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ABSTRACT

We present a summary of gravitational-wave (GW) follow-up using the Las Cumbres Observatory
global network of telescopes during the third (O3) and fourth (O4) observing runs of the GW detectors.
As in 02, we implemented the Gehrels et al. (2016) galaxy-targeted strategy. Here we test its efficacy
in O3 and O4 and analyze the Las Cumbres Observatory response time and depth for nine GW alerts
that showed a possibility of having an electromagnetic counterpart (GW190425, GW190426_152155,
S190510g, GW190728.064510, GW190814, S190822¢, GW191216-213338, S240422ed and S250206dm).
We find that Las Cumbres Observatory is able to begin observations in response to GW alerts within
minutes of the alert, with the observations being deep enough to detect possible GW170817-like kilo-
novae out to a median distance of 250 Mpc. In this sense a global rapid-response network of telescopes
like Las Cumbres is an excellent GW follow-up facility. However, the galaxy-targeted follow-up strat-
egy was much less efficient in O3 and O4 than originally predicted, given the larger than assumed GW
localizations. We conclude that coordination between various facilities to include both wide-field and
rapid-response capabilities is required to achieve efficient and comprehensive follow-up of GW events.

Keywords: Gravitational wave astronomy (675) — Astronomical methods (1043) — Observational

astronomy (1145) — Time domain astronomy (2109)

1. INTRODUCTION

The second observing run (O2) of the Advanced Laser
Interferometer Gravitational-wave Observatory (LIGO;
LIGO Scientific Collaboration et al. 2015; Davis et al.
2021) and Advanced Virgo (Acernese et al. 2014), known
then as the LIGO-Virgo science Collaboration (LVC),
took place from November 30, 2016, to August 25,
2017, and resulted in the first detection of a binary
neutron star (BNS) merger (Abbott et al. 2017, 2019).
This gravitational-wave (GW) event, GW170817, was
followed by the (so far only) confirmed discovery of
electromagnetic (EM) counterparts, which include the
short Gamma Ray Burst (GRB; Goldstein et al. 2017;
Savchenko et al. 2017) GRB170817A detected ~ 2 sec-
onds after the merger; X-ray and radio afterglows (Hal-
linan et al. 2017; Troja et al. 2017; Alexander et al.
2018; Margutti et al. 2018; Pozanenko et al. 2018) de-
tected days to weeks later; and a kilonova, identified ap-
proximately 11 hours after the merger (Andreoni et al.
2017; Arcavi et al. 2017; Coulter et al. 2017; Cowperth-
waite et al. 2017; Diaz et al. 2017; Drout et al. 2017;
Evans et al. 2017; Hu et al. 2017; Kasliwal et al. 2017;
Lipunov et al. 2017; McCully et al. 2017; Pian et al.
2017; Shappee et al. 2017; Smartt et al. 2017; Soares-
Santos et al. 2017; Tanvir et al. 2017; Utsumi et al.
2017; Valenti et al. 2017; Buckley et al. 2018; Poza-
nenko et al. 2018). This discovery provided a wealth of
information, including the association of BNS mergers

with short GRBs (Abbott et al. 2017; Goldstein et al.
2017; Savchenko et al. 2017), evidence for an off-axis
structured jet geometry from the afterglow evolution
(Margutti et al. 2018; Mooley et al. 2018; Ghirlanda
et al. 2019), and confirmation that BNS mergers are a
site of rapid (r-)process nucleosynthesis (Drout et al.
2017; Kasen et al. 2017; Pian et al. 2017). However, it
remains unclear whether GW170817 is representative of
the broader BNS merger population. Models predict a
wide diversity of possible transients driven by variation
in merger component masses, ejecta mass and composi-
tion, viewing angle, and uncertain physics such as the
neutron star equation of state (e.g. Kasen et al. 2017;
Bulla 2019; Nicholl et al. 2021). The 11 hour delay in
the discovery of the GW170817 kilonova made it chal-
lenging to discriminate among kilonova emission mod-
els (e.g. Arcavi 2018), demonstrating that even faster
follow-up is required. For reviews of GW170817 see Met-
zger (2017), Nakar (2020), and Margutti & Chornock
(2021).

The third observing run (O3), operated by the LIGO,
VIRGO, and the Kamioka Gravitational Wave detector
(KAGRA; Abe et al. 2022) collaboration (LVK), ran
from April 1, 2019 to October 1, 2019 (O3a), and from
November 1, 2019 to March 27, 2020 (O3b). O3 in-
cluded four detectors: the two advanced LIGO inter-
ferometers, in Livingston, Louisiana, USA (L1) and in
Hanford, Washington, USA (H1), the advanced Virgo



detector in Cascina, Italy (V1), and the KAGRA de-
tector in Hida, Japan (K1), which began operations to-
wards the end of O3b. The median BNS range (Chen
et al. 2021) of each instrument during O3a (O3b) was
135 (133) Mpec, 108 (155) Mpec, and 45 (51) Mpec, for
L1, H1, and V1, respectively (Abbott et al. 2021, 2023).
K1 had a BNS range of 0.7 Mpc at the end of O3b'.
During O3, alerts were issued for 80 significant events,
defined as candidates with a False Alarm Rate (FAR)
below one alert per seven months, which is the thresh-
old adopted by the LVK for compact binary coalescence
(CBQ) searches®. Early-warning alerts, issued prior to
merger, were classified as significant if they had a FAR
below one alert per four months®. Alerts with higher
FAR values were classified as low-significance events. Of
the 80 significant alerts, 24 were later retracted following
improved analyses indicating a non-astrophysical origin,
leaving a total of 54 confirmed significant events (Abbott
et al. 2021, 2023, 2024).

The fourth observing run (O4), operated by the LVK,
ran from May 24, 2023 to January 16, 2024 (O4a), April
10, 2024 to January 28, 2025 (O4b), and January 28,
2025 to November 18, 2025 (O4c). The L1 and H1 de-
tectors operated during O4a, O4b, and O4c, while V1
operated only during O4b and O4c. K1 operated at the
beginning of O4a and during O4c (The LIGO Scientific
Collaboration et al. 2025). The BNS ranges of each in-
strument during O4 were 150-160 Mpc for L1 and H1,
50-60 Mpc for V1, and 1-10 Mpc for K1. During O4,
alerts were issued for 283 significant events, of which 29
were retracted, leaving a total of 254 confirmed signifi-
cant events, and 5136 alerts for low significance events.

We used the Las Cumbres Observatory global net-
work of telescopes (hereafter, Las Cumbres; Brown et al.
2013) as part of a Key Project (PIs: Arcavi and Howell)
to follow seven events during O3, of which five initially
showed a non-negligible probability for an EM counter-
part and two were of lower confidence*. Of these, only
one (GW190425; Abbott et al. 2020a) remained as an
event with a probable EM counterpart after final LVK
analysis (Abbott et al. 2021, 2023, 2024), with the rest
having either low or no probability of an EM counter-
part (we keep these events in our analysis since they still
serve as a test of the follow-up performance). During

L https://observing.docs.ligo.org/plan/

2 https://emfollow.docs.ligo.org/userguide/analysis /index.html#
alert-threshold

3 https://emfollow.docs.ligo.org/userguide/early_warning.html

4 For simplicity, we collectively refer to all of these as “events”,
even if they were later determined not to be astrophysical in

origin.
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Table 1. Las Cumbres Telescopes relevant for this work,
ordered from east to west.

Observatory Location Code Telescopes
Siding Spring Australia COJ 2 m (x1)
1m (x2)
0.4m (x2)
SAAO South Africa CPT 1m (x3)
0.4m (x1)
CTIO Chile LSC 1m (x3)
0.4m (x2)
McDonald Texas, USA  ELP 1m (x1)
0.4m (x1)
Haleakala Hawaii, USA OGG 2m (x1)
0.4m (x2)

NoTE—The number of telescopes of each class in each site
is indicated in parenthesis in the right column.

04, follow-up observations were obtained for 2 signifi-
cant events that had a non-negligible probability for an
EM counterpart (final analysis of these events by the
LVK is not yet available).

Here we analyze the follow-up performance of the Las
Cumbres search for EM counterparts to the nine GW
events followed by us during O3 and O4. We briefly
describe the relevant Las Cumbres Observatory facilities
in Section 2 and the GW follow-up strategy in Section
3. Section 4 details the events followed and the follow-
up observations. The follow-up performance analysis is
described in Section 5, and its results are presented in
Section 6. Our summary and conclusions are presented
in Section 7.

2. LAS CUMBRES OBSERVATORY

During O3 and O4, 19 optical telescopes (two 2m,
nine 1 m, and eight 0.4 m in diameter) at five of the Las
Cumbres sites took part in GW follow-up (Table 1) as
part of our Key Project. All Las Cumbres telescopes
are automated and the entire network shares a dynamic
schedule. The observatory capabilities are described in
detail in Brown et al. (2013).

Each telescope class uses a different type of imager
with a different field of view (FOV) and pixel scale (Ta-
ble 2). All imagers used here are paired with Sloan Dig-
ital Sky Survey (SDSS) ugriz filters, Johnson BV RI
filters, and a wide w filter covering the gri bands.

3. THE FOLLOW-UP STRATEGY


https://observing.docs.ligo.org/plan/
https://emfollow.docs.ligo.org/userguide/analysis/index.html#alert-threshold
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Table 2. Las Cumbres imagers relevant for this work.

Class Imager FOV Pixel Scale Run
(Binning)

0.3 (2x2) 03

027 (1x1)  O4

2m Spectral 10" x 10’
MuSCAT'  9.1' x 9.1

1m Sinistro 26’ x 26" 0.389 (1x1) 03,04

0.4m SBIG6303 29" x 19" 0.571 (1 x 1) 03
QHY600 1.9°x1.2° 074(1x1)  O4

"Multi-color Simultaneous Camera for studying Atmo-
spheres of Transiting exoplanets (Narita et al. 2020).

NoTE—The pixel scale is given in arcseconds per pixel after
binning.

During O3, GW events determined to be significant
by real-time analysis were distributed as alerts through
the Gamma-ray Coordinates Network® (GCN; now the
General Coordinates Network) notices. These notices
include the event type® probabilities, the probability of
the event being of astrophysical origin pgssr0, the FAR
of the signal, and a full Hierarchical Equal Area iso-
Latitude Pixelation” (HEALPix; Gérski et al. 2005a)
sky map of location probabilities and distance estimates.
The HEALPix map divides the sky into equal-area pix-
els, with each pixel containing a probability for the GW
source to be at that location, along with a mean distance
estimate for the GW source if it were at that position,
and its uncertainty. The total localization area and vol-
ume can be calculated, for example, with the healpy®
Python package.

The first alerts to be released for each event were
“preliminary” (not yet human vetted), followed by “ini-
tial” (issued after human vetting) alerts. Most “initial”
alerts were then followed by one or more “update” alerts
(based on more detailed analysis of the GW signal),
which updated one or more of the alert parameters, or
a “retraction” alert (if the event was no longer deemed
real).

The VOEvent protocol (Seaman et al. 2011) was used
to automatically receive the alerts, store them in a
database, and trigger galaxy selection. An email no-

tification was sent to all team members for all signifi-
cant alerts, and an additional text message was sent for
events having a probability greater than 10% of contain-
ing a neutron star or mass-gap object. Target of Oppor-
tunity (ToO) observations were then manually triggered
for events having pusiro > 50%, having a probability
greater than 10% of containing a neutron star or mass-
gap object, observable for at least two hours per night,
and for which the Las Cumbres network was not suffer-
ing from technical outages at the time. Continued ob-
servations were re-evaluated following each update alert.
Observations were stopped after a few days, depending
on the event, as detailed in Section 6.1.

Due to the FOV of the Las Cumbres imagers (Table 2),
galaxy-targeted observations, where telescope pointings
are centered on specific galaxies in the GW localization
region, are more efficient than trying to tile the entire
GW localization region. Here, as in O2 (Arcavi et al.
2017), we follow the galaxy-targeted approach presented
in Gehrels et al. (2016). In practice, for each alert we cal-
culated the localization volume by integrating over the
30 distance estimate for every HEALPix pixel within the
99% localization probability. Galaxies from the Galaxy
List for the Advanced Detector Era’ (GLADE; Dalya
et al. 2018) catalog Version 2.3 inside this volume were
prioritized and assigned a “score” for the likelihood of
detecting the counterpart there, based on their location,
mass, distance, and our limiting detectable luminosity,
as described in Arcavi et al. (2017). Arcavi et al. (2017)
show that Version 2 of GLADE is complete out to ~300
Mpc for galaxies with L /L% greater than the Schechter
function (Schechter 1976) median value, with L the B-
band galaxy luminosity and L} the luminosity equiva-
lent to an absolute magnitude of M}, = —20.7 (see Ar-
cavi et al. 2017 for more details). In O3 we removed
galaxies fainter than this median value from the prior-
itization, while in O4, this luminosity restriction was
relaxed, to allow for a larger pool of galaxies.

The GLADE catalog is based on a compilation of sev-
eral other catalogs'®. As a result, luminosity distance
estimates are derived using heterogeneous methods, and
associated uncertainties are not provided. Our galaxy
selection algorithm thus adopts the luminosity distances

9 https://glade.elte.hu/

5 https://gen.nasa.gov

6 Binary black hole (BBH) merger, neutron star-black hole (NSBH)
merger, BNS merger, a merger that contains a “mass gap” object
with a mass of 3Me < M < 5Mg, or an event of “terrestrial”
origin, i.e. noise from Earth.

7 https:/ /HEALPix.sourceforge.io/

8 https://healpy.readthedocs.io/en/latest/

10 The 2 Micron All-Sky Survey Extended Source Catalog (2MASS
XSC; Skrutskie et al. 2006), the Gravitational Wave Galaxy Cat-
alog (GWGC; White et al. 2011), the 2MASS Photometric Red-
shift Catalog (2MPZ; Bilicki et al. 2014), the combination of
Hypercat and the Lyon-Meudon Extragalactic Database (Hyper-
LEDA; Makarov et al. 2014), and the Sloan Digital Sky Survey
quasar catalogue from the 12th data release (SDSS-DR12Q; Paris
et al. 2017)


https://gcn.nasa.gov
https://HEALPix.sourceforge.io/
https://healpy.readthedocs.io/en/latest/
https://glade.elte.hu/

as they are in the catalog without applying additional
assumptions.

Las Cumbres observation triggers were then automat-
ically prepared based on the galaxy prioritization, and
were sent to the Las Cumbres real-time scheduler fol-
lowing human verification (see Arcavi et al. 2017 for
more details). Each galaxy was observed in multiple
bands (see Section 4), either once or multiple times, de-
pending on the observing constraints and localization
size. Images taken were processed by the Beautiful Al-
gorithms to Normalize Zillions of Astronomical Images
(BANZALI) pipeline'! (McCully et al. 2018) and then by
the LCOGTSNpipe'? pipeline (Valenti et al. 2016) which
also subtracts template images from the Sloan Digital
Sky Survey (SDSS) Data Release 15 (Aguado et al. 2019)
when available, and calculates a global limiting mag-
nitude per image. This estimate does not account for
possible residual flux from the host galaxy due to im-
perfect subtractions nor for the higher background in
bright host-galaxy regions. The true limit for transients
located in bright regions of their host galaxy could there-
fore be shallower.

After processing, image triplet (new, reference and
subtraction when available) cutouts around each target
galaxy were presented on a webpage for manual inspec-
tion for possible new sources. When no references were
available, only the new image was presented. In this
case, a counterpart embedded in a bright region of the
host galaxy might not be detected in real time.

4. ALERTS AND OBSERVATIONS

Each GW event identified by the LVK receives
a GW Candidate Event Database (GraceDB)'? su-
perevent ID (denoted with a leading ‘S’), and, if
the event later surpasses pusiro > 50% following fi-
nal analysis, a GW Transient Catalog (GWTC; Ab-
bott et al. 2021, 2023, 2024) ID (denoted with a
leading ‘GW’). We use the GWTC ID if available.
Otherwise, we use the GraceDB ID for the events
presented in this paper. The GWTC/GraceDB IDs
of the seven events followed by Las Cumbres Dur-
ing O3 are GW190425, GW190426_152155, S190510g,
GW190728.064510, GW190814 (Abbott et al. 2020b),
5190822c¢ and GW191216_213338. Of these events, one
(S190822c) was retracted, and one (S190510g) was not
retracted but does not appear in the GWTC due to
having its pgsiro later re-evaluated to < 50%. The
two events followed by Las Cumbres during O4 were

H https://Ico.global /documentation/data/BANZAlpipeline/
2 https:/ /github.com /LCOGT/lcogtsnpipe
13 https://gracedb.ligo.org
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5240422ed and S250206dm, detected during O4b and
O4c, respectively. Events from these sub-runs have yet
to be published in official GW catalogs. S240422ed had
its pastro Te-evaluated to < 50% a few weeks after its
detection (Ligo Scientific Collaboration et al. 2024a).
In Table 3 we provide a summary of all the alerts fol-
lowed. We retrieve the alert information for GWTC
events from the GW Open Science Center (GWOSC;
Abbott et al. 2023) website'* and for non-GWTC events
from GraceDB.

Las Cumbres observations of prioritized galaxies dur-
ing O3 (0O4) were taken in the g, r and/or i (g, r, i
and/or z) filters, with exposure times of 240 and 300
seconds (depending on the galaxy distance), and a 24-
hour cadence. The choice of filters was motivated by the
preference to obtain early multi-band color information
during the critical initial hours (Arcavi 2018), even at
the expense of maximizing sky coverage. This strategy
enables the characterization of transient candidates at
early times, even in cases where their identification is
achieved in retrospect following discovery by more sen-
sitive facilities. The adopted cadence represents a com-
promise between covering a sufficient number of priori-
tized galaxies and revisiting previously observed targets
on the typical time scales for significant changes in emis-
sion properties, according to models.

A total of 1851 (525) images of 427 (118) galaxies were
taken for the seven O3 (two O4) events. Of these, we
removed 173 (162) images with exposures shorter than
100 seconds (which were due to technical or weather in-
terrupts) and those for which the pipeline was not able
to calculate a limiting magnitude (indicating a problem
with the image), leaving 1678 (363) images'® of 419 (94)
galaxies. We present the list of observations in Table 4,
and in Figure 1 we present the footprints of these obser-
vations. All of our pointings also appear on the Trea-
sure Map!'® Wyatt et al. (2020). Some of our follow-up
was reported in real time through GCN circulars (Ar-
cavi et al. 2019a,b,c; Burke et al. 2019; Hiramatsu et al.
2019a,b,c,d,e; Pellegrino et al. 2024).

During these campaigns, we also followed up two
GW190425 counterpart candidates reported by Kasli-
wal et al. (2019) and identified an additional candidate
during the follow-up of GW190426_152155 (Arcavi et al.
2019¢). Subsequent analysis and community follow-up
determined that all three candidates were unrelated to

M https://gwosc.org/eventapi/html/GWTC/

15 Images without a computed limiting magnitude could still reveal
a transient if present. However, for consistency we restrict our

analysis to images with measured limiting magnitudes.

16 http://www.treasuremap.space


https://lco.global/documentation/data/BANZAIpipeline/
https://github.com/LCOGT/lcogtsnpipe
https://gracedb.ligo.org
https://gwosc.org/eventapi/html/GWTC/
http://www.treasuremap.space
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observations. Our observations of GW190425 are also
published in Coulter et al. (2024) and Keinan & Arcavi
(2025), and of GW190814 in Kilpatrick et al. (2021).

their respective GW events (Arcavi et al. 2019d; Buckley
et al. 2019; Izzo et al. 2019; Nicholl et al. 2019; Pavana
et al. 2019; Perley et al. 2019; Wiersema et al. 2019). No

additional counterpart candidates were identified in our

Table 3. Summary of alerts and Las Cumbres observations obtained per event followed here.

Occasion Time 90% (50%) Distance  pastro Type FAR No. of No. of
[UT] Area [deg?] [Mpc] [yr™'] Images Galaxies
Observation Run 3
GW190425
GW Detection® 2019-04-25 08:18:05
Initial Alert? 2019-04-25 09:00:51 10183 (2806) 155445  >99% BNS 1.4-1075°
Observation Trigger®  2019-04-25 10:09:02 379 61
Update Alert? 2019-04-26 14:51:42 7461 (1378) 146 4+41  >99% BNS 1.4107°
GWTC-2.1° 8728 (2077) 150757 78% BNS 0.034
GW190426_152155
GW Detection® 2019-04-26 15:21:55
Preliminary Alert® — 2019-04-26 15:47:06 1932 (472) 423 +128  86% BNS 0.60
Initial Alert” 2019-04-26 15:53:09 1932 (472)  4234+128  86% BNS 0.60
Observation Trigger® 2019-04-26 15:58:55 20 6
Update Alert® 2019-04-27 11:52:26 1131 (214) 377 +£100  86% BNS 0.60
Observation Trigger® 2019-04-27 16:46:21 355 48
Update Alert® 2019-05-06 16:21:43 1131 (214) 3774100 86% NSBH 0.60
Update Alert'® 2019-08-29 14:46:43 1131 (214) 377 £100 42% BNS 0.60
GWTC-2! 1393 (221) 3707150 <50%  NSBH 1.4
S190510g
GW Detection*? 2019-05-10 02:59:39
Initial Alert® 2019-05-10 05:24:59 3462 (575) 269+ 108  98% BNS 0.026
Update Alert'* 2019-05-10 10:22:54 1166 (31)  227+92  98% BNS 0.026
Observation Trigger®  2019-05-10 16:01:17 50 17
Update Alert'® 2019-05-10 20:43:51 1166 (31)  227+92  85% BNS 0.026
Update Alert'® 2019-05-11 20:18:44 1166 (31) 227492 42% BNS 0.28
GW190728_064510
GW Detection'” 2019-07-28 06:45:10
Preliminary Alert’”  2019-07-28 06:59:27 977 (211) 786 +212 100% BBH 2.0-107*
Preliminary Alert'”  2019-07-28 07:03:41 1169 (261) 771 +£209 >99% BBH 2.0-107*
Preliminary Alert'”  2019-07-28 07:39:04 1169 (261)  771+£209 >99% Mass Gap  7.7-107'6
Initial Alert'® 2019-07-28 07:50:42 543 (55) 7954197 >99% Mass Gap  7.7-107'¢
Observation Trigger® 2019-07-28 09:35:19 113 51
Update Alert!® 2019-07-28 21:54:44 104 (24) 874+ 171  >99% BBH 7.7-10716
CWTC-2.1%° 400 (56) 8801350  100% BBH <1.0-107°
GW190814

Table 3 continued



Table 3 (continued)

Occasion Time 90% (50%) Distance  pastro Type FAR No. of  No. of
[UT] Area [deg?] [Mpc] [yr=!] Images Galaxies
GW Detection?! 2019-08-14 21:10:39
Preliminary Alert?!  2019-08-14 21:31:40 772 (133) 236453 100% Mass Gap  1.0-107'7
Initial Alert?? 2019-08-14 21:39:57 38 (7) 276 +56  100% Mass Gap  1.0-1077
Observation Trigger® 2019-08-14 22:17:32 256 60
Update Alert?* 2019-08-14 23:56:23 38 (7) 236 +53  100% Mass Gap  6.3-10726
Observation Trigger® 2019-08-15 06:26:49 45 40
Update Alert®? 2019-08-15 10:19:10 23 (5) 267 +52  100% NSBH 6.3-10726
Observation Trigger® 2019-08-15 13:11:59 349 66
GWTC-2.1% 22 (4) 230729 100%  NSBH <1.0-107°
$190822¢
GW Detection?” 2019-08-22 01:29:59
Preliminary Alert®®  2019-08-22 01:36:56 2767 (456) 35+10  >99% BNS 1.9-107%°
Observation Trigger® 2019-08-22 01:50:44 38 36
Retraction Alert®® 2019-08-22 03:12:19
GW191216_213338
GW Detection®” 2019-12-16 21:33:38
Preliminary Alert®”  2019-12-16 21:50:10 300 (86) 324478 100% Mass Gap  3.4-1076
Initial Alert?® 2019-12-16 21:57:54 300 (86) 324+78 100% Mass Gap  3.4-107'6
Observation Trigger® 2019-12-16 22:30:02 73 42
Update Alert?® 2019-12-19 17:55:16 253 (68) 376+ 70 >99% Mass Gap  3.4-1076
Update Alert®® 2019-12-23 18:01:58 253 (68) 376 £70  >99% BBH 3.4.1071¢
GWTC-3% 480 (87) 3407130 99% BBH <1.0-107°
Observation Run 4
$240422ed
GW Detection®? 2024-04-22 21:35:13
Preliminary Alert®?  2024-04-22 21:36:09 376 (87) 219462 >99%  NSBH 9.8-107°
Preliminary Alert®?  2024-04-22 21:41:06 473 (133) 205+61 >99%  NSBH 9.8.107°
Initial Alert3? 2024-04-22 22:21:02 404 (103)  214+64 >99%  NSBH 9.8.107°¢
Observation Trigger®  2024-04-22 22:23:48 60 30
Update Alert®* 2024-04-23 02:48:25 259 (72) 188+43 >99%  NSBH 9.8-107°
Observation Trigger® 2024-04-23 05:07:44 232 54
$250206dm
GW Detection®” 2025-02-06 21:25:30
Preliminary Alert®®  2025-02-06 21:26:02 2139 (716) 430+ 156  27% BNS 0.068
Preliminary Alert®®  2025-02-06 21:30:52 1544 (486) 409+ 139  92% NSBH 0.040
Initial Alert3® 2025-02-06 21:49:19 1544 (486) 409 +139  92% NSBH 0.040
Observation Trigger®  2025-02-06 22:32:57 71 36
Update Alert®” 2025-02-06 23:39:39 1626 (459) 359+125  92% NSBH 0.040
Update Alert®” 2025-02-07 00:02:48 1626 (459) 359+ 125  92% NSBH 0.040
Update Alert®® 2025-02-07 02:46:08 910 (222) 348 £ 114  92% NSBH 0.040

Table 3 continued



Table 3 (continued)

Occasion Time

90% (50%)
[UT] Area [deg?] [Mpc] [yr™]

Distance  pgstro Type FAR No. of No. of

Images Galaxies

Update Alert® 2025-02-08 11:06:27 547 (38) 373+104 92% NSBH 0.040

NoTE—Event types with the highest probability per alert are presented. Number of galaxies observed for each observation
trigger. pastro and FAR from the GWTC can vary, depending on the search pipeline. For consistency, we present the GstLAL
pipeline (Cannon et al. 2021) estimates, as they are available for every event presented here. The O4b and O4c data has yet
to be released to the GWTC.

References: 'https://gracedb.ligo.org/superevents/S190425z, 2LIGO Scientific Collaboration & Virgo Collaboration (2019a),
3Table 4, *LIGO Scientific Collaboration & Virgo Collaboration (2019b), ®https://gwosc.org/eventapi/html/GWTC-2.
1-confident/GW190425/v3/, ®https://gracedb.ligo.org/superevents/S190426c, "LIGO Scientific Collaboration & Virgo Col-
laboration (2019¢), ®*LIGO Scientific Collaboration & Virgo Collaboration (2019d), LIGO Scientific Collaboration & Virgo
Collaboration (2019¢), *°LIGO Scientific Collaboration & Virgo Collaboration (2019f), ‘https://gwosc.org/eventapi/html/
GWTC-2/GW190426_152155/v1/, https://gracedb.ligo.org/superevents/S190510g, **LIGO Scientific Collaboration & Virgo
Collaboration (2019g), LIGO Scientific Collaboration & Virgo Collaboration (2019h), *LIGO Scientific Collaboration
& Virgo Collaboration (2019i), '*LIGO Scientific Collaboration & Virgo Collaboration (2019j), "https://gracedb.ligo.org/
superevents/S190728q, ®LIGO Scientific Collaboration & Virgo Collaboration (2019k), 9TIGO Scientific Collaboration
& Virgo Collaboration (20191), Z°https://gwosc.org/eventapi/html/GWTC-2.1-confident /GW190728_064510/v2/, *'https:
//gracedb.ligo.org/superevents/S190814bv, 2LICO Scientific Collaboration & Virgo Collaboration (2019m), *LIGO Scien-
tific Collaboration & Virgo Collaboration (2019n), **https://gwosc.org/eventapi/html/GWTC-2.1-confident/GW190814/v3/,
Zhttps:/ /gracedb.ligo.org/superevents/S190822¢, 2LIGO Scientific Collaboration & Virgo Collaboration (20190), *"https:
//gracedb.ligo.org/superevents/S191216ap, 2*LIGO Scientific Collaboration & Virgo Collaboration (2019p), *LIGO Scien-
tific Collaboration & Virgo Collaboration (2019q), *°LIGO Scientific Collaboration & Virgo Collaboration (2019r), 3'https:
//gwosc.org/eventapi/html/GWTC-3-confident/GW191216_213338/v1/, *2https://gracedb.ligo.org/superevents/S240422ed,
33Ligo Scientific Collaboration et al. (2024b), 3*Ligo Scientific Collaboration et al. (2024c), *Shttps://gracedb.ligo.org/
superevents,/S250206dm, *¢Ligo Scientific Collaboration et al. (2025a), 3"Ligo Scientific Collaboration et al. (2025b), **Ligo
Scientific Collaboration et al. (2025¢), **Ligo Scientific Collaboration et al. (2025d).

issuing of the first alert with a non-zero probability for
an EM signal (hereafter “EM alert”), (ii) “Time to Trig-
ger”, which is the time between the first EM alert and
the first submission of an observation request to the Las
Cumbres scheduler!”, and (iii) “Time to Observations”,

5. ANALYSIS which is the time between the first observation request

Despite the lack of optical counterparts discovered in
03 and O4, we wish to assess the effectiveness of our
follow-up strategy and facility. First, we analyze the re-
sponse time of Las Cumbres as the time from the event
to the alert to triggering to start of observations (Sec-
tion 5.1). Next, we evaluate the completeness of our
galaxy targeted follow-up, in terms of the galaxy lu-
minosity fraction covered out of the galaxies prioritized
inside the localization volume that are brighter than the
Schechter Function median value (Section 5.2). Finally,
we examine the follow-up depth achieved by the trig-
gered observations (Section 5.3).

5.1. Response Time

We define the overall “Total Response Time” as the
time between the detection of a GW event to the execu-
tion of the first Las Cumbres observation. We subdivide
this period into three intervals: (i) “Time to Alert”,
which is the time between the candidate merger and the

submission and the first observation on sky. The Las
Cumbres response time is thus the sum of the Time to
Trigger and the Time to Observations. This is thus the
shortest time it took to start the search, but since the
counterpart can be detected in the n-th galaxy after the
start of the search, the estimated average time to the de-
tection of a counterpart will be n times the time spent
observing each galaxy, divided by the average number of
telescopes per site that can observe different galaxies si-
multaneously. Assuming three exposures of 300 seconds
per galaxy and three telescopes per site that work in
parallel, a detectable counterpart can be found in a few

17 The decision to trigger follow-up for S190510g was made following
the first update alert, since it reduced the 90% (50%) localization
area by a factor of ~3 (~20), so we use this alert instead of the
initial alert for this case. Similarly, the first preliminary alert for
S$250206dm had pgstro = 27%, so we use the second preliminary
alert for this case, which had a pgstro of 92%.
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https://gwosc.org/eventapi/html/GWTC-2.1-confident/GW190425/v3/
https://gwosc.org/eventapi/html/GWTC-2.1-confident/GW190425/v3/
https://gracedb.ligo.org/superevents/S190426c
https://gwosc.org/eventapi/html/GWTC-2/GW190426_152155/v1/
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https://gracedb.ligo.org/superevents/S190728q
https://gracedb.ligo.org/superevents/S190728q
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https://gracedb.ligo.org/superevents/S190814bv
https://gwosc.org/eventapi/html/GWTC-2.1-confident/GW190814/v3/
https://gracedb.ligo.org/superevents/S190822c
https://gracedb.ligo.org/superevents/S191216ap
https://gracedb.ligo.org/superevents/S191216ap
https://gwosc.org/eventapi/html/GWTC-3-confident/GW191216_213338/v1/
https://gwosc.org/eventapi/html/GWTC-3-confident/GW191216_213338/v1/
https://gracedb.ligo.org/superevents/S240422ed
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https://gracedb.ligo.org/superevents/S250206dm
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Figure 1. Sky maps of events followed up by Las Cumbres. Insets show zoomed-in regions. Filled markers denote positions
of galaxies colored by their probability score. Observed footprints of the 2m, 1 m, and 0.4 m telescopes are shown in red, blue,
and green squares, respectively, denoting the true footprint size of their respective imagers. Light blue and purple contours are
for the 90% and 50% localization regions, respectively. We show all the alerts for which observations were triggered.
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Table 4. Las Cumbres observations obtained for the O3 and O4 events followed here.

Event GLADE R.A. Dec. Luminosity mp Lp/L% Exposure Start Telescope Filter Limiting

ID 1D Distance [Mpc] [UT] Mag. (50)
S190425z 286940  252.337000 -17.644520 102 11.60  12.63  2019-04-26 10:09:30 OGG 2m g 22.96
S190425z 286940  252.337000 -17.644520 102 11.60  12.63  2019-04-25 19:03:31 COJ 1m r 19.67
S190425z 286940  252.337000 -17.644520 102 11.60  12.63  2019-04-25 18:57:49 COJ 1m i 19.23
S190425z 286940  252.337000 -17.644520 102 11.60  12.63  2019-04-25 19:09:13 COJ 1m g 20.16
S190425z 286940  252.337000 -17.644520 102 11.60 12.63 2019-04-26 09:55:11 OGG 2m 7 22.41
S190425z 286940  252.337000 -17.644520 102 11.60 12.63  2019-04-26 10:03:47 OGG 2m r 23.09
S190425z 6752 253.723526 -16.952021 123 13.35 3.63 2019-04-25 22:45:23 CPT 1m 7 20.79

NOTE—mp denotes the apparent B-band magnitude of the target galaxy, taken from GLADE and L} corresponds to Mpj = —20.7, following
Arcavi et al. (2017). Telescope names correspond to the codes in Table 1. Limiting magnitudes are calculated by LCOGTSNpipe per image.
This table is published in its entirety in the machine readable format. A portion is shown here for guidance regarding its form and content.



minutes to an hour in high priority galaxies (n < 10),
to a few hours for lower priority galaxies, after the start
of observations. We provide an observation timeline for
each event, including periods of telescope unavailability,
retrieved using the Las Cumbres Application Program-
ming Interface (APT)!S.

5.2. Galazy Prioritization and Coverage

We define galaxy luminosity coverage for each event
as the fraction of B-band luminosity observed by us,
Lp, out of the cumulative B-band luminosity of all pri-
oritized galaxies that are brighter than the Schechter
function median value (see Section 3) in the most recent
alert preceding the final observation trigger, Lp .. We
distinguish between two types of coverage: (i) “Total
Luminosity Coverage”, where repeat observations of the
same galaxies (either at different times or different wave-
lengths) are included, and (ii) “Unique Luminosity Cov-
erage”, where each galaxy is counted only once, regard-
less of the number of times it was observed. The Total
Luminosity Fraction is an upper limit for the achievable
luminosity fraction if all observations were unique.

5.3. Follow-up Depth

We examine the 50 non-detection limits of each im-
age obtained and compare them to GW170817 obser-
vations in the g, r, and ¢ bands taken from the Arcavi
(2018) compilation of observations by Andreoni et al.
(2017); Arcavi et al. (2017); Coulter et al. (2017); Cow-
perthwaite et al. (2017); Diaz et al. (2017); Drout et al.
(2017); Evans et al. (2017); Hu et al. (2017); Kasliwal
et al. (2017); Lipunov et al. (2017); Pian et al. (2017);
Shappee et al. (2017); Smartt et al. (2017); Tanvir et al.
(2017); Troja et al. (2017); Utsumi et al. (2017); Valenti
et al. (2017) and Pozanenko et al. (2018). We use the
InfraRed Survey Archive (IRSA) dust extinction service
queries'? (IRSA 2022) to correct all non-detection limits
for Milky Way dust extinction at the center of each im-
age by using the Schlafly & Finkbeiner (2011) galactic
dust extinction estimates. We then translate all limits
to absolute magnitude using the mean distance of the
pixel that overlaps with the center of the image in the
most recent localization map (see Table 3). We translate
the GW170817 observations to absolute magnitudes us-
ing the mean distance estimate provided by Abbott et al.
(2017). We define the limits that are deep enough to ob-
serve a GW170817-like kilonova as “GW17 limits”. To
check how many GW17 limits there are for each event,

18 https://developers.lco.global /#get-telescope-states
19 https:/ /astroquery.readthedocs.io/en/latest /ipac/irsa/
irsa_dust/irsa_dust.html
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Figure 2. Top: Las Cumbres observation timeline for

GW190425. On sky exposure blocks are shown in green,
blue, and red for the 0.4 m, 1 m, and 2m telescopes, respec-
tively. Grey regions are night periods, defined by astronom-
ical twilight, and diagonal hash marks denote times when
the telescopes at the site were in the “not ok to open” status
(which could be due to weather or technical issues). Bottom:
Luminosity fraction observed out of all prioritized galaxies.

we linearly interpolate the GW170817 observations be-
tween epochs of the same filter. We do not extrapolate
the GW170817 data to before its first detection (i.e. to
earlier than 0.47 days). We refer to follow-up observa-
tions conducted here prior to 0.47 days from the event
as “Early Time Limits”. We compare the Las Cumbres
capabilities to the observed properties of GW170817,
rather than to kilonova models, given the wide diversity
of model predictions and their dependence on uncertain
physical assumptions.

6. RESULTS

The results of our analysis are summarized in Table 5
and discussed below.

6.1. Response Time

The top panels of Figures 2—4 show the observation
timelines for the events followed here. Figures 5 and
6 summarize the response time for all nine events. The
median total response time is 3.15 hours, with the quick-
est (0.68 hours) and slowest (13.79 hours) responses oc-


https://developers.lco.global/#get-telescope-states
https://astroquery.readthedocs.io/en/latest/ipac/irsa/irsa_dust/irsa_dust.html
https://astroquery.readthedocs.io/en/latest/ipac/irsa/irsa_dust/irsa_dust.html
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Figure 3. Same as Figure 2, but for GW190426_152155 (top left), S190510g (top right), GW190728.064510 (bottom left), and

GW190814 (bottom right).

curring for S190822¢ and S190510g, respectively (Ta-
ble 5). Examining each interval separately, the medians
for the time to alert, trigger, and observations are 0.35
hours, 0.80 hours, and 2.02 hours, respectively. The re-
sponse time is affected also by the GW alerts, which can
change throughout an active event and affect our trigger-
ing decision. For example, the event GW190728_064510
initially reported as a BBH merger with 100% prob-

ability, and approximately 1 hour after detection was
changed to a mass gap object with 50% probability. The
median of the Las Cumbres response time is 3.00 hours.
The time to observations can be affected by telescope
availability due to weather, and source sky location.

In general, GW follow-up observation requests are
submitted as disruptive ToO’s, however the GW190425
follow-up was requested as a “normal” trigger, resulting
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Figure 4. Same as Figure 2, but for S190822c (top left), GW191216_-213338 (top right), S240422ed (bottom left), S250206dm
(bottom right). For S240422ed, we only show the first 2 days for clarity, but in practice the observations continued up to 8
days, contributing an additional fraction of ~0.01 to the total luminosity.

in the first observation being obtained roughly 2.7 hours
after the request was submitted. GW190426_152155,
GW190814, and S190822c exhibit the fastest disrup-
tive ToO response, with between 12 to 20 minutes of
time to observations. The time to observations for
GW191216_213338 was 2.21 hours, due to the localiza-
tion being mostly in the northern hemisphere, while the

only night-time site at the time of the alert, SAAQ, is
in the southern hemisphere. As soon as the night began
at the CTIO site, first observations were taken (Fig. 4).

The decision on when to stop follow-up observations
varied between events. By default, follow-up continued
for up to 5 days after the GW detection, as demon-
strated for GW190426_152155 and GW190814 (Figs. 3
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Table 5. Summary of our results.

Event Time to Time to Time to Las Cumbres  Total Response Luminosity Fraction No. of Limits
Alert Trigger Observations Response Time Time Unique Total GW17 Al
[Hours] [Hours] [Hours] [Hours] [Hours]
03
GW190425 0.71 1.13 2.70 3.83 4.54 0.015 0.094 297 379
GW190426-152155 0.42 0.20 0.20 0.39 0.81 0.0086 0.0763 44 375
S190510g 7.39 5.64 0.76 6.40 13.79 0.00075  0.00253 43 50
GW190728_064510 0.90 1.94 2.02 3.96 4.86 0.0046 0.0111 0 113
GW190814 0.35 0.76 0.21 0.97 1.32 0.37 1.24 40 650
S190822¢ 0.12 0.23 0.34 0.56 0.68 0.29 0.31 0 38
GW191216-213338 0.28 0.66 2.21 2.87 3.15 0.035 0.061 2 73
03 Median 0.42 0.76 0.76 2.87 3.15
04
S240422ed 0.016 0.80 2.20 3.00 3.01 0.065 0.51 22 292
S250206dm 0.090 1.03 2.80 3.84 3.93 0.0026 0.0053 0 71
04 Median 0.053 0.91 2.50 3.42 3.47
03404 Median 0.35 0.80 2.02 3.00 3.15

NOTE—See Section 5 for information regarding each column.

and 4, respectively). The follow-up of GW190425 was
stopped after ~1.1 days (Fig. 2) due to the decision
to prioritize follow-up of GW190426_152155, as its lo-
calization area was smaller and more manageable. For
S190510g, follow-up was stopped ~1.6 days after the
GW detection (Fig. 3) due to a decrease in pgstro in
subsequent alerts. In the cases of GW190728_064510
and GW191216_213338, the final update alerts reclassi-
fied the sources from Mass Gap objects to BBH mergers,
prompting the end of follow-up after ~0.55 and ~2.4
days, respectively (Fig. 4). The follow-up of S190822c
was terminated after a retraction alert was issued, ap-
proximately 2 hours post-detection (Fig. 4)

6.2. Luminosity Fraction Observed

The bottom panels of Figures 24 show the total
and unique cumulative luminosity fractions of the ob-
servations of each event. The best covered event is
GW190814, achieving a unique luminosity coverage of
37% within ~ 1.1 days. Notably, GW190814 also had
the smallest 90% localization area, covering just 22 deg?.

In contrast, the least covered event is S190510g, which
attained a unique (total) luminosity coverage of 0.075%
(0.25%) after ~ 1.5 days. This event also involved the
highest number of prioritized galaxies, exceeding 25,000.
The remaining events all exhibit similarly low total lu-
minosity coverage (except for S190822c, though it was
retracted after less than two hours).

GW190425 Bl Time to Alert

B Time to Trigger

GW190426_152155 Time to Observations

51905109

GW190728_064510

GW190814

5190822c

GW191216_213338

S240422ed

$250206dm

T T T T T
4 6 8 10 12 14
Hours Since Detection

0

Figure 5. Total response time and its constituents for each
event. The times to alert shown correspond to the first
EM alert issued (either preliminary or initial), except for
S190510g and S250206dm, where the time is from the first
update and second preliminary EM alerts, respectively (see
text for details).

The galaxy-targeted strategy proposed by Gehrels
et al. (2016) assumed nearby and/or well-localized
sources (search volumes of 500 deg? x 60 Mpc, 100 deg?
x 120 Mpc, and 20 deg? x 180 Mpc for progressively
sensitive runs of the GW detectors). This is consistent
with the GW170817 localization, even without consid-
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Figure 6. From top to bottom: Time to Alert, to Trigger,
and to Observations, Las Cumbres response time and Total
Response Time histograms. Values for O3 and O4 events are
presented in blue and red, respectively. Black dashed lines
mark the 03404 median value for each panel.

ering GRB170817A, and with the GW190814 localiza-
tion. However, as shown in Table 3, most events followed
here surpass these assumptions in either distance, area,
or both, giving larger volumes by one or two orders of
magnitudes. This results in 10> — 10° galaxies being
prioritized. Consequently, the observed luminosity frac-
tions remained below a few percent in most cases.

The difference between the total and unique luminos-
ity fraction covered is usually caused by galaxies being
observed twice or thrice in multiple filters, which can
add 5-10 minutes of observation for a single target. For
example, S190822c was observed solely in the g filter,
leading to a total and unique luminosity fraction of sim-
ilar values (31% and 29%, respectively).

6.3. Follow-up Depth

Figure 7 shows the distribution of apparent magni-
tude 50 limits achieved by different telescope classes.
More than half of the observations reached a depth of
at least 21 magnitudes, sufficient to detect a GW170817-
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Figure 7. Histograms of apparent magnitude 5o limits
achieved by the 1m, 2m, and 0.4m telescope classes for
the observations presented here. The top axis indicates the
equivalent distance at which a GW170817-like kilonova (hav-
ing a g-band peak absolute magnitude of —16) would be de-
tected at the corresponding apparent magnitude. The legend
lists the total number of images acquired by each telescope
class.

like event at peak brightness out to a distance of ~250
Mpec.

Figures 8 and 9 present the absolute magnitude lim-
its as a function of time with the GW170817 g, r, and
¢ band lightcurves for reference. The majority of the
events had GW17 limits (i.e. limits deep enough to de-
tect a GW170817-like kilonova at the appropriate dis-
tance), with GW190425 and S190510g having the high-
est fraction of such limits: 91% and 86% respectively.
In contrast, the GW190728_064510 and S190822c¢ obser-
vations resulted in no GW17 limits. This discrepancy
is due to the former being dominated by early-time lim-
its and the latter exclusively featuring early-time limits
(i.e. limits at times before the first detection of the
GW170817 kilonova, during which we do not know how
bright it was). Apart from S190510g, all other events
included some early-time limits.

This does not mean that an EM counterpart to these
events would have necessarily been observable, as EM
counterparts to BNS and NSBH mergers are expected
to vary in luminosity depending on their physical param-
eters and viewing angle. GW190728_064510, S190822c,
and GW191216_213338 were not expected to exhibit an
EM counterpart at all, either due to (eventually) being
more likely BBH mergers or not being of astrophysical
origin at all.

7. SUMMARY AND DISCUSSION
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We presented and analyzed Las Cumbres Observatory
follow-up of seven GW events during O3 and O4. Given
that no electromagnetic counterparts were expected for
any of the events considered here (with the exception
of GW190425 which is discussed in detail in Keinan &
Arcavi 2025), followup observations can not place mean-
ingful constraints on the physical properties of potential
counterparts. Therefore, this work focuses on evaluating
the efficiency and response characteristics of the follow-
up strategy itself.

We find that the median response time from EM alert
to first observation taken was 3.00 hours, with the short-
est being 23 minutes. As shown by Arcavi (2018), short
response times are crucial, as the identification of the
GW170817 kilonova ~11 hours after the merger missed
the early emission which could have distinguished be-
tween different kilonova models. Additionally, for the
majority of cases, observations were deep enough to de-
tect a GW170817-like kilonova. The ability of Las Cum-
bres to continuously observe across multiple sites, while
compensating for local weather and equipment malfunc-
tions, aligns well with the demands of searching for and
following rapidly-evolving and short-lived kilonovae.

However, this analysis also highlights the limitations
of a galaxy-targeted follow-up strategy when faced with
large localization areas and distant sources. Only one
event, GW190814, demonstrated a potential for com-
plete galaxy coverage. This event was also the most sim-
ilar to GW170817 in terms of localization area and num-
ber of prioritized galaxies. By contrast, the majority of
events exhibited much larger localization volumes which
included 10% — 10° prioritized galaxies. The median
50% and 90% localization areas during O3 (O4) were
130 (242) deg? and 740 (1021) deg?, respectively, with a
median distance of approximately 1115 (2180) Mpc. For
events within 500 Mpc (which are more relevant for EM
follow-up), the median 50% and 90% localization areas
during O3 (04) were 378 (30) deg? and 3403 (113) deg?,
respectively?’. As more detectors are added, localiza-
tions could get smaller, making galaxy-targeted strate-
gies more feasible (as originally envisioned by Gehrels
et al. 2016). However, this will still require sufficiently
complete galaxy catalogs out to large distances.

The interplay between future GW detector sensitivity,
localization accuracy, and galaxy-catalog completeness
will be critical in optimizing counterpart discovery and
follow-up strategies. Currently, large-field tiling strate-
gies can cover the larger GW localizations more effi-
ciently, while dynamically-scheduled global facilities like

20 Here we consider all event types.

Las Cumbres can shorten follow-up delay times. How-
ever, the lack of Las Cumbres reference images in real
time could hinder identification of faint sources on top of
bright backgrounds. While post-event reference images
could allow for early-epoch recovery of known transients,
this does limit the ability of a facility like Las Cumbres
to provide the early discovery itself. Some overlap in
search efforts, tailored to the nature of the real time data
products of each survey, is therefore likely required and
should be considered. This study thus emphasizes the
need for collaboration between facilities with different
capabilities (as enabled, for example, by the Treasure
Map; Wyatt et al. 2020) for obtaining rapid, deep and
wide GW follow-up.
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