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The recent discovery of electromagnetic signals in coincidence with gravitational waves from
neutron-star mergers has solidified the importance of multimessenger campaigns for studying
the most energetic astrophysical events. Pioneering multimessenger observatories, such as the
LIGO/Virgo gravitational wave detectors and the IceCube neutrino observatory, record many
candidate signals that fall short of the detection significance threshold. These sub-threshold
event candidates are promising targets for multimessenger studies, as the information provided
by these candidates may, when combined with time-coincident gamma-ray observations, lead to
significant detections. In this contribution, I describe our use of sub-threshold binary neutron star
merger candidates identified in Advanced LIGO’s first observing run (O1) to search for transient
events in very-high-energy gamma rays using archival observations from the VERITAS imaging
atmospheric Cherenkov telescope array. I describe the promise of this technique for future joint

sub-threshold searches.
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1. Introduction

On August 17, 2017, a binary neutron star (BNS) merger event GW170817 [1] was detected
for the first time in gravitational waves by the Laser Interferometer Gravitational-Wave Observatory
(LIGO) and Virgo scientific collaboration (LVC). Approximately 1.7 s later, the Fermi Gamma-Ray
Burst Monitor (Fermi-GBM) recorded a short gamma-ray burst (GRB) 170817A [2] in spatial
coincidence with the BNS merger. The ensuing multimessenger campaign on the source revealed a
kilonova in host galaxy NGC 4993 with a multi-wavelength afterglow. Two years later, another BNS
merger, GW190425, was detected in the first half of LIGO/Virgo’s third observing run (O3a) [3].
This merger was followed-up extensively across the electromagnetic (EM) spectrum, but notably,
no EM counterpart was detected. Around the time of the merger, Fermi-GBM observed 55.6% of
the probability region and had no onboard trigger, and found no counterpart candidate within their
automated blind search or their targeted coherent search [4]. The Fermi-GBM team speculates that,
in the case of a detectable relativistic jet, the signal likely originated from the region of the LVC
localization behind the Earth for the Fermi telescope at that time.

The current generation of imaging atmospheric Cherenkov telescopes (IACTs) have followed
up on both sources, as well as a number of other LIGO triggers, with none reporting very-high
energy (VHE; > 100 GeV) emission [5-8]. However, all these observations took place at least an
hour after the time of the purported GW event. As IACTs are sensitive primarily in the VHE band,
at this point, there remains no experimental evidence of VHE emission from such events. Despite
this, results from H.E.S.S. and MAGIC observations of GRBs show promise for the ability of IACTs
to make a detection of a short GRB stemming from a BNS merger. Since 2016, four long GRBs
have been detected by the two observatories [9—12], and a ~ 3 ¢ hint of a short GRB (160821B) has
been reported by MAGIC [13], which began observing ~ 24 s after the onset of the burst. As BNS
mergers are expected to be a source class of short GRBs [14], this result is particularly encouraging
for the future of such work.

With just two BNS merger GW detections to date, the sample size for triggered observations
is quite small. However, many BNS merger candidates do not reach the threshold for detection,
and are still able to be flagged in the various LVC detection pipelines. In Advanced LIGO’s first
observing run (O1), 103 of these sub-threshold BNS merger candidates, with a false-alarm-rate of
less than one per day, were identified and publicly released [15]. These sub-threshold candidates
provide a unique opportunity to probe the BNS merger - EM emission connection at the very-high
energies by using them to identify archival IACT data with coincident observations. Though these
investigations come with the caveat of the candidates’ sub-threshold status, they also offer a wealth
of new testing ground, which can only be expected to expand in scope as relevant IACTs and GW
observatories improve (subsequent LVC observing runs), emerge (the Cherenkov Telescope Array
(CTA)), or begin to participate (H.E.S.S. and MAGIC).

2. Sub-threshold Method with Archival VERITAS Data

We first explored this prospect in the context of archival data from the VERITAS VHE gamma-
ray telescope array [16], located at the Fred Lawrence Whipple Observatory in southern Arizona,
USA [17]. Given its co-location with the LIGO Hanford and Livingston sites, VERITAS is primed
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for multimessenger studies in GWs, as the LVC detector network is most sensitive roughly above
and below these two sites [18].

This study consisted of building an algorithm to identify archival VERITAS observations (at
nominal operating voltage and with zenith < 55°) that were co-located with the 90% credible region
of the sub-threshold candidate and contemporaneous within —10 < ¢y < 10* seconds, where 1 is
the coalescence time of the event candidate. The algorithm found 11 sets of archival VERITAS
observations in spatial and temporal coincidence with 7 sub-threshold BNS merger candidates. We
searched each set of observations for significant excesses, and considering the large sky region
covered of ~ 98 square degrees, also placed upper limits on each sky region covered. No significant
excesses were found with a pre-trial significance above 5 o, and estimates of the incurred trials
in searching such a large portion of the sky indicate that all post-trials significances are consistent
with the background hypothesis. An example of the sequence in this analysis is demonstrated by
Figure 1. In this figure, we show the LIGO sub-threshold candidate 2015-12-04T01_53_39.144780
in the background. In the foreground, we show the VERITAS observational overlaps with the
localization, as well as the bounded 99% confidence interval upper limits on the integral flux above
the analysis energy threshold in the sky region covered by those observations.
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Figure 1: The localization probability map of LIGO BNS merger candidate 2015-12-04T01_53_39.144780
presented in equatorial coordinates. Two VERITAS observations of SN 2014c identified by the algorithm
are shown to overlap spatially with the 90% credible region of the candidate. At the right, we show the 99%
confidence bounded upper limits on the integral flux from those observations. Adapted from [16].

Considering the astrophysical probability of the 7 coincident VERITAS observations, and
VERITAS’s coverage of each, we estimate 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%.

3. Future prospects

As discussed at the start of Section 2, VERITAS is particularly well positioned to serendip-
itously observe sub-threshold BNS merger candidates in archival data. However, other current-
generation IACTs, particularly H.E.S.S., are also well-suited to contribute given their complemen-
tary sky coverage. This can be seen in Figure 2, which shows the geographic locations of the 50%
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credible regions for all O1 sub-threshold candidates on top of the < 40° zenith angle coverage of all
current and future-generation IACTs. The choice of the 50% credible region in this figure was made
purely for ease in visualization: if the 90% credible regions were plotted, they would cover nearly
the entire map. Notably, all present and future sky coverage regions (yellow shaded areas in the
figure) overlap with multiple 90% credible regions for BNS merger candidates. It is reasonable to
expect that a number of these candidates were coincidentally observed by other current-generation
instruments under the same conditions of the algorithm described above. The geographic bias in
GW detections, though non-negligible, does not preclude the participation of any IACT in such a
program in the past, present, or future.
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Figure 2: The 50% credible regions of the 103 sub-threshold candidates from [15] are shown in red and are
presented in geographic coordinates. The sky coverage of the current (VERITAS, MAGIC, H.E.S.S.) and
future (CTA North! and CTA South) IACT arrays at any given time, assuming a maximum zenith of 40°, are
shown in yellow.

Beyond this, there are also valuable real time applications to considering sub-threshold events.
In the context of transmission of alerts under a Memorandum of Understanding, it would be
marginally disruptive to adjust nightly observing schedules in the case of a sub-threshold candidate
alert to favor higher probability regions closer to purported coalescence times. In addition, there
are now 2.5 observing seasons worth of LIGO data for which sub-threshold candidates remain
to be published. If the Ol performance is scaled to these new observing seasons, considering
improvements in instrumentation and changing duty cycles, VERITAS could expect ~ 70 additional
coincident observations with candidates.

Further, such studies will benefit greatly from the planned improvements to IACT observations
in the forthcoming era of gamma-ray astronomy brought by the Cherenkov Telescope Array (CTA).
Not only will CTA offer a factor of ~ 5 improvement in field of view (FoV) area improvement over
VERITAS, but also the possibility of observations with a divergent pointing strategy that could see
a factor of 16 improvement [19].

ICTA N is co-located with MAGIC.
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Both in the present and in the future, this method is suited well in the pursuit of extracting more
information from archival data. Future data releases offer a useful testing ground for potential signal
enhancement of sub-threshold BNS merger candidates, as well as the prospect for the detection of
VHE emission from such an event. Although this study only had a 0.04% probability of observing
a true source at VHEs contemporaneously, as statistics improve with broader participation, there
may also be opportunities to constrain emission at VHEs.
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