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ABSTRACT

We present results from offline searches of Fermi Gamma-ray Burst Monitor (GBM) data for
gamma-ray transients coincident with the compact binary coalescences observed by the gravitational-
wave (GW) detectors Advanced LIGO and Advanced Virgo during their first and second observing
runs. In particular, we perform follow-up for both confirmed events and low significance candidates
reported in the LIGO/Virgo catalog GWTC-1. We search for temporal coincidences between these
GW signals and GBM triggered gamma-ray bursts (GRBs). We also use the GBM Untargeted
and Targeted subthreshold searches to find coincident gamma-rays below the on-board triggering
threshold. This work implements a refined statistical approach by incorporating GW astrophysical
source probabilities and GBM visibilities of LIGO/Virgo sky localizations to search for cumulative
signatures of coincident subthreshold gamma-rays. All search methods recover the short gamma-ray
burst GRB 170817A occurring ~1.7 s after the binary neutron star merger GW170817. We also
present results from a new search seeking GBM counterparts to LIGO single-interferometer triggers.
This search finds a candidate joint event, but given the nature of the GBM signal and localization,
as well as the high joint false alarm rate of 1.1 x 1076 Hz, we do not consider it an astrophysical

association. We find no additional coincidences.

1. INTRODUCTION

Simultaneous observations of the same source in grav-
itational waves (GWs) and gamma-rays probe some of
the most cataclysmic events in the Universe and cre-
ate rich opportunities to study fundamental physics,
cosmology, and high energy astrophysics. This was
demonstrated by the joint observations (Abbott et al.
2017¢) of the binary neutron star (BNS) coalescence
GW170817 (Abbott et al. 2017b, 2019d) and the short
gamma-ray burst GRB 170817A (Goldstein et al. 2017;
Savchenko et al. 2017). These observations led to con-
straints on the speed of gravity (Abbott et al. 2017a),
an independent measure of the Hubble constant (Abbott
et al. 2017; Hotokezaka et al. 2019; Abbott et al. 2019a),
evidence for heavy element production via r-process nu-
cleosynthesis in a kilonova (e.g., Chornock et al. 2017;
Cowperthwaite et al. 2017; Kasen et al. 2017; Tanvir
et al. 2017; Watson et al. 2019), and more. Motivated by
the wealth of science gained from multi-messenger obser-
vations such as these, we seek to increase the number of
joint GW/gamma-ray detections by performing coordi-
nated analysis of candidates from Advanced LIGO (Aasi
et al. 2015), Advanced Virgo (Acernese et al. 2015), and
the Fermi Gamma-ray Burst Monitor (GBM; Meegan
et al. 2009).

The first LIGO/Virgo science observing run (O1) ran
from September 2015 to January 2016, during which
GBM performed online analyses of GW candidates from
compact binary coalescence (CBC) searches. For GBM
offline analysis (Burns et al. 2019), trigger selection
was conservative, treating all CBC candidates with a
false alarm rate (FAR) of less than 1075 Hz (about

* NASA Postdoctoral Fellow

1/day) as equally plausible for follow-up. The CBC
candidates were used to search for coincidences with
GBM-triggered GRBs and subthreshold short GRBs
from the offline Untargeted Search (Briggs et al., in
prep.). CBC event times were also used to seed more
sensitive follow-up with the Targeted Search (Blackburn
et al. 2015) of GBM data. No unambiguous coinci-
dences were found between the GBM and LIGO/Virgo
candidates. The most significant event found in the
GBM follow-up search was associated with the first ob-
served binary black hole (BBH) coalescence, GW150914
(Abbott et al. 2016¢). However the GBM candidate,
GW150914-GBM, could not be unambiguously claimed
as an electromagnetic counterpart due to its extremely
weak signal and poor localization (Connaughton et al.
2016; Greiner et al. 2016; Connaughton et al. 2018).

For the second observing run (O2), running from
November 2016 to August 2017, the GBM Targeted
Search was improved (Goldstein et al. 2016) and run au-
tonomously, in low latency, again following up CBC trig-
gers with FAR < 107° Hz. The most interesting multi-
messenger event from O2 was the association between
GW170817 and GRB 170817A. The Targeted Search
proved redundant in this case, as the GRB produced
a trigger onboard Fermi.! However, had the source
been ~10 Mpc farther from Earth, it would not have
triggered the detectors onboard GBM and would have
only been detectable with subthreshold searches (Ab-
bott et al. 2017¢; Goldstein et al. 2017), while still being
well within the LIGO/Virgo detection horizon (Abbott
et al. 2017b).

I https://gen.gsfe.nasa.gov/other /524666471.fermi
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In this work, we perform an offline follow-up of
all CBC triggers published in the first LIGO/Virgo
gravitational-wave transient catalog (GWTC-1; Ab-
bott et al. 2019¢). Our search methods are akin to
LIGO/Virgo searches for GWs coincident with GRBs
(Abbott et al. 2017d, 2019b). In addition to seeking
coincidences to individual GW events, we search on a
statistical basis, looking for any cumulative effects that
subthreshold gamma-ray counterparts might have on the
resulting follow-up distribution. We improve upon the
GBM analysis of O1 triggers in Burns et al. (2019), in
that the joint association calculation no longer treats all
CBC candidates equally. Instead, the analysis accounts
for the astrophysical nature of the CBC candidates as
well as their potential visibility with respect to GBM.
This is done by incorporating the probability that each
CBC candidate originated from an astrophysical rather
than terrestrial source and also considering the frac-
tion of LIGO/Virgo localization probability that was
observable to GBM at GW trigger time. Finally, we
augment GBM follow-up of GW events by also report-
ing results from a new search method (Stachie et al.
2020) that seeks gamma-rays coincident with LIGO
single-interferometer triggers.

This paper is organized as follows. In Section 2, we de-
scribe the sample of gravitational-wave candidates and
the GBM searches used to follow-up this sample. Sec-
tion 3 summarizes the results of these searches, includ-
ing the search for coincidences with single-interferometer
triggers, and discusses the probability of association be-
tween the GW and gamma-ray candidate events. In
Section 4, we conclude and discuss future prospects for
GBM follow-up of GWs.

2. METHOD
2.1. Gravitational-wave Trigger Selection

The Advanced LIGO (Aasi et al. 2015) and Virgo
(Acernese et al. 2015) observatories are kilometer-scale
Michelson laser interferometers designed to detect GWs.
Multiple search pipelines are used to detect CBC events
in strain data, with each pipeline making different as-
sumptions about the signals and the detector noise and
using different technical solutions to maximize detec-
tion efficiency. We focus on events generated by two
pipelines: PyCBC (Usman et al. 2016) and GstLAL (Mes-
sick et al. 2017). Both rely on accurate physical mod-
els of the gravitational waveform radiated by a CBC
event and use the models to perform matched filtering on
strain data. The process of matched filtering produces a
signal-to-noise ratio (S/N) over a large number of tem-
plates covering the CBC parameter space. The extent of
the parameter space chosen for O2 and the method used
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to construct the template bank are described for PyCBC
and GstLAL in Dal Canton & Harry (2017) and Mukher-
jee et al. (2018), respectively. Once the S/N has been
calculated over all templates, S/N-peaks above a certain
threshold are recorded as single-detector CBC triggers.
Non-Gaussian and non-stationary detector noise fre-
quently produces non-astrophysical triggers with large
S/N, hence the pipelines employ a variety of techniques
to veto or down-rank such triggers. The surviving trig-
gers are used in a coincidence analysis, and each pair of
triggers occurring within the maximum GW travel time
between detectors produces a coincident trigger. The co-
incident trigger is assigned a ranking statistic that takes
into account (i) S/N in the GW detectors, (ii) signal-
based vetoes indicating the compatibility of the wave-
form with a CBC signal, and (iii) the probability of the
observed combination of S/N, time delay, and phase dif-
ference at the different detectors to be produced by an
astrophysical signal (e.g. Nitz et al. 2017). The final
step is mapping the coincident rank to a statistical sig-
nificance, which in the case of CBC pipelines is reported
via two different quantities: the FAR of the search at the
time of the trigger and the probability that the trigger
has an astrophysical origin (pastro; Kapadia et al. 2019).
Pastro 1S estimated using our current understanding of
the population of real signals weighed against the distri-
bution of background (false signals) due to GW detector
noise fluctuations.

We perform GBM follow-up of all 25 CBC triggers
reported in the LIGO/Virgo catalog GWTC-1 (Abbott
et al. 2019¢). This catalog utilized state-of-the-art con-
figurations of PyCBC and GstLAL, as well as the best
data-quality selection of the LIGO and Virgo strain data
available, for a full reanalysis of O1 and O2. Listed in
Table 1, the catalog triggers were required to pass an
initial threshold of FAR < 3.86 x 10~7 Hz (about 1/30
days) in at least one pipeline. Triggers passing this FAR
threshold and additionally having p.siro greater than
50% are denoted with “GW” in the event name. In
the follow-up analyses, the GBM searches are guided by
the CBC trigger times. To assess GBM coverage of the
LIGO/Virgo triggers, the public HEALPix (Gdérski et al.
2005) sky localization maps accompanying GWTC-1 are
taken for the high pastro detections (LIGO Scientific
& Virgo Collaboration 2018). We generate BAYESTAR
skymaps (Singer & Price 2016) for all remaining trig-
gers which had corresponding GBM data. BAYESTAR
skymaps rely on the mass and spin parameters reported
by the searches and do not marginalize over them, as is
done instead for high pastyo detections via full parame-
ter estimation (Veitch et al. 2015; Abbott et al. 2016a).
Nevertheless, they allow approximations of GBM ob-
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LIGO/Virgo GBM
GW Event UTC Date UTC Time pastro Coverage
GW150914 2015-09-14  09:50:45.4 1 66.7%

151008 2015-10-08  14:09:17.5 0.27 100%
151012.2 2015-10-12  06:30:45.2  0.023 58.4%
GW151012 2015-10-12  09:54:43.4 1 66.1%
151116 2015-11-16  22:41:48.7 <0.5 72.6%
GW151226  2015-12-26  03:38:53.6 1 78.8%
161202 2016-12-02  03:53:44.9  0.034 -
161217 2016-12-17 07:16:24.4  0.018 -
GW170104 2017-01-04 10:11:58.6 1 90.3%
170208 2017-02-08  10:39:25.8 0.02 97.8%
170219 2017-02-19  14:04:09.0 0.02 5.1%
170405 2017-04-05  11:04:52.7  0.004 -
170412 2017-04-12  15:56:39.0 0.06 67.2%
170423 2017-04-23  12:10:45.0  0.086 45.2%
GW170608 2017-06-08 02:01:16.5 1 73.0%
170616 2017-06-16  19:47:20.8 <«0.5 66.2%
170630 2017-06-30  16:17:07.8 0.02 8.2%
170705 2017-07-05  08:45:16.3  0.012 26.3%
170720 2017-07-20  22:44:31.8 0.0097  48.2%
GW170729 2017-07-29  18:56:29.3 0.98 88.9%
GW170809 2017-08-09 08:28:21.8 1 73.9%
GW170814 2017-08-14 10:30:43.5 1 73.6%
GW170817 2017-08-17 12:41:04.4 1 100%
GW170818 2017-08-18 02:25:09.1 1 100%
GW170823 2017-08-23 13:13:58.5 1 -

Table 1. Gravitational-wave triggers from Abbott et al.
(2019c¢). The pastro values shown here are the maximum val-
ues reported between the GstLAL and PyCBC pipelines. The
percentage of the LIGO/Virgo localization probability that
was visible to GBM at trigger time is also given. Triggers
with unspecified coverage are due to GBM passage through
the South Atlantic Anomaly when all detectors are turned
off.

serving coverages at much lower computational costs.
Finally, for each CBC trigger, the maximum pagstpo 1S
used between the GstLAL and PyCBC pipelines (Abbott
et al. 2019¢, Table IV).

2.2. Fermi-GBM Searches

GBM is a survey instrument aboard the Fermi
Gamma-ray Space Telescope and is comprised of 14 scin-
tillation detectors that span an energy range of 8 keV to
40 MeV (Meegan et al. 2009). Twelve of the detectors
are made of thallium-doped sodium iodide (Nal) crys-
tals and are oriented in such a manner as to cover the
entire sky un-occulted by the Earth (~70%). The two
other detectors are bismuth germanate (BGO) crystals

positioned on opposite sides of the spacecraft. Trig-
gering algorithms running on the satellite search data
on multiple timescales and energy ranges for coherent,
statistically-significant (usually 40) excesses in at least
2 Nal detectors (Bhat et al. 2016; von Kienlin et al.,
in prep.). Localization is performed by combining the
detector responses with a set of three template photon
spectra representing spectrally hard, normal, and soft
GRBs to generate expected photon counts from points
evenly spaced across a 1° grid of the sky (Connaughton
et al. 2015). The expected count rates are compared
to the observed rates, and a x? minimization process
identifies the most likely direction, with localization ac-
curacy on the order of degrees. GBM continuously takes
data except during passage through the South Atlantic
Anomaly (SAA) when the detectors are turned off due to
high particle flux, yielding an uptime of approximately
85%.

GBM has developed increased sensitivity to weak,
short GRBs by means of two offline searches: the Untar-
geted Search? (Briggs et al., in prep.) and the Targeted
Search (Blackburn et al. 2015; Goldstein et al. 2016).
These searches seek transient signals that do not ex-
ceed the high threshold set by the on-board triggering
algorithms, and in this work, they are employed to find
subthreshold gamma-rays coincident with the GW trig-
gers in our search sample. Additional details on these
searches follow.

2.2.1. Untargeted Search

The Untargeted Search is a blind search of continuous
time-tagged event (CTTE) data, running automatically
upon receipt of data from the Ferm: spacecraft and us-
ing no information from GW searches. The search im-
proves upon the onboard triggering algorithms by uti-
lizing additional energy ranges and timescales, as well
as a more sophisticated background-fitting model. Can-
didate events are required to have excess counts greater
than 2.50 relative to background in one detector and
at least 1.250 in a second detector. Significant candi-
dates are autonomously distributed via the Gamma-ray
Coordinates Network along with HEALPix skymaps to
facilitate joint detections with other instruments (see
e.g., Zhang et al. 2017). Further details on the Untar-
geted Search and an analysis of its candidates will be
published in a forthcoming article.

2.2.2. Targeted Search

The Targeted Search was designed for multi-messenger
follow-up, requiring an input time and/or HEALPix

2 https://gen.gsfc.nasa.gov/fermi_gbm _subthresh_archive.html
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skymap to seed a sensitive search of CTTE data. When
seeking counterparts to GWs, the Targeted Search ana-
lyzes a 60 s window centered on the input GW time and
searches timescales increasing by powers of 2 from 64 ms
to 8.192 s, while phasing time bins by a factor of 4. Data
from all 14 detectors are processed coherently to achieve
a greater sensitivity to weak signals than when analyz-
ing one detector at a time, as performed by the on-board
flight software and the Untargeted Search. Three model
spectra, described in Goldstein et al. (2016), are folded
through the detector responses to produce templates of
expected counts which are then compared to the ob-
served distribution of counts in each energy channel of
each detector. The comparison is performed via a log-
likelihood ratio (A), testing the alternative hypothesis of
the presence of a signal with a similar spectrum versus
the null hypothesis of only background noise. Treat-
ing A as our detection statistic, the model spectrum
resulting in the highest A is selected as the preferred
spectrum, and this procedure is repeated for each bin
of data in the search (see Blackburn et al. 2015 for the
detailed calculation of A). Bins contaminated by phos-
phorescent noise events are removed, and overlapping
bins are merged to produce only the most significant
bin. After this filtering, all remaining bins are retained
as candidate events for our analysis. The different spec-
tral templates tend to identify different types of sources
in the GBM background, and such types may have very
different rates of occurrence. To preserve sensitivity to
these different sources, the bins are separated by best-fit
spectral template, and event significance (i.e., FAR) is
measured against background from the same template.

The Targeted Search was made more sensitive in
preparation for O2 by improving the background esti-
mation, revising the spectral template for hard GRBs,
and implementing additional automated filters (Gold-
stein et al. 2016). In particular, a A pre-filter was ap-
plied. The A calculation demands an initial estimation
of the signal amplitude (effectively, the photon fluence in
the time bin over 50-300 keV) that maximizes the likeli-
hood of the hypothesis that a signal exists. The pre-filter
excludes time bins with initial guesses of A < 5 from the
full numerical optimization, increasing the speed of this
computationally expensive task by up to a factor of 5.
Bins with A < 5 have been verified to lie well within the
GBM background, thus excluding them does not affect
the sensitivity of the search. This updated version of the
Targeted Search was used to analyze both the O1 and
02 triggers in our sample. Further improvements have
been made for online analysis of CBC triggers during
Advanced LIGO and Advanced Virgo’s third observing
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Figure 1. Cumulative distribution for the minimal time off-
sets between the 25 CBC triggers and GRBs found by either
the GBM onboard triggering algorithms or the Untargeted
Search. The background offset distribution is shown in black.
The search sample including GW170817 is depicted by the
solid gold line, and the search excluding GW170817 is shown
in dashed brown.

run (Goldstein et al. 2019), but were not used in this
work.

3. RESULTS

Here we present the results of our searches for gamma-
ray counterparts to the GW triggers in our sample. To
quantify event significance, each resulting search distri-
bution is compared to that of background. The back-
ground used in the following sections is composed of ran-
domly selected times during which both LIGO detectors
were in observing mode during O1 and O2. The ratio of
random background between O1 and O2 is also roughly
proportional to the LIGO/Virgo livetimes during O1
and O2. The same Targeted Search input parameters
used for the search sample were used for the background,
resulting in ~10 (20) ks of background during O1 (02),
yielding a minimum FAR of ~ 1 x 107 (~ 5 x 107%) Hz
for Targeted Search analysis. Finally, the background
times were chosen independently with respect to GBM
and therefore include GBM trigger times.

3.1. GBM Trigger and Untargeted Search Results

As done in Burns et al. (2019), we first examine the
time offsets between the search sample of CBC trig-
gers and both GRBs detected by the GBM on-board
flight software and subthreshold short GRB candidates
from the Untargeted Search. This method is similar to
the RAVEN analysis used by LIGO/Virgo (Urban 2016).
The Untargeted Search sample consists of all 187 can-
didates published during O1 and O2 via GCN, as de-
scribed in the previous section. Combining these with
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the triggered GRBs, we obtained a total of 474 GRBs.
The temporal offsets between the 25 GW events and
the GBM GRBs were then determined, and the small-
est offset for each GW candidate was taken. The search
sample offsets are compared to those arising from ran-
dom coincidences by finding the shortest temporal off-
sets between the background times and the GW trig-
ger times. Both positive and negative offsets were al-
lowed for search sample and background, but a maxi-
mum offset was not enforced. GW triggers occurring
during Fermi passage through SAA were included, lim-
iting the minimum time offsets for some GBM events;
however the same treatment for the search was used for
background.

The cumulative distribution for this search is pre-
sented in Figure 1. The search sample including
GW170817 is shown with the solid gold line, while
the distribution without GW170817 is displayed by the
dashed brown line. Confidence regions were obtained
empirically by Monte Carlo sampling of the background
offset distribution with sample size equal to that of
the search sample and finding the desired percentiles.
The most significant deviation of the search distribu-
tion from that of random background is caused by GRB
170817A, found ~1.7 s after GW170817. Omitting
GW170817, the shortest time interval between a CBC
trigger from our sample and a GBM event is approxi-
mately 1000 s. On-axis prompt emission from a short
GRB is not expected at such large time delays after a
binary neutron star merger (Vedrenne & Atteia 2009;
Zhang 2019), though larger delays may be allowed for
off-axis emission (e.g., Salafia et al. 2018). Hence, with
this first search we find no evidence for GW /gamma-ray
associations apart from GW170817/GRB 170817A.

3.2. Targeted Search Results

The Targeted Search was used to search for subthresh-
old gamma-ray signals around 21 events from the CBC
search sample. GBM data were not collected around
triggers 161202, 161217, 170405, and GW170823 due to
passage through the SAA; therefore these events were
excluded from this search. For those remaining, the
GBM coverage of the LIGO/Virgo localizations (see Ta~
ble 1) was obtained. No LIGO/Virgo skymap was fully
occulted by the Earth, and GBM observed between ~5%
and 100% of the localization probability with an average
observing fraction of 67.0%.

The Targeted Search search follow-up distributions for
O1 triggers and O2 triggers are shown as functions of
A in Figures 2 and 3, respectively. The background
distributions were constructed by running the Targeted
Search over the randomly selected times described above

with the same parameters used for the search sample.
As described in the previous section, confidence inter-
vals for the search samples were produced by Monte
Carlo sampling the background A distributions with the
same sample size as the search sample. The distribu-
tions are separated into three categories according to
the best-fitting spectral template, due to the different
backgrounds affecting the three templates. Also, be-
cause of the time-variable nature of the background in
each template, we obtain event significance by compar-
ing the follow-up of O1 triggers to GBM background
taken during O1 and O2 follow-up to O2 background.

For both O1 and 02, the search distributions lie
largely within the 90% confidence region of the median
for all spectral templates. The O1 follow-up (Figure
2) does not show any significant outliers in the sample
distributions. The transient GW150914-GBM is found
with a FAR of 8.7 x 1074 Hz in the hard template dis-
tribution, where the FAR is the cumulative event rate
of the background at the same A, and lies just within
50% confidence. The most significant event in the O2
follow-up (Figure 3) can be seen in the normal template
distribution and is GRB 170817A, found with a FAR of
2.0 x 10~® Hz. The spectrally soft tail of GRB 170817A
is also the most significant foreground event in the O2
soft template distribution, with a FAR of 4.1 x 10~* Hz,
but is within the 50% confidence region. No other sig-
nificant candidates are found.

3.3. Targeted Search Joint Analysis

The FARs discussed in the previous section measure
the significance of GBM transients with respect to the
Targeted Search background only, regardless of the GW
observations. Here we characterize the significance of
coincidences between the GW events and the gamma-
ray signals from the Targeted Search. In our previous
works (e.g., Connaughton et al. 2016; Burns et al. 2019),
this was done by ranking gamma-ray candidates by the
Targeted Search FAR and the relative time offsets be-
tween the candidates and the GW triggers. We build
upon these analyses by also considering (i) the proba-
bility that the GW signal is astrophysical in origin and
(ii) the fraction of the LIGO/Virgo sky localization vis-
ible to GBM at the GW event time. Therefore, we rank
gamma-ray candidates found by the Targeted Search
with a statistic R defined as

_ Pastro X Pvisible (1)
|At| X FARGBM7

where At is the time offset between the GW trigger
and the gamma-ray event and pyisible is the fraction of
the LIGO/Virgo localization probability observable to
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Figure 2. O1 cumulative event rate distributions of the GBM background (black dashed lines) and search samples (solid gold
line) for the GBM Targeted Search as a function of the log-likelihood ratio. Distributions are separated according to best-fitting
spectral template. The transient GW150914-GBM is marked by a gold star in the hard template distribution.

GBM. A minimum offset of 64 ms was set to match
the time binning of the data. GW triggers 151116 and
170616 were given the lowest pasiro of the sample (i.e.,
0.004) in light of the upper limits reported in GWTC-1
(see Table 1). Background events are ranked using the
same statistic R. As background events have no corre-
sponding LIGO/Virgo information, skymaps and pastro
values from the GW search sample were randomly as-
signed to each background event, and the fraction of
GBM visibility was calculated at the background time
using the randomly-selected skymap.

The ranking statistic of the search sample is mapped
to a p-value, defined as the number of more highly
ranked background events divided by the total number
of background events, or p; = N(R > R;)/N, where
N is the number of gamma-ray events in the back-
ground and ¢ is the index of an event in the search
sample. Again, search sample events from O1 and O2
are compared to background from O1 and O2, respec-
tively. The cumulative distributions of the combined
O1 and O2 p-values are shown in Figure 4, with and
without GW170817 follow-up. The dashed black lines
follow a uniform distribution, representing the null hy-

pothesis that the search sample is consistent with that
of background. The confidence regions for the p-value
distribution were generated by random sampling of the
background uniform distribution with sample size equal
to the search sample size.

For the search including GW170817 follow-up, ex-
cesses of greater than 30 are observed due to contri-
butions from GRB 170817A. The main emission peak
of GRB 170817A has a higher ranking than any other
event in the background, making its p-value an upper
limit. Removing all Targeted Search candidates asso-
ciated with GW170817, excesses greater than 20 are
still observed. Contributing to this near the tail of the
distribution is GW150914-GBM, which is found with
a p-value of ~ 1.8 x 1073, Of the remaining candi-
dates (located around p-value = 1.0 x 1071), the detec-
tor lightcurves, spectral information, and localizations
have been manually inspected. Real signals have consis-
tent signal in detectors viewing approximately the same
portion of the sky and are likely be found on multi-
ple timescales by the Targeted Search. Short GRB-like
signals typically display most of their emission above
50 keV. However, softer events with localizations con-
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Figure 3. O2 cumulative event rate distributions of the GBM background (black dashed lines) and search samples (solid gold
line) for the GBM Targeted Search as a function of the log-likelihood ratio. Distributions are separated according to best-fitting

spectral template.

Both the main peak and soft thermal tail of GRB 170817A, the short gamma-ray burst counterpart to

GW170817, are indicated by gold stars in the normal and soft template distributions, respectively.

sistent the Sun or the Galactic plane are likely to be
solar flares or galactic sources rather than GRBs. All
inspected events were judged to be either inconsistent
with real short GRB-like signals or too weak in GBM
data to constrain any properties. Therefore we judge
this excess likely unrelated to the CBCs in the search
sample. Some of the excess may be due to real but
unrelated gamma-ray signals, and future observations
can be used to either exclude or strengthen this feature.
We do not find evidence here to report any associations
other than GW170817 and GRB 170817A.

3.4. Targeted Search Follow-up of Single
Interferometer Triggers

During O1 and O2, a single LIGO interferometer
taking science observing-mode data covered 33.4% and
29.5% of the respective livetimes. CBC events occur-
ring during these times can still be detected (Callister
et al. 2017; Sachdev et al. 2019), albeit with a reduced
significance due to the lack of coincidence with a second
detector. The lack of a second detector can be some-
what mitigated by searching for a coincident gamma-

ray transient (Nitz et al. 2019) as the physical connec-
tion between GWs and GRBs has been established for
at least BNS mergers. This idea is roughly illustrated
by the narrative of GW170817, which was initially a sin-
gle interferometer trigger due to the presence of a glitch
in the LIGO Livingston detector (Abbott et al. 2017b;
Pankow et al. 2018), but was nonetheless found to be
time-coincident with GRB 170817A.

The method for searching for GBM counterparts to
single-interferometer triggers differs from those pre-
sented in the previous sections. We start from PyCBC
single-interferometer triggers having a reweighted S/N
(Usman et al. 2016) higher than 8, yielding a sample
of 1621 (1126 for O2 and 495 for O1) triggers. The
search for gamma-ray counterparts is then performed
using the Targeted Search. We only consider possible
associations between PyCBC candidates and the most
significant GBM candidates found within the corre-
sponding + 30 s search windows. Thus, we obtain pairs
of GW candidates and gamma-ray candidates and com-
pute a joint statistical significance. This statistic is
calculated by taking into account (i) the time offset, (ii)
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Figure 4. Cumulative distribution of the Targeted Search
p-values. The dashed black lines represent the expected
background distribution. Top: Follow-up search sample in-
cluding GW170817. The main emission episode of GRB
170817A is found with higher ranking than any other can-
didate within the background distribution. Its p-value is
therefore marked as an upper limit (black triangle) at greater
than 30 deviation from the background p-value distribution.
Bottom: Follow-up search sample without GW170817.

the reweighted S/N of the GW trigger, (iii) the Tar-
geted Search A, and (iv) the overlap between the GW
and gamma-ray sky localizations defined in Ashton et al.
(2018). Further details on the statistical method will
be given in Stachie et al. (2020). Although we find no
highly significant associations, a close inspection of the
data around the 80 candidates with the highest signifi-
cance (i.e. lowest FAR) was performed. For these can-
didates, LIGO detector characterization was performed
using standard tools like Omicron scans, Omega scans,
and Used Percentage Veto (Abbott et al. 2018, 2016b;
Isogai et al. 2010). Sixty-four candidates in temporal
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proximity with known types of instrumental transients,
blip glitches (Abbott et al. 2016b; Cabero et al. 2019),
non-stationary noise visible in spectrograms, and scat-
tered light were rejected. There were 12 other triggers
disfavoured because parameter estimation (Veitch &
Vecchio 2010) either showed evidence of a glitch (i.e.,
the existence of bimodality in posterior probability for
different CBC parameters) or returned a low (< 5) logig
Bayes factor. The Bayes factor compares the hypothesis
of the presence of signal in the data to the hypothesis of
the presence of Gaussian noise, with a low Bayes factor
indicating the data contain little evidence of a signal.
Three candidates were also eliminated due to noticeably
poor background fits in the low-energy channels of the
GBM detectors, which often cause inflated A values.

A single L1 surviving coincident association remained
with no obvious reason for rejection. However, the
derived FAR, based on coincidences between noises in
LIGO and noises in GBM (Stachie et al. 2020), is rela-
tively high at 1.1x1076 Hz. The implied low significance
is mainly due to the soft spectrum of the GBM candi-
date. The GBM candidate has a localization consistent
with the galactic plane and is likely produced by Scor-
pius X-1, as a strong occultation step caused by this
Galactic X-ray source was observed close in time to the
trigger. Finally, the parameter estimation of the LIGO
signal indicates masses of > 100 Mg, for the two compo-
nents of the binary. As of yet, there are no confirmed ob-
servations of such binary mergers (Abbott et al. 2019f),
which suggests that these systems, if they exist, are not
common.

4. SUMMARY AND FUTURE DIRECTIONS

We have used LIGO/Virgo and Fermi-GBM data and
multiple algorithms to search for gamma-ray transients
associated with high and low significance CBC events re-
ported in the first gravitational-wave transient catalog,
GWTC-1. The GBM subthreshold searches for gamma-
ray candidates employed improved algorithms to con-
duct more sensitive searches than those used in online
follow-up during O1 and O2. All searches identified the
coincidence between the short gamma-ray burst GRB
170817A and the BNS coalescence signal GW170817.
We found no additional coincident detections between
CBC triggers and GBM triggers or Untargeted Search
candidates. The GBM Targeted Search found the main
emission peak and the long, soft tail of GRB 170817A
with FARs of 2.0 x 107° Hz and 4.1 x 10~* Hz, respec-
tively, and the p-value of the joint association was found
to deviate from the background distribution at greater
than 3 sigma. The gamma-ray transient GW150914-
GBM was also found with a FAR of 8.7 x 10~% Hz, but
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was not a significant candidate on its own, lying just
within the 50% confidence region of the hard spectral
template. Future multi-messenger observations will be
necessary to establish any astrophysical connection be-
tween gamma-ray emission and BBH mergers (see e.g.,
Veres et al. 2019). No other short GRB candidates were
found in association with the CBC triggers.

In this work, the joint analysis was improved com-
pared to that performed in Burns et al. (2019). In
addition to the temporal offset and the Targeted
Search FAR, we also considered the significance of
the LIGO/Virgo trigger and the GBM visibility of the
LIGO/Virgo sky localization. However, this analysis
can be further refined. By including all candidates re-
ported in GWTC-1, we implicitly assumed that BBH,
BNS, and NSBH (i.e., neutron star-black hole) merg-
ers are equally likely to produce gamma-ray emission,
and sought counterparts to these mergers using a wide
parameter space of different timescales, energy ranges,
and spectral templates. The broad nature of this search
was motivated by the fact that, with only one con-
firmed coincidence, the observational properties of joint
GW/GRB events are still largely unknown. Improv-
ing our search to target short GRB-like signals and
filter transients from sources unrelated to CBCs, such
as particle and galactic flares, may increase sensitivity
to coincident, subthreshold short GRBs. Improvements
in GBM search pipelines (Goldstein et al. 2019) and
formal methodology (e.g., Ashton et al. 2018) are being
undertaken for joint LIGO/Virgo and GBM analysis of
CBC triggers from O3.

Finally, a new search for GBM coincidences with
LIGO single-interferometer triggers was also conducted.
The most interesting resulting candidate is unlikely to
be an astrophysical association because of its high FAR.
Additionally, the gamma-ray signal was likely caused by
flaring activity from a source near the Galactic plane
and parameter estimation of the LIGO signal suggests
source masses inconsistent with a neutron-star coales-
cence. For future observing runs (Abbott et al. 2019e),
the single-interferometer search methods will be im-
proved. The introduction of several types of follow-up
methods will be one of the modifications introduced
during these subsequent runs. This will result in an
improved FAR distribution, as future observations will
assess associations between a specific category of CBC
candidates (BNS, NSBH or BBH) and GBM candidates
defined by their duration and spectral hardness.
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