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Abstract

Astrophysical sources of gravitational waves, such as binary neutron star and black hole mergers or core-collapse
supernovae, can drive relativistic outflows, giving rise to non-thermal high-energy emission. High-energy
neutrinos are signatures of such outflows. The detection of gravitational waves and high-energy neutrinos from
common sources could help establish the connection between the dynamics of the progenitor and the properties of
the outflow. We searched for associated emission of gravitational waves and high-energy neutrinos from
astrophysical transients with minimal assumptions using data from Advanced LIGO from its first observing run
Ol1, and data from the ANTARES and IceCube neutrino observatories from the same time period. We focused on
candidate events whose astrophysical origins could not be determined from a single messenger. We found no
significant coincident candidate, which we used to constrain the rate density of astrophysical sources dependent on
their gravitational-wave and neutrino emission processes.

Albert et al.

Key words: gravitational waves — neutrinos

1. Introduction

We have entered the era of regular gravitational-wave (GW)
discoveries. Since 2015, Advanced LIGO (Abadie et al. 2015)
and Advanced Virgo (Acernese et al. 2015) have discovered
GWs from multiple binary black hole mergers (Abbott et al.
2016a, 2017a, 2017b, 2017c) and a binary neutron star (BNS)
merger (Abbott et al. 2017d, 2018a) during Advanced LIGO’s
first two and Advanced Virgo’s first observing periods. The
rate of detections is expected to significantly increase in
upcoming observation periods (Abbott et al. 2018b).

High-energy neutrinos carry information about hadronic
acceleration in astrophysical phenomena, such as accreting
black holes and supernovae (Halzen & Hooper 2002) and about
the environment of the emission site (e.g., Razzaque et al. 2003;
Loeb & Waxman 2006; Bartos et al. 2012). Several high-energy

272 Deceased, 2018 February.

273 Deceased, 2017 November.
4 Deceased, 2018 July.

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 3.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

neutrino observatories carry out joint searches with GW and
electromagnetic facilities. The primary facilities are the IceCube
Neutrino Observatory (hereafter IceCube), a gigaton Cherenkov
detector located in the ice at the South Pole (Aartsen et al.
2017a); the ANTARES neutrino telescope (hereafter ANTARES),
a 10 megaton-scale underwater Cherenkov detector in the
Mediterranean Sea (Ageron et al. 2011); and the Pierre Auger
Cosmic Ray Observatory (Aab et al. 2015).

A quasi-diffuse high-energy neutrino flux of cosmic origin
has been identified by the IceCube Neutrino Observatory
(Aartsen et al. 2013a, 2013b), at a flux level consistent with the
latest constraints by the ANTARES neutrino detector (Albert
et al. 2018a). Evidence of neutrino emission from the blazar
TXS 05064056 provides the strongest indication to date that at
least a fraction of the cosmic neutrinos are produced in blazars
(Aartsen et al. 2018; Albert et al. 2018b).

Neutrinos detected via charged-current v, interactions can be
reconstructed with an angular uncertainty <1°. Since the
directions of GWs can be reconstructed to within tens to
hundreds of square degrees, a joint GW-neutrino observation
could significantly improve the localization of a GW source,
making electromagnetic follow-up observations faster and
more feasible. In addition, combining the GW and neutrino
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data allows us to identify candidates that would not otherwise
be significant for either GW or neutrino data alone.

No common sources of GWs and high-energy neutrinos have
been identified so far. Until now, observational constraints for
astrophysical source populations have only been derived using
Initial LIGO and Virgo, and the partially completed IceCube
and ANTARES detectors (Bartos et al. 2011; Adrian-Martinez
et al. 2013a; Aartsen et al. 2014a). In addition, searches have
been carried out for the neutrino counterparts of binary black
hole mergers detected during Advanced LIGO’s first (Aab et al.
2016; Abe et al. 2016; Adridn-Martinez et al. 2016a; Gando
et al. 2016; Agostini et al. 2017; Albert et al. 2017a) and
second observing runs (Agostini et al. 2017; Albert et al.
2017b), and BNS merger GW170817/GRB 170817A (Albert
et al. 2017¢; Abe et al. 2018).

In this paper we present a multimessenger search for
common transient sources of GWs and high-energy neutrinos
using GW data from Advanced LIGO’s first observing run
(O1) and neutrino data from both ANTARES and IceCube.

The paper is organized as follows. In Section 2, we describe
the GW and neutrino observatories, and the data used in this
analysis. We also briefly introduce our multimessenger search
method. In Section 3, we present the results of our combined
search and the corresponding constraints on astrophysical
populations. We present our conclusions in Section 4.

2. Detectors and Data Analysis
2.1. Advanced LIGO

Advanced LIGO’s Ol observing run started on 2015
September 12, and lasted until 2016 January 19. During this
period, Advanced LIGO had an unprecedented sensitivity to
GW transients, which led to the discovery of multiple
astrophysical GW signals (Abbott et al. 2016a).

We used the data from Advanced LIGO’s two detectors in
Hanford, Washington and Livingston, Louisiana, to carry out a
generic GW transient search, called coherent WaveBurst
(cWB; Klimenko et al. 2008, 2011, 2016), using minimal
assumptions on the source properties. We adopted the triggers
from the all-sky, unmodeled, short duration, transient search
reported by LIGO and Virgo Abbott et al. (2016b). In this, we
quantified the significance of GW event candidates using a test
statistic p constructed in the framework of constrained
maximum likelihood analysis (Klimenko et al. 2008). We
considered GW signal candidates with p > 6, corresponding to
a GW false alarm rate (FAR) FARgw ~ 1 dayfl. Beyond p,
cWB outputs the time of the GW candidate, as well as its
directional probability distribution, or skymap (Klimenko et al.
2011). We calculate the GW skymap either up to its 90%
confidence region, or up to 320 deg® divided into 2000 tiles of
0°4 x 0°4 size, whichever is smaller.

We assign each GW candidate one of three classifications,
Cl1, C2, or C3, based on its time-frequency morphology
(Abbott et al. 2016b, 2017¢e). These labels are assigned to help
separate likely noise transients from other events. Candidates
with frequency evolutions consistent with noise fluctuations
often occurring in LIGO-Virgo data were placed into class C1.
Multiple time-frequency morphologies were included. An
example category is events for which at least 80% of GW
energy is within a bandwidth of 5 Hz. Such a narrow band is
characteristic of power and mechanical resonance lines in GW
detectors.

Albert et al.

From the remaining candidates, those whose frequency
increases with time, i.e., those similar in morphology to
compact binary mergers, were placed in class C3. All other GW
candidates were placed in class C2 (Abbott et al. 2016b,
2017e).

This grouping reduces the FAR for events within C2 and C3,
without eliminating the chance of identifying a high-signifi-
cance signal in C1.

In this search we used the C2 and C3 classes together, which
have a higher probability of being astrophysical, and treated the
Cl1 class separately. We calculated the background distribution
of the test statistic separately for these these two categories. For
a given event, its GW p-value pgw is calculated by comparing
the reconstructed p value to the background distribution of p in
the same category as the event. Because the C1 and C2+4C3
searches are statistically independent, we include a trial factor
of 2 in our final significance.

Overall, cWB identified 46 GW candidates during the
Tons = 48.6 days of coincident data from the LIGO Hanford
and LIGO Livingston detectors, which is consistent with our
background expectation. Of these candidates, 23 fell into the
C1 category, while 23 were identified as C2+4-C3.

To characterize the background distribution of the ranking
statistic p for GW candidates, we carried out the same search
over GW data after applying time shifts between the data from
the two LIGO detectors, with time shifts much greater than the
travel time of GWs between the LIGO detectors (10 ms). This
technique ensures that no short GW transient appears
simultaneously in the data streams of the two detectors, and
is therefore able to characterize the performance of the search
in the detector noise. We carried out the analysis over 500
different time shifts to collect a large background data set. We
found a total of 23,494 background GW candidates with p > 6.
A subset of 11,005 of these were identified as C1, while 12,489
were C2+4-C3. The FARs for Cl and C2+C3 are both
~0.5day "

2.2. IceCube

IceCube is a cubic-kilometer-sized neutrino observatory
(Aartsen et al. 2017a) installed in the ice at the geographic
South Pole in Antarctica between depths of 1450 and 2450 m.
It is a gigaton-scale array of photosensors with a duty cycle
higher than 99%. IceCube observes neutrinos coming from all
directions, but by using the Earth as a shield to block
background cosmic ray-induced muons, it achieves a very
high detection efficiency for neutrinos originating in the
northern celestial hemisphere with energies above O(1)TeV.
Neutrinos originating in the southern sky are detected with high
efficiency above O(100)TeV.

IceCube is sensitive to all neutrino flavors and both charged-
current and neutral current interactions. For this search we
focus on muon neutrinos that produce muons in charged-
current interactions. These neutrinos are the most suitable for
the search, due to their superior angular reconstructions and
high detection efficiency in the northern sky.

We adopted a selection of through-going muons used in
IceCube’s online analyses (Kintscher et al. 2016; Aartsen et al.
2017b), which follows an event selection similar to that used in
point-source searches (Aartsen et al. 2017c). This event
selection picks out primarily cosmic-ray-induced background
events, with an expectation of 4.0 events in the northern sky
(predominantly generated by atmospheric neutrinos) and
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2.7 events in the southern sky (predominantly muons generated
by high-energy cosmic rays interactions in the atmosphere
above the detector) per 1000 s.

Between the beginning and the end of LIGO’s O1 observing
run, we identified 41,985 neutrino candidates using IceCube’s
online analysis. The analysis determined the time of arrival,
reconstructed energy, as well as the directional point-spread
function of each neutrino candidate.

2.3. ANTARES

The ANTARES neutrino telescope, located deep (2500 m) in
the Mediterranean Sea, 40 km from Toulon, France, has been
continuously operating since 2008. It is a 10 megaton-scale
array of photosensors, detecting neutrinos with energies above
O(100)GeV, with a duty cycle higher than 90%.

The selection criteria for the ANTARES neutrino candidates
were optimized based on the observed background rate and
followed the same philosophy as the one used in the follow-up
of GW170817 (Albert et al. 2017c). The events were selected
from the most recent offline-reconstructed data set, that
incorporated dedicated calibrations, in terms of positioning
(Adrian-Martinez et al. 2012), timing (Aguilar et al. 2011), and
efficiency (Aguilar et al. 2007). Only upgoing v, neutrino
candidates, detected by their muon tracks, were considered in
this analysis.

A time-dependent selection criterion, based on the quality of
the muon track reconstruction, was optimized such that a
selected high-energy neutrino event in a time window of
thousands and within the 90% confidence contour of a GW
would yield a significance of 30, i.e., have a probability of less
than 2.7 x 107 of arising due to atmospheric backgrounds.
We rely on a sample of simulated GW events (Singer et al.
2014) to extract a relationship between the signal-to-noise ratio
of an event and the area of the 90% confidence region for the
GW localization. This latter relation is used to extrapolate the
size of the confidence region to sub-threshold GW events. This
size is then convolved with the ANTARES visible sky and its
acceptance in local coordinates, to obtain the median 90%
confidence region of possible GW events.

In this specific study, the reduced time and space windows
enable us to decrease the associated background, and therefore
to relax the quality criteria that classify reconstructed tracks as
upward going events. As a consequence the dominant back-
ground component is downgoing atmospheric muons mis-
reconstructed as upgoing, hence mimicking neutrino-induced
muons.

Each event is characterized by its detection time, arrival
direction, directional uncertainty, and number of detected
photons. The latter is used here as an energy proxy.

The ANTARES trigger rate varies with the environmental
conditions, in particular the ambient background, which is
correlated with the sea current. Thus, using a time-dependent
selection criterion instead of a constant value as used in point-
source searches allows an increase in the number of selected
signal events. For an E 2 spectrum the improvement is
45% £ 15%, depending on the time and data-taking condi-
tions. This optimization improves the volume probed and
correspondingly the number of detectable joint GW+high-
energy neutrino sources by the ANTARES component of the
joint analysis, by a factor 1.5-2.

With this new analysis, which considers the detector
sensitivity at the time of the GW candidate, we obtain a total
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of 907 selected high-energy neutrino candidates with ANTARES
between the beginning and end of the Ol observation run,
corresponding to an expected average of 0.1 neutrinos within a
1000 s time window.

2.4. Multimessenger Analysis

We jointly analyzed GW and neutrino event candidates to
search for common sources using a multimessenger search
algorithm (Baret et al. 2012), which was already followed in a
previous joint search (Aartsen et al. 2014a). We used the
significance of GW and neutrino candidates independently, as
well as their temporal and directional coincidence, to quantify
the significance of joint events.

We adopted p as the ranking statistic for GW candidates. We
calculated the significance of GW candidate i by calculating its
p-value pgw,; based on its p; value, separately for the C1 and
C2+C3 classes. That is, pgw; is defined as the fraction of
background GW candidates with p > p; and within the same
signal category as GW candidate i. For neutrino candidates, we
used their reconstructed energy ¢, as the ranking statistic. For
ANTARES, ¢, is approximated with the number of detected
photons corresponding to a given event, while for IceCube it is
the energy reconstructed by the detection algorithm. We
calculated the significance of neutrino candidate j by calculat-
ing its p-value p,; based on the energy proxy ¢,;. In the
following for simplicity we will refer to this as the
reconstructed energy. For IceCube, we considered all detected
neutrino candidates within a decl. band of +5° around the decl.
of candidate j. The candidate’s p-value was then calculated as
the fraction of background neutrino candidates within this band
with energies ¢, > ¢,;. This calculation accounts for the fact
that the energy distribution for neutrino candidates in IceCube
changes little with R.A., but depends strongly on decl. For
ANTARES, p,j was calculated using Monte Carlo simulations
as a probability of observing a neutrino energy ¢, > ¢, given
the observed neutrino direction.

In this analysis, temporal coincidence is a binary classifica-
tion. Any neutrino arriving within £500 s of a GW candidate is
considered temporally coincident (Baret et al. 2011). Direc-
tional coincidence is quantified as the product of the GW
skymap and neutrino reconstructed point-spread function,
marginalized over the whole sky.

In order to quantify the significance of joint event
candidates, we carried out a Monte Carlo simulation to obtain
their background distribution. One realization consisted of the
following steps. (i) We randomly select a GW event candidate
from the candidates identified in time-shifted GW data. (ii)) We
randomly select a neutrino candidate from the set of all
observed neutrino candidates, and assign this to the selected
GW candidate. We keep its original parameters, other than its
time of arrival, which is changed to reflect the fact that we
consider the two events to be temporally coincident. Impor-
tantly, we fix the neutrino’s direction with respect to the
neutrino detector’s position, and calculate its R.A. and decl. by
assuming it arrived at the same time as the GW candidate it was
assigned to.

We realized 20,000 times the steps described above both for
the case of ANTARES and for IceCube, and used these
background simulations to calculate the p-value pg, of
directional coincidence.

For neutrino candidates in temporal coincidence with GW
candidates, we combined the three p-values from above into
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one ranking statistic X2, method

(Fisher 1925):

following Fisher’s

ey

For neutrino candidates not in such coincidence we assigned
X? = 0. This results in a X distribution with one component of
positive values distributed according to the coincidence
simulation described above, and one component located at
zero. The fraction in the former component, i.e., the fraction of
neutrino background events in GW coincidence, is 1 — Poiss
(0, FARGwAT). Here, Poiss(k, \) is the Poisson probability of
observing k events given \ expected events, and AT = 1000 s
is our search time window.

We quantified the significance of joint signal candidate i
using the p-value

/ o0 !’ ’
P = [ Pra(X?)ax?,

X2 = —2In(pgw - D, 'psky)'

@)

where pBG(Xz) is the distribution of X> for background events.
Note that this p-value is defined for every neutrino candidate,
also those not in temporal coincidence with a GW. For the
latter category pl)

Pow v
A more detailed description of the method can be found in

Baret et al. (2012).

2.5. Calculating Population Constraints

The expected amplitude A, from a source depends on its
distance r as well as its total radiated GW energy Egw:
kG2 ELZ

hrss(EGWa r) = 7TC3/2 % 5

3)

where c is the speed of light, G is the gravitational constant, f;
is the characteristic frequency of the GW, and « is an O(1)
dimensionless constant, which we take to be (5/ 2)1/ 2
(Sutton 2013). This value corresponds to a rotational GW
source, such as a BNS merger or a rapidly rotating neutron star.

We model the expected high-energy neutrino spectrum as
dn, /dE, = ®yE,> within the energy band E, € [100 GeV,
100 PeV]. For this model the neutrino spectral parameter ®, at
Earth is ®y = E, js,(47r?)"1/6, where E, i, is total isotropic-
equivalent energy emitted in neutrinos. Combining &, with the
detectors’ effective areas we can calculate the expected number
of detected neutrinos (N,). This in turn determines the
probability that at least one neutrino will be detected from
the source, given that it is beamed toward the observer:

pdet,y,x(Eu,ism }’) =1- POiSS(O’ <Nu>X) (4)

Upon non-detection, we can obtain constraints on the
population of GW-+neutrino sources. Let fgw e (Arss) and
Jow.a (hrss) be the fractions of GW+neutrino events with /i
root-sum-squared GW strain amplitude that are expected to
surpass a specific significance, here taken as that of our most
significant event. Here and below, the subscript IC is used for
IceCube and A is used for ANTARES. We only consider the
fraction of GW events here that have a temporally coincident
neutrino candidate.

The rate upper limit Ry, of common sources will then be

3.9 00 -1
o [ f APy, dr] ,
7:)bs 0

&)

RyL =
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where f; = (1 — cos Gj)*l is the neutrino emission’s beaming
factor for jet-opening half-angle 6;, the factor 3.9 arises from
the Poisson distribution and corresponds to a Neyman 90%
confidence-level upper limit, and

Paet = Jow,ic * Paetvic TJowa * Paetva

(6)

Here, the last term on the right side ensures that a simultaneous
detection by IceCube and ANTARES is not counted twice.

—Jow.ic “Jow.A * Paetwic * PaetwA-

3. Results

We found that 42 of the 46 GW event candidates had
temporally coincident neutrino candidates for IceCube, with a
total of 195 coincident neutrinos. We identified no temporally
coincident neutrino candidates for ANTARES. These results are
consistent with our background expectation.

None of the joint GW+neutrino candidates we identified
have sufficiently high significance to consider them a detection.
Our most significant event corresponds to a GW candidate
recorded on 2015 December 18 at 11:40:17 UTC, and a
neutrino candidate observed 296s later. There is a strong
directional coincidence between the candidates, with pg, =
0.01. The GW p-value for the event is pgw = 107>. The GW
candidate is classified as C2+C3. The neutrino candidate was
detected at (R.A., decl.) = (31295, —25°3). It had a recon-
structed muon energy of 127.3 TeV. This is a typical energy for
a background event in the southern sky, and corresponds to a
neutrino p-value of p, = 0.43. The p-value of our most
significant event, considering the whole observing run, is 0.82,
making our results consistent with expectations from the
background.

3.1. Sensitivity

We calculated the sensitivity of our search using simulated
multimessenger signals. We generated gravitational waveforms
with varying amplitudes that we superimposed on the data. We
adopted a sine-Gaussian gravitational waveform with char-
acteristic frequency fy = 153 Hz and quality factor Q = 9. This
standard waveform has been used for past searches, which
allows comparison to prior results and the characterization of
sensitivity (see, e.g., Abadie et al. 2010). The sensitivity of GW
detectors gradually decreases for frequencies away from the
most sensitive band around 200 Hz. See Beauville et al. (2008)
for a comparison of search sensitivities and Klimenko et al.
(2011) for a comparison for localization accuracy for different
gravitational waveforms.

We used Monte Carlo simulations to generate a set of
detected astrophysical high-energy neutrinos. We draw the
energies of the incoming neutrinos from a distribution of
dN,/dE, x E, 2, consistent with the scaling expected for
particle acceleration in relativistic jets (Waxman & Bah-
call 1997). A softer spectrum, or the addition of a spectral
cutoff, would make our resulting sensitivity somewhat weaker
(Adrian-Martinez et al. 2016a). We chose a lower limit for the
neutrino energies of 300 GeV for IceCube and 100 GeV for
ANTARES.

We evaluated our search sensitivity as follows. For a given
GW signal amplitude and assuming an astrophysical neutrino
was detected from the source, we calculate the fraction of
simulated GW+neutrino events that are reconstructed with
Pcw 4, below a threshold value. This gives us fow 1c (rss) and
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Figure 1. Fraction of simulated astrophysical GW+neutrino events whose significance exceeds a threshold as a function of the GW h,y, assuming a sine-Gaussian
gravitational waveform described in Section 3.1. Separate curves are shown for the cases of detections by IceCube+LIGO (left) and ANTARES+LIGO (right). Results
are shown for different €1gniﬁcance thresholds, with thresholds set at the most significant event [GW+v (obs.)], as well as thresholds corresponding to FARs

1/10 yr~" and 1/50 yr~

! For comparison, we further show results for GW- only searches, also for FARs 1/10 yr~' and 1/50 yr~'. On the top of the figures we also

show the source distance corresponding to /1, assuming Egw = 10~ M 2. Below 5 x 1072, we find that the GW search is unable to detect events (shaded area).

Jow.a (hiss), as defined earlier. We calculate these fractions for
a range of GW signal amplitudes, characterized by the root-
sum-squared GW strain /.. We compute fractions for multiple
thresholds:

(i) First, we consider pgy _,,, of our most significant event for
IceCube. For ANTARES, as there was no coincident GW
+neutrino event, any coincidence by itself passes our
threshold.

(i) We consider the expected most significant background
events over 10 and 50 yr observation periods. To obtain these
thresholds, we use Monte Carlo simulations to generate
multiple realizations of 10 and 50 yr joint observation periods,
and for each realization we find the event with the low-
est p GW+v+

Figure 1 shows our search’s detection efficiency as a function of
hys, separately for IceCube and ANTARES, for different significance
thresholds. We also show results for both GW-neutrino and
GW-only sensitivities. For example, for iy = 10~ Hz /% we
find that 80% of those GW-neutrino injections for which a
neutrino is detected will have FAR < 1 / 50 yr~!, while only 43%
of GW events have FAR <1/50 yr—. We a]so find that below
hes =5 X 1072 Hz '/? the GW search is unable to detect these
events.

We also see in Figure 1 how our sensitivity changes if
instead of the most significant event of the present search we
use as threshold a FAR of 1/10yr " and 1/50yr '. For
comparison, we also show the sensitivity curve for GW-only
searches. We see that there is little difference between results
for 1/10yr" and 1/50 yr—' FAR values, for either detector.

3.2. Population Constraints

We used our non-detection to obtain constraints on the
population of GW+neutrino sources. We carried out Monte
Carlo simulations to compute the direction-dependent effective
area of the detectors, separately for IceCube and ANTARES
Adopting a neutrino spectrum EZ’dn, /dE, = ®,, where n,
the neutrino fluence at the detector, we found that the sky-
averaged expected number of detected neutrinos are
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Figure 2. Upper limits for the rate density of GW-+neutrino sources as
functions of Egy, for different values of Ej, , (see numerical values of Ejg, , in
the figure), for a sine-Gaussian gravitational waveform described in
Section 3.1. We assume a beaming factor f;, = 10. For comparison, we show
the rate density of local core-collapse supernovae (CCSNe; dashed line, rate
error region shown in blue), and that of BNS mergers (dotted line, rate error
region shown in red).

(N)ic = 30(Po/GeVem=2) and (N,)p = 1.2(Py/GeV cm~?)
for IceCube (IC) and ANTARES (A), respectively.

We used fgyw e (iss) and fow 4 (rss) along with (N,) to
calculate pg, using Equation (6), which we substituted into
Equation (5) to obtain the population rate upper limit Ryy.
Figure 2 shows our results for Ryp for different source
parameters.

In Figure 2 we assume a beaming factor of fi, = 10. The
constraints linearly scale with f,. The expected beaming factor
varies between sources. For low-luminosity gamma-ray bursts
(GRBs), it can be as low as f, < 14 (Liang et al. 2007). For
long GRBs, typical jet-opening angles are #; = 3°~10°, with
some extending up to ~20° (Berger 2014), corresponding to a
beaming factor f; = (1 — cos6)~! = 10 — 10°.
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Short GRBs were found to have comparable beaming factors
based on their observed jet breaks and rate (Berger 2014).
Nevertheless, the detection of GRB 170817A at a higher
observing angle of ~30° & 15° (Abbott et al. 2018a) implied
weaker effective beaming. Radio observations of the GRB’s
afterglow indicate that the outflow had a narrowly collimated
relativistic jet with 6; < 5° as well as a broader, less energetic
component (Ghirlanda et al. 2018; Mooley et al. 2018a). The
origin of this structured outflow remains the subject of active
debate (Haggard et al. 2017; Alexander et al. 2018; Gottlieb
et al. 2018; Ioka & Nakamura 2018; Lazzati et al. 2018;
Mooley et al. 2018b; Veres et al. 2018).

It is instructive to compare the present limits to previous
results. Here, we look at the latest estimates that used Initial
LIGO-Virgo and the partially completed IceCube detector
(Aartsen et al. 2014a). Considering a fiducial source emission
of Egw=10">M.¢* and E,;, = 10°" erg, assuming a
beaming factor of f, = 10, this previous search obtained a
joint source rate upper limit of 1.1 x 107 Gpc > yr~'. The
present search updates this constraint to 4 x 10* Gpc ™ yr !,
an improvement of more than 2 orders of magnitude.

3.3. Discussion

Here, we briefly review the expected emission parameters of
sources of interest, and compare the our rate density constraints
to expectations. While our constraints take into account the
total emitted energy in both GWs and high-energy neutrinos,
and the high-energy beaming factor, the source constraints are
also affected by the chosen gravitational waveform and the
neutrino spectrum, which we do not explore here in detail. The
comparison below should therefore be considered qualitative.

We show in Figure 2 the local (z =0) rate density of core-
collapse supernovae (CCSNe) and BNS mergers. The rate of
neutron star—black hole mergers, which also could produce
relativistic jets, is expected to be lower, <50 Gpe Jyr!
(Gupta et al. 2017). For CCSNe, it is possible that a large
fraction of them drive relativistic jets (Piran et al. 2017),
potentially resulting in high-energy neutrino emission. Many of
these jets may be stalled, however, before they are able to break
through the stellar envelope (Mészdros & Waxman 2001;
Senno et al. 2016). The resulting choked jets will have no
observable gamma-ray emission, making high-energy neutrinos
an interesting way to probe them.

For CCSNe, we adopted the local rate of (7 &+ 3) x
10* Gpc > yr' from Li et al. (2011). For BNS mergers, we
adopted the rate 15407339 Gpc>yr~' obtained from the
detection of GW170817 (Abbott et al. 2017d).

The total energy emitted in GWs in BNS mergers is a few
percent of a solar mass. It depends on the neutron star masses
as well as the nuclear equation of state (Bernuzzi et al. 2016).
The expected rate of neutron star-black hole mergers falls
below the shown range, while their GW energy could extend
beyond 10" M. c? even for black hole masses <10M.,
which can disrupt a neutron star upon merger.

The range of Egw is uncertain for CCSNe. Numerical
simulations of stellar core-collapse typically predict low GW
emission, with Egw < 107" M ¢ (Ott 2009; Yakunin et al.
2010; Kotake et al. 2012; Miiller et al. 2013). For core-collapse
events with rapidly rotating cores Egw may be boosted to
1072 M. c* if a substantial fraction of the newly formed
protoneutron star rotational energy is radiated away in GWs
(Fryer et al. 2002; Corsi & Mészaros 2009; Bartos et al. 2013b;
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Kashiyama et al. 2016). Fallback accretion onto the proto-
neutron star can further increase the available angular
momentum for GW emission (Piro & Thrane 2012).

High-energy neutrino emission from relativistic jets driven
by either CCSNe or BNS mergers is not well understood. For
GRBs, the total radiated energy E, js, can be comparable to the
energy radiated in gamma-rays (Waxman & Bahcall 1997),
although E, ;, from GRBs has been observationally con-
strained by the non-detection of coincident neutrinos (Abbasi
et al. 2012; Adridan-Martinez et al. 2013b; Aartsen et al. 2017d).

Neutrino emission can be enhanced for sub-photospheric
dissipation processes, in which the observable gamma-ray flux
is reduced by absorption (Bartos et al. 2013a). A particularly
interesting scenario is emission, while the jet is still inside the
stellar envelope (Mészdros & Waxman 2001; Razzaque et al.
2003; Bartos et al. 2012; Senno et al. 2016; Tamborra &
Ando 2016). As these events are faint or dark in gamma-rays,
their E, js, 1S not strongly bound by observations as is the case
for GRBs.

Recently, there has been significant interest in high-energy
neutrino emission from BNS mergers. Kimura et al. (2017a)
found that the most promising neutrino sources are GRBs with
extended emission that could produce E, ;, ~ 10°!erg.
Extended emission refers to the weaker X-ray/gamma-ray
emission observed for some short GRBs that follow the main
short burst, which typically lasts for a hundred seconds. The
origin of this emission is currently not understood. Fang &
Metzger (2017) investigated the possibility that a long-lived
neutron star remnant survives the BNS merger, and calculated
the interaction between winds from the remnant with matter
ejected from the merger. They found that this interaction could
produce neutrinos over a period of weeks to a year that could
reach ~10° erg energy. This particular emission model is not
constrained by the present search due to its expected duration.

Following the discovery of BNS merger GW170817, Biehl
et al. (2018) looked at the expected neutrino flux for GRBs
with structured jets observed at large viewing angles, finding a
low E, o ~ 10* erg. Kimura et al. (2018) studied neutrino
emission in jets burrowing through the mildly relativistic ejecta
of BNS mergers. They found that this trans-ejecta neutrino
emission, when viewed on-axis, can reach E, i, ~ 10°! erg.

Binary black hole mergers could also produce electro-
magnetic and neutrino emission if the black holes reside in a
gaseous environment, although this scenario is not expected to
arise for the majority of events. The first observational hint for
such was the observation of a possible short GRB by the
Gamma-ray Burst Monitor on the Fermi satellite (Connaughton
et al. 2016). Scenarios that can result in electromagnetic and
neutrino emission include mergers in the accretion disks of
active galactic nuclei (Bartos et al. 2017a, 2017b; Stone et al.
2017), gas, or debris remaining around the black holes from
their prior evolution (Kotera & Silk 2016; Moharana et al.
2016; Murase et al. 2016; Perna et al. 2016; de Mink &
King 2017; but see Kimura et al. 2017b), and binary black hole
formation inside a collapsing star (Loeb 2016; but see Dai et al.

2017). The electromagnetic and neutrino brightness of binary
black hole mergers within these scenarios is currently not well
constrained. Continued follow-up observations of mergers
discovered through GWs in the future will be able to confirm or
provide interesting constraints on these models.
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4. Conclusion

We searched for joint sources of GWs and high-energy
neutrinos using observations from Advanced LIGO during its
first observing run O1, and the ANTARES and IceCube neutrino
observatories. We identified no significant coincident GW and
neutrino candidates.

We used the non-detection to obtain constraints on the rate
density of multimessenger GW+neutrino sources as functions of
the energy emitted in gravitational waves and neutrinos. For
realistic multimessenger source rate densities of <10°> Gpc ™ yr ",
the derived limits are constraining in the strong-emission regime
of Egw > 1072 M., ¢* and Ej,, > 10°! erg. Such GW bright-
ness is highly optimistic for CCSN events but it is more realistic
for the case of compact binary mergers, while such neutrino
brightness is comparable to the gamma-ray brightness of GRBs.

The considered observing period had an effective duration of
just ~0.13 yr, which will be surpassed by future GW observing
runs. In addition, we anticipate that LIGO’s sensitivity will
improve by a factor of ~2 upon reaching design sensitivity
(Abbott et al. 2018b). Furthermore, other detectors such as
Virgo will be operational in future observing periods (Virgo
was partially operational during the second observing run, O2).
Meanwhile, planned next-generation neutrino detectors at the
South Pole (Aartsen et al. 2014b), the Mediterranean (Adridn-
Martinez et al. 2016b) and in Lake Baikal (Avrorin et al. 2018)
will lead to similarly significant improvements in sensitivity to
high-energy astrophysical neutrinos. In light of these gains, we
expect our sensitivity to possible multimessenger GW+neu-
trino sources to improve significantly in the near future.
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