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Abstract

One of the keys to the success of multimessenger astronomy is the rapid identification of the electromagnetic wave
counterpart, kilonova (KN), of the gravitational-wave (GW) event. Despite its importance, it is hard to find a KN
associated with a GW event, due to a poorly constrained GW localization map and numerous signals that could be
confused as a KN. Here, we present the Gravitational-wave Electromagnetic wave Counterpart Korean
Observatory (GECKO) project, the GECKO observation of GW 190425, and prospects of GECKO in the fourth
observing run (O4) of the GW detectors. We outline our follow-up observation strategies during O3. In particular,
we describe our galaxy-targeted observation criteria that prioritize based on galaxy properties. Armed with this
strategy, we performed an optical and/or near-infrared follow-up observation of GW190425, the first binary
neutron star merger event during the O3 run. Despite a vast localization area of 7460 deg”, we observed 621 host
galaxy candidates, corresponding to 29.5% of the scores we assigned, with most of them observed within the first
3 days of the GW event. Ten transients were discovered during this search, including a new transient with a host
galaxy. No plausible KN was found, but we were still able to constrain the properties of potential KNe using upper
limits. The GECKO observation demonstrates that GECKO can possibly uncover a GW170817-like KN at a
distance <200 Mpc if the localization area is of the order of hundreds of square degrees, providing a bright
prospect for the identification of GW electromagnetic wave counterparts during the O4 run.

Unified Astronomy Thesaurus concepts: High energy astrophysics (739); Time domain astronomy (2109);
Transient sources (1851); Stellar mergers (2157); Gravitational wave sources (677); Gravitational waves (678);
Optical observation (1169); Neutron stars (1108); Supernovae (1668); Gravitational wave astronomy (675);
Optical identification (1167); Time series analysis (1916)
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1. Introduction

Compact binary coalescence (CBC) events, such as a binary
neutron star (BNS) merger, binary black hole merger, and neutron
star-black hole (NSBH) merger, are the promising gravitational-
wave (GW) sources that the network of gravitational-wave
detectors with the Advanced Laser Interferometer Gravitational-
wave Observatory (LIGO Scientific Collaboration et al. 2015), the
Advanced Virgo (Acernese et al. 2015), and the Kamioka
Gravitational Wave Detector (KAGRA; Akutsu et al. 2021) can
detect (Abbott et al. 2020a). If CBC contains more than one
neutron star (NS), the thermal emission by radioactive decay of
heavy elements, called the kilonova (KN), is expected (Metzger
et al. 2010; Metzger & Berger 2012).

On 2017 August 17, the first BNS merger event was detected by
the network of GW detectors, Advanced LIGO Livingston
Observatory (aLLO), Advanced LIGO Handford Observatory
(aLHO), and Advanced Virgo Observatory in observing run 2 (02;
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Abbott et al. 2017a). About 2s after the GW signal detection, a
short gamma-ray burst (SGRB) was detected, and after 11 hr, the
GW optical counterpart was found in the massive galaxy, NGC
4993 (Chornock et al. 2017; Coulter et al. 2017; Cowperthwaite
et al. 2017; Drout et al. 2017; Evans et al. 2017; Kasliwal et al.
2017; Kilpatrick et al. 2017; Lipunov et al. 2017; McCully et al.
2017; Pian et al. 2017; Shappee et al. 2017; Smartt et al. 2017;
Utsumi et al. 2017). The identified electromagnetic wave (EM)
counterpart was followed up by various observatories at different
wavelengths (Abbott et al. 2017b).

This historical GW event opened a new way of exploring the
universe, namely, GW multimessenger astronomy (MMA). Above
all, the optical and/or near-infrared (NIR) counterpart pinpointed
the exact position of the GW source, providing the link between
the BNS merger, SGRB, KN, and, GW. Not only that, the
environment of the GW source was studied for the first time (Im
et al. 2017; Levan et al. 2017), also prompting the investigations of
the host galaxies through simulations (Mapelli et al. 2018; Artale
et al. 2019) and SGRB host galaxies (Fong et al. 2022; Nugent
et al. 2022). The formation of lanthanide elements has been
witnessed (Chornock et al. 2017). Furthermore, attempts have been
made to measure the Hubble constant with GW standard siren
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Figure 1. The locations of the telescopes in the GECKO project.
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Table 1
Global Network of Telescopes in GECKO

Name Location Aperture Diameter (m) FoV Bands References
SAOQO* Korea 1 m 212 x 212 BVRI Im et al. (2021)
SOAQ" Korea 0.61 m 17/6 x 1716 UBVRI
DOAO* Korea Im 1372 x 1776 BVRI Im et al. (2021)
MAAO* Korea 0.7m 28!2 x 28/2 UBVRI G. Lim et al. (2023, in preparation)
DNSM® Korea Im 150 x 150 BVRI
KHAO' Korea 0.8 m 23!7 x 23!7 BVRI Im et al. (2021)

Korea 04 m 210 x 16’ BVRI Im et al. (2021)
CBNUO# Korea 0.6 m 1.19 x 1.19 deg? BVR Im et al. (2021)
LOAQO" Arizona,USA 1 m 28’1 x 28’1 UBVRI Lee et al. (2010)
SQUEAN Texas,USA 2.1m 417 x 417 i, medium Jeon et al. (2016)
McD30inch Texas,USA 0.8 m 46'2 x 46!2 UBVRI
CCA250 Texas,USA 0.25m 2.34 x 2.34 deg2 V, medium Hwang et al. (2021)
LSGT! Australia 043 m 157 x 157 ugriz Im et al. (2015); Choi & Im (2017)
KMTNet-SAAO South Africa 1.6 m 1x1 deg2 (x4 chips) BVRI Kim et al. (2016b)
KMTNet-SSO Australia 1.6 m 1 x 1 deg? (x4 chips) BVRI
KMTNet-CTIO Chile 1.6 m 1x1 deg2 (x4 chips) BVRI
KCT Chile 0.36 m 23!7 x 180 UBVRI G. Lim et al. (2023, in preparation)
RASA36" Chile 0.36 m 2.67 x 2.67 deg® r Im et al. (2021)
MAO' Uzbekistan 1.5m 1871 x 18’1 BVRI Im et al. (2010)
7DT™ Chile 0.5m x 20 1.36 x 0.90 deg? medium (AX = 2504)
Notes.

 Seoul National University Astronomical Observatory.

® Sobaeksan Optical Astronomy Observatory.

¢ Deokheung Optical Astronomy Observatory.

d Miryang Arirang Astronomical Observatory.

e_ Daegu National Science Museum, newly added in O4.

f Kyunghee Astronomical Observatory, newly added in O4.

€ Chungbuk National University Observatory, newly added in O4.
%1 Lemmonsan Optical Astronomy Observatory.

f Lee Sang Gak Telescope.

J KIAS Chamnun Telescope, newly added in O4.

X Newly added in O4.
! Maidanak Astronomical Observatory.
™ 7-Dimensional Telescope (in construction).

technique (Abbott et al. 2017c¢), through the combined information
of the luminosity distance from the result of GW analysis and
redshift measurement from optical spectroscopy. Such measure-
ments from many GW events could potentially contribute to

resolving the Hubble tension (Schutz 1986; Holz & Hughes 2005;
Verde et al. 2019).

Despite the great opportunities of MMA, GW170817 has
remained the only GW event for which MMA studies were
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Figure 2. Distance histogram of galaxies selected for the galaxy-targeted observation. The blue-shaded region shows galaxies with the K-band data originally in the
GLADE catalog, and the hollow region shows galaxies in the modified GLADE catalog with newly added K-band information from 2MASS PSC detailed in
Section 3.1. The red line and red shaded region represent the mean distance and distance range of GW190425, 156 + 41 Mpc. Galaxies in the histogram in the red-

shaded area were prioritized for the galaxy-targeted observation.

possible. This is because there are several main obstacles to
identifying the GW EM counterpart. First, KNe are ~3 mag fainter
than Type Ia supernova (SN), and it decays fast (~1 mag day ™ ;
Arcavi et al. 2017a; Kasen et al. 2017; Bulla 2019). Second, due to
the current precision of GW detectors to date, the GW localization
areas typically range from hundreds to thousands of square degrees
depending on the distance of the GW source and duty cycles of
GW detectors (Abbott et al. 2020a). In the O4 run, it is expected
that the GW localization will improve to tens to hundreds of square
degrees (Abbott et al. 2020a). However, such localization areas are
much larger than the typical field of view (FOV) of optical
telescopes (FOV < 1 deg?).

In order to catch KNe associated with GW sources, we have
established a global network of telescopes, GW EM-Counterpart
Korean Observatories (GECKO; Im et al. 2020). GECKO is made
of nearly twenty telescopes around the world. This allows us to
perform follow-up observations both at the Northern and Southern
hemispheres 24 hr a day. Several GECKO facilities are wide-field
telescopes (FOV >1 deg?), capable of covering wide localization
areas of GW events. The rest are narrow-field telescopes of
0.35-1.5 m aperture sizes. We have used the GECKO telescopes
during the O2 and O3 runs for follow-up observations of GW
sources, including studies of GW170817 (Im et al. 2017; Troja
et al. 2017; Kim et al. 2021).

GW190425 is a CBC GW event that was detected on 2019
April 25 at 08:18:05 UT (Abbott et al. 2020b). This event was
interpreted as involving either two NSs or one NS and a black
hole, yet was detected with a poorly defined preliminary
localization region of 10,182 deg” with a 90% confidence level
and a distance of 156 &= 45 Mpc. At that time, aLHO was offline,
so only alLLO detected the GW signal with the subthreshold
detection with the Virgo detector. Therefore, the GW skymap
localization was dominated by the antenna pattern of LLO and, as
a result, poorly constrained with a localization area of thousands of
square degrees. Nonetheless, the false alarm rate (FAR) is only
about 1per 7 x 10*yr, showing that the event was due to an
astrophysical source. With GECKO, we performed intensive
follow-up observations of this event (Im et al. 2019b, 2019¢; Kim
et al. 2019; Paek et al. 2019). Combined with other global efforts

to find the KN, GW190425 provided an excellent opportunity to
employ GECKO to find the KN associated with the event and
place useful constraints on its physical properties. Unfortunately,
there has not been a reported significant counterpart of GW 190425
so far (Coughlin et al. 2019; Hosseinzadeh et al. 2019).

In this paper, we describe the observational strategy employed
during the O3 run by GECKO and report the results of the
GW190425 follow-up observation. We will also show prospects of
future GECKO observations, including what kind of constraints
we could have imposed on the KN properties (e.g., ejecta mass and
velocities) associated with GW190425 with improved observing
strategies. Our GECKO O3 run observation strategy is now
modified for the O4 run, but the strategy described here serves as
the basis for the O4 and future run GECKO strategies.

In Section 2, we introduce the GECKO project. In Section 3,
we present the strategy for rapid identification of GW EM
counterpart. In Sections 4 and 5, we show the result of the
follow-up observation of GW190425, including the transients
identified in the area covered by us. In Section 6, we compare
the upper limits of our follow-up observation with GW170817-
like KN models and discuss the nature of the transients
observed by the GECKO facilities. Section 7 discusses the
prospects of the GECKO observations for future GW events,
such as the expected area coverage by GECKO and the
constraints we could put on KN properties even if there is no
detection. In Section 8, we provide a summary and discussion
of this work. In this paper, we adopt the AB magnitude system
unless described otherwise.

2. GECKO

The GECKO facilities are shown in Figure 1 and summarized in
Table 1. Many of the GECKO telescopes are a part of the Intensive
Monitoring Survey of Nearby Galaxies (Im et al. 2015) program
that monitors nearby galaxies with a high cadence (<1 day) to
catch early light curve (LC) of SNe, and they are described in
detail in Im et al. (2015), Im et al. (2019a).

One noteworthy facility is the Korea Microlensing Telescope
Network (KMTNet; Kim et al. 2016b). KMTNet consists of
three 1.6 m telescopes having a wide FOV (~4.0 deg®) located
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Figure 3. Host galaxy selection and prioritization for GW170817 using the method described in Section 3.3. Left: 90% confidence region of skymap localization
(shaded region) and 42 host galaxy candidates (solid circles) are shown. Host galaxy candidates are selected within this constrained region and 3¢ of distance range.
Right: the top bar graph shows the rank of host galaxy candidates. Including second- and third-ranked host candidates, the first-rank NGC4993 is presented with
different colors. Left: The bottom shows the cumulative score distribution. The 14 highest scores galaxies cover more than 90% of the cumulative score. To
discriminate them from others, they are colored with a blue dotted line and red cross point.

at three different longitudes in the Southern hemisphere—
Cerro Tololo Inter-American Observatory (Chile, KMTNet-
CTIO), South Africa Astronomical Observatory (South Africa,
KMTNet-SAAO), and Siding Spring Observatory (Australia,
KMTNet-SSO). Its primary goal is to find exoplanets in the
Galactic bulge by adopting the gravitational microlensing
technique (Kim et al. 2016b). The large aperture, wide FOV,
and continuous coverage of the southern sky are also suitable
for GW optical follow-up, and hence, we have been using
KMTNet for GW follow-up observations (Troja et al. 2017;
Kim et al. 2021) in the O2 through O4 runs.

One of the most powerful advantages of our facilities in the
GECKO project is the network of various telescopes located in
wide ranges of latitudes and longitudes. This network allows us to
promptly respond to the GW follow-up observations, irrespective
of the location and trigger time denoted on the GW skymap.

GECKO facilities include spectroscopic instruments. We
have facilities with medium-band observation capabilities that
can provide low-resolution spectra of the target galaxy. LSGT
(Im et al. 2015; Choi & Im 2017) and SQUEAN on the 2.1 m
telescope (Kim et al. 2016a) and Wide-field Imaging Telescope
(Ji et al. 2018) at the McDonald Observatory have such
capabilities. We are also constructing a new multiple telescope
system in Chile, the 7-Dimensional Telescope (7DT) in Chile
(M. Im et al. 2023, in preparation). 7DT will have wide-field
Integral-Field-Unit-type low-resolution spectral mapping cap-
abilities and is capable of classifying KNe from other transients
using a single epoch data (G. S. H. Paek et al. 2023, in
preparation). We have been regularly accessing the Gemini
telescopes for deep spectroscopy and used the United Kingdom
Infrared Telescope in the past for NIR follow-up of GW
sources during the O3 run.

3. Observing Strategy

We adopt two follow-up strategies for searching for the GW
EM counterpart. First, galaxy-targeted observation targets host
galaxy candidates where the GW source may exist (e.g.,
Kanner et al. 2012; Gehrels et al. 2016; Arcavi et al. 2017b;
Yoshida et al. 2017; Yang et al. 2019; Sasada et al. 2021). We
adopt this strategy mainly for narrow FOV telescopes. Second,
tiling observation covers the GW localization area with wide
FOV telescopes as much as possible (e.g., Klingler et al. 2019;
Lundquist et al. 2019; Wyatt et al. 2020; Ohgami et al.
2021, 2023). For poorly constrained GW localization, tiling
observation is more efficient than galaxy-targeted observation.
More details about the tiling observation strategy with
KMTNet are in Kim et al. (2021). In this paper, we focus on
describing the galaxy-targeted observation strategy that was
used in following up the GW190425.

3.1. GW Host Galaxy Candidate Selection

We developed an automatic pipeline to extract the informa-
tion about the GW source for arranging the optical follow-up
observation. A preliminary analysis of GW signal is distributed
through PyGCN8 as a HEALPix format (Gorski et al. 2005).
First, the pipeline determines whether to follow up based on
several factors: the inclusion of an NS in the GW progenitor
system, GW distance ranges (d < 500 Mpc), FAR (FAR <
1 yrfl), and the size of GW localization (S, < 10,000 degz).
For instance, a GW event that involves a progenitor system
with at least one NS to potentially produce a bright EM
counterpart would be considered a high-priority candidate for
follow-up observation.

8 https://github.com/nasa-gen/pygen


https://github.com/nasa-gcn/pygcn

THE ASTROPHYSICAL JOURNAL, 960:113 (22pp), 2024 January 10

Paek et al.

Table 2
Host Galaxy Candidates for GW 170817

Rank Name R.A. Decl. K Dist. Score Cumulative Score
J2000 J2000 (ABmag) (Mpc)
1 NGC4993 13:09:47.70 —23:23:01.7 9.33 39.35 1.857 x 107! 0.1857
2 NGC5061 13:18:05.05 —26:50:13.9 7.37 20.32 1.014 x 107! 0.2871
3 1C4197 13:08:04.32 —23:47:48.6 9.35 41.06 9.189 x 1072 0.3790
4 NGC5078 13:19:50.02 —27:24:36.2 7.15 21.95 8.616 x 1072 0.4651
5 NGC5124 13:24:50.27 —30:18:27.9 9.00 59.08 7.741 x 102 0.5425
6 NGC4970 13:07:33.75 —24:00:30.9 9.17 47.07 7.059 x 1072 0.6131
7 NGC4756 12:52:52.62 —15:24:47.8 9.20 57.42 5.419 x 1072 0.6673
8 NGC4763 12:53:27.23 —17:00:19.7 9.70 56.57 5.041 x 1072 0.7177
9 NGC4968 13:07:05.97 —23:40:37.3 9.80 40.49 4362 x 1072 0.7614
10 PGC046026 13:14:17.74 —26:34:57.6 10.91 58.16 3.526 x 1072 0.7966
11 ESO508-033 13:16:23.22 —26:33:41.5 10.88 47.93 3.462 x 1072 0.8312
12 1C4180 13:06:56.51 —23:55:01.4 9.69 40.67 2704 x 1072 0.8583
13 ESO508-010 13:07:37.73 —23:34:44.1 11.30 45.19 2.220 x 1072 0.8805
14 2MASS+13104593-2351566 13:10:45.93 —23:51:56.6 11.62 38.73 1.840 x 1072 0.8989
15 1C0874 13:19:00.52 —27:37:42.5 9.77 24.79 1.496 x 1072 0.9138
16 ESO575-053 13:05:04.93 —22:23:02.2 11.26 33.71 1.415 x 1072 0.9280
17 PGC046803 13:23:42.97 —30:03:24.3 11.14 58.45 1.198 x 1072 0.9400
18 PGC043908 12:54:28.86 —16:21:02.9 11.54 57.36 1.003 x 1072 0.9500
19 PGC044234 12:57:00.54 —17:19:13.4 12.40 57.90 9.029 x 1073 0.9590
20 2MASXJ13242754-3025548 13:24:27.54 —30:25:54.8 11.43 55.51 7.103 x 1073 0.9661
21 PGC043823 12:53:42.31 —15:16:55.7 11.55 56.95 6.523 x 1073 0.9726
22 PGC183552 13:07:37.68 —23:56:18.1 12.50 55.86 5778 x 1073 0.9784
23 ES0O508-003 13:06:24.01 —24:09:50.4 11.94 53.47 3.200 x 1073 0.9816
24 ES0444-026 13:24:29.04 —30:25:54.0 12.60 58.01 2.630 x 1073 0.9843
25 ES0444-021 13:23:30.64 —30:06:51.3 13.18 58.87 1.857 x 1073 0.9861
26 1C0879 13:19:40.56 —27:25:44.2 11.08 19.13 1.755 x 1072 0.9879
27 PGC797164 13:08:42.48 —23:46:32.6 13.83 36.55 1.647 x 1073 0.9895
28 PGC043664 12:52:25.68 —15:31:01.9 12.85 50.90 1.612 x 1073 0.9911
29 ESO576-003 13:10:35.72 —21:44:53.6 12.12 36.68 1.166 x 1073 0.9923
30 PGC044500 12:58:45.67 —17:32:34.3 14.28 53.76 1.144 x 1073 0.9934
31 ES0508-019 13:09:51.84 —24:14:21.7 14.30 39.47 1.065 x 1073 0.9945
32 PGC83601 12:51:35.18 —15:19:27.2 13.54 59.36 8.894 x 107* 0.9954
33 PGC141607 13:25:37.68 —30:09:39.1 13.76 56.35 8.087 x 107* 0.9962
34 ES0508-024 13:10:45.84 —23:51:56.2 14.40 29.06 8.015x 107* 0.9970
35 PGC044023 12:55:20.40 —17:05:47.4 15.11 53.88 5.621 x 1074 0.9976
36 PGC141609 13:25:41.28 —30:16:37.3 14.30 56.51 4971 x 107* 0.9981
37 PGC141593 13:24:14.40 —30:15:21.7 14.46 56.33 4.862 x 107 0.9985
38 PGC141595 13:24:17.04 —30:14:50.1 14.65 59.36 4541 x 107* 0.9990
39 PGC910856 12:52:54.48 —15:28:06.6 14.92 58.09 2930 x 107* 0.9993
40 PGC908166 12:51:48.96 —15:39:34.8 15.02 58.44 2.809 x 10°* 0.9996
41 [BZZ2000]J132249.66-300651.8 13:22:49.68 —30:06:51.5 15.56 59.04 2.161 x 107* 0.9998
42 PGC043505 12:51:00.48 —15:40:49.0 14.92 57.30 2.101 x 107* 1.0000

Next, we limit the host galaxy candidates to be in the volume
within the 90% confidence region of the GW localization area
and £30 of the estimated GW luminosity distance. Specifi-
cally, we select these candidates from the GLADE catalog
(Délya et al. 2018), which was implemented during O3 and is
useful for EM follow-up observations, containing information
for 3 million galaxies. Depending on the number of host galaxy
candidates, the spatial constraint was adjusted. For example, if
the number of host galaxy candidates is more than thousands,
we loosen the limit of the confidence area from 90% to 50%.

To prioritize which galaxies to observe first, understanding
galaxy properties that correlate with BNS merger rates is
important. However, the properties of the galaxy that control the
BNS merger rates are yet uncertain. Previous studies used the B-
band luminosity of the galaxy as the proxy for both the star
formation rate (SFR; Coulter et al. 2017), based on theoretical
approaches that higher SFR has a higher BNS merger rate
(Phinney 1991; Belczynski et al. 2002). From NGC 4993, the host

galaxy of GW170817, one may guess that massive, and quiescent
galaxies are host galaxies of BNS merger. Indeed, recent
simulation works, which incorporate stellar evolutionary models
into galaxy simulation, along with observational studies of SGRBs,
suggest that the stellar mass of the host galaxy seems to be an
important parameter controlling the BNS merger rate (Metzger
et al. 2018; Artale et al. 2019, 2020a, 2020b). However, we
caution that the observational studies of SGRB host galaxies show
that many of them (~84%) are star-forming galaxies, and other
parameters such as SFR may be as important as the stellar mass in
controlling the BNS merger rate (Nugent et al. 2022; M. Jeong
et al. 2023, in preparation). Given these considerations and no
readily available SFRs in the GLADE catalog, we consider the
stellar mass to be proportional to the BN'S merger rate for the target
prioritization. Since the stellar mass was not available in the
GLADE catalog at the time of the observations, we use K-band
luminosity, which is known as a proxy for the stellar mass (e.g.,
Kim & Im 2012).
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Figure 4. Skymap localization of GW 190425 and follow-up coverage from GECKO project. The colored cross shows the pointing coordinate on the skymap localization for
each observatory. Top: initial skymap localization and coverage until 1.273 days after the GW event emerged are shown. Bottom: Updated skymap localization area and
coverage until 7.1 days after GW event emerged when follow-up observation was ended are shown. The dominant region is changed to the Southern hemisphere.

The K-band luminosity is from the 2 Micron All-Sky Survey
(2MASS) Extended Source Catalog (Jarrett et al. 2000), and
hence, many sources miss K-band luminosities. Therefore, we
additionally match the GLADE sources without K-band
luminosity entries with the 2MASS Point Source Catalog
(2MASS PSC; Skrutskie et al. 2006) to implement the missing
information. K-band magnitudes are cross-matched utilizing
astroquery9 (Ginsburg et al. 2019). As a result, 798,796
additional K-band magnitudes are added to the GLADE
catalog, among which 21,242 galaxies are at 156 + 41 Mpc,
the distance range of GW190425 (Figure 2).

3.2. Score

We assign a score (S) to each galaxy in the search volume by
giving weights based on K-band luminosity and the localization
probability at the position of the galaxy. Besides K-band
luminosity being a good proxy of stellar mass, the K band has
the advantage of being less affected by dust extinction.

We modify the equation form for the ranking system of
DLT40 (Coulter et al. 2017) and replace the B-band luminosity
term with the K-band luminosity term. We calculated the K-

° https: //github.com/astropy /astroquery

band proxy, L, for each host galaxy candidate.
Lx = Dy 10704 m, (1)

where D, represents the luminosity distance to the galaxy, and
my stands for the K-band magnitude uncorrected for Milky
Way (MW) extinction.

Dy — D .
S =k x Py x l—erfM x Lk, (2)
Op,gal T Op,GW

where k! is the normalization factor, P,p represents the
localization map probability at the position of the galaxy, Dgw
is the mean luminosity distance of the GW, opgy is the
uncertainty of the galaxy’s distance, and op gw is the standard
deviation of the GW luminosity distance.

Since not all objects in the catalog have K-band magnitudes
even after supplementing the catalog with the additional K-band
data, we divide the objects into three priority groups. First, if both
K-band and distance information are available, we consider them
as the priority 1 group and calculate their score using Equation (2).
Second, if galaxies do not have the K-band magnitude but have the
B-band and distance information, we consider them as the priority
2 group and convert the K-band luminosity term to B-band term
luminosity on Equation (1) and then, calculate their scores using


https://github.com/astropy/astroquery
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Table 3
GECKO Observation of GW190425

Observatory Filter A Date Observed” Depth® Exposure Time Number of Galaxies Area

(days) (UTC) (ABmag) ©) (deg?)
SAO R 1.261 2019-04-26 14:34:04 19.75 900 6
LSGT R 0.238 2019-04-25 14:00:57 19.46 180 0
LSGT R 1.355 2019-04-26 16:50:09 18.96 180 9
LOAO R 0.109 2019-04-25 10:55:12 19.83 60 16
LOAO R 1.058 2019-04-26 09:41:45 20.27 120 8
LOAO R 2.09 2019-04-27 10:27:50 20.22 120 0
LOAO R 3.109 2019-04-28 10:55:12 19.11 120 0
KMTNet-SSO R 0.221 2019-04-25 13:36:28 21.11 240 148 106.6
KMTNet-SSO R 1.238 2019-04-26 14:00:57 20.59 240 76 67.5
KMTNet-SSO R 2.032 2019-04-27 09:04:19 20.89 240 35 26.6
KMTNet-CTIO R 0.796 2019-04-26 03:24:28 21.39 240 178 128.1
KMTNet-CTIO R 2.631 2019-04-27 23:26:52 21.71 240 72 61.3
KMTNet-SAAO R 0.55 2019-04-25 21:30:14 21.68 240 175 126.4
KMTNet-SAAO R 1.539 2019-04-26 21:14:24 21.97 240 21 8.8
KMTNet-SAAO R 2.37 2019-04-27 17:11:02 21.76 240 65 433
SQUEAN i 0.101 2019-04-25 10:43:40 21.64 60-120 29
SQUEAN i 0.979 2019-04-26 07:48:00 22.32 60-180 65
SQUEAN i 1.934 2019-04-27 06:43:12 21.76 180 48
SQUEAN i 3.109 2019-04-28 10:55:12 22.0 180-300 11
UKIRT J 2.11 2019-04-27 10:56:38 21.1 60 22 42
UKIRT J 6.088 2019-05-01 10:24:57 21.31 60 13 1.9
UKIRT J 7.129 2019-05-02 11:24:00 21.23 60 1 0.1
UKIRT K 0.291 2019-04-25 15:18:00 20.62 60 5 1.0
UKIRT K 1.065 2019-04-26 09:51:50 20.86 60-100 15 2.4
UKIRT K 1.92 2019-04-27 06:23:02 20.76 60 2 0.2
Notes.

4 Median value of the time difference between GW alert and observation time.
® Median value.
¢ Median 50 upper limits of observed images.

Equation (2). This process of the normalization of the score is
added since the B-band luminosity is not as good as the K-band
luminosity as a mass proxy, and the luminosity scale of B-band
and K-band data are vastly different. Furthermore, galaxies are
likely to be low-mass objects if the K band is not available, and
such objects have a lower probability of hosting KN events than
high-mass objects. We normalize the score of the priority 2 group
objects with the lowest score of the priority 1 objects. Third, if
objects have only distance information available, we consider them
as the priority 3 group objects. The Iuminosity term on
Equation (2) is set by 1, and similar to the priority 2 group, we
normalize the score with the lowest score of the priority 2 objects.
As a result, we can assign scores to all galaxies with the distance
information in the galaxy catalog.

Note that we did not apply the MW dust extinction
correction to the K-band luminosity. Our decision was based
on the low impact of dust extinction in the NIR range, as our
analysis showed negligible differences in the scores with or
without the correction. Additionally, the uncertainties intro-
duced by using the K-band luminosity as a stellar mass proxy,
and the employment of the 2MASS PSC catalog, are significant
enough to make the correction for the MW extinction less
critical. Nevertheless, we plan to incorporate K-band luminos-
ity for MW extinction in future work.

3.3. Application to GW170817

As a validation, we applied our prioritization method to the case
of GW170817 (Figure 3). The number of host galaxy candidates
falling within 3 standard deviations from the GW-based mean

distance and a 90% confidence level of GW skymap localization
amounts to 42 (Table 2). We assign scores to them, and the galaxy
with the highest score is NGC4993 where the EM counterpart of
GW170817 was found. A cumulative score distribution shows the
top one-third of GW host galaxy candidates (14) cover more than
90% of the total score. Therefore, we expect that our scoring
system will be efficient for finding the EM counterpart of the
GW170817-like events.

4. Follow-up Observation of GW190425

In this section, we present the results of the follow-up
observation of GW190425 during the O3 run. For this event,
there were several versions of the localization maps, with two
noteworthy maps—one is the initial localization map, and another
is the final updated localization map (Figure 4). The updated
localization map was distributed 30 hr after the initial signal
distribution. There are two main differences between them. First,
the localization region is constrained more tightly from 10,182 to
7460 deg”. Second, the most probable region is shifted from the
northern hemisphere to the southern hemisphere. So, after the
updated signal, we focused our follow-up observation on the
Southern hemisphere. The automatic pipeline selected and
prioritized 5419 (7639) GW host galaxy candidates for the
updated (initial) as described in Sections 3.1 and 3.2.

4.1. Observation

We initiated the follow-up observation 90 minutes after the
GW trigger, using the SQUEAN instrument on the McDonald
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Figure 5. 5o depth variation over a single night for follow-up observation for GW190425 for each observatory in the GECKO project. Small points show a single
observation pointing. Large points show the median value of all observation time at night and 5o depth, and the error bar represents the range from minimum to
maximum for time and depth. Note that the KMTNet image consists of 4 chips, and they consist of 8 channels, so there are 32 similar depths at the same epoch.

Observatory’s 2.1 m telescope in i band. The starting time of
GECKO observation is similar to those of other facilities (e.g.,
Coughlin et al. 2019; Hosseinzadeh et al. 2019). This was followed
by observations with LOAO, KMTNet-SSO, LSGT (Im et al.
2015), UKIRT, KMTNet-SAAO, KMTNet-CTIO, and SAO (Im
et al. 2021) following the GECKO observation strategy. All these
facilities adopted the galaxy-targeted observation strategy. Given
the reddening of the KN (Kasen et al. 2017) and the sensitivity of
our instruments, we chose to use redder optical and NIR
wavelength filters available on each telescope (R band; SAO,
LOAO, KMTNet, r band; LSGT, i band; SQUEAN, J, and K
bands). The details of the observation are summarized in Table 3.

We managed to cover 621 (649) out of the 5419 (7639) host
galaxy candidates for the updated (initial) GW signal. While
we only covered 11.5% in terms of the number of objects, the
portion of the total score covered was higher, at 29.5%. Also,
we calculated the area coverage of our observations by
matching image WCS information with the HEALPix map of
the GW event localization. We adopted this approach for two
main reasons: first, some FOVs lie outside the localization area
(partially or fully); second, some FOVs overlap with each
other. One pixel of HEALPix corresponds to 0.052 deg®. Most
telescopes have FOVs comparable with or larger than the
HEALPix map resolution, except for SQUEAN. Observation
pointings of SQUEAN are within the 90% confidence area of

GW190425, so we count the number of pointings and multiply
it by the FOV of SQUEAN. According to this calculation, we
covered about 410deg® (393 deg®). KMTNet observation
makes up most of the total coverage (<97%).

The overlap between host galaxy candidates identified in the
initial and updated GW signals is noteworthy. Specifically, there
are 4567 overlapping candidates, which constitute 84.3% of the
total in the updated GW signal. Out of these, 562 were actually
observed, accounting for 90.5% of the observed candidates in the
updated signal. In terms of the Northern hemisphere, the most
probable area showed no significant difference between the initial
and updated localizations. Considering that we observed 649
galaxies in the GW localization area, we wasted about 15% of the
time observing galaxies in the area of the initial alert.

Each observation pointing is shown in Figure 4. Figure 5
summarizes the point-source 50 detection limits of different
facilities at various epochs. The varying depths for the same
facilities are due to varying weather conditions. In particular, we
started the second KMTNet-CTIO and the third KMTNet-SAAO
observations during twilight, which shows up as gradual increases
in the image depths. For some facilities, primarily KMTNet, there
exist gaps in the observation times due to the scheduling of other
observation programs with higher priorities. We summarize the K-
band luminosities and distances of the host galaxy candidate
observed by us in Figure 6.
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Figure 6. The K-band luminosity and stellar mass distribution of observed host galaxy candidates. The hexagonal bin shows the number density of all galaxies within
d =156 + 41 Mpc in the modified GLADE catalog, and the black horizontal dotted line shows the median value of their stellar mass. The blue horizontal dotted line
shows the median value of the stellar mass of the host galaxy candidates of GW 190425 selected by Section 3.1. The red open rectangular point shows the host galaxy
candidates observed by a small telescope (1 m class facilities), and the red horizontal dotted line shows the median value of their stellar mass. The yellow circular point
shows the host galaxy candidates observed by the KMTNet, and the yellow horizontal dotted line shows the median value of their stellar mass. The stellar mass is

converted from the K-band luminosity, simply assuming the mass-to-light ratio as 1.

We also performed follow-up observations on three potential
KN candidates reported by other groups. ZTF19aarykkb and
ZTF19aarzaod reported by Zwicky Transient Facility (Kasliwal
et al. 2019) were observed on 2019 April 26 08:46:29 UTC and
2019 April 26 08:38:01 UTC respectively by SQUEAN, and
PS19gp reported by Pan-STARRs (Smith et al. 2019) was
observed on 2019 April 26 15:09:15 UTC by UKIRT. However,
they all turned out to be SNe (ZTF19aarykkb; Chang et al. 2019;
Dichiara et al. 2019; Perley et al. 2019, ZTF19aarzaod; Buckley
et al. 2019; Wiersema et al. 2019, PS19qp; Dimitriadis et al. 2019;
Lipunov et al. 2019; McCully et al. 2019; Morokuma et al. 2019).

4.2. Data Reduction and Photometry

We utilized the Python library ccdproc'® to manage the
basic calibrations of our optical data. This library facilitated
effective and efficient handling of basic preprocessing tasks
such as bias and dark subtraction, as well as flat-field
correction. We conducted astrometry using astrometry.
net.!" The whole procedure was executed within the
automatic image process pipeline (gpPy; Pack 2023a).

The object detection and photometry were done using
SExtractor (SE; Bertin & Arnouts 1996). Here, we performed
photometric calibration using stars cataloged in Pan-STARRSI1
(PS1) 37 survey (Chambers et al. 2016) and the AAVSO
Photometric All-Sky Survey (Henden et al. 2009). For the
UKIRT NIR image, we use point sources in the 2MASS PSC.

In order to calculate the zero-points (ZP) using reference
stars, we applied several selection criteria to choose the most
suitable stars from our image. We select the stars with the
following criteria:

19 hitps: //ccdproc.readthedocs.io/en /latest
1 https:/ /astrometry.net

1. The stars in the reference catalog should have magnitude
ranges not to be saturated.

2. The stars should have magnitude errors not exceeding
0.05 in both the reference catalog and the science image.

3. From the SE output, we selected stars that had a FLAGS
value of 0, implying they are not saturated or blended by
another source.

4. The chosen stars should be located within a radius equivalent
to 75% of the image size from the image center.

In cases where the image lacked an adequate number of
stars that meet the specified conditions, we employed a more
relaxed criterion to include additional stars for the calibration
process.

For the KMTNet images, we have taken an additional step to
determine the image ZPs. KMTNet images are composed of four
CCD chips and eight readout channels. Each readout channel has
similar background levels and o (Kim et al. 2016b), but ZPs are
slightly different from each other. Therefore, we split the 8
channels and calculated ZPs for each of them.

Since we are interested in point-source detection and
photometry, we adopt the aperture magnitude for photometry.
The aperture diameter is defined as twice seeing measured by
SE, which gives a nearly optimal signal-to-noise ratio (S/N).

To calculate the So depth for the point-source detection, we
use the following expression:

(50 depth) = ZP — 2.5 log 50 7r?,

where o is the standard deviation of the sky background, and r
means the aperture radius, which corresponds to the seeing
FWHM value.

5. Transients from GECKO Observation

We conducted image subtraction with reference images
taken in 2009-2012 from the PS1 survey using HOTPANTS


https://ccdproc.readthedocs.io/en/latest
https://astrometry.net
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Figure 7. 50 depth as a function of time after emergence of GW 190425 and model KN light curves in R, i, J, and K bands. The inverted triangles are the median So
depths at the median times of the observation sequences. The error bar represents the range of the depth and the time of the images in the corresponding observation
sequence. Different colors represent different observatories. Note that the LSGT observation depths are indicated for r band. We plot two KN models scaled to the
distance of GW190425, and the shaded region corresponds to the distance range of GW190425 (156 £ 41 Mpc). The red curve is GW170817-like KN from K17. The
blue one shows a shock cooling early emission in the r, i, and J bands from PK18.
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software (Becker 2015) for all the images taken except for
UKIRT and KMTNet images at decl. < —30° where there is
coverage of PSI survey. For the KMTNet images taken at
decl. < —30°, the images taken at later epochs (a few days)
were used as reference images. Then, we searched each

subtracted image for transient candidates by detecting sources
in the subtraction images and visually inspecting them. During
this process, many nonastronomical detections (bogus) were
made due to imperfect subtraction and cosmic rays. To remove
them, we adopted the following procedures:

10
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Figure 9. Images GECKO190427a taken by KMTNet-SAAO in R band at 2019 April 27 17:12:57 UTC. The left panel is the observed image, the middle panel shows
the PS1 reference image in r band (Chambers et al. 2016), and the right panel shows the subtraction image (the observed image minus the reference image). The
yellow tick mark indicates the location of GECKO190427a.

Table 4
Photometry Table of Transients from GECKO
Object Observatory Filter Date-obs Median At R.A. Decl. Mag. Mag. Error
(UTC) (days) (hh:mm:ss.ss) (dd:mm:ss.s) (ABmag) (ABmag)
AT 2019dta KMTNet-CTIO R 2019-04-26 03:11:02 0.787 16:42:54.80 —19:41:22.3 19.73 0.06
AT 2019dnv KMTNet-SAAO R 2019-04-25 21:38:33 0.556 16:56:08.22 —08:11:54.6 19.32 0.05
AT 2019dnv KMTNet-CTIO R 2019-04-26 03:31:59 0.801 16:56:08.23 —08:11:54.7 19.18 0.04
AT 2019dws KMTNet-SSO R 2019-04-25 13:12:38 0.204 16:48:11.15 +01:04:00.6 19.06 0.06
AT 201911z KMTNet-SAAO R 2019-04-27 17:26:17 2.380 05:45:20.45 —26:50:51.0 18.53 0.02
AT 2019hae KMTNet-SAAO R 2019-04-25 21:16:51 0.541 16:55:14.93 —17:52:54.2 18.06 0.03
AT 201%hae KMTNet-CTIO R 2019-04-26 03:16:57 0.791 16:55:14.94 —17:52:54.2 18.09 0.03
AT 20190cg KMTNet-CTIO R 2019-04-26 03:16:57 0.791 16:52:45.01 —19:05:38.8 20.11 0.05
SN 2019dzk SQUEAN i 2019-04-26 08:47:02 1.02 17:13:29.76 —09:56:31.2 18.45 0.05
SN 2019dzw KMTNet-SAAO R 2019-04-25 22:10:28 0.578 17:31:09.96 —08:27:02.8 19.94 0.05
SN 2019dzw SQUEAN i 2019-04-26 08:38:24 1.014 17:31:09.60 —08:27:54.0 19.57 0.04
PS19qp UKIRT K 2019-04-26 15:09:15 1.285 17:01:18.33 —07:00:10.1 20.26 0.13
GECKO190427a KMTNet-SAAO R 2019-04-27 17:12:57 2.371 05:03:39.04 —23:47:38.8 20.29 0.05
Table 5
1. To remove cosmic rays and signals arising from Photometric Results of the Host Galaxy of GECKO190427a
Qiffraction §pi¥<§s., objects were excluded if their elonga— Filter Mag. Mag. Error
tions or ellipticities were larger than the corresponding
o . Pan-STARRS g 18.62 0.03
mean values plus the standard deviation of point sources
in the image catalog. Pan-STARRS r 18.03 0.03
. . . Pan-STARRS i 17.71 0.02
2. Then, we selected sources in the subtracted image using Pan-STARRS 2 17.56 0.02
the SE FLAGS parameter (FLAGS =0) to avoid the Pan-STARRS y 17.36 0.03
objects that are on bad or saturated pixels. 2MASS J 16.97 0.1
3. Imperfect subtraction often produces clumps of negative 2MASS H 16.96 0.1
pixels. To remove false detection caused by such features, WISE W1 17.74 0.03
WISE W2 18.02 0.05

we multiplied the subtraction image by —1 and detected
positive signals. Then, we excluded the detections
whose locations match with detections in the negative
images.

4. The objects that survived the above filtering procedures
were visually inspected to remove spurious detections.

As most of the UKIRT images had no deeper reference
images, we monitored the variability for each source across
multiple epochs. Transients were searched as objects that are
flux-varying point sources (CLASS_STAR >(.5) and away
from the edges of the images. We used the VISTA Hemisphere
Survey (VHS; McMahon et al. 2013) K-band images taken in
2009 as reference images for some of the UKIRT images for
which a proper image subtraction was needed to measure fluxes
of transients accurately.
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Note. Apparent magnitudes are corrected for the Galactic extinction.

The selected candidates were matched with known transient
catalogs. Moving objects in the solar system were identified
using astroquery from the Skybot archive (Skybot;
Berthier et al. 2006), and previously reported transients
like SNe were found from the transient name server (TNS;
Gal-Yam 2021).

As a result, 11,581 filtered transient candidates were filtered
out, among which 3637 were images taken by small telescopes,
and 7944 were images taken with KMTNet. The final list of
transients is 1336 solar system objects matched with Skybot,
eight previously reported transients with unknown nature, three
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Figure 10. Result for photometric redshift estimation with the EAZY code for host galaxy of GECKO190427a. Colored points represent the magnitude in each filter from PS1,
2MASS, and Wide-field Infrared Survey Explorer (WISE). The WISE data points are queried from NED, and others are measured by SE. All magnitudes are MW-corrected
with (Wang & Chen 2019). Top: the gray-shaded region shows photometric points. Bottom: difference between the SED fitting result and photometric points is shown.

reported SNe (Section 4.1), and one new transient named
GECKO190427a from the KMTNet-SAAO images.

6. Nature of Transients and Constraints on KN Property
6.1. GECKO Depths versus KN Models

To illustrate the sensitivity of the GECKO observations, we
compared the detection upper limits with GW170817-like KN
models, scaled at the GW luminosity distance of GW190425 of
156 £ 41 Mpc (Abbott et al. 2020b). First, according to Kasen
et al. (2017, hereafter K17), KN emission from GW170817
consists of two components. Blue emission is from the ejecta
composed of mainly light r-process elements having low
opacity, and the other is a red component from the ejecta
composed of relatively heavy r-process elements having high
opacity. We combine these two components of the GW170817-
like spectrum provided by K17 and convert the combined
spectrum into AB magnitude in observed bands. Second is
the shock cooling or cocoon emission model (Piro &
Kollmeier 2018, hereafter PK18). According to PKIS8, a
distinctive characteristic of shock cooling emission is blue
excess emission in the early phase. We take GW170817-like
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shock cooling emission. Assuming 37.7 & 8.7 Mpc as the
distance of GW170817 (Im et al. 2017), we scaled both models
to the updated distance of GW190425 (Figure 7).

Overall, the follow-up observation depths sufficiently cover
GW170817-like KN model LCs. In the R band, the 1 m class
telescopes provide data that are slightly deeper than the model
LC. On the other hand, KMTNet gives image depths that are
deeper than both model LCs for several days. The SQUEAN
observation could cover not only the initial cooling emissions
but also the emissions by r-process heating.

6.2. Comparison of LCs of Transients with KN Models

In Figure 8, we compare the LCs of eight transients with
unknown nature and three SNe, and GECKO190427a includ-
ing the KN models in R and i bands to find the GW EM
counterpart. KN model LCs from Barbieri et al. (2021,
hereafter B21) and the GW170817-like KN model of K17
and PK18 are shown in the top and bottom panels respectively.
Note that B21 provides KN model LCs depending on the
equation of state (EoS) and BH spin originating from both
progenitor systems. We take component mass configurations of
BNS and NSBH consistent with the chirp mass of GW 190425
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Figure 11. Comparison of the range of absolute magnitude of GECKO190427a with different transient LCs in R band. The gray-dotted horizontal line and green-
shaded region show the absolute magnitude and its range of GECKO190427a scaled by the photometric redshift range of its host galaxy (Figure 10). The red line
shows the expected brightness of a KN based on the KN model from K17 at the time when GECKO190427a was found. The black line shows the LC of a Type Ia SN,
SN 2011fe. Blue lines show LCs of bright Type II SNe, with My < —17.5 at the first epoch, and gray lines show LCs of Type II SNe with My > — 17.5 at the first
epoch, as listed in de Jaeger et al. (2019). LCs for both types of SNe have been shifted by #, — 50 days and #, — 100 days for comparison. The inverted purple triangle

indicates the upper detection limit from DECam at 7, — 108.5 days.

(Table 2 in B21) with the stiffest and softest EoS (DD2 and
APR4 for each).

Figure 8 illustrates the challenge of determining the nature of
transients based on a limited number of data points. Among the
detected transients, most of them appear to be brighter than the
GW170817-like KN (K17). In particular, the brightness of
AT2019%hae in the R band exceeds the expected brightness from
the KN LCs with extreme EoS, suggesting that it is not a KN.
On the other hand, PS19qp, which has been classified as an SN
based on spectroscopy (Dimitriadis et al. 2019; McCully et al.
2019; Morokuma et al. 2019), shows consistent brightness in
the K band with both K17 and B21 model LCs. Therefore, it
remains challenging to distinguish KNe from unknown
transients based on a single photometric data point. It is
crucial to utilize multiepoch data and consider the decay rate of

13

brightness or the color evolution of the transients to improve
the identification of KNe.

6.3. Nature of GECKO190427a

In KMTNet-SAAO R-band observation taken on 2019 April
27 17:12:57 UTC (~2.4 days after the GW event), we found
GECKO190427a in the Southern hemisphere of the GW
skymap localization, with an apparent magnitude of
R=20.29+0.05 (Figure 9). No match was found with
reported transients on General Coordinates Network (GCN)
or TNS. As seen in Figure 9, it is located on a host galaxy,
WISEA J050339.09-234733.9 (Cutri et al. 2013) with a 477
offset in the North direction. Its host galaxy is not contained in
the modified GLADE catalog. Details are listed in Table 4.
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Figure 12. Expected kilonova light curve (KN LC), scaled to four different distances in R band from K17, over the days following the emergence of GW events, and the 5o
detection depth of LOAO, one of the 1 m class telescope and KMTNet, a 1.6 m telescope in the GECKO project. The x-axis is expressed on a log scale to illustrate how
GECKO facilities can capture the early LC of a KN. Red vertical lines indicate the time when the EM counterpart of GW 170817 was discovered after the GW event. The
dotted line and dashed line represent the 5o depths of an LOAO with a 15 minutes exposure time, and KMTNet with a 10 minutes exposure time, respectively. The blue line
shows the KN models at a distance of 40 Mpc, where GW170817 is located. The dark green line indicates the model at a distance of 156 Mpc, the median luminosity distance
of GW190425. The light green line represents the model at 350 Mpc, the distance within which GW detectors would detect 90% of BNS merger events in the O4 run. Finally,
the red line shows the model at 620 Mpc, the distance within which GW detectors would detect 90% of BNS merger events in the O5 run.

We found the archival image with the closest epoch taken by
Dark Energy Camera (DECam) in r band at 2019 January 09
04:20:23 UTC, which shows no significant signal at the
location of GECKO190427a with (50 depth) =23.9 mag,
confirming that this is a transient. Since GECKO190427a
was discovered during the post-event processing of the data, no
intensive follow-up observation was carried out.

First, we compare its apparent magnitude with different KN
models. As shown in Figure 8, while GECKO190427a is
consistent with the KN models of a BNS merger with DD2 EoS
and an NSBH merger with APR4 from B21 (upper left panel),
it is too bright to be a GW170817-like KN as modeled by K17.

Second, since there was no redshift information for its host
galaxy in the modified GLADE catalog, we measured its
photometric redshift with the EAZY'? code (Brammer et al.
2008). We collected optical and NIR images in g, 7, i, z, ¥, J,

12 https://github.com/gbrammer/eazy-photoz
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and H (g, r, i, z, y band from PS1; Flewelling et al. 2020, and J,
H band from the 2MASS All-Sky Atlas Image Service;
IPAC 2020). We used SE to measure their magnitudes
(MAG_AUTO) directly from the retrieved images, and
made corrections for the Galactic extinction (Wang &
Chen 2019) while the photometric results in W1, and W2 are
compiled from Wright et al. (2019). Photometries are listed in
Table 5.

Figure 10 shows the best-fit spectral energy distribution
(SED), and the measured redshift is 0.149)3%, corresponding
to 63873/ Mpc in luminosity distance."”*> We found that the
host galaxy is contained in the GLADE+ catalog (Ddlya et al.
2022), and it has a consistent redshift (z~ 0.166), corresp-
onding to 711 Mpc in luminosity distance. Both values are too
far from GW’s luminosity distance of 156 £41Mpc. In
Figure 11, to illustrate this better, we convert the apparent

13 Peculiar velocity of galaxy is negligible at the given redshift.
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magnitude of GECKO190427a to the absolute magnitude with
the measured distance and compare it with the expected
brightness of a KN in the model from K17, a typical and well-
studied Type Ia SN, SN 2011fe, and Type II SNe (Figure 11).
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Our analysis indicates that the brightness of GECKO190427a,
which exceeds typical KN brightness, is similar to that of SNe
near their peak brightness, suggesting that GECKO190427a is
likely an SN. A direct constraint from the DECam upper
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limit suggests that the outbreak should have occurred at
to > — 108.5 days. Furthermore, the LCs of Type Ia SN, and
bright Type II SNe (Mg < — 17.5) suggest the onset of the
transient happened at —50 days <7 <0 days if
GECKO190427a is a Type Ia SN, or a bright Type I SN. In
conclusion, GECKO190427a is unlikely to be related to
GW190425. The distance of the host galaxy played a critical
role in this assessment, demonstrating the importance of having
this information in advance. GECKO190427a is probably an
SN, but we do not exclude the possibility of being a dim solar
system object accidentally passing through the galaxy.

7. Prospects of GECKO Observations
7.1. Outlook for GECKO Observations in O4

The wide-field telescopes such as KMTNet of GECKO can
be used more effectively than we have done for GW190425.
During the GW190425 campaign, the lack of sufficient
preparatory works forced us to do galaxy-targeted observation
even with KMTNet, making an unfortunate overlap of field
coverage. Here, we will estimate what portion of the
localization area could have been observed with KMTNet if
we performed wide-field tiling observations. As discussed in
the previous section, the depths we achieved with KMTNet are
sufficient to detect many types of KNe. Our GW190425
observation with KMTNet took an average of about 6 minutes
per field (including two dither points), with the actual exposure
time being 4 minutes.

Under the same depth conditions as the GW190425
observation, observations would commence immediately after
an alert from the available site—in this case, the KMTNet at
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CTIO. All KMTNet sites are subject to a minimum altitude
limit of 30°. We assume that tiling observations are to be
carried out sequentially, starting from the tiles with the highest
P>p sum. Observations could take place during astronomical
twilight when the Sun’s altitude is less than —18°, and they
could continue for up to 2.5 days after the GW trigger. The
decl. limit is roughly decl. =30° for the Northern hemisphere
targets.

The localization area of GW190425 is dispersed with a
considerate offset in the R.A. direction and divided into two
main regions at R.A. = 6 hr and an additional weaker peak at
3 hr. KMTNet could have covered most of the area around
R.A. = 17 hr, but it could have only observed a partial area for
the Southern hemisphere around R.A. = 6hr due to the
visibility issue. Despite the limitation, with observations from
three sites over three consecutive nights, we anticipate
2940 deg” of area coverage with 735 tiles (Figure 19), equating
to 32.3% of P,p coverage.

The expected median 90% credible region (CR) in O4 varies
with studies, from 33 deg” in Abbott et al. (2020a) to 1820 deg?
in Petrov et al. (2022). This is mainly due to the difference in
the S/N threshold. Even adopting the pessimistic but perhaps
more realistic estimate of Petrov et al. (2022) of thousands of
square degrees, the expected median CR is comparable to the
area covered by KMTNet’s tiling observation for up to 2.5 days
after the GW trigger. This suggests that KMTNet can cover
most of the observable area within 2.5 days during O4,
reaching depths sufficient to detect a GW170817-like KN at
350 Mpc (Figure 12), which is the expected median luminosity
distance for O4 (Petrov et al. 2022). Coordinating with other
facilities is expected to provide more robust coverage for
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poorly localized areas (i.e., areas larger than 3000 deg?) within
a few days.

Our GECKO observations started as fast as about 90 minutes
after the GW trigger, similar to the follow-up observations
carried out by other groups. Since then, we have upgraded our
follow-up alert software (GeckoDigestor; Pack 2023b) and
can possibly produce observation commands as soon as
10 minutes after the GW trigger. This does not mean that we
would start observations at 10 minutes because the updated
localization area of GW events could be significantly less than
the initial estimates. Hence, in O4, we expect to start follow-up
observations about an hour after the GW trigger, or they could
be much sooner if the GW event localization area is well
constrained.

Figure 13 shows the combined coverage of KMTNet and
Zwicky Transient Facility (ZTF) of 3300 deg” in the Global Relay
of Observatories Watching Transients Happen (GROWTH;
Coughlin et al. 2019). However, in combination with the Northern
hemisphere facilities using an improved GECKO strategy, cover-
ing the localization areas beyond 5000 deg? is not out of scope. For
example, the ZTF covered about 3100 deg” area in the Northern
hemisphere to a depth of 21 AB mag in the g and r bands.
Combining our anticipated GECKO coverage of 2940 deg”, we
can cover most of the GW190425 90% CR.

On the other hand, GW190425 tells us that the GW
localization is often bipolar when the signal is weak
(GW200105, and GW200115; Abbott et al. 2021). If these
bipolar regions are aligned in the direction of a similar R.A.,
the optical follow-up can be carried out effectively. On the
other hand, if the bipolar regions are aligned toward a similar
decl. direction like GW190425, the R.A. separation of the two
significant localizations could be large, and only one region
could be observed with optical telescopes due to the visibility
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constraints. In conclusion, KMTNet, when used for tiling
observations, can effectively cover large, poorly constrained
localization areas.

7.2. GECKO Prospects for Constraints on KN Models

The expected properties of KN in GW190425-like events
can be potentially inferred by comparing the upper limits from
our follow-up observations with the KN LCs modeled by a
wide range of parameter grids, assuming that the GW source is
located in our coverage. We used KN LCs predicted by
axisymmetric 2D KN model, varying mass, velocity, morph-
ology, viewing angle, and composition (Wollaeger et al. 2021).
In this model, the ejected materials consist of the dynamical
ejecta, which is made of the heavy r-process elements, and the
wind ejecta, which is composed of the light r-process elements;
these two kinds of ejecta are distributed in different longitudes
along with the axis of the system. Therefore, the predicted KN
SED shape for an observer varies depending on the viewing
angle from on-axis (0°) to edge-on (180°), the dynamical ejecta
mass (mgy, = 0.001, 0.003, 0.01, 0.03, 0.1 M), the wind ejecta
mass (Mying = 0.001, 0.003, 0.01, 0.03, 0.1 M), dynamical
ejecta velocity (mying = 0.05, 0.15, 0.3¢), and the wind ejecta
velocity (Vying = 0.05, 0.15, 0.3¢).

In this analysis, we consider constraints on KN properties
from two cases: KMTNet+ZTF and SQUEAN+ZTF observa-
tions. In the former case, we assume that the CR of GW 190425
was covered by both facilities as that could have happened (see
Section 6.1). In the latter case, we assume that instruments with
filter sets like SQUEAN and ZTF covered the entire CR or
galaxy targets. To consider realistic cases, we took the median
value of the upper limits taken on the same night as the data
point at a certain epoch. The LCs of KMTNet in the R band,
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Figure 19. Simulated coverage map of KMTNet tiling observation for GW190425. The color map shows the final localization probability map from GWTC-2 (Abbott
et al. 2020b). There are 735 black boxes each of which corresponds to the FOV of KMTNet (~4 degz).

ZTF in g and r bands are sensitive to the wind ejecta, which
produce the bluer light in the early phase. In contrast, the upper
limits in the i band can constrain the dynamical ejecta mass
effectively (Chase et al. 2022).

In Figure 14, we compare the upper limits with model LCs
derived from various combinations of parameters, which
include 54 viewing angles ranging from 0° to 180°. If the
predicted brightness from a model is brighter than the upper
limit at an epoch, we reject the model and vice versa. Note that
we did not consider the upper limits taken earlier than
At < 0.2 days because the KN model does not provide LCs
at such epochs. For that reason, the earliest upper limits of ZTF
and SQUEAN observations (ZTF g band; 2.34 hr, r band;
0.95 hr, and SQUEAN i band 2.43 hr from BNS merger event)
were not used in this analysis.

Figures 15 and 16 show how the combination of KMTNet
and ZTF observations can constrain various combinations of
model parameters. Figure 15 shows the fraction of consistent
KN models with the upper limits of KMTNet and ZTF for the
combinations of mgy, and mynq. The models with high wind
ejecta masses (Mying > 0.01M ) have less than 20% for most
grids of mgy, due to the nondetection in g or R bands in early
epochs, while the upper limits allow low my;,q that is of
Mying < 0.003 M. The value of mygyy, is less tightly constrained
than myinq, With most models for the entire range of mgyy,
allowed as long as myq values are low (<0.003 M).
Figure 16 shows the fraction of allowed models in ejecta mass
versus ejecta velocity space. Overall, it is difficult to constrain
the dynamical or wind ejecta velocities, but there is a tendency
for lower wind ejecta velocity to be favored (<0.015¢).
Combining Figures 15 and 16, we draw a conclusion that KN
models with high wind ejecta mass with high wind velocity
(>0.01¢) could be disfavored if the GW source exists in the
area covered by KMTNet and ZTF. As explained in Chase
et al. (2022), the R and i bands can constrain the properties of
wind ejecta, but dynamical ejecta cannot be ruled out with
upper limits in those bands.

With the combination of SQUEAN and ZTF photometry
information, the constraint on dynamical ejecta mass improves
(Figures 17 and 18). This is because the SQUEAN data point
represents an NIR photometry (i), and mgy, controls the
strength of the red component of the KN LC—the more mgyy,
the stronger the red KN LC. With the i-band data, the
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nondetection of KN can constrain the dynamical ejecta mass to
be mgay, $0.03 M, if the GW event occurred in the galaxies
that both SQUEAN and ZTF covered. For the ejecta velocities,
no useful constraints can be obtained, similar to the case of the
ZTF+KMTNet observation combination.

These comparisons show that useful constraints can be
obtained on some of the KN properties even when there is no
detection if the entire GW localization area is covered by
GECKO and/or ZTF. In particular, an NIR band such as i band
can help better constrain the dynamical ejecta mass, while the
blue optical bands can be useful for constraining the wind
component. Multiple epoch observations can help narrow down
the plausible KN parameter space compared to a single epoch
observation.

8. Summary and Conclusion

In this paper, we described GECKO, which aims to catch the
GW EM counterpart, and presented the follow-up observation
of the BNS merger event, GW190425. Based on observational
results, we also presented the prospects of GECKO observa-
tions of GW190425-like events.

We described the GECKO strategy for the galaxy-targeted
observation for which galaxies are prioritized in the following
way. First, we used the GW luminosity distance and GW
skymap localization to select the host galaxy candidates where
the GW source might exist from the galaxy catalog. Each host
galaxy candidate was assigned a score considering the location,
distance, and K-band luminosity. Here, we regard the K-band
luminosity as a proxy of stellar mass, which is known to be
approximately proportional to the BNS merger rate based on
the latest simulation results. As a result of applying our
prioritization to GW170817, NGC4993, which is the host
galaxy, was ranked first with an unrivaled score. When the GW
alert is distributed through PyGCN,'* an automated pipeline
selects and prioritizes GW host galaxy candidates, generates a
target list, and then delivers it to the staff at each observation
site within 10 minutes.

GECKO observation of GW190425 shows that the number
of covered host galaxy candidates is about 10% of the total
number. However, the score coverage stands at about 30%. We
show that the imaging depths of GECKO, especially KMTNet,
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are deep enough for detecting a GW170817-like KN at
150 Mpc, demonstrating the effectiveness of KMTNet for
GW optical counterpart search.

In our search area, we found a number of solar system
moving objects, eight previously reported transients, and one
new transient, GECKO190427a. We estimated the distance to
the host galaxy of GECKO190427a, which turned out to be too
far from the estimated distance from GW. We suggest that
GECKO190427a is likely to be an SN.

Based on our observations of GW190425, we discussed the
prospects of GECKO observation of GW190425-like events.
First, if KMTNet were used to do tiling observations, it could
have covered about 3000 deg®. Combining with other
telescopes' (e.g., ZTF) observations, it would be possible to
cover 90% CR as large as >5000 deg” to detect EM
counterparts of events out to 350 Mpc in several days.
Adopting two or three filters, wide-field follow-up observations
can exclude KN models with a significant amount of wind
ejecta (Mying > 0.01 M,.).

In the ongoing O4 run, we anticipate annually receiving
around a hundred GW alerts, including perhaps a dozen cases
of BNS and NSBH mergers. With the lessons learned from O3
such as the observation of GW190425, we are expanding our
facilities (e.g., 7DT) and have upgraded the software and
strategies that implement the up-to-date host galaxy studies and
machine-learning techniques. This should allow us to discover
and study optical counterparts of GW events during O4 with
improved efficiency.
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