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Abstract

The recent discovery of electromagnetic signals in coincidence with neutron-star mergers has solidified the importance of
multimessenger campaigns in studying the most energetic astrophysical events. Pioneering multimessenger observatories,
such as LIGO/Virgo and IceCube, record many candidate signals below the detection significance threshold. These sub-
threshold event candidates are promising targets for multimessenger studies, as the information provided by them may,
when combined with contemporaneous gamma-ray observations, lead to significant detections. Here we describe a new
method that uses such candidates to search for transient events using archival very-high-energy gamma-ray data from
imaging atmospheric Cherenkov telescopes (IACTs). We demonstrate the application of this method to sub-threshold
binary neutron star (BNS) merger candidates identified in Advanced LIGO’s first observing run. We identify eight hours
of archival VERITAS observations coincident with seven BNS merger candidates and search them for TeV emission. No
gamma-ray emission is detected; we calculate upper limits on the integral flux and compare them to a short gamma-ray
burst model. We anticipate this search method to serve as a starting point for IACT searches with future LIGO/Virgo data
releases as well as in other sub-threshold studies for multimessenger transients, such as IceCube neutrinos. Furthermore, it
can be deployed immediately with other current-generation IACTs, and has the potential for real-time use that places a
minimal burden on experimental operations. Lastly, this method may serve as a pilot for studies with the Cherenkov
Telescope Array, which has the potential to observe even larger fields of view in its divergent pointing mode.
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Unified Astronomy Thesaurus concepts: Gamma-ray transient sources (1853); Gamma-ray astronomy (628);
Gamma-ray bursts (629); Stellar mergers (2157); Gamma-ray bursters (1878); Gamma-ray observatories (632);

Gamma-ray telescopes (634); Gamma-rays (637)

1. Introduction

The recent association of electromagnetic counterparts to the
first gravitational wave (GW) detection of a binary neutron star
(BNS) merger by the Laser Interferometer Gravitational-Wave
Observatory (LIGO)/Virgo and its partners worldwide has
ushered in a new era of multimessenger astrophysics (Abbott
et al. 2017a). This GW event, known as GW170817, was
independently detected in gamma rays ~1.7s later and
identified as a short gamma-ray burst (GRB 170817A; Abbott
et al. 2017b). GW170817 was followed up extensively across
the electromagnetic spectrum, and has enabled the identifica-
tion of the host galaxy of the kilonova GW progenitor (Coulter
et al. 2017; Kasliwal et al. 2017). Subsequent observations led
to a great wealth of knowledge about kilonovae, nucleosynth-
esis, the origins of short gamma-ray bursts (GRBs), and more
(Abbott et al. 2017b).

In addition, IceCube’s 2017 detection of a high-energy
(~290 TeV) neutrino, IceCube-170922A, from the direction of
the blazar TXS 0506+ 056 in a flaring state prompted a
multiwavelength campaign to examine the possibility of blazars
as candidate sources of high-energy neutrinos as well as very-
high-energy (VHE; >100GeV) gamma rays (Aartsen et al.
2018a, 2018b). Initially, IceCube-170922A had only a 50%
probability of being astrophysical in nature, but reached the 30
level when considered in the context of observations of the flaring
gamma-ray state of TXS 0506+ 056 with the Large Area
Telescope on board the Fermi satellite (Fermi-LAT; Atwood et al.
2009). Additional follow-up performed by the MAGIC, VER-
ITAS, and H.E.S.S. Cherenkov telescope observatories led to the
detection of a significant VHE gamma-ray signal from a direction
consistent with the neutrino event by MAGIC (Aartsen et al.
2018a) and VERITAS (Abeysekara et al. 2018a). The follow-up
of such transient signals by ground-based imaging atmospheric
Cherenkov telescopes (IACTs) thus holds great promise for the
identification of VHE gamma-ray astrophysical counterparts.

While LIGO/Virgo and IceCube have made a number of
high-significance detections independently, many of their
potential signals fall short of the threshold for a detection, and
thus do not trigger an alert (Abbott et al. 2019). The plethora of
candidates that are relegated to sub-threshold status presents the
opportunity for re-examining archival data to look for correlated
activity. The idea to take sub-threshold candidates from
multimessenger observatories and perform real-time and archival
coincidence searches therefore is a worthwhile approach, and
one that continues to garner interest (Hughes et al. 2001; Marka
2003; Aso et al. 2008; LIGO Scientific Collaboration & Virgo
Collaboration 2008; Marka et al. 2010; Smith et al. 2013;
Countryman et al. 2019; Keivani et al. 2019; Aartsen et al. 2020
Antier et al. 2020; Ayala Solares et al. 2020; Wyatt et al. 2020;
Veske et al. 2020).

The catalogs of gravitational-wave events from the first (O1)
through the first half of the third (O3a) observing run of
Advanced LIGO and Virgo have been published (Abbott et al.
2019, 2021a). The catalogs include 50 compact binary
coalescences, of which two are classified as mergers of neutron
stars. Abbott et al. (2021b) estimate a merger rate density of

23.973%° Gpc™* yr~! for binary black hole mergers, and of
3207330 Gpe ™ yr ! for BNS mergers.

In the first observing run of Advanced LIGO alone, no BNS
mergers were discovered; however, 103 sub-threshold BNS
candidate events have been identified following the run’s
completion® (Magee et al. 2019). The analysis of Magee et al.
(2019) assigns a false-alarm rate (FAR) to potential BNS
merger signals, and defines a sub-threshold candidate to be a
signal with a FAR of less than one per day. Given their
astrophysical probabilities, 1.63 of the 103 identified candi-
dates are expected to be authentic—in other words, GW signals
from a BNS coalescence (Magee et al. 2019). Despite the high
noise and accidental contamination fraction, these candidates
have the potential to be correlated with other multimessenger
signals that could bolster the confidence in identifying real
astrophysical events. In particular, a detection by an IACT,
coincident in time and space, could help to increase the
detection significance of a GW event. In the case in which a
sub-threshold alert is released in real time, it is possible that
such a near-real-time association by an IACT could trigger a
campaign of further observations.

VHE emission from long GRBs has been detected by IACTs
(Abdalla et al. 2019; Acciari et al. 2019; de Naurois 2019),
further demonstrating the sensitivity of these ground-based
gamma-ray observatories to short, high-energy transient events.
Although GW detectors have all-sky sensitivity, the uncertainty
in their localization of a source’s point of origin remains
large.*® On the other hand, IACTs have a small field of view
(FoV) but comparatively excellent localization.”’ The associa-
tion of VHE gamma rays with GW events would have
interesting astrophysical implications—in particular, source
localization and the identification of the production mechanism
of VHE photons. The full multimessenger view is important to
understand the nature of the source and environment of these
events, and the detection of their electromagnetic counterparts
will provide valuable information on the characteristics of the
central engine and perhaps even the origin of short GRBs.

In this work, we describe and demonstrate a transient
archival search method using IACT data from VERITAS to
search for serendipitous coincidences with sub-threshold BNS
candidates from Advanced LIGO’s first observing run. If
VERITAS is observing within a candidates high localization
probability region at the time of its measurement with LIGO
and sees flaring activity, this could potentially improve
confidence in a LIGO detection and provide improved
localization. The primary goal of this work is to establish the
methodology, capability, and potential for discovery of this
method. In addition, this study could possibly lead to follow-up
of new sub-threshold triggers in future observing runs in real
time, not just with VERITAS, but also with other current-

2 https://dce.ligo.org /public /0158 /P1900030/001 /index.html

0 The median sky localization area (90% credible region) is on the order of a
few hundred square degrees for BNS mergers during O3 with the Advanced
LIGO and Virgo (HLV) network (Abbott et al. 2018).

3 The angular resolution of VERITAS is of order 0713 at 200 GeV, with a
source location accuracy of 50” for a sufficiently bright detection. Details on
VERITAS performance can be found at https://veritas.sao.arizona.edu/about-
veritas /veritas-specifications.
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Table 1
The Seven Sub-threshold BNS Merger Candidates Found to Have Spatial and Temporal Coincidence with at Least One VERITAS Observation

Candidate Label LIGO BNS Candidate Event ID

LIGO VERITAS

FAR (yr’l) S/N p-astro 1073 Area (deg2) tirst teoine Coverage Probability
Cl 20150c¢t12T02:40:22.39 142.27 8.42 3.82 2321 —0:11:17 0:18:53 0.22%
2t 20150¢t24T09:03:52.00 7.52 9.69 79.6 24218 1:33:08 1:11:08 0.06%
o3 2015Nov17T06:34:02.07 7.52 8.84 181 24221 —0:08:02 2:37:43 0.18%
Cc4 2015Dec04T01:53:39.14 225.02 9.09 2.5 2909 0:16:20 1:00:00 0.19%
st 2015Dec06T06:50:38.17 77.45 7.72 6.64 24264 —0:09:02 2:10:18 0.15%
C6 2015Dec09T07:25:24.68 141.65 7.85 3.84 2606 1:36:25 0:15:00 0.03%
Cc7 2016Jan02T02:47:29.35 356.13 7.51 1.63 3487 1:44:55 0:30:00 0.18%

Note. For these candidates, we present the candidate label, LIGO event ID (¢ in UTC), false-alarm rate (FAR), signal-to-noise ratio (S/N), probability the candidate is
astrophysical in origin, and area of the 90% confidence region (Magee et al. 2019). We also provide the time of the first spatially coincident VERITAS observation
within the temporal window with respect to the candidate’s o (f5,5), the total spatially coincident VERITAS exposure time within the temporal window (.oinc), and the
probability the counterpart, if authentic, fell within the VERITAS FoV during those observations. Candidates marked by H and L were single-detector triggers from

LIGO-Hanford and LIGO-Livingston, respectively.

generation IACTs, H.E.S.S., and MAGIC (Aharonian et al.
2006; Aleksi¢ et al. 2016). This work may also serve as a
prototype for future studies with the Cherenkov Telescope
Array (CTA), as the improvements in sensitivity of GW
detectors coupled with CTA’s wider FoV and better sensitivity
will increase the likelihood of having serendipitous coverage of
the core, or highest probability region, of a GW candidate event
over time.

2. GW Observations and VERITAS Search Method

LIGO comprises two kilometer-scale gravitational-wave
detectors in Hanford, Washington, USA, and Livingston,
Louisiana, USA (Abbott et al. 2009). The inaugural observing
run (O1) of the Advanced LIGO (Aasi et al. 2015) detectors at
these sites, spanning from 2015 September 12 to 2016 January
19 yielded the first ever detection of a binary black hole
merger, but did not identify any unambiguous gravitational
wave signals associated with the merger of BNSs. However,
103 sub-threshold BNS merger candidates with FARs of less
than one per day have been identified (Magee et al. 2019).

To identify any coincident VERITAS observations within
these candidates, we required that a point within the most
credible region at 90% confidence (i.e., the 90% localization
region) of the LIGO BNS merger candidate is also within the
FoV of a VERITAS observation pointing (at nominal operating
voltage and zenith angle of less than 55°) that overlapped with
the time window —10 <y < 10* s, where 1, is the coalescence
time of the GW event candidate. This window was chosen
based on the suggestion that VERITAS, if aligned with the jet
axis of a short-duration GRB, would be sensitive to such an
event with VHE plateau emission extending to 10*s (Murase
et al. 2018). A multi-timescale search is an interesting prospect;
however, it is not one we consider in the scope of this paper.
We utilize the credible region at 90% to strike a balance
between the diminishing returns of an expanding credible
region and the VERITAS analysis efficiency. Out of the 103
sub-threshold BNS candidates, 7 were found to have temporal
and spatial coincidence with 11 sets of archival VERITAS
observations. Some candidates had multiple VERITAS obser-
vations found to be in spatial and temporal coincidence, as
documented in Table 2 and the Appendix (see Figures 7 and 9).
These candidates and their coverage in ~8 hr of VERITAS
target observations are documented in Table 1 and shown in the
Appendix. From these, the runlist of serendipitous spatially and

Figure 1. The localization probability map, with 90% localization contours
shown in black, for sub-threshold LIGO BNS candidate C1 (from Table 1)
presented in equatorial coordinates with two VERITAS observations that
overlap spatially and temporally overlaid (blue circles).

temporally coincident observations performed by VERITAS
was generated.

The result of this algorithm in identifying coincident observa-
tions is demonstrated in Figure 1. The VERITAS observations in
the figure were north/south wobbled (0°5 offset from the target)
observations of the blazar 1ES 1959 + 650 and each lasted 15
minutes. The LIGO sub-threshold candidate 7, was 02:40:22
UTC. The first VERITAS observation, a north wobble, was
performed from 02:29:05 until 02:44:05 UTC and had a
probability of encompassing the LIGO candidate of 0.13%. The
second, a south wobble, was performed from 03:17:07 until
03:32:07 UTC and had a probability of encompassing the LIGO
candidate of 0.17%. Here, we see a set of observations that not
only passes our temporal and spatial cuts, but also includes data
contemporaneous with the #, of the candidate: a fortuity made
possible by our use of archival data.

This algorithm was cross-checked using the intentional
VERITAS follow-up of the GW190425 BNS merger event in
2019 (LIGO Scientific Collaboration & Virgo Collaboration 2019),
shown in Figure 2. In addition to the 10 triggered pointings chosen
to observe at the points of highest LIGO localization probability,
the coincidence algorithm also identified four additional spatially
coincident serendipitous pointings taken within the time window
defined above.

3. VERITAS Analysis

VERITAS (Holder et al. 2006) is a VHE gamma-ray telescope
array located at the Fred Lawrence Whipple Observatory in
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Figure 2. The localization probability map, with 90% localization contours
shown in black, for 2019 BNS merger event GW190425 presented in
equatorial coordinates. Ten VERITAS observations (blue circles) trace the
highest localization probability region of the LIGO skymap. Four serendipitous
VERITAS observations (black circles) also passed the spatial and temporal cuts
of the algorithm and were taken prior to initial VERITAS follow-up.

southern Arizona, USA. It consists of four IACTs that use
tesselated, 12 meter diameter reflectors to collect Cherenkov light
created by particle cascades, or air showers, initiated by gamma
rays and cosmic rays in the Earth’s atmosphere. Each telescope
records images of these showers using a focal-plane camera
covering a 3°5 FoV. These images are then used to reconstruct the
direction and energy of the initiating gamma rays. The array is
sensitive to gamma-rays in the 80 GeV to 30 TeV energy range
and is able to make a 5¢ detection of the Crab Nebula in under a
minute.*> VERITAS has long had a program to follow up on
transient events from multimessenger observatories such as
IceCube and LIGO (Aartsen et al. 2017, 2018a; Santander &
VERITAS Collaboration 2019).

For each set of VERITAS observations passing the search
algorithm described in the previous section, we perform a point-
source analysis using the standard analysis pipeline for VERITAS
data (Acciari et al. 2008) to search for a significant excess. After
the data has been calibrated and cleaned (Cogan 2006; Daniel
2008), air shower images are parameterized using the Hillas
moment analysis (Hillas 1985). The scaled parameters, used for
event selection, are calculated from the moment analysis
(Aharonian et al. 1997; Krawczynski et al. 2006). Event selection
cuts are chosen a priori. Given the uncertainty of the spectral
features of short-duration GRBs at VHE and the extragalactic
nature of such events, we opt in this analysis for “soft cuts,” which
have the best sensitivity at lower energies, around a few
hundred GeV, and are optimized for sources with a soft spectrum
(spectral index of —35 to —4.0) (Pack & VERITAS
Collaboration 2015). To produce a significance map of the
observations, the background is estimated using a ring back-
ground model (RBM; Berge et al. 2007) with a point-source
search integration radius of 6;,, =0°17. The significance of the
deviation from the RBM background is given by Equation (17) of
Li & Ma (1983). For each set of observations, this significance is
calculated at each point in a grid spaced at 07025 to generate a
skymap of observed significances. For this analysis, each
VERITAS skymap is searched for significant excesses (excluding
points <075 from known sources, <073 from bright stars, and
<022 from the edge of the camera to remove effects due to high
fluctuations). Given the large uncertanties of the BNS candidate
localization skymaps relative to the VERITAS FoV, we also
generate a skymap of the bounded upper limits on the integral flux
(at 99% confidence) using the method of Rolke et al. (2005),

32 See https: //veritas.sao.arizona.edu/about-veritas / veritas-specifications.
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assuming a soft spectral index of —3.5 (Abdalla et al. 2019). For
each skymap, we report the geometric mean of the upper limits on
the integral flux. Confirmation of results was obtained using an
independent secondary analysis, as described in Maier &
Holder (2017).

4. Results

Under the search conditions described in Section 3, our
results reveal no significant excesses with a pre-trial signifi-
cance above 50. Furthermore, the ~98 square degree sky
region scanned across the 11 archival sets of VERITAS
observations subjects our search to a large number of trials,
necessarily imposing a penalty on any pre-trial significances
observed. Two independent estimations of the incurred trials
indicate that all post-trial significances observed are fully
compatible with the background hypothesis (Funk 2005), and
thus, are consistent with the distribution of significances
expected with no signal present (Abeysekara et al. 2018b).
We subsequently generate skymaps of the bounded upper
limits on the integral flux at 99% confidence and report their
geometric means, defined as the nth root of a product of n
numbers, in Table 2. They may be compared to those shown in
Abdalla et al. (2017), Ashkar et al. (2019), and Seglar-Arroyo
et al. (2019), with an important distinction that our observations
are motivated by sub-threshold candidates instead of reliably
identified merger events. The geometric mean is extracted from
the distribution of upper limits in each skymap, where points
near known TeV sources, bright stars, or near the edge of the
FoV have been excluded. The most constraining upper limit in
each analysis is typically 20% of the geometric mean. In
Figure 3(a), we provide an example integral flux upper limit
skymap for the VERITAS observations of SN 2014c that took
place coincidentally with BNS merger candidate C4. We
additionally show the distribution and geometric mean of the
integral flux upper limits in the skymap in Figure 3(b), with
sources and bright stars excluded from the distribution.

5. Discussion and Future Perspectives

From the VERITAS upper limits on the integral flux, we can
calculate upper limits on the fluence for each of these observations
by converting to an integral energy flux over the range [0.24,
30 TeV] (the “common” energy interval discussed in Table 2) and
multiplying by the observation livetime with the assumption of
constant flux. We can then compare these values to the predicted
time evolution of a short GRB using the model in Bartos et al.
(2014, 2019) for the afterglow of a representative burst,
GRB 090510. This model extrapolates GRB 090510’s observed
emission at ~100 MeV and ~100s by Fermi-LAT out to longer
durations and higher energies assuming a simple synchrotron
component emerging from an electron population accelerated by
the external forward shock (Bartos et al. 2014; Kumar &
Zhang 2015; Corsi et al. 2010). For this comparison, we model
the GRB at a distance of 75 Mpc, the BNS merger range (Chen
et al. 2021) of the Advanced LIGO detectors during the Ol
observing run (Martynov et al. 2016), and adapt the model to
cover the same [0.24,30TeV] energy interval as above. The
model is then adjusted to include a quadratic fast rise from
10 10 fpeax Such that feq — #o = 2.19s (Ghirlanda et al. 2010). We
choose this number to account for the delay in the peak of GeV
emission from the neutron star coalescence, motivated by the
1.74 s delay between #, of GW170817 and the GBM trigger for
GRB 170817A (Abbott et al. 2017c) and the 0.82 s delay between
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Figure 3. Results from VERITAS observations of the target SN 2014c¢ (marked with a star), made in coincidence with the LIGO BNS candidate C4. Panel (a) shows a
skymap of upper limits on the integral flux over [0.24, 30 TeV] for the two pointings in the observation, with the 50% and 90% localization contours of the GW
candidate overlaid. The distribution of the upper limits from (a) is shown in (b); both use the same colormap to better connect the data visually. The geometric mean of

this distribution is indicated by the vertical line.

Table 2
VERITAS Results for the Geometric Mean of the 99% Bounded Rolke et al. (2005) Upper Limits on the Integral Flux Over E,;, to E.x = 30 TeV within each
VERITAS Observation Skymap

Candidate Label VERITAS Target Observation Livetime

Common E,;, = 240 GeV

Unique E\yi,

Int. Flux UL (10" 2 em™2s7Y) Epin (GeV) Int. Flux UL (10~ 2 ecm™2s71)
Cl1 1ES 1959 + 650 0:30:00 21 240
2t PSR B0355 + 54 Tail 1:29:08 12 220 16
o3 3C 66A 1:00:00 8.2 240
c3 2FHL J0245.6 + 6605 1:00:01 17 240
c3f Crab Nebula 1:00:01 5.8 240
c4 SN 2014c 0:59:09 7.2 140 29
st 2FHL J0431.2 + 5553e 1:00:01 12 170 30
Ccst 3C 66A 0:20:01 18 170 45
cs* Crab Nebula 0:59:08 4.9 170 12
c6 1ES 0806 + 524 0:15:00 14 150 46
c7 VER J0521 + 211 0:30:00 6.5 140 26

Note. We provide the candidate label (superscripts as defined in Table 1), the target of the archival VERITAS observation, the livetime spent on each target, and the
geometric mean of the integral flux upper limits in that skymap. Two values of the upper limit are provided, one “common” value where all E;;, are set to 240 GeV,
the maximum threshold energy (Eiesn) Of all VERITAS observations, and one “unique” value where the E,;, for each BNS candidate is set to the max VERITAS

Eresn of that candidate. Redundant cases have been omitted with a dash.

the GBM trigger and the peak of GeV emission for GRB 090510
(Ghirlanda et al. 2010). These Ars are then redshift-corrected to
the model’s placement at 75 Mpc, yielding 1.75s and 0.44s
respectively.

It should be noted that the physics of generating photons of the
order 100 GeV may differ from that of generating high-MeV/
low-GeV photons. In particular, if this simple synchrotron model
is assumed, it requires exceptionally high bulk Lorentz factors
(I'>1500) to produce photons at the multi-GeV/TeV level
(Inoue et al. 2013; Bartos et al. 2014; Ajello et al. 2020), likely

suggesting a cutoff at these energies. However, as this cutoff
remains uncertain (Wood 2016), it is worthwhile to consider the
prospects in the speculative case where this emission continues
out to TeV energies. It is also worth mentioning that the inverse
Compton process dominates TeV emission observed in long
GRBs (Veres et al. 2019). As it is not clear how comparable the
emission processes of long and short GRBs are, this places an
additional caveat on the model considered in this paper.

We show the results of the model comparison in Figure 4.
For each VERITAS skymap, we plot the geometric mean of the



THE ASTROPHYSICAL JOURNAL, 918:66 (11pp), 2021 September 10

1024 90 min. exposure
( —— 60 min. exposure
—— 30 min. exposure
1034 —— 15 min. exposure
® lgeom Of VTS fluence ULs
_ GRB 090510 a¢ 75
N Mpc
£ 107
(9]
=
o
@ 1073
st --1.-——7
(0]
2
o 10°° <
2 e
v STt
1077 R el L E R T
B o T o7 T
RS o
ca T
1078 < e° ecs Q@ F 93T
-20 0 20 40 60 80 100 120

Time since tg [min]

Figure 4. The curves in this plot depict the estimated fluence evolution of the
Bartos et al. (2014) and Bartos et al. (2019) GRB model placed at 75 Mpc over
the [0.24, 30 TeV] energy band. Each point of the curve is the energy flux
integrated from that point in time to » minutes later, where n is determined by
the legend. Also shown with dashed lines are fluence estimates from a source 3
orders of magnitude weaker. The geometric means (ftgeom) Of the VERITAS
upper limits on the fluence in each skymap (calculated from the common E.;,
upper limits on the integral flux shown in Table 2) are plotted at the start time
of each VERITAS observation with respect to #,. Each observation is tagged
with the label of its corresponding BNS candidate (see Table 1). The colors of
the figeom points are coded by their observation livetime on the same color scale
as the model curve for easy comparison.

bounded Rolke et al. (2005) 99% upper limits on the livetime
fluence from the observed region of sky. All VERITAS upper
limits fall orders of magnitude below the estimated fluence
from the GRB (090510 placed at a distance of 75 Mpc.
Consequently, we constrain any VHE counterparts in the
VERITAS FoV at the time of observation with emission similar
to that predicted for GRB 090510 by the model. As mentioned
in Section 1, it is unlikely that any of these overlapping
observations of BNS candidates in fact contain real BNS
mergers. Therefore, the most plausible explanation is that no
GRBs associated with BNS merger events were observed. If,
however, a BNS merger were in the FoV for any of these
observations, then these results suggest that its resulting GRB
is far less luminous than predicted for GRB 090510 using this
model. This can be due either to orientation (jet not aligned
with the line of sight), a cutoff below 240 GeV, or potentially
variations in the jet properties (Zhang 2018).

The capability to carry out transient archival searches is
compelling as it provides a potential route to the observation of
the onset of VHE emission, if it exists, for GRBs associated
with BNS mergers. In particular, such an observation has great
utility in placing constraints on the various models
(Zhang 2018) for the structured emission in the jet from such
an event. Even without a detection, this method may provide
the opportunity to constrain VHE emission models of short
GRBs with a significant build-up of candidates in future data
releases.

Using the probability of astrophysical origin from Table 1,
we infer the probability that at least one of the merger
candidates tagged by the coincidence algorithm was a real BNS
merger event to be 26%. We further estimate, using the
VERITAS coverage of each candidate, that the probability that
at least one truly astrophysical merger was observed by
VERITAS with exact spatial coincidence in the search time
window to be 0.04%. Despite the low probability of authentic

Adams et al.

GW signals in these Ol candidates, and the limited GW
localization probability area covered by their coincident
VERITAS observations, it is important to bear in mind that
future data comes at no additional cost and minimal to no
burden on observing programs. Additionally, the situation will
only improve with the onset of new and upgraded instruments,
and just one positive result would be very high impact. In the
second and third observing runs from Advanced LIGO, we will
continue to identify new sub-threshold BNS merger candidates
all while probing greater distances with enhanced localization.
If we scale our O1 performance to O2 and O3, accounting for
instrumental improvements and changing duty cycles, we
predict the accumulation of ~70 or more additional LIGO sub-
threshold BNS merger candidates that VERITAS will coin-
cidentally observe some fraction of as a part of its routine
observation, a factor of 10 improvement on our current
number. It is straightforward to generalize this method to the
other currently operating IACTs, H.E.S.S. and MAGIC, and
with their inclusion we could also expect an additional two-to-
three fold increase. While these improvements alone may not
be enough to place meaningful constraints, even one
particularly serendipitous observation covering a large GW
localization probability area of a sub-threshold candidate could
significantly bridge the gap necessary to accomplish this.

Beyond the advancements in LIGO’s sensitivity, this paper’s
method will also benefit from the imminent era of astronomy
with the Cherenkov Telescope Array. CTA’s sky coverage will
expand on and complement the coverage provided by
the current generation of IACTs: VERITAS, MAGIC, and
H.ES.S. (Bartos et al. 2019; Cherenkov Telescope Array
Consortium et al. 2019). Additionally, standard CTA opera-
tions will have an anticipated FoV of ~8°, a factor of ~5
improvement in area over the 3°5 FoV provided by VERITAS.
Note, however, that the Large-Sized Telescopes (LSTs),
sensitive to the 20 GeV—3 TeV energy range, will have an
FoV of only 4°5 (Barrio & CTA Consortium 2020). This
paper’s method will also have enhanced utility in the context of
CTA’s proposed divergent pointing mode for extragalactic
surveys. A divergent pointing mode, without LSTs, will
increase CTA’s already expansive FoV to ~14° or larger
(Gerard 2016), a factor of 16 improvement in sky coverage
over VERITAS, at the cost of angular and energy resolution
and average instantaneous sensitivity (Donini et al. 2019).

While the work in this paper was done with archival data, it
could also be done in near real-time, with minimal burden on
the operations of currently operating IACTs. In particular, with
communication of sub-threshold BNS candidates to Cherenkov
telescopes, IACTs could slightly adjust observing schedules to
prioritize the already planned observations that encompass the
regions of higher localization probability. Such adjustments can
be made according to a sliding scale that determines how much
modification of the schedule is warranted. Observations of this
kind would at most require trivial modification to existing real-
time analysis tools. With these dedicated analyses, if an
interesting gamma-ray excess were to be identified overlapping
with the time and localization of a sub-threshold BNS merger
candidate alert, IACTs could send out subsequent alerts for
further follow-up.

6. Conclusion

In this paper, we pioneered a novel method with VERITAS
to study sub-threshold BNS merger candidates from Advanced
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LIGO’s first observing run. Out of 103 candidates, we
identified 7 with VERITAS observations coincident spatially
and temporally. With these observations, we carried out a
search for TeV emission and, finding none, provided char-
acteristic upper limits on the integral flux for the coincident
regions. From these upper limits, we calculated the fluence and
compared these to a short GRB afterglow model extrapolated
from GRB 090510 to higher energies and longer durations, and
placed at the O1 BNS range. We report that all characteristic
upper limits from VERITAS fall orders of magnitude below
this model, thus suggesting that, if synchrotron emission from
the forward shock extends up to the VHE range, we did not
observe such an event, or that we observed a much less
luminous one under the assumption that the event was, in fact,
of astrophysical origin and it was located within the
VERITAS FoV.

Our method demonstrates the prospects for the use of
archival data to investigate coincident observations of BNS
merger candidates and to build-up constraining observations of
the VHE emission of such events over time. Additionally, the
strategy developed here is interesting not only for sub-threshold
candidates, but also for future high-confidence, single-detector
GW events where the localization is poor, thus prohibiting
targeted IACT follow-up. Future studies, especially with near
real-time collaboration between experiments, may prove a boon
for the field of multimessenger astronomy, given their potential
to assist in upgrading sub-threshold candidates to detections. It
will benefit such studies to build on this method with the
inclusion of joint calculations to estimate significance and
upper limits. A general framework for this addition may be
found in Veske et al. (2021).
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Appendix

Figures 5-11 show the GW localization skymaps in
equatorial coordinates for the seven candidate BNS mergers
with coincident VERITAS observations documented in
Table 1. Coincident VERITAS observations are shown in blue
circles.

Figure 5. Spatial and temporal coincidence of VERITAS observations (blue circles) with 90% localization (black contours) of LIGO BNS candidate C1 (2015-10-

12T02_40_22).



THE ASTROPHYSICAL JOURNAL, 918:66 (11pp), 2021 September 10 Adams et al.

Figure 6. Spatial and temporal coincidence of VERITAS observations (blue circles) with 90% localization (black contours) of LIGO BNS candidate C2 (2015-10-
24T09_03_52).

Figure 7. Spatial and temporal coincidence of VERITAS observations (blue circles) with 90% localization (black contours) of LIGO BNS candidate C3 (2015-11-
17T06_34_02).
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Figure 8. Spatial and temporal coincidence of VERITAS observations (blue circles) with 90% localization (black contours) of LIGO BNS candidate C4 (2015-12-
04T01_53_39).

Figure 9. Spatial and temporal coincidence of VERITAS observations (blue circles) with 90% localization (black contours) of LIGO BNS candidate C5 (2015-12-
06T06_50_38).
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Figure 10. Spatial and temporal coincidence of VERITAS observations (blue circles) with 90% localization (black contours) of LIGO BNS candidate C6 (2015-12-

09T07_25_24).
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Figure 11. Spatial and temporal coincidence of VERITAS observations (blue circles) with 90% localization (black contours) of LIGO BNS candidate C7 (2016-01-

02T02_47_29).
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