emission from radio to gamma-ray wavelengths [39–43]. Both models can
explain the light curve observed after 0.5 days, but these models predict different brightnesses at ≤
0.5 days [44]. Thus, early-phase observations are required to determine the origin of the optical blue
emission.

The third LIGO/Virgo observing run (O3) started on 1st April, 2019. During O3, 56 GW alerts
were announced1. Plausible masses of the components of a GW signal that is consistent with the
CBCs can be estimated . Based on the masses, the detected GW signals in O3 were classified into
37 BBHs, six BNSs, five NSBHs, and four MassGap objects with masses between 3 and 5 M�.

1 https://gracedb.ligo.org/superevents/public/O3/.
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Details of four GW events have already been published by the LIGO Scientific Collaboration and
the Virgo Collaboration (LVC): the BBH event GW190412 likely originated from the coalescence
of a BBH with asymmetric masses of ∼ 8 M� and ∼ 30 M� [45], and GW190521 originated from
a BBH merger with a total mass of 150 M� [46]. In this event, a candidate of an optical counterpart
was claimed [47]. The BNS event GW190425, which was the first event with an NS in O3, likely
originated from a coalescence of a BNS with a total mass of 3.4 M� [48]. Finally, the NSBH event
GW190814 likely originated from the coalescence of a 23 M� BH with a 2.6 M� compact object [49].

In the O3 run, EM follow-up observations were performed by various telescopes and satellites from
gamma-ray to radio wavelengths. In the optical and NIR wavelengths, a lot of follow-up campaigns
have been performed for detected GW signals: GROWTH [50–54], GRANDMA [55,56], GOTO
[57], Magellan [58], ZTF [59], MMT, and SOAR [60].

The Japanese Collaboration for Gravitational-wave ElectroMagnetic follow-up (J-GEM) has con-
ducted optical and NIR follow-up campaigns of GW events since 2015 [14,27,37,61–63]. In this
paper, we introduce the J-GEM facilities and infrastructures that realize rapid follow-up observa-
tions, and describe the details of our galaxy-targeted surveys of GW events in the O3 run. The
results of wide-field blind surveys by Hyper Suprime-Cam (HSC) on the 8.2-m Subaru telescope
and Tomo-e Gozen on the 1.05-m Kiso Schmidt telescope will be reported in Ref. [64] and Y. Niino
et al. (manuscript in preparation), respectively. We describe our observational methods in Sect. 2,
and the results of the follow-up observations in Sect. 3. In Sect. 4, we discuss the results and future
prospects of our follow-up campaigns. Finally, we give our conclusions in Sect. 5.

2. Observation methods

J-GEM consists of a consortium of facilities that cover the optical, NIR, and radio wavelengths.
To enable rapid follow-up observations for GW sources detected at arbitrary time from various
directions, we form a network of multi-latitudinal and longitudinal observatories (see Fig. 20 in T.
Tanaka et al., manuscript in preparation). Our network enables an effective search for a transient in
a large GW localization area by involving multiple telescopes and cameras. The telescopes used for
EM follow-up during O3 are listed in Table 1. With these multi-located telescopes, we are able to
perform stable and quick follow-ups avoiding the effects of bad weather. Optical data were obtained
with nine instruments on eight telescopes, and NIR data were obtained with four instruments on four
telescopes.

We conducted both galaxy-targeted and wide-field surveys in response to GW event alerts. These
two approaches have different advantages. The wide-field survey can provide a search of the coun-
terpart regardless of whether or not we have the host galaxy if the FoV of the camera is sufficiently
large. The galaxy-targeted survey can also be effective if the counterpart is associated with the host
galaxy. To maximize the efficiency, the cataloged galaxies within the 3D localization map can be
ranked according to the position in the localization area as well as the luminosity of the galaxy. By
coordinating galaxy-targeted observations with multiple telescopes distributed over the world, we
can further enhance the capability of our survey by reducing the risk of weather loss. A drawback of
galaxy-targeted surveys is the incompleteness of the cataloged galaxies, which is severe at ≥200 Mpc
(Fig. A.1). On the other hand, wide-field surveys do not rely on information on cataloged galaxies.

2.1. Galaxy-targeted observations

For galaxy-targeted surveys, it is important to observe as many high-probability galaxies as possible
in the 3D localization map of a GW source. Therefore, an effective observation scheme is required to
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Fig. 1. A flowchart of our EM follow-up scheme for GW events.

increase the completeness of observations with respect to the candidate galaxies. To perform quick
and efficient follow-up without duplication, we developed web-based systems (planner and Image
Server), which enable us to obtain and share information on galaxies and transients, as well as the
status of observations.

A flowchart of our follow-up scheme is shown in Fig. 1. When a GW alert is announced, we receive
triggers through notices in NASA’s Gamma-ray Coordinates Network (GCN) using a Python-based
VOEvent client program (based on pyGCN2). As part of the GW alert, a 2D or 3D localization map
is provided. Once the VOEvent client program generates a list of galaxies in the order of probability,
this information is automatically saved in an internal database named planner. Initiated by the GW
trigger, we rank the galaxies in the catalog in terms of their possibility of hosting the GW source and
their brightnesses. Information on whether or not a transient exists in each galaxy is also registered
in planner. Through this system, we are able to start observations shortly after receiving a GCN
notice.

Each facility reduces the obtained data by the procedures of dark subtraction, flat-fielding, and cal-
culating the sky coordinates soon after the observations are made. The reduced images are uploaded to
a system, named Image Server, which performs detection and photometry of sources in the uploaded
image. The limiting magnitude is also evaluated. Differential imaging is performed to visually check
whether a new transient exists or not by comparing the image with a reference image. In the case
where a transient is identified, information on the presence (or absence) of transients is sent to the
database. If a galaxy that has a transient is registered, a high priority is assigned to the galaxy. If
there are no galaxies with transients, normal transient searches are performed for galaxies that have
not been observed yet. In the case of a follow-up for a discovered transient, the time variation of the
target’s brightness is derived from the database. planner also collects information on the limiting
magnitude of each observation. After the observation sequence, the system generates and distributes

2 https://github.com/lpsinger/pygcn.
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a GCN report. This system enables us to operate a rapid galaxy survey and allows us to assess our
data quality. The data presented in this paper were all extracted from planner and Image Server.

2.1.1. Selection of galaxies
For our galaxy-targeted survey, we employ the available galaxy catalog, Galaxy List for theAdvanced
Detector Era (GLADE) [75], to make a list of the candidate galaxies hosting the GW source. For
the selection of candidate galaxies to search for a host galaxy with an EM counterpart, weighting
with the stellar mass of the galaxy estimated from the NIR brightness is a good way. However, in
the GLADE catalog, the number of galaxies listed in the KS-band catalog is only about 60% of that
in the B-band one. Thus, the KS-band candidate galaxies will result in a large number of galaxies
being omitted from the targets. Although the selected B-band candidate galaxies will prefer blue star-
forming galaxies, it can be acceptable, because it is currently not entirely clear what types of galaxies
are associated with GW events. Furthermore, for short gamma-ray bursts, of which NS coalescence
is though to be a possible origin, both early-type star-forming and late-type elliptical galaxies have
been reported to be the host galaxies [76]. This suggests that not a few GW events caused by NS
coalescence happen with star-forming galaxies as their hosts. In this case, selecting galaxies in the B-
band catalog with a large number of samples is more advantageous for searching the EM counterpart
than in the near-infrared catalog, which is biased towards non-star-forming, inactive galaxies and
has a small sample. Therefore, we decided to select candidate galaxies from the B-band catalog.

We rank the GLADE galaxies with the B-band luminosity weighted probability, P(j), using the
following formula:

P(j) = L(j)
B p(r(j))

∑
i L(i)

B
p(r(i))

C(r(i))

, (1)

where r(j) is the position of the GLADE galaxy, p(r(j)) is the localization probability of the GW
source at r(j), L(j)

B is the B-band luminosity of the galaxy, and C(r(i)) is the completeness of the
GLADE catalog at the distance of r(i) (see Appendix A). For events that exhibit 3D localization
maps provided by BAYESTAR or LALInference [77,78], the luminosity distance is also taken into
account. If either the distance or B-band luminosity is not available in the GLADE catalog, we
exclude the galaxy. For a Burst event for which the signal is detected without a template and without
prior knowledge of the waveform [79], we use the GWTC-1 catalog [80] instead, and we only use
the 2D localization map. Although we calculate the galaxy ranks in a similar way, this may not be
relevant if the GW signal is emitted from a Galactic supernova [81].

2.1.2. Data reduction and candidate screening
Observed images of galaxies are visually checked by comparing with a reference image, and an
image subtracted with a reference frame. We configured a web-based application, Image Server,
which shows an uploaded image together with the reference and subtracted images. Additionally,
the brightness of the candidate source and the limiting magnitude are measured by Image Server.

The obtained data are reduced using standard procedures (dark-subtracting and flat-fielding.) Then
the data are processed by the Astrometry.net application [82] to perform astrometry. The World
Coordinate System parameters are set in the header of each FITS image. Then the reduced data are
uploaded to Image Server. At the server, the typical size of the point-spread function (PSF) of point
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sources is measured using SExtractor [83]. We perform aperture photometry with an aperture
size of 2.5 times the estimated full-width half-maximum size of the PSF. The photometric zero point,
ZP, of each image in the AB magnitude system is calculated using photometric data of field stars
cataloged in either Panoramic Survey Telescope and Rapid Response System (Pan-STARRS) for
the g, r, and i bands [84], SkyMapper for the g, r, and i bands [85], the fourth United States Naval
Observatory (USNO) CCD Astrograph Catalog (UCAC4) for the g, r, and i bands [86], and the Two
Micron All Sky Survey (2MASS) for the J , H , and KS bands [87]. The RC- and IC-band fluxes are
derived from the g-, r-, i-band fluxes, using transformation equations3 [88].

Sky counts within a circle of the same size as used for the aperture photometry are used to estimate
the sky background level. The average and standard deviation (σ ) of the sky background levels are
calculated from the summed sky counts at 2000 random aperture positions. The limiting magnitude
of the reduced data is estimated as −2.5 log10(nσ) + ZP, where n = 5, i.e., the 5σ detection limit
is adopted.

Image subtraction between the new and reference images is performed using HOTPANTS4 [89],
which employs the algorithm presented by Refs. [90,91]. We visually check the new, reference, and
differential images to see whether a new transient exists or not. In addition, the sources in the image
are matched automatically with the PS1 catalog, and we mark circles to manually check whether
the sources are cataloged or not [84]. All measurements and results obtained with Image Server are
reported to planner immediately.

2.2. Wide-field follow-up observations
We perform blind, wide-field follow-up observations using optical imaging instruments with wide
FoVs: Tomo-e Gozen (20.7 deg2) [71] and HSC (1.8 deg2) [65]. We have performed tiling obser-
vations with these instruments to cover as much of the GW localization area as possible because
the FoVs of these instruments are still smaller than the 90% localization areas of GW events in O3.
The sky positions of the telescope pointings for the tiling observations are determined to effectively
cover the high-probability regions of the 2D skymap data available in GraceDB by considering the
visibility from each telescope (see Appendix 1 in Ref. [62] for the case of HSC). The obtained optical
data are reduced using standard procedures. Then we perform image subtraction between the reduced
images and the reference image, and we extract variable sources from the difference images. Finally,
we identify candidate EM counterparts from the list of screened sources after a visual inspection.
The details of wide-field follow-up observations in O3 will be presented in forthcoming papers [64]
(Y. Niino et al., manuscript in preparation).

In addition to the above blind searches, images obtained with Tomo-e Gozen are cut out around
the galaxies listed in planner with a size of 10 × 10 arcmin2. Then the cutout images are uploaded
to Image Server and visually checked as in the galaxy-targeted approach.

3. Results of our EM follow-up campaigns

During O3, we performed galaxy-targeted follow-ups for 23 GW events (Table 2). Depending on the
properties of the signals and estimated masses, each event is categorized by LVC into six classes:
BBH, BNS, NSBH, MassGap, Burst, and Terrestrial. A Terrestrial event is likely to have an instru-
mental or environmental origin. In addition, LVC estimates the probabilities HasNS, of the GW

3 http://classic.sdss.org/dr4/algorithms/sdssUBVRITransform.html
4 https://github.com/acbecker/hotpants
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Table 3. J-GEM galaxy-targeted follow-up during O3.

Superevent Classification N 1 Start time2 Coverage3 Telescope GCN
(days) (%)

S190408an BBH 1 0.042 0.0042 HONIR, MITSuME-Akeno [92]
MITSuME-Okayama

S190412m BBH 157 0.211 0.62 NIC, HONIR [93]
Tomo-e Gozen, Tripole5 [94]
MITSuME-Akeno, OAOWFC
MuSaSHI

S190421ar BBH 3 0.796 0.000 78 Tomo-e Gozen, OAOWFC
S190425z BNS 170 0.093 1.9 FOCAS, SIRIUS [95]

Tripole5, MITSuME-Akeno [96]
[97]
[98]

S190426c BNS/MassGap 64 0.077 2.0 NIC, HONIR [99]
Tomo-e Gozen, OAOWFC

S190510g Ter/BNS 15 0.308 1.3 (HSC)4, KOOLS-IFU [100]
NIC, HONIR
Tomo-e Gozen, Tripole5
MITSuME-Akeno, OAOWFC
MITSuME-Okayama, MuSaSHI

S190521r BBH 1 0.203 0.0 HONIR [101]
S190720a BBH 1 2.776 0.0017 MITSuME-Akeno
S190728q BBH 7 0.226 0.0070 HONIR, MITSuME-Akeno [102]

MITSuME-Okayama
S190814bv NSBH 24 1.767 9.8 HONIR, Tripole5 [103]

MITSuME-Akeno, OAOWFC [104]
MuSaSHI

S190901ap BNS/Ter 2 0.456 0.010 OAOWFC, MuSaSHI
S190923y NSBH/Ter 1 1.151 0.014 OAOWFC
S190930s MassGap 4 0.041 0.0058 MITSuME-Akeno
S190930t NSBH/Ter 18 4.841 0.27 Tripole5, MITSuME-Akeno [105]

[106]
[107]

S191105e BBH 3 1.179 0.000 36 MITSuME-Akeno, MITSuME-Okayama
S191205ah NSBH 1 1.886 0.0 MITSuME-Akeno [108]
S191213g BNS/Ter 45 1.587 1.5 NIC, HONIR [109]

MITSuME-Akeno, OAOWFC
MITSuME-Okayama

S191216ap BBH 1 1.449 0.000 65 (HSC)4, NIC [110]
MITSuME-Akeno, OAOWFC [111]
BAO1015

S200114f Burst 42 0.659 – NIC, HONIR [112]
OAOWFC

S200213t BNS/Ter 74 0.238 5.0 NIC, HONIR [113]
Tomo-e Gozen, OAOWFC

S200219ac BBH 23 0.130 0.000 15 Tomo-e Gozen
S200224ca BBH 108 0.558 0.069 (HSC)4, Tomo-e Gozen [114]
S200225q BBH 75 2.398 0.38 Tomo-e Gozen

1Number of observed galaxies. 2Start time of observations after detection of GW signals. 3Total covered probability of
observed galaxies by our follow-up campaigns. 4Data obtained by HSC are not included in the calculation of the coverage.
5BAO101cm: 101 cm telescope at Bisei Astronomical Observatory and CCD optical camera (IC band).
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Fig. 2. Distributions of the obtained limiting magnitudes in the optical (g, r, RC, i, IC, and blank bands; blue)
and NIR (J , H , and KS bands; red) in the galaxy-targeted follow-up campaigns during O3. Dashed lines show
the peak magnitudes of GW170817 in the g band scaled by distances of 40 Mpc, 100 Mpc, and 200 Mpc,
respectively. In the distribution, the limiting magnitudes obtained by FOCAS are not included.

source including at least one NS component, and HasRemnant, of the GW source having a non-zero
amount of neutron star matter. Each facility took into account these parameters to decide observa-
tions. Eventually, we observed 11 BBH, five BNS, four NSBH, one MassGap, one Burst, and one
Terrestrial (having ∼40% probability of BNS) during O3.

Data from our follow-up campaigns were recorded in planner and Image Server, and the summary
is shown in Table 3. The maximum number of observed galaxies for each GW event is 170, which
is for GW190425. The total coverage of each GW event is estimated by summing the probabilities
of the observed galaxies, where the probability of each galaxy, P(j), is calculated using Eq. (1). The
total sky coverage of our galaxy-targeted follow-up campaign for each GW event during O3 reached
a maximum of 9.8% and a median value of 0.012%.

The limiting magnitudes of our observations depend on the telescopes, instruments, and sky condi-
tion. The deepest limiting magnitudes of our follow-up observations in the optical and NIR bands are
21.2 and 20.6, and the median limiting magnitudes are 18.7 and 18.6, respectively. Here, the limiting
magnitude of the FOCAS observation, 23.5 mag in the R band, is not included in the calculation
of median values. The peak magnitudes of GW170817 scaled by distances of 40 Mpc (g = 16.8),
100 Mpc (g = 18.8), and 200 Mpc (g = 20.3) are shown together with the distribution of the
obtained limiting magnitudes in Fig. 2. Thus, with our observations, we could potentially detect
emission from a GW170817-like BNS source at a distance of ∼100 Mpc.

Since early detection of the EM counterpart is desired to provide better understanding of the
emission mechanisms at this epoch (see Section 4.2), it is worth analyzing the starting time after
the GW detection. The starting times of our observations after GW detections are distributed with a
range of 0.041–4.841 days, with a median value of 0.558 days. The starting times of the events are
shown in Fig. 3. We succeeded in starting follow-up observations within 0.5 days after detection for
10 GW events.

4. Discussion
4.1. Detectability of BBH events

We performed galaxy-targeted follow-ups for 11 BBH events during O3. 157 galaxies were observed,
and the coverage reached 0.62%. In our follow-up campaigns, we did not find any optical counterpart
associated with any BBH source.
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Fig. 3. Elapsed times of the J-GEM observations being obtained after GW detection. A histogram of the times
of observations is shown in the top panel. The filled circles show the observation time from each campaign in
the bottom panel. The dotted line shows the elapsed time of 10.86 hours in which the optical counterpart of
GW170817 was first identified as AT 2017gfo [21].

The BBH events that we followed up are located at distances greater than 400 Mpc, except for
S191216ap (Table 2). If BBH mergers are possibly associated with GRB-like jets [15], afterglow-
like optical emission might be produced, which is expected to exhibit brightnesses of 23–24 mag
roughly one day after the merger at a distance of 400 Mpc [16]. The mean limiting magnitude of our
observations was 18.58 mag in the optical band. This means that most of our observations were not
sensitive enough to detect such emission.

4.2. Detectability of events containing an NS component

We performed EM follow-up observations for 10 events with a probability of having at least one NS
in the coalescing system. For these events, we did not find any EM counterpart. The GW sources
are located at distances from 108–438 Mpc. The distances of 8 out of 10 events are greater than
200 Mpc. Although EM follow-ups at all wavelengths were also conducted for these GW events by
other facilities around the world, no evident EM counterpart was discovered (e.g., see the results for
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Fig. 4. Time series of the optical (g, r, RC, i, IC, and blank bands) and NIR (J , H , and KS bands) limiting
magnitudes (open blue and red triangles, respectively) of our follow-up observations of GW events inferred to
have at least one NS together with light curves of GW170817 in the g and KS bands in the absolute magnitude
system (filled blue and red circles, respectively). The limiting magnitudes are calculated from distances of
targeted galaxies listed in the GLADE catalog. Whole light curves and those the first day after GW detection
are respectively shown in the right and left panels.

GW190408an, GW190425, S190426c, S190510g, and S190814bv reported by Refs. [50,51,53,58,
60,115,116]).

Some of the limiting magnitudes obtained in our follow-up are deeper than the light curve of
AT 2017gfo at the luminosity distance estimated for the corresponding GW events (Fig. 4). For
example, in the cases of S191213g and S200213t, whose luminosity distances are estimated to
be ∼200 Mpc, some of the absolute limiting magnitudes, scaled by the distances of the observed
galaxies, are deeper than the absolute magnitude of AT 2017gfo (see Appendix B). Assuming the
observed magnitudes of AT 2017gfo-like objects at distances of 40 and 100 Mpc, the expected
optical brightness of any EM counterpart could have been detected by our observations (see Fig. 2).
In particular, the evolution of the optical brightness of an AT 2017gfo-like EM counterpart at a
distance of less than 100 Mpc could have been observed by our observations.

In the follow-up campaigns, the maximum number of observed galaxies per event was 170, and
the coverage was up to 9.8%. One of the reasons for the low coverage is that the 90% proba-
bility areas of the GWs are larger than 1000 deg2, except for the case of S190814bv (23 deg2).
Note that the main probability area for S190814bv is located in the southern hemisphere. Addi-
tionally, the completeness of the GLADE catalog for S190814bv is lower than 50% because
it is relatively distant (267 Mpc). As a result, coverage of this event was also considerably
reduced.

To detect an EM counterpart, not only deeper limiting magnitudes but also larger numbers of
galaxies (or wider coverage) are important. Here, we evaluate the feasibility of detecting an EM
counterpart by comparing the observed and expected numbers of galaxies within a GW localization
region. The expected number of galaxies within the 3D localization map of a GW source is estimated
from a multiplication between the volume, �V , and the number density of galaxies. The volume is
calculated as �V = (4/3)πd3(��/4π), where d is the distance of the GW source and �� is an
area of the GW localization region. The number density of galaxies is derived from the Schechter
function as

∫ ∞
x1/2

φ∗ xa e−x dx = 2.35×10−3 Mpc−3, where we assume x = LB/L∗
B, LB is the B-band

luminosity and L∗
B is the characteristic luminosity [9].
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Fig. 5. Distribution of numbers of observed galaxies for GW events followed up by J-GEM in the distance–
probability area plane. Points are shown for BBH (filled circle), NSBH (filled triangle), BNS (filled square),
MassGap object (filled diamond), and Terrestrial event (cross). The point sizes represent the numbers of
observed galaxies within the 3D localization maps of each GW event. Solid lines show the expected numbers
of galaxies within the 3D localization map, from left to right, of 1, 10, 100, 1000, and 10 000.

Based on the above assumptions, the number of galaxies within the 3D localization maps for most
GW events is estimated to be over 1000 as shown in Fig. 5. Thus, with our follow-up campaigns,
observing all the galaxies within the huge 3D localization maps of such GW events is not feasible.
In our follow-up campaigns, the maximum number of observed galaxies was 170. If the localization
accuracy is about 500 deg2 and the distance to the event is ∼100 Mpc, a typical number of galaxies
is about 100. Therefore, our galaxy-targeted follow-up system is effective for detecting an EM
counterpart for a localization area of 500 deg2 (∼20 times larger than that of GW170817) and a
distance of 100 Mpc.

To understand the mechanism of the EM emission originating from a merger including at least
one NS, EM observations soon after GW detection are important. During the O3 run, our follow-
up observations started within one day after GW detection for 13 out of 23 events. In particular,
observations for 10 events started within half a day.

We compare the results of our observations with possible light curve models of EM emission
from NS mergers. The lines in Fig. 6 show the expected g-band magnitudes at 100 Mpc for a
radioactive model (solid) and a cocoon model (dashed). The radioactive model assumes that the
heating source is purely the radioactive decay of r-process elements in the lanthanide-free ejecta
with a mass of Mej = 0.05 or 0.03 M� and an electron fraction of Ye =0.30–0.40 [117]. The cocoon
model incorporates heating via interactions between the relativistic jet and the ejecta [118], where
the parameters are chosen to reproduce the early observations of GW170817.
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Fig. 6. Time series of our limiting magnitudes in the optical (g, r, RC, i, IC, and blank) bands (open triangle)
taken for all galaxy-targeted observations in the O3 run, together with the light curve of GW170817 scaled
to a distance to 100 Mpc (filled circle) and model curves based on the merger of a binary NS. Curves were
calculated based on two kilonova models, where Mej = 0.03 or 0.05 M� and Ye = 0.30–0.40 (solid and
dot-dashed lines), and a cocoon model (dashed line.)

The behavior of each model during the early phase, i.e., ≤ 1 day after the merger, is different
(see also Ref. [44]). The optical brightness of the radioactive model tends to show a rise to a peak
and subsequent decay due to photon diffusion and decreasing temperature. Conversely, the optical
brightness of the cocoon model tends to show more monotonic behavior due to the temporal decrease
in both the bolometric luminosity and temperature.

The limiting magnitudes of our observations are shown with triangles in Fig. 6. Some of our
observations within 0.5 days are deep enough to detect the emission predicted by these models at
100 Mpc. This means that the early follow-up observations made with the J-GEM facilities can
distinguish the emission mechanisms of an NS merger up to about 100 Mpc.

5. Conclusions

J-GEM is a consortium of astronomical observation facilities that covers optical, NIR, and radio
wavelengths. We have developed an efficient data management and candidate screening system that
performs the following: (1) ranking cataloged galaxies in the 3D localization map, (2) coordinating
and collecting information on observations with different facilities, (3) measuring the characteristics
of obtained images, and (4) producing cutout images of new images as well as reference and sub-
tracted images. The system enables the efficient search for a possible transient in the GW localization
volume and subsequent follow-up observations of potential candidates.

We performed follow-ups for 23 GW events (11 BBHs, five BNSs, four NSBHs, one MassGap, one
Burst, and one Terrestrial) during O3. In our follow-up campaigns, the shortest starting time between
the detection of the GW signal and the onset of observations was 0.041 days, and observations of 10
GW events started within 0.5 days after GW detection. Some of the limiting magnitudes obtained in
the follow-up to BNS and NSBH were deeper than the scaled luminosity of GW170817. We show
that our follow-up system exhibits the potential to detect a GW170817-like EM counterpart in a GW
event with a localization accuracy of ∼500 deg2 and at a distance of ∼100 Mpc.

LVC will schedule the next observing run, which will operate together with KAGRA [119]. The
expected localization accuracy will be narrower, to 110–180 deg2 at 115 Mpc in the case of BNS,
thanks to the increased number of GW detectors [5]. Our studies demonstrate that J-GEM facilities
will contribute to following up GW events detected by GW detectors during the next run.
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Appendix A. Completeness of the GLADE catalog

In the follow-up of a GW event, a galaxy catalog is used to select candidate host galaxies. The GW
source should be located in a galaxy listed in a catalog, if the catalog is complete. However, actual
catalogs are incomplete, where the fraction of galaxies in the catalog to the total number of galaxies
is expressed as the completeness. The probability of galaxies being located in a 3D localization
map of a GW event is calculated using the completeness of the catalog. The total coverage of a
galaxy-targeted survey performed by J-GEM can be estimated by summing the probabilities of the
observed galaxies.

The completeness of the GLADE catalog used in O3 depends on the known distances to the galaxies
in the catalog. We calculated the B-band luminosity-weighted completeness at each distance (dL,i).
The B-band luminosities of galaxies at each distance were summed to calculate the total B-band
luminosity LB(Vi). Then the averaged B-band luminosity LB(Vi)

∗ was calculated as jB ×�Vi, where
the total B-band luminosity density jB is (1.9±0.3) × 108 h LB,� Mpc−3, adopting the method of
Ref. [9], and the volume is �Vi = Vi+1 − Vi = (4/3)π(d3

L,i+1 − d3
L,i). Hence, the completeness was

estimated as C(dL,i) = LB(�Vi)/L∗
B(�Vi). Using these calculations, we determined the distribution

of completeness as a function of galaxy distance in the GLADE catalog, as shown in Fig. A.1.
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Fig.A.1. B-band luminosity-weighted completeness of the GLADE catalog as a function of the luminosity
distance. The distances are shown from 35 Mpc because the completeness values exceed 100% at smaller
distances due to the local overdensity of galaxies around the Milky Way. Note that similar results were found
in Ref. [75].

Appendix B. Skymap and time series of limiting magnitudes for each event

We display skymaps and time series of the limiting magnitudes obtained in our followed-up events
during O3 in Figs. B.1–B.3. Filled circles in the skymap show the positions of observed galaxies, and
the colored regions display the GW localization maps. Open triangles and filled circles in the time
series figure show the limiting magnitudes and light curve of AT 2017gfo at absolute magnitude,
respectively.
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Fig. B.1. Skymap and time series of the obtained limiting magnitudes for BBH and MassGap events.
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Fig. B.2. Skymap and time series of the obtained limiting magnitudes for BNS and NSBH events.

Fig. B.3. Skymap and time series of the obtained limiting magnitudes for Terrestrial and Burst events.
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[17] A. Janiuk, M. Bejger, S. Charzyński, and P. Sukova, New Astron. 51, 7 (2017) [arXiv:1604.07132
[astro-ph.HE]] [Search INSPIRE].

[18] J. Greiner, J. M. Burgess, V. Savchenko, and H.-F. Yu, Astrophys. J. Lett. 827, L38 (2016)
[arXiv:1606.00314 [astro-ph.HE]] [Search INSPIRE].

[19] B. P. Abbott et al. [LIGO Scientific, Virgo, Fermi-GBM and INTEGRAL Collaborations], Astrophys.
J. Lett. 848, L13 (2017) [arXiv:1710.05834 [astro-ph.HE]] [Search INSPIRE].

[20] V. Savchenko et al., Astrophys. J. Lett. 848, L15 (2017) [arXiv:1710.05449 [astro-ph.HE]] [Search
INSPIRE].

[21] B. P. Abbott et al. [LIGO Scientific and Virgo, Fermi GBM, INTEGRAL, IceCube, IPN,
Insight-HXMT, ANTARES, Swift, Dark Energy Camera GW-EM, DES, DLT40, GRAWITA,
Fermi-LAT, ATCA, ASKAP, OzGrav, DWF (Deeper Wider Faster Program), AST3, CAASTRO,
VINROUGE, MASTER, J-GEM, GROWTH, JAGWAR, CaltechNRAO, TTU-NRAO, NuSTAR,
Pan-STARRS, KU, Nordic Optical Telescope, ePESSTO, GROND, Texas Tech University, TOROS,
BOOTES, MWA, CALET, IKI-GW Follow-up, H.E.S.S., LOFAR, LWA, HAWC, Pierre Auger,
ALMA, Pi of Sky, Chandra Team at McGill University, DFN, ATLAS Telescopes, High Time
Resolution Universe Survey and RIMAS, RATIR, SKA South Africa/MeerKAT, AstroSat Cadmium
Zinc Telluride Imager Team, AGILE Team, 1M2H Team, Las Cumbres Observatory Group, MAXI

20/23

D
ow

nloaded from
 https://academ

ic.oup.com
/ptep/article/2021/5/05A104/6122445 by guest on 24 April 2024

http://dx.doi.org/10.1088/0264-9381/32/11/115012
http://www.arxiv.org/abs/1410.7764
http://www.inspirehep.net/search?p=find+EPRINT+1410.7764
http://www.inspirehep.net/search?p=find+EPRINT+1410.7764
http://dx.doi.org/10.1103/PhysRevLett.116.241102
http://www.arxiv.org/abs/1602.03840
http://www.inspirehep.net/search?p=find+EPRINT+1602.03840
http://www.inspirehep.net/search?p=find+EPRINT+1602.03840
http://dx.doi.org/10.1088/0264-9381/32/2/024001
http://www.arxiv.org/abs/1408.3978
http://www.inspirehep.net/search?p=find+EPRINT+1408.3978
http://www.inspirehep.net/search?p=find+EPRINT+1408.3978
http://dx.doi.org/10.1103/PhysRevLett.119.161101
http://www.arxiv.org/abs/1710.05832
http://www.inspirehep.net/search?p=find+EPRINT+1710.05832
http://www.inspirehep.net/search?p=find+EPRINT+1710.05832
https://doi.org/10.1007/s41114-018-0012-9
http://www.arxiv.org/abs/1304.0670
http://www.inspirehep.net/search?p=find+EPRINT+1304.0670
http://www.inspirehep.net/search?p=find+EPRINT+1304.0670
http://dx.doi.org/10.1038/340126a0
http://dx.doi.org/10.1086/311680
http://www.arxiv.org/abs/astro-ph/9807272
http://www.inspirehep.net/search?p=find+EPRINT+astro-ph/9807272
http://www.inspirehep.net/search?p=find+EPRINT+astro-ph/9807272
http://dx.doi.org/10.1111/j.1365-2966.2010.16864.x
http://www.arxiv.org/abs/1001.5029
http://www.inspirehep.net/search?p=find+EPRINT+1001.5029
http://www.inspirehep.net/search?p=find+EPRINT+1001.5029
http://dx.doi.org/10.3847/0004-637X/820/2/136
http://www.arxiv.org/abs/1508.03608
http://www.inspirehep.net/search?p=find+EPRINT+1508.03608
http://www.inspirehep.net/search?p=find+EPRINT+1508.03608
http://dx.doi.org/10.3847/2041-8205/826/1/L13
http://www.arxiv.org/abs/1602.08492
http://www.inspirehep.net/search?p=find+EPRINT+1602.08492
http://www.inspirehep.net/search?p=find+EPRINT+1602.08492
http://dx.doi.org/10.1093/mnras/stw1893
http://www.arxiv.org/abs/1602.04156
http://www.inspirehep.net/search?p=find+EPRINT+1602.04156
http://www.inspirehep.net/search?p=find+EPRINT+1602.04156
http://dx.doi.org/10.3847/2041-8205/824/2/L24
http://www.arxiv.org/abs/1602.08764
http://www.inspirehep.net/search?p=find+EPRINT+1602.08764
http://www.inspirehep.net/search?p=find+EPRINT+1602.08764
http://dx.doi.org/10.3847/2041-8205/823/2/L33
http://www.arxiv.org/abs/1602.04198
http://www.inspirehep.net/search?p=find+EPRINT+1602.04198
http://www.inspirehep.net/search?p=find+EPRINT+1602.04198
http://dx.doi.org/10.1093/pasj/psw061
http://www.arxiv.org/abs/1605.03216
http://www.inspirehep.net/search?p=find+EPRINT+1605.03216
http://www.inspirehep.net/search?p=find+EPRINT+1605.03216
http://dx.doi.org/10.3847/2041-8205/826/1/L6
http://www.arxiv.org/abs/1602.03920
http://www.inspirehep.net/search?p=find+EPRINT+1602.03920
http://www.inspirehep.net/search?p=find+EPRINT+1602.03920
http://dx.doi.org/10.1093/ptep/ptw042
http://www.arxiv.org/abs/1602.05050
http://www.inspirehep.net/search?p=find+EPRINT+1602.05050
http://www.inspirehep.net/search?p=find+EPRINT+1602.05050
http://dx.doi.org/10.1016/j.newast.2016.08.002
http://www.arxiv.org/abs/1604.07132
http://www.inspirehep.net/search?p=find+EPRINT+1604.07132
http://www.inspirehep.net/search?p=find+EPRINT+1604.07132
http://dx.doi.org/10.3847/2041-8205/827/2/L38
http://www.arxiv.org/abs/1606.00314
http://www.inspirehep.net/search?p=find+EPRINT+1606.00314
http://www.inspirehep.net/search?p=find+EPRINT+1606.00314
http://dx.doi.org/10.3847/2041-8213/aa920c
http://www.arxiv.org/abs/1710.05834
http://www.inspirehep.net/search?p=find+EPRINT+1710.05834
http://www.inspirehep.net/search?p=find+EPRINT+1710.05834
http://dx.doi.org/10.3847/2041-8213/aa8f94
http://www.arxiv.org/abs/1710.05449
http://www.inspirehep.net/search?p=find+EPRINT+1710.05449
http://www.inspirehep.net/search?p=find+EPRINT+1710.05449


PTEP 2021, 05A104 M. Sasada et al.

Team, TZAC Consortium, SALT Group and Euro VLBI Team Collaborations], Astrophys. J. Lett.
848, L12 (2017) [arXiv:1710.05833 [astro-ph.HE]] [Search INSPIRE].

[22] D. A. Coulter et al., Science 358, 1556 (2017) [arXiv:1710.05452 [astro-ph.HE]] [Search INSPIRE].
[23] M. Soares-Santos et al. [Dark Energy Survey and Dark Energy Camera GW-EM Collaborations],

Astrophys. J. Lett. 848, L16 (2017) [arXiv:1710.05459 [astro-ph.HE]] [Search INSPIRE].
[24] P. S. Cowperthwaite et al., Astrophys. J. Lett. 848, L17 (2017) [arXiv:1710.05840 [astro-ph.HE]]

[Search INSPIRE].
[25] S. Valenti, D. J. Sand, S. Yang, E. Cappellaro, L. Tartaglia, A. Corsi, S. W. Jha, D. E. Reichart,

J. Haislip, and V. Kouprianov, Astrophys. J. Lett. 848, L24 (2017) [arXiv:1710.05854 [astro-ph.HE]]
[Search INSPIRE].

[26] V. M. Lipunov et al., Astrophys. J. Lett. 850, L1 (2017) [arXiv:1710.05461 [astro-ph.HE]] [Search
INSPIRE].

[27] Y. Utsumi et al. [J-GEM Collaboration], Publ. Astron. Soc. Jpn. 69, 101 (2017) [arXiv:1710.05848
[astro-ph.HE]] [Search INSPIRE].

[28] B. J. Shappee et al., Science 358, 1574 (2017) [arXiv:1710.05432 [astro-ph.HE]] [Search INSPIRE].
[29] E. Pian et al., Nature 551, 67 (2017) [arXiv:1710.05858 [astro-ph.HE]] [Search INSPIRE].
[30] D. Haggard, M. Nynka, J. J. Ruan, V. Kalogera, S. B. Cenko, P. Evans, and J. A. Kennea, Astrophys. J.

Lett. 848, L25 (2017) [arXiv:1710.05852 [astro-ph.HE]] [Search INSPIRE].
[31] P. A. Evans et al., Science 358, 1565 (2017) [arXiv:1710.05437 [astro-ph.HE]] [Search INSPIRE].
[32] K. D. Alexander et al., Astrophys. J. Lett. 848, L21 (2017) [arXiv:1710.05457 [astro-ph.HE]] [Search

INSPIRE].
[33] A. Hajela et al., Astrophys. J. Lett. 886, L17 (2019) [arXiv:1909.06393 [astro-ph.HE]] [Search

INSPIRE].
[34] K. P. Mooley, A. T. Deller, O. Gottlieb, E. Nakar, G. Hallinan, S. Bourke, D. A. Frail, A. Horesh,

A. Corsi, and K. Hotokezaka, Nature 561, 355 (2018) [arXiv:1806.09693 [astro-ph.HE]] [Search
INSPIRE].

[35] B. Paczynski, Astrophys. J. Lett. 308, L43 (1986).
[36] M. Shibata, S. Fujibayashi, K. Hotokezaka, K. Kiuchi, K. Kyutoku, Y. Sekiguchi, and M. Tanaka,

Phys. Rev. D 96, 123012 (2017) [arXiv:1710.07579 [astro-ph.HE]] [Search INSPIRE].
[37] M. Tanaka et al., Publ. Astron. Soc. Jpn. 69, 102 (2017) [arXiv:1710.05850 [astro-ph.HE]] [Search

INSPIRE].
[38] V. A. Villar et al., Astrophys. J. Lett. 851, L21 (2017) [arXiv:1710.11576 [astro-ph.HE]] [Search

INSPIRE].
[39] R. Margutti et al., Astrophys. J. Lett. 848, L20 (2017) [arXiv:1710.05431 [astro-ph.HE]] [Search

INSPIRE].
[40] A. L. Piro and J. A. Kollmeier, Astrophys. J. 855, 103 (2018) [arXiv:1710.05822 [astro-ph.HE]]

[Search INSPIRE].
[41] E. Troja, L. Piro, G. Ryan, H. van Eerten, R. Ricci, M. H. Wieringa, S. Lotti, T. Sakamoto, and

S. B. Cenko, Mon. Not. R. Astron. Soc. 478, L18 (2018) [arXiv:1801.06516 [astro-ph.HE]] [Search
INSPIRE].

[42] O. Gottlieb, E. Nakar, T. Piran, and K. Hotokezaka, Mon. Not. R. Astron. Soc. 479, 588 (2018)
[arXiv:1710.05896 [astro-ph.HE]] [Search INSPIRE].

[43] D. Lazzati, R. Perna, B. J. Morsony, D. Lopez-Camara, M. Cantiello, R. Ciolfi, B. Giacomazzo, and
J. C. Workman, Phys. Rev. Lett. 120, 241103 (2018) [arXiv:1712.03237 [astro-ph.HE]] [Search
INSPIRE].

[44] I. Arcavi, Astrophys. J. Lett. 855, L23 (2018) [arXiv:1802.02164 [astro-ph.HE]] [Search INSPIRE].
[45] R. Abbott et al. [LIGO Scientific and Virgo Collaborations], Phys. Rev. D 102, 043015 (2020).
[46] R. Abbott et al. [LIGO Scientific and Virgo Collaborations], Phys. Rev. Lett. 125, 101102 (2020).
[47] M. J. Graham et al., Phys. Rev. Lett. 124, 251102 (2020) [arXiv:2006.14122 [astro-ph.HE]] [Search

INSPIRE].
[48] B. P. Abbott et al., Astrophys. J. Lett. 892, L3 (2020).
[49] R. Abbott et al. [LIGO Scientific and Virgo Collaborations], Astrophys. J. Lett. 896, L44 (2020)

[arXiv:2006.12611 [astro-ph.HE]] [Search INSPIRE].
[50] M. W. Coughlin et al., Astrophys. J. Lett. 885, L19 (2019) [arXiv:1907.12645 [astro-ph.HE]] [Search

INSPIRE].

21/23

D
ow

nloaded from
 https://academ

ic.oup.com
/ptep/article/2021/5/05A104/6122445 by guest on 24 April 2024

http://dx.doi.org/10.3847/2041-8213/aa91c9
http://www.arxiv.org/abs/1710.05833
http://www.inspirehep.net/search?p=find+EPRINT+1710.05833
http://www.inspirehep.net/search?p=find+EPRINT+1710.05833
http://dx.doi.org/10.1126/science.aap9811
http://www.arxiv.org/abs/1710.05452
http://www.inspirehep.net/search?p=find+EPRINT+1710.05452
http://www.inspirehep.net/search?p=find+EPRINT+1710.05452
http://dx.doi.org/10.3847/2041-8213/aa9059
http://www.arxiv.org/abs/1710.05459
http://www.inspirehep.net/search?p=find+EPRINT+1710.05459
http://www.inspirehep.net/search?p=find+EPRINT+1710.05459
http://dx.doi.org/10.3847/2041-8213/aa8fc7
http://www.arxiv.org/abs/1710.05840
http://www.inspirehep.net/search?p=find+EPRINT+1710.05840
http://www.inspirehep.net/search?p=find+EPRINT+1710.05840
http://dx.doi.org/10.3847/2041-8213/aa8edf
http://www.arxiv.org/abs/1710.05854
http://www.inspirehep.net/search?p=find+EPRINT+1710.05854
http://www.inspirehep.net/search?p=find+EPRINT+1710.05854
http://dx.doi.org/10.3847/2041-8213/aa92c0
http://www.arxiv.org/abs/1710.05461
http://www.inspirehep.net/search?p=find+EPRINT+1710.05461
http://www.inspirehep.net/search?p=find+EPRINT+1710.05461
http://dx.doi.org/10.1093/pasj/psx118
http://www.arxiv.org/abs/1710.05848
http://www.inspirehep.net/search?p=find+EPRINT+1710.05848
http://www.inspirehep.net/search?p=find+EPRINT+1710.05848
http://dx.doi.org/10.1126/science.aaq0186
http://www.arxiv.org/abs/1710.05432
http://www.inspirehep.net/search?p=find+EPRINT+1710.05432
http://www.inspirehep.net/search?p=find+EPRINT+1710.05432
http://dx.doi.org/10.1038/nature24298
http://www.arxiv.org/abs/1710.05858
http://www.inspirehep.net/search?p=find+EPRINT+1710.05858
http://www.inspirehep.net/search?p=find+EPRINT+1710.05858
http://dx.doi.org/10.3847/2041-8213/aa8ede
http://www.arxiv.org/abs/1710.05852
http://www.inspirehep.net/search?p=find+EPRINT+1710.05852
http://www.inspirehep.net/search?p=find+EPRINT+1710.05852
http://dx.doi.org/10.1126/science.aap9580
http://www.arxiv.org/abs/1710.05437
http://www.inspirehep.net/search?p=find+EPRINT+1710.05437
http://www.inspirehep.net/search?p=find+EPRINT+1710.05437
http://dx.doi.org/10.3847/2041-8213/aa905d
http://www.arxiv.org/abs/1710.05457
http://www.inspirehep.net/search?p=find+EPRINT+1710.05457
http://www.inspirehep.net/search?p=find+EPRINT+1710.05457
http://dx.doi.org/10.3847/2041-8213/ab5226
http://www.arxiv.org/abs/1909.06393
http://www.inspirehep.net/search?p=find+EPRINT+1909.06393
http://www.inspirehep.net/search?p=find+EPRINT+1909.06393
http://dx.doi.org/10.1038/s41586-018-0486-3
http://www.arxiv.org/abs/1806.09693
http://www.inspirehep.net/search?p=find+EPRINT+1806.09693
http://www.inspirehep.net/search?p=find+EPRINT+1806.09693
http://dx.doi.org/10.1086/184740
http://dx.doi.org/10.1103/PhysRevD.96.123012
http://www.arxiv.org/abs/1710.07579
http://www.inspirehep.net/search?p=find+EPRINT+1710.07579
http://www.inspirehep.net/search?p=find+EPRINT+1710.07579
http://dx.doi.org/10.1093/pasj/psx121
http://www.arxiv.org/abs/1710.05850
http://www.inspirehep.net/search?p=find+EPRINT+1710.05850
http://www.inspirehep.net/search?p=find+EPRINT+1710.05850
http://dx.doi.org/10.3847/2041-8213/aa9c84
http://www.arxiv.org/abs/1710.11576
http://www.inspirehep.net/search?p=find+EPRINT+1710.11576
http://www.inspirehep.net/search?p=find+EPRINT+1710.11576
http://dx.doi.org/10.3847/2041-8213/aa9057
http://www.arxiv.org/abs/1710.05431
http://www.inspirehep.net/search?p=find+EPRINT+1710.05431
http://www.inspirehep.net/search?p=find+EPRINT+1710.05431
http://dx.doi.org/10.3847/1538-4357/aaaab3
http://www.arxiv.org/abs/1710.05822
http://www.inspirehep.net/search?p=find+EPRINT+1710.05822
http://www.inspirehep.net/search?p=find+EPRINT+1710.05822
http://dx.doi.org/10.1093/mnrasl/sly061
http://www.arxiv.org/abs/1801.06516
http://www.inspirehep.net/search?p=find+EPRINT+1801.06516
http://www.inspirehep.net/search?p=find+EPRINT+1801.06516
http://dx.doi.org/10.1093/mnras/sty1462
http://www.arxiv.org/abs/1710.05896
http://www.inspirehep.net/search?p=find+EPRINT+1710.05896
http://www.inspirehep.net/search?p=find+EPRINT+1710.05896
http://dx.doi.org/10.1103/PhysRevLett.120.241103
http://www.arxiv.org/abs/1712.03237
http://www.inspirehep.net/search?p=find+EPRINT+1712.03237
http://www.inspirehep.net/search?p=find+EPRINT+1712.03237
http://dx.doi.org/10.3847/2041-8213/aab267
http://www.arxiv.org/abs/1802.02164
http://www.inspirehep.net/search?p=find+EPRINT+1802.02164
http://www.inspirehep.net/search?p=find+EPRINT+1802.02164
http://dx.doi.org/10.1103/PhysRevD.102.043015
http://dx.doi.org/10.1103/PhysRevLett.125.101102
http://dx.doi.org/10.1103/PhysRevLett.124.251102
http://www.arxiv.org/abs/2006.14122
http://www.inspirehep.net/search?p=find+EPRINT+2006.14122
http://www.inspirehep.net/search?p=find+EPRINT+2006.14122
https://doi.org/10.3847/2041-8213/ab75f5
http://dx.doi.org/10.3847/2041-8213/ab960f
http://www.arxiv.org/abs/2006.12611
http://www.inspirehep.net/search?p=find+EPRINT+2006.12611
http://www.inspirehep.net/search?p=find+EPRINT+2006.12611
http://dx.doi.org/10.3847/2041-8213/ab4ad8
http://www.arxiv.org/abs/1907.12645
http://www.inspirehep.net/search?p=find+EPRINT+1907.12645
http://www.inspirehep.net/search?p=find+EPRINT+1907.12645


PTEP 2021, 05A104 M. Sasada et al.

[51] D. A. Goldstein et al., Astrophys. J. Lett. 881, L7 (2019) [arXiv:1905.06980 [astro-ph.HE]] [Search
INSPIRE].

[52] I. Andreoni et al., Astrophys. J. Lett. 881, L16 (2019) [arXiv:1906.00806 [astro-ph.HE]] [Search
INSPIRE].

[53] I. Andreoni et al., Astrophys. J. 890, 131 (2020) [arXiv:1910.13409 [astro-ph.HE]] [Search INSPIRE].
[54] S. Anand et al., arXiv:2003.05516 [astro-ph.HE] [Search INSPIRE].
[55] S. Antier et al. [GRANDMA Collaboration], Mon. Not. R. Astron. Soc. 492, 3904 (2020)

[arXiv:1910.11261 [astro-ph.HE]] [Search INSPIRE].
[56] S. Antier et al., Mon. Not. R. Astron. Soc. 497, 5518 (2020) [arXiv:2004.04277 [astro-ph.HE]]

[Search INSPIRE].
[57] B. P. Gompertz et al., Mon. Not. R. Astron. Soc. 497, 726 (2020) [arXiv:2004.00025 [astro-ph.HE]]

[Search INSPIRE].
[58] S. Gomez et al., Astrophys. J. Lett. 884, L55 (2019) [arXiv:1908.08913 [astro-ph.HE]] [Search

INSPIRE].
[59] S. Anand et al., Nat. Astron. 5, 46 (2020) [arXiv:2009.07210 [astro-ph.HE]] [Search INSPIRE].
[60] G. Hosseinzadeh et al., Astrophys. J. Lett. 880, L4 (2019) [arXiv:1905.02186 [astro-ph.HE]] [Search

INSPIRE].
[61] M. Yoshida et al., Publ. Astron. Soc. Jpn. 69, 9 (2017) [arXiv:1611.01588 [astro-ph.HE]] [Search

INSPIRE].
[62] Y. Utsumi et al., Publ. Astron. Soc. Jpn. 70, 1 (2018) [arXiv:1710.00127 [astro-ph.HE]] [Search

INSPIRE].
[63] N. Tominaga et al., Publ. Astron. Soc. Jpn. 70, 28 (2018) [arXiv:1710.05865 [astro-ph.HE]] [Search

INSPIRE].
[64] T. Ohgami et al., Publ. Astron. Soc. Jpn. accepted (2021), doi: 10.1093/pasj/psab002

[arXiv:2101.00800 [astro-ph.HE]] [Search INSPIRE].
[65] S. Miyazaki et al., Publ. Astron. Soc. Jpn. 70, S1 (2018).
[66] N. Kashikawa et al., Publ. Astron. Soc. Jpn. 54, 819 (2002).
[67] K. Matsubayashi, K. Ohta, F. Iwamuro, I. Iwata, E. Kambe, H. Tsutsui, H. Izumiura, M. Yoshida, and

T. Hattori, Publ. Astron. Soc. Jpn. 71, 102 (2019) [arXiv:1905.05430 [astro-ph.IM]].
[68] H. Akitaya et al., Proc. SPIE 9147, 91474O (2014).
[69] C. Nagashima, T. Nagayama, Y. Nakajima, M. Tamura, K. Sugitani, T. Nagata, T. Hirao, H. Nakaya,

K. Yanagisawa, and S. Sato, Development of SIRIUS – a simultaneous-color infrared imager for
unbiased survey, in Proceedings of the International Conference ’Star Formation 1999’, Nagoya
University, Nagoya, Japan, June 21-25, ed. T. Nakamoto (1999), p. 397.

[70] T. Nagayama, C. Nagashima, Y. Nakajima, T. Nagata, S. Sato, H Nakaya, T. Yamamuro, K. Sugitani,
and M. Tamura, Proc. SPIE 4841, 459 (2003).

[71] S. Sako et al., Proc. SPIE 10702, 107020J (2018).
[72] K. Yanagisawa et al., Publ. Astron. Soc. Jpn. 71, 118 (2019).
[73] T. Kotani et al., Nuovo Cimento C 28, 755 (2005) [arXiv:astro-ph/0702708] [Search INSPIRE].
[74] K. Yanagisawa, D. Kuroda, M. Yoshida, Y. Shimizu, S. Nagayama, H. Toda, K. Ohta, and N. Kawai,

AIP Conf. Ser. 1279, 466 (2010).
[75] G. Dálya, G. Galgóczi, L. Dobos, Z. Frei, I. S. Heng, R. Macas, C. Messenger, P. Raffai, and

R. S. de Souza, Mon. Not. R. Astron. Soc. 479, 2374 (2018) [arXiv:1804.05709 [astro-ph.HE]]
[Search INSPIRE].

[76] W. Fong, E. Berger, R. Margutti, and B. A. Zauderer, Astrophys. J. 815, 102 (2015)
[arXiv:1509.02922 [astro-ph.HE]] [Search INSPIRE].

[77] L. P. Singer and L. R. Price, Phys. Rev. D 93, 024013 (2016) [arXiv:1508.03634 [gr-qc]] [Search
INSPIRE].

[78] J. Aasi et al. [LIGO-Virgo Scientific Collaboration], Phys. Rev. D 88, 062001 (2013)
[arXiv:1304.1775 [gr-qc]] [Search INSPIRE].

[79] LIGO Scientific Collaboration and Virgo Collaboration, GRB Coordinates Network 26734, 1 (2020).
[80] B. P. Abbott et al. [LIGO Scientific and Virgo Collaborations], Phys. Rev. X 9, 031040 (2019)

[arXiv:1811.12907 [astro-ph.HE]] [Search INSPIRE].
[81] C. D. Ott, Class. Quantum Grav. 26, 063001 (2009) [arXiv:0809.0695 [astro-ph]] [Search INSPIRE].
[82] D. Lang, D. W. Hogg, K. Mierle, M. Blanton, and S. Roweis, Astron. J. 139, 1782 (2010)

[arXiv:0910.2233 [astro-ph.IM]] [Search INSPIRE].

22/23

D
ow

nloaded from
 https://academ

ic.oup.com
/ptep/article/2021/5/05A104/6122445 by guest on 24 April 2024

http://dx.doi.org/10.3847/2041-8213/ab3046
http://www.arxiv.org/abs/1905.06980
http://www.inspirehep.net/search?p=find+EPRINT+1905.06980
http://www.inspirehep.net/search?p=find+EPRINT+1905.06980
http://dx.doi.org/10.3847/2041-8213/ab3399
http://www.arxiv.org/abs/1906.00806
http://www.inspirehep.net/search?p=find+EPRINT+1906.00806
http://www.inspirehep.net/search?p=find+EPRINT+1906.00806
http://dx.doi.org/10.3847/1538-4357/ab6a1b
http://www.arxiv.org/abs/1910.13409
http://www.inspirehep.net/search?p=find+EPRINT+1910.13409
http://www.inspirehep.net/search?p=find+EPRINT+1910.13409
http://www.arxiv.org/abs/2003.05516
http://www.inspirehep.net/search?p=find+EPRINT+2003.05516
http://www.inspirehep.net/search?p=find+EPRINT+2003.05516
http://dx.doi.org/10.1093/mnras/stz3142
http://www.arxiv.org/abs/1910.11261
http://www.inspirehep.net/search?p=find+EPRINT+1910.11261
http://www.inspirehep.net/search?p=find+EPRINT+1910.11261
http://dx.doi.org/10.1093/mnras/staa1846
http://www.arxiv.org/abs/2004.04277
http://www.inspirehep.net/search?p=find+EPRINT+2004.04277
http://www.inspirehep.net/search?p=find+EPRINT+2004.04277
http://dx.doi.org/10.1093/mnras/staa1845
http://www.arxiv.org/abs/2004.00025
http://www.inspirehep.net/search?p=find+EPRINT+2004.00025
http://www.inspirehep.net/search?p=find+EPRINT+2004.00025
http://dx.doi.org/10.3847/2041-8213/ab4ad5
http://www.arxiv.org/abs/1908.08913
http://www.inspirehep.net/search?p=find+EPRINT+1908.08913
http://www.inspirehep.net/search?p=find+EPRINT+1908.08913
https://doi.org/10.1038/s41550-020-1183-3
http://www.arxiv.org/abs/2009.07210
http://www.inspirehep.net/search?p=find+EPRINT+2009.07210
http://www.inspirehep.net/search?p=find+EPRINT+2009.07210
http://dx.doi.org/10.3847/2041-8213/ab271c
http://www.arxiv.org/abs/1905.02186
http://www.inspirehep.net/search?p=find+EPRINT+1905.02186
http://www.inspirehep.net/search?p=find+EPRINT+1905.02186
http://dx.doi.org/10.1093/pasj/psw113
http://www.arxiv.org/abs/1611.01588
http://www.inspirehep.net/search?p=find+EPRINT+1611.01588
http://www.inspirehep.net/search?p=find+EPRINT+1611.01588
http://dx.doi.org/10.1093/pasj/psx125
http://www.arxiv.org/abs/1710.00127
http://www.inspirehep.net/search?p=find+EPRINT+1710.00127
http://www.inspirehep.net/search?p=find+EPRINT+1710.00127
http://dx.doi.org/10.1093/pasj/psy007
http://www.arxiv.org/abs/1710.05865
http://www.inspirehep.net/search?p=find+EPRINT+1710.05865
http://www.inspirehep.net/search?p=find+EPRINT+1710.05865
https://doi.org/10.1093/pasj/psab002
http://www.arxiv.org/abs/2101.00800
http://www.inspirehep.net/search?p=find+EPRINT+2101.00800
http://www.inspirehep.net/search?p=find+EPRINT+2101.00800
https://doi.org/10.1093/pasj/psx063
http://dx.doi.org/10.1093/pasj/54.6.819
http://dx.doi.org/10.1093/pasj/psz087
http://www.arxiv.org/abs/1905.05430
https://doi.org/10.1117/12.2054577
https://doi.org/10.1117/12.460770
https://doi.org/10.1117/12.2310049
http://dx.doi.org/10.1093/pasj/psz117
http://dx.doi.org/10.1393/ncc/i2005-10190-5
http://www.arxiv.org/abs/astro-ph/0702708
http://www.inspirehep.net/search?p=find+EPRINT+astro-ph/0702708
http://www.inspirehep.net/search?p=find+EPRINT+astro-ph/0702708
https://doi.org/10.1063/1.3509349
http://dx.doi.org/10.1093/mnras/sty1703
http://www.arxiv.org/abs/1804.05709
http://www.inspirehep.net/search?p=find+EPRINT+1804.05709
http://www.inspirehep.net/search?p=find+EPRINT+1804.05709
http://dx.doi.org/10.1088/0004-637X/815/2/102
http://www.arxiv.org/abs/1509.02922
http://www.inspirehep.net/search?p=find+EPRINT+1509.02922
http://www.inspirehep.net/search?p=find+EPRINT+1509.02922
http://dx.doi.org/10.1103/PhysRevD.93.024013
http://www.arxiv.org/abs/1508.03634
http://www.inspirehep.net/search?p=find+EPRINT+1508.03634
http://www.inspirehep.net/search?p=find+EPRINT+1508.03634
http://dx.doi.org/10.1103/PhysRevD.88.062001
http://www.arxiv.org/abs/1304.1775
http://www.inspirehep.net/search?p=find+EPRINT+1304.1775
http://www.inspirehep.net/search?p=find+EPRINT+1304.1775
https://ui.adsabs.harvard.edu/#abs/2020GCN.26734....1L/abstract
http://dx.doi.org/10.1103/PhysRevX.9.031040
http://www.arxiv.org/abs/1811.12907
http://www.inspirehep.net/search?p=find+EPRINT+1811.12907
http://www.inspirehep.net/search?p=find+EPRINT+1811.12907
http://dx.doi.org/10.1088/0264-9381/26/6/063001
http://www.arxiv.org/abs/0809.0695
http://www.inspirehep.net/search?p=find+EPRINT+0809.0695
http://www.inspirehep.net/search?p=find+EPRINT+0809.0695
http://dx.doi.org/10.1088/0004-6256/139/5/1782
http://www.arxiv.org/abs/0910.2233
http://www.inspirehep.net/search?p=find+EPRINT+0910.2233
http://www.inspirehep.net/search?p=find+EPRINT+0910.2233


PTEP 2021, 05A104 M. Sasada et al.

[83] E. Bertin and S. Arnouts, Astron. Astrophys. Suppl. Ser. 117, 393 (1996).
[84] K. C. Chambers et al., arXiv:1612.05560 [astro-ph.IM] [Search INSPIRE].
[85] C. Wolf et al., Publ. Astron. Soc. Aust. 35, e010 (2018) [arXiv:1801.07834 [astro-ph.IM]].
[86] N. Zacharias, C. T. Finch, T. M. Girard, A. Henden, J. L. Bartlett, D. G. Monet, and M. I. Zacharias,

Astron. J. 145, 44 (2013) [arXiv:1212.6182 [astro-ph.IM]] [Search INSPIRE].
[87] M. F. Skrutskie et al., Astron. J. 131, 1163 (2006).
[88] S. Jester et al., Astron. J. 130, 873 (2005) [arXiv:astro-ph/0506022] [Search INSPIRE].
[89] A. Becker, https://ui.adsabs.harvard.edu/abs/2015ascl.soft04004B, arXiv:1504.004 [Search inSPIRE].
[90] C. Alard and R. H. Lupton, Astrophys. J. 503, 325 (1998) [arXiv:astro-ph/9712287] [Search

INSPIRE].
[91] C. Alard, Astron. Astrophys. 343, 10 (1999) [arXiv:astro-ph/9808092] [Search INSPIRE].
[92] K. L. Murata, M. Sasada, T. Nakaoka, T. Morokuma, and Y. Utsumi, GRB Coordinates Network

24064, 1 (2019).
[93] M. Tanaka et al., GRB Coordinates Network 24113, 1 (2019).
[94] K. S. Kawabata et al., GRB Coordinates Network 24350, 1 (2019).
[95] M. Sasada et al., GRB Coordinates Network 24192, 1 (2019).
[96] K. Morihana, M. Jian, and T. Nagayama, GRB Coordinates Network 24219, 1 (2019).
[97] T. Morokuma et al., GRB Coordinates Network 24230, 1 (2019).
[98] K. Morihana, M. Jian, and T. Nagayama, GRB Coordinates Network 24328, 1 (2019).
[99] Y. Niino et al., GRB Coordinates Network 24299, 1 (2019).

[100] K. S. Kawabata et al., GRB Coordinates Network 24464, 1 (2019).
[101] M. Sasada, T. Nakaoka, H. Akitaya, F. Imazato, and K. S. Kawabata, GRB Coordinates Network

24661, 1 (2019).
[102] Y. Yatsu et al., GRB Coordinates Network 25226, 1 (2019).
[103] M. Shikauchi et al., GRB Coordinates Network 25389, 1 (2019).
[104] T. Nakaoka et al., GRB Coordinates Network 25377, 1 (2019).
[105] T. Morokuma and Y. Utsumi [J-GEM Collaboration], GRB Coordinates Network

25907, 1 (2019).
[106] K. L. Murata, M. Sasada, T. Morokuma, and Y. Utsumi [J-GEM Collaboration], GRB Coordinates

Network 25920, 1 (2019).
[107] Y. Kamei, F. Abe, P. J. Tristram, K. L. Murata, H. Onozato, and Y. Utsumi [J-GEM Collaboration],

GRB Coordinates Network 25941, 1 (2019).
[108] K. L. Murata, T. Nakaoka, and Y. Utsumi [J-GEM Collaboration], GRB Coordinates Network

26381, 1 (2019).
[109] M. Tanaka et al., GRB Coordinates Network 26477, 1 (2019).
[110] K. Yanagisawa et al., GRB Coordinates Network 26496, 1 (2019).
[111] T. Ohgami and N. Tominaga [J-GEM Collaboration], GRB Coordinates Network

26509, 1 (2019).
[112] R. Tanaka, K. Daikuhara, and Y. Sekiguchi [J-GEM Collaboration], GRB Coordinates Network

26803, 1 (2020).
[113] A. Kaneko [J-GEM Collaboration], GRB Coordinates Network 27066, 1 (2020).
[114] T. Ohgami et al., GRB Coordinates Network 27205, 1 (2020).
[115] M. J. Lundquist et al., Astrophys. J. Lett. 881, L26 (2019) [arXiv:1906.06345 [astro-ph.HE]] [Search

INSPIRE].
[116] D. Dobie et al., Astrophys. J. Lett. 887, L13 (2019) [arXiv:1910.13647 [astro-ph.HE]] [Search

INSPIRE].
[117] S. Banerjee, M. Tanaka, K. Kawaguchi, D. Kato, and G. Gaigalas, Astrophys. J. 901, 29 (2020)

[arXiv:2008.05495 [astro-ph.HE]] [Search INSPIRE].
[118] A. L. Piro and J. A. Kollmeier, Astrophys. J. 855, 103 (2018) [arXiv:1710.05822 [astro-ph.HE]]

[Search INSPIRE].
[119] T. Akutsu et al. [KAGRA Collaboration], J. Phys. Conf. Ser. 1342, 012014 (2020) [arXiv:1710.04823

[gr-qc]] [Search INSPIRE].

23/23

D
ow

nloaded from
 https://academ

ic.oup.com
/ptep/article/2021/5/05A104/6122445 by guest on 24 April 2024

http://dx.doi.org/10.1051/aas:1996164
http://www.arxiv.org/abs/1612.05560
http://www.inspirehep.net/search?p=find+EPRINT+1612.05560
http://www.inspirehep.net/search?p=find+EPRINT+1612.05560
http://dx.doi.org/10.1017/pasa.2018.5
http://www.arxiv.org/abs/1801.07834
http://dx.doi.org/10.1088/0004-6256/145/2/44
http://www.arxiv.org/abs/1212.6182
http://www.inspirehep.net/search?p=find+EPRINT+1212.6182
http://www.inspirehep.net/search?p=find+EPRINT+1212.6182
http://dx.doi.org/10.1086/498708
http://dx.doi.org/10.1086/432466
http://www.arxiv.org/abs/astro-ph/0506022
http://www.inspirehep.net/search?p=find+EPRINT+astro-ph/0506022
http://www.inspirehep.net/search?p=find+EPRINT+astro-ph/0506022
http://dx.doi.org/10.1086/305984
http://www.arxiv.org/abs/astro-ph/9712287
http://www.inspirehep.net/search?p=find+EPRINT+astro-ph/9712287
http://www.inspirehep.net/search?p=find+EPRINT+astro-ph/9712287
http://www.arxiv.org/abs/astro-ph/9808092
http://www.inspirehep.net/search?p=find+EPRINT+astro-ph/9808092
http://www.inspirehep.net/search?p=find+EPRINT+astro-ph/9808092
https://ui.adsabs.harvard.edu/#abs/2019GCN.24064....1M/abstract
https://ui.adsabs.harvard.edu/#abs/2019GCN.24113....1T/abstract
https://ui.adsabs.harvard.edu/#abs/2019GCN.24350....1K/abstract
https://ui.adsabs.harvard.edu/#abs/2019GCN.24192....1S/abstract
https://ui.adsabs.harvard.edu/#abs/2019GCN.24219....1M/abstract
https://ui.adsabs.harvard.edu/#abs/2019GCN.24230....1M/abstract
https://ui.adsabs.harvard.edu/#abs/2019GCN.24328....1M/abstract
https://ui.adsabs.harvard.edu/#abs/2019GCN.24299....1N/abstract
https://ui.adsabs.harvard.edu/#abs/2019GCN.24464....1K/abstract
https://ui.adsabs.harvard.edu/#abs/2019GCN.24661....1S/abstract
https://ui.adsabs.harvard.edu/#abs/2019GCN.25226....1Y/abstract
https://ui.adsabs.harvard.edu/#abs/2019GCN.25389....1S/abstract
https://ui.adsabs.harvard.edu/#abs/2019GCN.25377....1N/abstract
https://ui.adsabs.harvard.edu/#abs/2019GCN.25907....1M/abstract
https://ui.adsabs.harvard.edu/#abs/2019GCN.25920....1M/abstract
https://ui.adsabs.harvard.edu/#abs/2019GCN.25941....1K/abstract
https://ui.adsabs.harvard.edu/#abs/2019GCN.26381....1M/abstract
https://ui.adsabs.harvard.edu/#abs/2019GCN.26477....1T/abstract
https://ui.adsabs.harvard.edu/#abs/2019GCN.26496....1Y/abstract
https://ui.adsabs.harvard.edu/#abs/2019GCN.26509....1O/abstract
https://ui.adsabs.harvard.edu/#abs/2020GCN.26803....1T/abstract
https://ui.adsabs.harvard.edu/#abs/2020GCN.27066....1K/abstract
https://ui.adsabs.harvard.edu/#abs/2020GCN.27205....1O/abstract
http://dx.doi.org/10.3847/2041-8213/ab32f2
http://www.arxiv.org/abs/1906.06345
http://www.inspirehep.net/search?p=find+EPRINT+1906.06345
http://www.inspirehep.net/search?p=find+EPRINT+1906.06345
http://dx.doi.org/10.3847/2041-8213/ab59db
http://www.arxiv.org/abs/1910.13647
http://www.inspirehep.net/search?p=find+EPRINT+1910.13647
http://www.inspirehep.net/search?p=find+EPRINT+1910.13647
https://doi.org/10.3847/1538-4357/abae61
http://www.arxiv.org/abs/2008.05495
http://www.inspirehep.net/search?p=find+EPRINT+2008.05495
http://www.inspirehep.net/search?p=find+EPRINT+2008.05495
http://dx.doi.org/10.3847/1538-4357/aaaab3
http://www.arxiv.org/abs/1710.05822
http://www.inspirehep.net/search?p=find+EPRINT+1710.05822
http://www.inspirehep.net/search?p=find+EPRINT+1710.05822
http://dx.doi.org/10.1088/1742-6596/1342/1/012014
http://www.arxiv.org/abs/1710.04823
http://www.inspirehep.net/search?p=find+EPRINT+1710.04823
http://www.inspirehep.net/search?p=find+EPRINT+1710.04823

