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ABSTRACT

We present optical follow-up imaging obtained with the Katzman Automatic Imaging Telescope, Las Cumbres
Observatory Global Telescope Network, Nickel Telescope, Swope Telescope, and Thacher Telescope of the
LIGO/Virgo gravitational wave (GW) signal from the neutron star—black hole (NSBH) merger GW190814. We
searched the GW 190814 localization region (19 deg? for the 90th percentile best localization), covering a total
of 51 deg? and 94.6% of the two-dimensional localization region. Analyzing the properties of 189 transients
that we consider as candidate counterparts to the NSBH merger, including their localizations, discovery times
from merger, optical spectra, likely host-galaxy redshifts, and photometric evolution, we conclude that none of
these objects are likely to be associated with GW190814. Based on this finding, we consider the likely optical
properties of an electromagnetic counterpart to GW190814, including possible kilonovae and short gamma-ray
burst afterglows. Using the joint limits from our follow-up imaging, we conclude that a counterpart with an r-
band decline rate of 0.68 mag day !, similar to the kilonova AT 2017gfo, could peak at an absolute magnitude
of at most —17.8 mag (50% confidence). Our data are not constraining for “red” kilonovae and rule out “blue”
kilonovae with M > 0.5 M, (30% confidence). We strongly rule out all known types of short gamma-ray burst
afterglows with viewing angles <17° assuming an initial jet opening angle of ~ 5.2° and explosion energies
and circumburst densities similar to afterglows explored in the literature. Finally, we explore the possibility that
GW190814 merged in the disk of an active galactic nucleus, of which we find four in the localization region,
but we do not find any candidate counterparts among these sources.

Keywords: gravitational waves — merger: black holes, neutron stars

1. INTRODUCTION

Neutron star (NS) and black hole (BH) mergers are among
the strongest gravitational wave (GW) sources from 10 to
10,000 Hz (Press & Thorne 1972; Thorne 1997) and the pri-
mary astrophysical sources detected by the Laser Interferom-
eter Gravitational Wave Observatory (LIGO) and Virgo col-
laboration (LVC; LIGO Scientific Collaboration et al. 2015;
Abbott et al. 2017a). Although electromagnetic (EM) follow-
up observations of these events began with the first detec-

* NASA Einstein Fellow

tion of a binary black hole (BBH) merger by LIGO (Ab-
bott et al. 2016a), it was not until the discovery of the bi-
nary neutron star merger (BNS) GW170817 that EM and
GW emission was observed from the same source (Abbott
et al. 2017b). GW170817 was accompanied by a prompt,
short gamma-ray burst viewed off-axis (sGRB; Abbott et al.
2017c; Savchenko et al. 2017)" and later a kilonova called
AT 2017gfo” discovered at optical wavelengths (Coulter et al.

! Although Kasliwal et al. (2017) argue this event was much weaker than
sGRBs viewed at high redshift and likely the result of a shock breakout.

2 Also called SSS17a, DLT17ck, and PS17egl.
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2017). Follow-up observations of this event spanned the EM
spectrum, and combined with the GW data these observa-
tions enabled unique insight into the nature of its ejecta (e.g.,
Arcavi et al. 2017a; Cowperthwaite et al. 2017; Drout et al.
2017; Kasliwal et al. 2017; Kilpatrick et al. 2017; Smartt
et al. 2017), the engines that power sGRBs (Abbott et al.
2017¢; Savchenko et al. 2017; Fong et al. 2017; Murguia-
Berthier et al. 2021), and the NS equation of state (Abbott
et al. 2018a; Radice et al. 2018).

The precise localization of GW 170817 required coordina-
tion between the LVC and optical search teams (Abbott et al.
2017d; Coulter et al. 2017). Critically, all three LVC detec-
tors contributed to the localization of GW170817 and the dis-
tance to this event was only ~ 40 Mpc from the initial LVC
analysis (Abbott et al. 2017d). This enabled a search of a rel-
atively small volume of space that targeted galaxies in highly
complete catalogs. Indeed, the greatest limiting factors in
the speed with which AT 2017gfo was identified were the
timescale required to generate accurate localization maps and
the positioning of telescopes across the globe (Abbott et al.
2017b).

The same strategy has been less practical for all of the
high-confidence NS mergers reported during LVC Observing
Run 3 (03; including GW190425, S190426¢c, GW190814,
S$190910d, S190910h, S190923y, S190930t, S191205ah,
S191213g, and S200213t in Andreoni et al. 2020, 2019a;
Coughlin et al. 2019; Dobie et al. 2019a; Goldstein et al.
2019c; Gomez et al. 2019b; Hosseinzadeh et al. 2019;
Lundquist et al. 2019; Ackley et al. 2020; Antier et al. 2020;
Coughlin et al. 2020a; Morgan et al. 2020; Paterson et al.
2020; Pozanenko et al. 2020; Thakur et al. 2020; Vieira
et al. 2020; Watson et al. 2020; Alexander et al. 2021; de
Wet et al. 2021). With greatly increased detector sensitiv-
ity and a higher rate of events detected at larger distances
than GW170817, all LVC O3 events classified as NS merg-
ers were less precisely localized than GW170817 with one
exception. Given the rapid decline rates expected for EM
counterparts (Roberts et al. 2011; Kasen et al. 2015), it is un-
likely that a counterpart would be detected. This is true even
in the most optimistic counterpart models (Andreoni et al.
2020; Goldstein et al. 2019¢; Hosseinzadeh et al. 2019; Mor-
gan et al. 2020; Thakur et al. 2020; Alexander et al. 2021;
de Wet et al. 2021), but especially after folding in realistic
assumptions about the physical properties of NS mergers im-
plied by GW data as in the case of GW190425 (Foley et al.
2020). Although some observations rule out AT 2017gfo-
like counterparts over a large fraction of the localization re-
gions of O3 events (e.g., Coughlin et al. 2020a; Goldstein
et al. 2019¢; Morgan et al. 2020), the total ejecta mass, com-
position, and merger properties of most NS mergers remain
almost entirely unconstrained.

The need for better constraints is most pressing for GW
events from neutron star—black hole (NSBH) and black hole—
black hole (BBH) mergers where no viable EM counterparts
have been confirmed (whereas GW 170817 is widely consid-
ered to be the result of a BNS merger; Abbott et al. 2017b;
Kilpatrick et al. 2017). Unlike BNS mergers where disrup-
tion of both NS components and some ejecta are guaranteed
(Li & Paczynski 1998; Shibata & Taniguchi 2006; Metzger
et al. 2010; Roberts et al. 2011), in a NSBH merger it is pos-
sible that the NS will eject no mass before it is entirely ac-
creted by the BH. This is because the NS must be tidally
shredded before it reaches the innermost stable circular orbit
to produce ejecta, and whether this happens depends on the
total mass of the system, the mass ratio, spins, and the radius
(and thus the equation of state) of the NS (Faber et al. 2006;
Lee & Ramirez-Ruiz 2007; Ferrari et al. 2010). Thus, for
each new NSBH, the LVC infers the probability that mass re-
mains outside the merger based on numerical-relativity sim-
ulations (i.e., HasRemnant in LIGO Scientific Collabora-
tion & Virgo Collaboration 2019a,b). Values reported by the
LVC use an optimistic (stiff) equation of state, which max-
imizes the value of HasRemnant given constraints on the
masses and spins of the merger components (Abbott et al.
2009). HasRemnant is often interpreted as the likelihood
of seeing an EM counterpart similar to a kilonova or sGRB
(Kasen et al. 2017; Troja et al. 2017). Beyond comparisons
to relatively simple systems such as the GW170817 merger
where ejecta are guaranteed, the validity of this estimate and
the nature of EM emission from NSBH mergers have yet to
be verified, and thus all HasRemnant estimates are subject
to significant systematic uncertainties.

In the middle of O3 and roughly 2 yr after reporting
GW170817, the LVC detected GW signal GW190814 on
14 Aug. 2019 at 21:11:16 UT (LIGO Scientific Collabora-
tion & Virgo Collaboration 2019a,b; Abbott et al. 2020a).
Detailed analysis indicated that this signal had high signif-
icance, implying a relatively close event with a low proba-
bility of a “false alarm” (with a rate of one per 10'! Hubble
times that a spurious signal from correlated noise or detector
“glitches” could produce GW190814; Singer & Price 2016).
GW190814 was classified as a NSBH with high significance
(>99%; Abbott et al. 2020a). In the final analysis of the
GW190814 strain, the best-fitting template to the GW strain
signal being the merger of 2.59+0.08 M, and 23.27}5 M,
components at 235 fﬁg Mpc (Abbott et al. 2020a).

In addition to being the best-localized and one of the clos-
est GW events to date, GW190814 had one of the most ex-
treme mass ratios of all GW events detected during the LVC’s
first three observing runs. However, this analysis assumes
that 2.59 My NSs exist in nature, which may not be the
case if the maximum-mass NS is below this threshold (Fat-
toyev et al. 2020; Tan et al. 2020; Kanakis-Pegios et al. 2021;
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Godzieba et al. 2021; Wu et al. 2021). The search for EM
counterparts therefore provides unique insight into the na-
ture of this threshold; detection of an EM counterpart from
an NSBH merger with a massive secondary would imply that
the maximum NS mass is at least as massive. Although anal-
yses that classify GW190814 as a NSBH merger imply that
the secondary is the most massive known NS, with signifi-
cant implications for the compact binary population and their
formation channels (Abbott et al. 2020b), it remains possible
that GW190814 was a BBH system, incidentally making the
secondary the least massive known BH.

The localization for GW 190814 was rapidly refined to a lo-
calization region with size ~ 38 deg? (90th percentile) on 14
Aug. 2019 and centered approximately at « = 24.6°,0 =
—24.8° (J2000), although the final localization map pre-
sented by Abbott et al. (2020a) had a 90th percentile area
of 19 deg? (Figure 1). Initial estimates of the HasRemnant
statistic by the LVC was < 1% (LIGO Scientific Collabora-
tion & Virgo Collaboration 2019a), which is consistent with
expectations that a 23.2 M+2.59 M, system would pro-
duce no ejecta even if the BH was maximally rotating. Sig-
nificant EM follow-up observations of this event were trig-
gered by several groups (Andreoni et al. 2020; Dobie et al.
2019a; Gomez et al. 2019b; Ackley et al. 2020; Vieira et al.
2020; Watson et al. 2020; Alexander et al. 2021; de Wet et al.
2021), which spanned gamma-ray through radio wavelengths
and continued for > 250 days after merger. No prompt
gamma-ray signature was detected despite coverage of the lo-
calization region by INTEGRAL, Fermi, and Swift (Molkov
etal. 2019; Kocevski et al. 2019; Palmer et al. 2019), and ob-
servations at X-ray through radio wavelengths did not reveal
any likely counterparts.

Here we present a joint analysis of the optical observa-
tions of the GW190814 localization region performed by the
Gravity Collective, a collaboration consisting of follow-up
efforts by the One-Meter Two-Hemisphere (1M2H) collabo-
ration, the Las Cumbres Observatory network, and the Katz-
man Automatic Imaging Telescope (KAIT) and representing
imaging obtained on fourteen 0.7-1 m telescopes across the
globe. We describe our optical searches and follow-up obser-
vations of candidates, including optical photometry and spec-
troscopy, in Section 2. In Section 3, we discuss our criteria
for classifying candidates and conclude that no optical tran-
sients discovered from any source are likely counterparts to
GW190814. None of our searches found a viable EM coun-
terpart to GW190814, and so in Section 4 we place limits on
the physical nature of any EM counterpart to GW190814. We
compare our limits to models of kilonova, sGRB, or rapidly
fading optical emission, from which we determine that we
can rule out red kilonovae with ejecta mass and velocity simi-
lar to those of AT 2017gfo at 4x 10~ 7% significance and blue
kilonovae with ejecta mass > 0.5 M (30% confidence). We

also rule out sGRB afterglows with viewing angles < 17°
(assuming a jet opening angle of 5.2° as with GW170817 in
Wu & MacFadyen 2018, 2019) and explosion energies and
circumburst densities spanning the range presented by Fong
et al. (2015). We conclude by discussing our overall search
and follow-up strategy in Section 5 and the implications for
discovering EM counterparts to GW events in future LVC
Observing runs.

All magnitudes presented in this paper are given in the AB
system (Oke & Gunn 1983). Milky Way extinction is de-
rived along the corresponding lines of sight from Schlafly &
Finkbeiner (2011).

2. OBSERVATIONS

IM2H coordinated follow-up observations between three
0.7-1 m telescopes in order to search for optical counterparts
to GW190814. The goal of this search and those involving
the Las Cumbres Network and KAIT was to localize an op-
tical counterpart to the gravitational-wave event, which was
known to resemble an NSBH merger (LIGO Scientific Col-
laboration & Virgo Collaboration 2019b). Based on NSBH
merger models and their total ejecta masses (Faber et al.
2006; Ferrari et al. 2010; Rosswog et al. 2013), we inferred
that likely counterparts would resemble a kilonova (likely
redder than AT 2017gfo; e.g., see Metzger & Fernandez
2014) or the afterglow from a sGRB. Based on the local-
ization and luminosity distance to the event provided by the
LVC and ultimately representing a volume of ~39,000 Mpc?
(Abbott et al. 2020a), our goal was therefore to localize a
counterpart resembling one of these transients within the vol-
ume constrained by the event.

We prioritized IM2H observations using the open-source
code teglon3, which examines the LVC localization map
and the GLADE galaxy catalog (Délya et al. 2018) in or-
der to optimally weight the priority of observing specific
parts of the localization region over time. These observa-
tions were prioritized to maximize the likelihood of finding
an EM counterpart under the assumption that it occurred in a
galaxy in the LVC localization volume. We also prioritized
follow-up observations of viable candidate counterparts with
our imaging and spectroscopic resources as described below.

In addition, we coordinated observations with KAIT and
1 m telescopes in the Las Cumbres Network, all of which tar-
geted galaxies (as in Arcavi et al. 2017b) in the localization
region of GW190814. Finally, we observed eight galaxies
and two counterparts in the localization region of GW 190814
with Keck/MOSFIRE, although we were unable to obtain
later follow-up imaging using the same instrument and fil-
ters. All observations are described below, and our follow-up

3 https://github.com/davecoulter/teglon
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images and candidate counterparts are shown relative to the
final GW 190814 localization region in Figure 1.

2.1. Imaging Search and Follow-Up Observations
2.1.1. KAIT

The 0.76 m Katzman Automatic Imaging Telescope
(KAIT; Richmond et al. 1993; Filippenko et al. 2001) at Lick
Observatory targeted galaxies in the localization region of
GW190814 on 15 and 18 Aug. 2019, as described by Vasy-
lyev et al. (2019a,b). Galaxies were selected from GLADE
(Délya et al. 2018) according to their B-band luminosity,
with target priority reweighted by elevation at the time of
observation. All observations were performed in a “Clear”
filter. 161 galaxies were targeted on 15 Aug. 2019 with an
additional 52 galaxies on 18 Aug. 2019. All 213 fields were
reimaged from 24-25 Aug. 2019 to provide templates of the
same fields for detailed analysis.

Following standard imaging and photometry procedures
(e.g., Ganeshalingam et al. 2010; Zheng et al. 2017), the im-
ages were calibrated and point-spread-function (PSF) pho-
tometry was performed using DAOPHOT (Stetson 1987) in
IDL. The throughput of the KAIT “Clear” filter is known
to be close to the R band (Li et al. 2003), so local AAVSO
Photometric All-Sky Survey (APASS) standards (Henden
et al. 2015)* were transformed to the Landolt R band (Lan-
dolt 1992) following Jester et al. (2005). Template images
were then subtracted from the 15 and 18 Aug. epochs us-
ing a custom IDIL-based image-subtraction pipeline for PSF
convolution. Finally, the limiting magnitude was estimated
in each subtracted image by examining the 30 root-mean-
square (RMS) noise within an aperture fixed to the size of
the convolved PSF. These limits are provided in Table 4.

2.1.2. Keck/MOSFIRE

We targeted 10 fields in a single epoch of target-of-
opportunity imaging with the Multi-Object Spectrometer for
Infra-Red Exploration (MOSFIRE; McLean et al. 2012) on
the Keck-I 10 m telescope on 15 Aug. 2019 as shown in
Table 4 and described by Brown et al. (2019). Two of
these fields targeted candidates within the highest probabil-
ity regions of GW190814; we observed AT 2019nmd and
AT 2019nme (discovered by DESGW; Soares-Santos et al.
2019a; Morgan et al. 2020), both of which were undetected
and later ruled out as likely minor planets (see Table 5). The
remaining eight fields targeted galaxies within the inner 50th
percentile localization region of GW190814. The final image
mosaics consist of 6.1’x 6.1 frames centered on the coor-
dinates reported in Table 4. All observations consisted of an
eight-point dither pattern with 30 s of cumulative exposure
time in the J band.

4 https://www.aavso.org/apass

We reduced these data following standard procedures in
the MOSFIRE data-reduction pipeline’ (e.g., Barro et al.
2014). The images were corrected for dark current and flat-
fielded using calibration exposures obtained in the same in-
strumental configuration. We then obtained photometry of
sources in each image using DoPhot and compared these
sources to their J-band magnitudes in the 2MASS catalog
(Cutri et al. 2003) to calibrate our images. Comparing to pre-
merger 2MASS images of the same fields, we did not detect
any transient sources in any of the Keck/MOSFIRE images
(as reported by Brown et al. 2019).

The limiting magnitudes reported in Table 4 represent the
average RMS sky background inside a single PSF aperture,
so they should not be interpreted as the limiting magnitude
for any transient sources in our images. As we were unable to
obtain template exposures for these fields, we do not include
the Keck/MOSFIRE limits in the analysis of our constraints
on EM counterparts to GW190814.

2.1.3. Las Cumbres

We also observed the localization region of GW190814
with the Las Cumbres Observatory global network (Brown
et al. 2013), specifically with its 1 m telescopes at the Mc-
Donald Observatory in Texas, the Cerro Tololo Interamerican
Observatory in Chile, the Siding Spring Observatory in Aus-
tralia, and the South African Astronomical Observatory. Our
pointings were selected based on the galaxy-targeted search
and prioritization strategy outlined by Arcavi et al. (2017b).
We obtained 300 s exposures in the g and ¢ bands using the
Sinistro cameras mounted on these telescopes, which have a
26" x 26’ field of view. Our initial results were reported by
Hiramatsu et al. (2019b). Image processing was performed
by the Las Cumbres Observatory BANZAI pipeline (Mc-
Cully et al. 2018) and limiting magnitudes were extracted
using LCOGTSNpipe (Valenti et al. 2016). We used SDSS,
PS1, or DECam reference images in the appropriate bands
to perform image subtraction using PyZOGY (Zackay et al.
2016; Guevel & Hosseinzadeh 2017). The limiting magni-
tudes were calculated by first estimating the Poisson noise
due to the sky using the median absolute deviation of the
entire image. Combining the Poisson and read noise, we es-
timate the 3-0 limiting magnitude by inverting the standard
signal-to-noise equation. The observations are summarized
in Table 4.

2.1.4. Nickel

We used the Nickel 1 m telescope at Lick Observatory, Mt.
Hamilton, California in conjunction with the Direct 2k x 2k
camera (6.8’ x 6.8’) to observe galaxies in the localization
region of GW190814 on 14-19, 22, 27, and 30 Aug. 2019,

5 https://keck-datareductionpipelines.github.io/Mosfire DRP/
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Figure 1. The LVC localization region of GW 190814 with our follow-up observations from KAIT (light blue), Las Cumbres (red), Nickel
(dark blue), Swope (orange), and Thacher (green) overplotted. We also show candidate counterparts imaged near the GW 190814 localization

region and excluded candidates (gray).

as well as on 3 and 11 Sep. 2019 (Table 4). These im-
ages were all obtained in the r band with 180 s exposures.
Bias-subtraction and flat-fielding were done in photpipe
(Rest et al. 2005) using calibration frames obtained on the
same night and in the same instrumental configuration. We
aligned our images using 2MASS astrometric standards in
the image frame and calibrated the images with r-band stan-
dards obtained from the PS1 DR1 object catalog (Flewelling
et al. 2020). Initial difference imaging was performed us-
ing hotpants with template images generated from the
Dark Energy Camera (primarily DES DR1; Abbott et al.
2018b) and processed using the same pipeline, but our final
difference-imaging analysis uses the exposures from Sep. 3

and 11. In addition, we used a custom version of DoPhot
(Schechter et al. 1993) to detect and perform forced photom-
etry on all candidate transient sources.

2.1.5. Swope

We observed the localization region of GW190814 with
the Swope 1 m telescope at Las Campanas Observatory,
Chile from 14 Aug. to 10 Sep. 2019 (Kilpatrick et al.
2019). Each observation is summarized in Table 4. The
Swope/Direct 4k x 4k camera on the Swope telescope cov-
ers 29.8" x 29.7". We performed all observations in the
band with 120 s exposures. Bias-subtraction, flat-fielding,
amplifier stitching, image registration, and calibration were
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Figure 2. The limiting magnitudes from all of our follow-up observations of GW190814 with respect to the time from merger. We show
the absolute magnitudes on the left-hand axis, based on the preferred distance to GW190814 of 241 Mpc, and apparent magnitudes on the
right-hand axis. Each observation is colored by telescope and band as shown in the legend. We also overplot model light curves for the gri
bands based on a blue kilonova with M¢; = 0.025 M), vej = 0.26¢, Y. = 0.45, and also a red kilonova with Me; = 0.059 Mg, vej = 0.19c,
Y. = 0.1, which approximately represent the red and blue components of AT 2017gfo (see Section 4.3 and Drout et al. 2017; Kilpatrick et al.
2017). Similarly, we show GRB170817A viewed on-axis and off-axis at an angle of 8,,s = 17° (Section 4.4 and Wu & MacFadyen 2018).
Finally, we show smoothed gr: light curves of AT 2017gfo derived from observations reported by Drout et al. (2017), Coulter et al. (2017),
Arcavi et al. (2017a), Cowperthwaite et al. (2017), Troja et al. (2017), and Tanvir et al. (2017).
















































































































































































































































