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The next generation gravitational wave (GW) detectors—Einstein Telescope (ET) and Cosmic Explorer
(CE)—will have distance horizons up to O(10) Gpc for detecting binary neutron star (BNS) mergers. This
will make them ideal for triggering high-energy neutrino searches from BNS mergers at the next generation
neutrino detectors, such as IceCube-Gen2. We calculate the distance limits as a function of the time window
of neutrino analysis, up to which meaningful triggers from the GW detectors can be used to minimize
backgrounds and collect a good sample of high-energy neutrino events at the neutrino detectors, using the
sky localization capabilities of the GW detectors. We then discuss the prospects of the next generation
detectors to work in synergy to facilitate coincident neutrino detections or to constrain the parameter space
in the case of nondetection of neutrinos. We show that good localization of GW events, which can be
achieved by multiple third generation GW detectors, is necessary to detect a GW-associated neutrino event
or put a meaningful constraint (~3¢ confidence level) on neutrino emission models. Such an analysis can
also help constrain physical models and hence provide insights into neutrino production mechanisms in

binary neutron star mergers.
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I. INTRODUCTION

The era of multimessenger astronomy is rapidly pro-
gressing, with planned upgrades to IceCube—IceCube-
Gen2 [1], KM3NeT [2], the Pacific Ocean Neutrino
Experiment (P-ONE) [3], TRIDENT [4], and Baikal-
GVD [5] bolstering the neutrino sector and the next
generation gravitational wave (GW) detectors like
Einstein Telescope (ET) [6] and Cosmic Explorer (CE) [7]
complementing in the GW sector. The former gives us an
opportunity to look for high-energy neutrino events, while
the latter is expected to have a distance horizon of at least ~ a
few 10 Gpc for binary neutron star mergers. However,
beyond the individual capabilities of the detectors in regards
to their respective messengers, it is also important to
consider their joint capabilities in observing messengers
from various astrophysical sources in order to maximize our
understanding through observational insights.

With the detection of the binary neutron star (BNS)
merger event GW170817 by the LIGO and Virgo
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collaborations [8] in the GW channel and subsequent
observations of a faint gamma-ray burst [9,10] and other
electromagnetic signatures [11-16], the power of multi-
messenger observations using GW detectors and electro-
magnetic telescopes was well established. However no
high-energy neutrinos (or high-energy gamma rays) were
observed from this event [17-19], even though BNS
mergers are considered to be sources of high-energy
neutrinos [20-27]. This naturally leads to the question of
what will the landscape of joint GW and neutrino obser-
vations look like in the next era with the upcoming
powerful detectors in both sectors. In particular, ideally
even if a coincident detection of a high-energy neutrino
from a single nearby BNS merger event cannot be made,
the large distance horizons of future detectors might enable
us to stack signal events to eventually collect coincident
neutrino events from comparatively distant sources or in
their absence help us constrain the physical models.

This forms the basis of our present work. We discuss the
possibilities of synergic observations between the neutrino
and GW detectors. Dedicated searches for high-energy
neutrinos coincident with BNS mergers have been
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performed by the IceCube collaboration [28]. In [29],
search techniques for common sources of GW and
high-energy neutrinos were discussed using a Bayesian
approach. An archival search for the 80 confident events
reported in GWTC-2.1 and GWTC-3 catalogs was con-
ducted by the IceCube collaboration using an unbinned
maximum likelihood analysis and a Bayesian analysis
using astrophysical priors, resulted in no significant
neutrino associations [30].

A dedicated triggered search pipeline called Low-
Latency Algorithm for Multimessenger Astrophysics
(LLAMA) [31] using LIGO/Virgo candidates was devel-
oped to look for high-energy neutrinos from the candidates.
The main framework for the pipeline involves receiving
significant events generated by detection pipelines from
LIGO/Virgo as input along with the reconstructed sky
maps. The pipeline (LLAMA) receives this information to
collect the neutrino and GW localizations from IceCube
and LIGO/Virgo, respectively, to run a joint analysis. The
results of the joint analysis is then distributed for other
multimessenger followups. The joint analysis technique
used in the pipeline considers a high-energy neutrino
coincident with a GW signal if (a) the high-energy neutrino
event is detected within a time window of 7gw £ 500 s,
where fgw 1s the time of the GW event and (b) the
likelihood density between the neutrino signal and the
90% confidence region associated with the GW signal is
greater than 107* deg™2.

In principle, depending on the astrophysical system of
interest, an analysis can be performed where one of the
neutrino or GW observations can be used as a trigger for the
other observation. For sources that are known to emit
heavily in neutrinos, e.g., core-collapse supernovae, a
neutrino triggered search might be more efficient [32,33].
For the case of compact binary mergers, the maximum
energy is radiated in GWs, and the GW signals might
contribute in triggering neutrino searches. Binary neutron
star mergers form an interesting class of astrophysical
sources that are known to emit heavily in GWs and may
also have significant high-energy neutrino emission
depending on the presence of jet and ejecta (e.g., [23]).
We particularly focus on BNS mergers for this work.

The next generation GW detectors with large distance
horizons would observe several hundreds of BNS merger
events per day, providing triggers for high-energy neutrino
searches in the next generation neutrino detectors. However,
with the increase in the number of triggers, the backgrounds
for the neutrino detectors can also be overwhelming. In this
work, instead of using all the GW events as triggers for
neutrino searches, we calculate distance limits from which to
collect meaningful triggers, where meaningful in this con-
text implies triggers for which stacking the neutrino obser-
vations would lead to a comparatively low background. We
propose to do this by quantifying the fraction of sky area
covered using the sky localization capabilities of the GW

detectors. We present our results for the prospect of
coincident detection of high-energy neutrinos from BNS
mergers along with the operation time of the detectors. In
case of a nondetection, this would imply strong constraints
on the physical models associated with BNS mergers. We
also give estimates of backgrounds associated with such
limiting distance triggered stacking searches, which pro-
vides an optimal operation time and a threshold for the
fraction of sky area covered.

A related work was also performed for the low-energy
thermal neutrinos from BNS mergers, where the potential
of the next generation GW detectors was examined in the
context of searching for O(10) MeV neutrinos from BNS
mergers at the next generation submegaton scale water
Cherenkov detectors, such as Hyper-Kamiokande [34,35].
Besides being on the opposite end of the energy spectrum,
these have short emission timescales of ~1-10 s. However,
the timescales associated with high-energy neutrino
emission from BNS mergers can be diverse and as long
as ~107 s [25], which would then require a completely
different analysis strategy to collect low background
coincident neutrino events from BNS mergers as described
in this work. It is also important to note that the current
work is complementary to the triggered-stacking searches
that the current neutrino detectors perform [28,30,31],
which use likelihood search techniques along with various
astrophysical priors.

The paper is organized as follows. In Sec. II, we discuss
the main method and the ingredients required to perform
the analysis. Using the ingredients, the main results
including the detection prospects for coincident high-
energy neutrino events using GW triggered searches and
the effects of backgrounds are discussed in Sec. III. We
summarize in Sec. IV and discuss the implications of our
work in Sec. V.

II. STRATEGY

Let us assume a given astrophysical source emits total
energy £'. Consider the energy emitted in the GW sector is
Egw, in high-energy neutrinos is EME, and in all other
channels E™¢. Note that these other channels (™) can
also include electromagnetic and exotic emissions. Thus,
we have £° = £y + ENE + £Misc. Note that independent
of the specific models, E™s¢ > EHME because the amount of
generated gamma rays is comparable to that of high-energy
neutrinos whether one considers hadronuclear or photo-
hadronic interactions [36]. Since the focus of this work is to
discuss the prospects of GW triggered high-energy neutrino
observations, we consider that the source emits strongly in
gravitational waves and use that as the trigger. In particular,
BNS mergers, besides strongly emitting in GWs, might
also have considerable neutrino emissions [20-27]. We
focus on BNS mergers and discuss the strategy in the
context of such mergers.
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For BNS mergers, typically a small fraction («) of the
total energy is emitted in GWs, that is, Egw ~ a&'", where
a ~ 1% [8,37-42]. The total energy £ in this case refers to
the orbital or the binding energy of the BNS system.1 The
energy in the GWs (Egw) is the observed quantity and has
all the uncertainties based on the detector properties and the
source. The quantity Egw will depend on the signal-to-
noise ratio (SNR) of the observation, which in turn,
depends on the noise curves or sensitivity of the GW
detector and the distance of the source.

The total energy emitted in high-energy neutrinos can be
assumed to be a fraction of the gravitational wave energy
(Egw)- Thus, we can define

glI:IE,TILIe = fngW’ (1)

where EME™ s the energy emitted in high-energy neu-
trinos at the source, and f, is an effective parameter and is
defined as the energy radiated in high-energy neutrinos as a
fraction of the GW energy emitted by the same source. This
will be an important parameter in our analysis. A higher
value of f, would imply a larger total energy emitted in
high-energy neutrinos leading to more optimistic prospects.

The high-energy neutrinos can be produced in the
relativistic jets launched after the merger, and we need
to take into account the relativistic beaming effect when
discussing the neutrino emission from the jets. The iso-
tropic-equivalent energy emitted in high-energy neutrinos
at the source is given by

EZI:IE,true ,
" fm (1{7 >‘€GW‘ <2)

HE,i
gb 180

Often fy,, ~ 1% is used, which is roughly consistent with
the afterglow observations [43]. It is expected that £} =™ is
only a tiny fraction of gy . However, the neutrino emission
and the gravitational wave emissions can have completely
different beaming factors. Finally, it is worth mentioning
that the definition of f, to be a ratio against the GW energy
emitted in neutrinos is just a definition. In general, the two
emissions have different physical sources and are not
related, so f, > 1 is possible in principle but highly
unlikely for realistic astrophysical environment.

One can also choose EMF™ from physical models. For
example, according to neutrino emissions from BNS mergers
considered in [23,25], one can find that /5™ ~ 10%8 erg.
Assuming £ = 5 x 10°* erg then gives f, ~ 107%.

Below we give brief details about the next generation
GW and neutrino detectors that we use for this work.

"It is also important to note that the majority of the energy
budget does not go into radiation and is mostly utilized as the spin
energy of the compact object formed.

A. GW detectors

The GW detectors we consider in this work are the
upcoming third generation detectors: Einstein Telescope
(ET) and Cosmic Explorer (CE). Following Ref. [44], we
use the results of the geometrical configuration known as
ET-D for Einstein Telescope. This consists of three inter-
ferometers, each having an opening angle of 60° and
are rotated by 120° relative to the other, resulting in a
configuration of an equilateral triangle. The interfero-
meter arm length is 10 km. Since the location of both ET
and CE is undecided yet, the results used assume that ET
is located at (longitude, latitude) = (10.4°,43.7°) and CE at
(longitude, latitude) = (—119.41°,46.45°). The corre-
sponding antenna patterns assumed for each detector are
given in Ref. [45]. Both ET and CE are sensitive between
O(10) Hz to a few kHz [6,46] and have an amplitude
spectrum density of ~102> Hz~!/2. The scenario of ET and
CE working together (referred to as ET + CE hereafter) is
also considered to illustrate the prospects of triggered
searches.

Given the properties of the GW detector, the size
of the localization area AQ depends on the distance to
the source [44]. In Fig. 1(a), on the left axis, we show AQ
as a function of the luminosity distance d; for ET (dashed
pink), CE (dotted dark-blue), and ET + CE (solid orange).
As the distance to the source increases, the localization area
becomes larger as expected. It is interesting to note that
although CE has a longer arm and hence is sensitive to
higher distances for BNS mergers, it has a comparatively
poor sky localization capability and is limited to <1 Gpc
for covering all sky (sky localization area is 4x) as
compared to the ET, which can use triangulation techniques
to have a much better ~O(10%)deg? at 1 Gpc sky
localization capability. The combination of ET + CE is
the most effective and has a localization capability
~0O(10%) deg? even at d; ~ 10 Gpc, which is a couple
of orders of magnitude better than that of ET. Finally, the
sky localization areas can be less optimistic [47] than what
is considered in our current work.

B. Neutrino detectors

For neutrino detectors, we consider the planned upgrade
to IceCube—IceCube-Gen2. The current IceCube detector
has 86 strings deployed at a distance spacing of 120 metres
resulting in roughly a cubic-kilometer detector volume. The
planned IceCube-Gen?2 will add 120 strings to the existing
configuration at distances of 240 metres resulting in a
detector volume of ~8 km?. This combined with better
PMTs will likely boost its sensitivity by a factor of 10%/3
(roughly 5). For this work, we use the publicly available
declination-dependent effective area used in the IceCube
10-year point source (PS) search [48] and scale it by
the factor (10*/3) to obtain our results for the future
IceCube-Gen2.
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(a) The left axis shows the size of the localization area in the sky for a single BNS merger event (AQ) as a function of the

luminosity distance d; for CE (dashed dark blue line), ET (dashed pink line), and ET + CE (solid orange line). The right axis shows the
BNS merger rate R(z). The fiducial rate is shown as a solid teal line, and the area between the upper and the lower limits of R(z = 0) is
shaded. (b) The fraction of sky area covered f,, as a function of d; for CE (dot-dashed purple line), ET (dashed orange line), and
ET + CE (solid dark blue line) [see Eq. (4) for details]. The horizontal dotted lines show the threshold for the fraction of sky area
covered fy, equal to 1072 (red), 1073 (green), and 10~ (orange). The time duration assumed for the plot is 6 = 1000 s.

C. Binary neutron star merger rates

In this section, we discuss the rate of BNS mergers. The
redshift dependence of the rate is adapted from that of short
gamma-ray bursts (GRBs) [49]. This is a reasonable
assumption given that short GRBs might primarily origi-
nate from NS-NS mergers.” The redshift dependent rate of
BNS mergers is given as [49]

exp((z—0.9)/0.39),z < 0.9,

R(z)=NR(z = 0){ exp(—(z —0.9)/0.26),z > 0.9,

where the normalization N\ is chosen such that the rate
at z=0 is given by the fiducial rate, R(z =0)=
300 Mpc~ yr~'. We choose a conservative value for the
fiducial case. However, this rate has associated uncertain-
ties and can be over a wide range between 10 Mpc =3 yr~!
(lower limit) and 1700 Mpc~= yr~! (upper limit) [51]. In
Fig. 1(a), on the right axis, we show R(z) as a function
of luminosity distance, d;, where the fiducial rate
[R(z = 0) =300 Mpc— yr~'] is shown as a thick solid
line, and the area between the upper and lower limits is
shaded with teal. We see the break at z = 0.9 as the peak
according to Eq. (3). The cumulative rate is given by,
Rpns(z) = J§dZ R(Z). Given that the rate decreases post

*NS-BH (neutron star-black hole) mergers are also suggested
to produce short GRBs, but the NS-BH merger rate is likely lower
than BNS merger rates based on GW observations [50], although
the rate still has a large uncertainty.

z=0.9, the cumulative rate is approximately constant
for z 2 0.9.

D. SKky localization for GW detectors

With the next generation GW detectors reaching distance
horizons of O(10 Gpc), the number of events detected
would be O(100) a day [52]. Hence, the entire paradigm of
performing triggered neutrino searches based on GW
detections depends on the localization of the source based
on the GW observations. We focus on quantifying the
possibilities and limitations based on the GW detectors and
the sources in this section.

The total fraction of the sky area covered by the error
regions given by the localization of BNS merger events by
the GW detectors in a given time period is

AQ(d,)

fm .
A o d(dcom) TR(Z>4ﬂdgom5t = fcov (dlcl}r{lv)v (4)

where d_,, is the comoving distance, f,, is the fraction of
the sky area covered,3 dy, 1s the luminosity distance that is a
function of the redshift z and comoving distance d.y,,
d; = (1 + 2)deom, AQ is the size of the localization area in
the sky for a single BNS merger event for a given GW
detector, and 6t is the duration of neutrino emission in the
observer frame.

*Note that f.,, = 1 would imply all sky (4z) area being
covered by the error regions as a result of the localization of BNS
merger events by the GW detectors in a given time period.
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The integral is performed over d.,, from O to the given
upper limit dg{,‘v For a chosen value of f,,, which we call
the threshold value f;,, we evaluate the above equation to
deduce the upper limit, hence obtaining the limiting
distance dﬁn‘?’ . Thus, fy, in this case is a parameter that
then helps us in obtaining distance limits such that a
collection of signal events is not overwhelmed by back-
grounds. The identification of individual sources requires
nearby merger events. However, for this work, we do not
discuss identifying individual sources. Instead, we focus on
prospects for high-energy neutrino detection by stacking
BNS merger events using GW triggers.

The time duration of neutrino emission, o0f, is an
important quantity and can have a wide range of variation.
For example, high-energy neutrino emissions from a jet
interacting with the ejecta post a merger was considered in
Ref. [23]. In this case, the neutrino emission peaks at
around 0t ~2 s post the merger, and thus, this scenario
would be very optimistic. In contrast, a BNS merger may
lead to the formation of a long-lived, millisecond magnetar
surrounded by a low-mass ejecta. A portion of the magnet-
ar’s rotational energy is deposited in the nebula behind the
ejecta, eventually leading to efficient pion production using
the thermal and/or nonthermal photons in the nebular
region, which can then produce high-energy neutrinos
[25]. In this case, the timescales associated with the peak
in the neutrino fluence is of the order ¢ ~ 10°—~107 s, which
would be a conservative scenario.

As afiducial value, we assume 6 = 1000 s and show the
fraction of sky area covered by CE (dot-dashed purple),
ET (dashed red), and ET + CE (solid dark blue) with the
luminosity distance in Fig. 1(b). The choice for the
fiducial value of 6t = 1000 s can be motivated from
theoretical models [20,53], which suggest 61 ~ 100—1000 s.
Furthermore, current GW and neutrino searches also use a
typical time window of 6t = 1000 s for their analysis
[30,54,55]. Depending on the chosen value of fy, one
can estimate the distance limit for a given GW detector from
which triggers can be used to have reduced backgrounds.
Similar to the localization capabilities, we have the ET + CE
combination to be the most effective followed by ETand CE.
For CE, the fraction of sky area covered needs to be
relatively larger than ET and ET + CE. For fy, ~ 1% of
the total sky area, CE is limited to ~0.7 Gpc. The case can be
improved for ET where choosing a threshold of fy, ~0.1%
of the total sky area puts the distance limitat ~1.1 Gpc, and
the combination of ET + CE can have a limit at ~1.8 Gpc
where the f, has a very small value of fy;, ~0.01% of the
total sky area.

It is important to note here that the results shown are in
the absence of backgrounds. Including backgrounds and
demanding a particular signal to background ratio puts
constraints on the chosen value of f, corresponding to the
operation timescales of the GW detectors. This will be
discussed in detail in Sec. III C.

III. RESULTS

In this section, we outline the technique to highlight the
prospects for the next-generation GW detectors to act as
triggers for the next-generation neutrino detectors. Such
observations also require some assumptions on the neutrino
emission from the source, which is also discussed. We also
present our main results and give estimates for background
events in the following subsections.

A. Distance limit for triggers

From the previous section and Egs. (3) and (4), it is
evident that the choice of the threshold for the fraction of
sky area covered, fy, and the duration of neutrino
emission, d¢, are two relevant parameters in implementing
the distance cuts for the triggers with the GW detectors.
The limiting distance di%, is defined as the distance such
that from Eq. (4), feoy(di%,) = fu; that is, it is the upper
limit of the integral in Eq. (4) that results in the desired
value of f,. There also exists a maximum distance horizon
for the GW detectors beyond which all triggers can be used.
We define this as (a2 (z895)), which is set to* ZI% ~ 3.5.

Thus, the final limiting distance (dgy,) is defined as the
minimum of the limiting distance (di%) or the maximum
horizon distance considered for the GW detectors; that is,

dg = min(dgy, d&y)- (5)

To illustrate the dependence of the distance limits on fy,
and 6¢, we show a density plot for the final limiting distance
dgy, for CE (left), ET (middle). and the combination
ET + CE (right) on the fy, — ot plane in Fig. 2. The color
map is shown as a rainbow spectrum where the limiting
distance increases as one goes upward from violet to red.

For CE even with the most optimistic choice of fy, and
ot, we are limited to ~Gpc for the limiting distance. For ET,
considering an optimistic scenario of 6¢ ~ 1 s, the distance
limits can be a few Gpc assuming f, ~ 0.1%. However for
large values of 6t ~ 10° s, the limiting distance is reduced
to ~ a few 100 Mpc for the same value of f,;,. However, for
the combination of ET + CE, 6 ~ 1 s implies a limiting
distance of ~10 Gpc for f, ~0.01%. In contrast to ET,
even for the not so optimistic case of 6t ~ 10° s, ET + CE
can have limiting distances of up to a few Gpc. The area
colored in red indicates that the limiting distance obtained
from Eq. (4) is greater than the maximum distance horizon
for the GW detectors, and hence, the final limiting distance
is fixed to be di%y,.

“This choice for the horizon distance is motivated by the
distance horizon of ET for BNS mergers [52]. Although CE can
be sensitive to BNS mergers from higher redshifts, the sky
localization is poor. Furthermore, the rate of BNS mergers
decreases post z ~ 0.9 as can be seen from Fig. 1(a), and thus,
the choice of zlé‘{{v has little influence on our conclusion.

043053-5



MUKHOPADHYAY, KIMURA, and MURASE

PHYS. REV. D 109, 043053 (2024)

- _1r 4.5
4.0

1 2l
3.5
-3 3.0
2.5

—4!
2.0
u L L L L L L . _5'| 1 1 L L 1 1 Il i ! L L L L L 4 1.5
0 1234567 01234567 0123456 7, u
Log,, 6t Log,, 6t Log,, ot [Mpd]

FIG. 2. Density plot showing the distance upper limit for GW detectors (dg{;v) (see Eq. (5) for CE (left), ET (middle), and ET 4+ CE

(right) on the 6t—fY, plane.

B. Detection prospects

This section focuses on coincident detection of high-
energy neutrinos from BNS mergers at the next generation
neutrino detectors based on triggers from the next gen-
eration GW detectors, where the triggers are chosen based
on the distance cut calculated using the fraction of sky area
covered, f,.

The probability to detect more than one neutrino
associated with a GW signal is given by [53]

Q(dg{;v’ Top) =1- exp(_TopI(dgl\i/))’ (6)

where T, is the operation time of the GW detector. The
argument of the exponential in the above expression [ is
defined as

1dUs) = ar [ d(dugn)
GW/ — 7[‘/0 com (1+Z)

R(Z)dcz:omPnZI (dL) (7)

The integral is performed over the comoving distance. The
declination integrated (or total) probability [P,(d})]
to detect at least one neutrino as a function of distance
is given by

1
P,>i(d) = E/dQPnzl(& dp), (8)

where p,>(6,dy) is the declination (5) dependent prob-
ability to detect at least one neutrino is given by the
Poissonian probability

Pn>1 (5’ dL) =1- eXp(_Nuﬂ (5’ dL)) (9)

In the above expression, N,,/‘ (6,dy) is the number of
neutrino events from a source at a given luminosity

distance d;. The expected number of neutrino events at
a given declination is given as

UL
EV

Nuﬂ((s’ dL) = /ELL

v

dEyFQby# (EI/,, ’ dL)-Aeff(Eu,A ’ 5)’ (10)

where E, is the neutrino energy in the observer frame, E;"

and EY" give the lower and the upper limits of the integral
and is decided based on the neutrino energy spectra from a
particular source given a production channel (pp or py
emission channels), ¢,,” gives the neutrino fluence from a

given source at a given luminosity distance d;, and A is
the energy and declination dependent IceCube effective
area.

In principle, one can consider either of the two channels
for high-energy neutrino production: hadronuclear (pp) or
photomesonic processes (py). In general, in a BNS merger,
the nonthermal protons produced in the collimation and
internal shocks produce neutrinos through interactions with
the background photons and protons. Here, we choose the
more optimistic scenario where we focus on the py
interactions for neutrino production. The dominant channel
for such process is pion production. The charged pions
decay to muons and neutrinos, whereas the neutral pions
form gamma rays. The muons further decay to form a
corresponding charged lepton and neutrinos (and antineu-
trinos). In this case, the upper and lower limits of the
neutrino energy spectra are given by Ref. [23], el =
10° GeV and e™* = 10° GeV, respectively. Note that £™"
and ™ are defined in the source frame. The neutrino
energy in the observer frame with the redshift correction is
then given by E, = ¢,/(1 + z). It is important to note that
this serves as a comparatively optimistic scenario. Besides,
the values chosen for ™" and e™* can differ across various
models. Considering pp interactions will make our results
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slightly more conservative. We assume a power law
neutrino spectrum with spectral index equal to 2, that is,
E;? spectrum for the neutrinos. Thus, the neutrino fluence
is given by

(1 + Z) gll/-IEViso
drd? In(el /emin)

¢u(gIIJIE.iSO’Ede) = E;z (11)

Recall from Sec. II that the total isotropic-equivalent
energy emitted in high-energy neutrinos is given by EHEiso
This depends on the parameters f, and fy,. To illustrate
our results, we choose fu, = 1% and f, ~O(107).
The muon neutrino fluence is given by (]be(ED, r)=
(1/3)¢,(E°HE E, r). Finally, for this work, we use
the 10-year point source (PS) effective area from
IceCube [48], scaled with a factor of 10%/3 in accordance
with the estimates of IceCube-Gen2.

In summary, evaluating g(d¢hy,. T,,) from Eq. (6) ena-
bles us to calculate the probability to detect high-energy
neutrinos associated with GWs. However, it is important to
understand the timescales over which the next generation
GW detectors need to operate to either enable coincident
neutrino detections or constrain the physical parameter
space at a given confidence level in case of nondetections.
We address this question in Fig. 3, where we plot the

probability of neutrino detection at IceCube-Gen2 with Ty,
of the GW detectors, which shows one of our main results.
The two primary parameters are f, and 6¢. While the former
decides the total energy emitted in high-energy neutrinos,
the latter allows us to put a distance limit to reduce
backgrounds to facilitate detections.

In the figure, we show the plots for 1 — g(dgy. T,p) With
the operation time of the GW detectors in years.
The fiducial parameters for each case in the top panel is
chosen as ot = 1000 s and for the bottom panel as
f, =25x107. The choice of f, is motivated from
physical models as discussed in Sec. II, where we con-
servatively choose the fiducial case to be 20% of that
obtained from physical models. The total energy emitted
from the system of BNS merger is fixed to be
&P =5 x 10°* erg, which is typical for two 1.4M neu-
tron star mergers [8]. The parameter «a is fixed to be 1%
implying Egw = 5 x 10°% erg. The fiducial cases are
shown by the thick solid line in each panel. The dotted
horizontal lines show the confidence levels corresponding
to 20 (red) and 30 (green), respectively. For each of the GW
detectors, we choose a different value of f. This is a
reasonable choice since each detector has a different
localization capability as discussed in Sec. II D and shown
in Fig. 1(b). For CE, fy = 1% is chosen due to its
comparatively poor localization capability; ET motivates

ot = 1000 s
0.0 0.0 0.0
CE (f,=1%) ET (f=0.1%) ET+CE (f; =0.01%)
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FIG. 3. Probability of neutrino detection (¢) with the operation time T, for a range of f, (top row) and 6t (bottom row) for the

different GW detectors. The fiducial case for each panel is shown as a solid line. The 26 and 3¢ C.L.s are also shown with dashed lines.
For each case, Egw = 5 x 10°? erg and 1 = 107>, See the text for details on parameters.
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fin = 0.1% making the situation better. Finally, the combi-
nation ET + CE gives the best case of choosing the fraction
of sky localization to be fy = 0.01%. As mentioned
earlier, given a demand of signal to background ratio
and an operation time for the GW detectors, these choices
are not arbitrary as will be discussed in Sec. III C.

In the top row of Fig. 3, we vary f, between 10~ and
5 x 1073, where the lower limit is an order of magnitude
less than the predictions from physical models, and the
upper limit denotes a value that is 50% of the physical
models to still remain in the conservative yet optimistic
regime. A lower value of f, implies less energy in emitted
in high-energy neutrinos, which implies a lower value of
neutrino fluence. Hence, in all the top three panels, this
gives the upper boundary of the shaded region, which is a
not so optimistic scenario, requiring longer timescales of
operation to reach the same confidence levels. A higher
value of f, correspondingly gives the lower boundary
of the shaded region. We see that for the fiducial case,
CE requires an operation time of ~20 years to make a
constraint on the parameter space at the 3¢ C.L. ET would
take ~14 years to put constraints at the 3¢ C.L. but can
reach the 20 C.L. over a timescale of ~17.5 years even for
the lowest value of f, considered for this work. The
combination ET + CE can reach the 3¢ level constraints
in a timescale of <30 years even for the most conservative
choice of f,.

The bottom row of Fig. 3 shows the variation in Ot
between 1 s and 10° s. In this case, a longer 6t leads to less
optimistic results. This is because with larger values of 6z,
the number of triggers within ¢ increases, and hence, the
distance limit for reaching a fixed value of f, is reduced [as
seen from Eq. (4) and Fig. 2]. This results in a smaller value
of the upper limit of the integral in Eq. (7). Thus, a longer
operation time is required to reach the same level of
sensitivity. For small values of 6t~ 1 s, a 30 constraint
based on nondetection is possible in <10 years using any
of the detectors and/or the combination. However, for large
values of 6t, CE may reach the 2¢ level of constraints in a
timescale >20 years. While the combination of ET + CE
can reach a 3¢ level in around 20 years, ET by itself would
need ~20 years to reach the 2o level of constraints.

C. Backgrounds

In all the discussions above, we ignored the backgrounds
in the context of the neutrino detectors. Constraining the
distance to collect triggers from using sky localization
definitely helps in reducing the background, but it is also
important to roughly estimate the backgrounds associated
with such triggered searches including the distance limits.
This is the focus of the current section.

The relevant backgrounds for high-energy neutrino
detectors, such as IceCube or KM3NeT, are the conven-
tional and prompt atmospheric neutrinos and the diffuse
astrophysical neutrinos. In this work, we provide a rough

estimate of resulting backgrounds from the search method
presented here. For the conventional atmospheric neutrino
flux, we use the model in Ref. [56]. The prompt atmos-
pheric background neutrino fluence is taken from Ref. [57].
A more advanced and realistic estimate for the atmospheric
backgrounds was performed in Refs. [58,59], but we use
the simple model to give a rough estimate of the atmos-
pheric backgrounds.

The diffuse astrophysical neutrino flux Ref. [60]
is assumed to be of the form ®& = @, (E,/100 TeV)~,
where the normalization ®,y,, = 1.44 x 107!8 GeV~!
cm~2 57! sr! and the power law index, y = 2.37. We follow
the same prescription outlined in Sec. III B to calculate the
s
10-year point source effective area scaled by a factor of 10*/3
for IceCube-Gen2.

In Fig. 4, we show the contours for the number of
triggered background events on the operation time (7,,)
and the fraction of sky area covered f, plane. We assume
that for large number of triggers, the total time in triggers
for the neutrino detectors will be comparable to the
operation time of the GW detectors. This is a reasonable
assumption owing to the next generation of GW detectors
having a large distance horizon. With the inclusion of
triggered background events, the figure presents an esti-
mate for the choice of fraction of sky area covered given an
operation time and a desired level of signal to background
ratio. For example, fixing an operation of time of 10 years
and choosing N:’rlfgg = 1,0.1, 0.01 dictates that f;, be chosen
as 0.8%, 0.08%, 0.008%, respectively.

Let us now discuss the implications of Fig. 4 on the main
results presented in Fig. 3. In Fig. 3, we assumed fyy, = 1%,
0.1%, and 0.01%, respectively, for CE, ET, and ET + CE.
This translates to choosing 7', ~ 8 years corresponding to

number of triggered background events (N_.°) using the

1071t

10—2.

10—4.

1073

100 10!
Top [yr]

FIG. 4. The fraction of sky area covered f, with operation time

T, for different values of triggered background events Ngli(gg at

IceCube-Gen2.
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Ny = 1,0.1,0.01 for CE, ET, and ET + CE, respectively.
It is also important to highlight the fact that this implies that
the fraction of sky area covered fy in the presence of
background is not an arbitrarily chosen value but is con-
strained by the operating time of the GW detector and the

choice of signal to background ratio. For claiming a 3¢ C.L.

detection, we should restrict ourselves to N:’rli(gg <3x1073.

However, constraints on the parameter space as a result of
nondetection can be put using Nzli(gg ~0.1 —0.01.

IV. SUMMARY

With the advent of the next generation of GW and
neutrino detectors, it would be crucial to lay down
strategies to use their potential to perform multimessenger
studies of astrophysical sources. In this work, we examined
the prospects of performing triggered-stacking searches for
coincident high-energy neutrinos from BNS mergers with
the next generation GW detectors like CE, ET, and a
combination of ET 4 CE in the context of the neutrino
detector IceCube-Gen2. However, the next generation GW
detectors would be sensitive to large distances, which
makes it important to investigate which triggers would
be optimal to perform such searches for coincident high-
energy neutrinos. This is because sensitivities to large
distances imply a large number of triggers in turn leading
to large backgrounds in the neutrino searches, which is
undesired.

In this work, we addressed this issue and showed that a
limiting distance can be used for the triggers given a chosen
threshold of sky localization (f;,). We obtained the limiting
distance based on f;, and the sky localization capability for
a given GW detector. In Fig. 1(a), we show the size of the
localization area for a single BNS merger event with the
luminosity distance for each of the detectors and infer
that the combination ET + CE has the best localization
capability, followed by ET and CE. The redshift dependent
rate of BNS merger, shown in Fig. 1(a), also helps in
deciding the number of triggers. We use a fiducial rate of
300 Mpc3 yr~! for this work. The fraction of sky area
covered obtained using Eq. (4) is shown in Fig. 1(b), where
we see for CE choosing fy, ~ 1% gives a limiting distance
of ~0.72 Gpc, for ET a choice of fy, ~0.1% provides a
limiting distance of ~1.12 Gpc, and choosing f, ~ 0.01%
for ET + CE leads to a limiting distance of ~1.85 Gpc.

The limiting distance depends on the choice of f, and
also the time interval between the merger and the neutrino
emission peak ot. In Fig. 2, we show the limiting distance
as a density plot on the fy, — 6t plane. We note that the
optimistic scenario is given by small values of 6 ~ 1-10 s
where a limiting distance of ~ a few Gpc (a few ten Gpc) is
possible for ET (ET + CE), which is plausible for some
physical models for high-energy neutrino emission from
BNS mergers. However, for large values of 6, which can be

realized in magnetar-powered scenarios, the limiting dis-
tance reduces to ~ a few hundred Mpc for ET and a few
Gpc for ET + CE.

Our main result for detection prospects is shown in
Fig. 3. We considered a variation in the total energy emitted
in high-energy neutrinos by varying f, between 10~ and
5 x 107 and choose f, = 2.5 x 107 as the fiducial value.
We also vary St between 1 s and 10% s while choosing
ot = 1000 s as the fiducial case. For the fiducial para-
meters, we find that CE can make a 2o level constraint in
case of nondetection in a time span of ~11 years. ET can
lead to 3o level constraints in a time span of 14 years, while
the combination of ET + CE does the same in an operation
time scale of ~10 years. For the less optimistic cases,
ET + CE, owing to its excellent sky localization capabil-
ities, can still lead to 3o level of detection or constraints in
<20 years, while ET would take ~20 years to reach the
26 C.L..

Even in the case of nondetection of coincident high-
energy neutrino events, our analysis can constrain f,, that
is, the total energy emitted in high-energy neutrinos. Such
constraints can be very useful for understanding the
emission mechanisms associated with high-energy neutri-
nos and gamma rays. This provides further insights into
understanding neutrinos from choked jets from the inter-
action of the jet with the ejecta besides providing infor-
mation about the neutrino emission sites and mechanisms
associated with BNS mergers. For example, in the opti-
mistic scenario of Ref. [23], where f, ~ 107* and 6t ~ 2 s,
a 30 C.L. constraint is possible using CE, ET, and ET + CE
in a timescale of ~7, 4.5, and 2.5 years, respectively.
However, the scenario considered in Ref. [23] is optimistic
and has been disfavored in subsequent works [61]. The
method of gravitational wave triggered searches for high-
energy neutrinos from BNS mergers can thus provide
observational evidence to confirm or constrain the models.
Another model for extended neutrino emission from short
GRBs was considered in Ref. [20]. In this case, 6t ~ 100 s
and f, ~ 1073 for the optimistic scenario. This implies a 3¢
level constraint can be obtained in ~4, 2.5, and 1.5 years,
using CE, ET, and CE + ET, respectively. Similarly, for the
less optimistic case of Ref. [25], where f, ~10™* and
5~ 10% s, ET can give 20 level constraints on a timescale
of ~20 years, while the combination of ET + CE can lead
to 30 level constraints in an operating time of <30 years.

We also provide an estimate of the backgrounds in
IceCube-Gen?2 associated with the search method presented
in this work. Considering backgrounds constrain the choice
of fy, given a desired value of signal to background ratio
and the desired operation time for the GW detectors. We
show the contours of the number of triggered background
events in Fig. 4. From the figure, it is also evident that
operation timescales of >10 years are not reasonable due to
the extremely small value of fy, required.

043053-9



MUKHOPADHYAY, KIMURA, and MURASE

PHYS. REV. D 109, 043053 (2024)

V. DISCUSSION AND IMPLICATIONS

It is important to note that our current work is comple-
mentary to the likelihood searches performed by the
high-energy neutrino detectors, which also use triggered
stacking searches to look for high-energy neutrino events
associated with merger event signals from the GW detec-
tors. This is because our projections of a limiting distance
for the next generation detectors may allow for efficient
likelihood searches to then be performed on the meaningful
triggers obtained from the distance cuts proposed in this
work. Having an appropriate distance cut will also help
reduce the computational costs without losing much of the
signals and hence complement the likelihood analyses by
IceCube or KM3NeT.

In fact, our method in its essence is similar to the one
used by LLAMA [31] by incorporating distance as an
important astrophysical prior for the analysis. For a
coincident high-energy neutrino and GW event, the analy-
sis in LLAMA considers a time window of ~1000 s around
the GW event similar to our fiducial value and a statistically
significant overlap between the localization areas of the
GW, and the high-energy neutrino signal takes into account
the distance as a part of the signal likelihood. However, our
analysis differs from LLAMA in this way that we consider
the time window after the GW trigger and not prior to that,
and we only use the localization information from the GW
event and do not consider the sky localization associated
with the neutrino event. This implies we do not have the
likelihood function involving the spatial signal and back-
ground probability distribution functions (PDFs) as is used
in the analysis for LLAMA. Such a technique involving the
construction of a likelihood density using both the locali-
zation information from GW and neutrino events would be
important for identifying individual sources, which is not
the main focus of our work.

The uncertainties in this work include the fiducial rate of
BNS mergers since it can vary over an order of magnitude
compared to our fiducial rate. Moreover, the redshift
dependent rate for BNS mergers is assumed to be the
same as that of short GRBs. A higher fiducial rate would
lead to even more optimistic results, i.e., associated
neutrino detection or constraint in shorter operation time-
scales. Another important aspect that can further improve
our analysis is the quality of triggers obtained from the GW
detectors. For the present analysis, we treat every trigger to
be of the same quality, which is far from reality. Since this
search method need not be in real time, in principle,
detailed analysis of the signal events would be done by
CE and ET, and one can then only select triggers above a
threshold quality. This would also lead to more improved
results in shorter operation timescales.

We also ignore the downtime of the detectors for
simplicity and assume the duty cycle or detection efficiency
to be unity. Realistically, the neutrino detectors like
IceCube would have a duty cycle of ~100% [62], whereas

the gravitational wave detectors can generally have a duty
cycle ~70% [63]. This would only affect our results in a
minor way. Another important factor that we neglect in this
work is the beaming associated with the gravitational wave
emission itself. It is expected that a fraction of gravitational
wave events that are associated to on-axis jets can be much
larger than that for the isotropic case (see Fig. 4 in
Ref. [64]). Such events will have a lower associated error
region. Since we do not consider this effect, our estimates
are on the conservative side.

The potential of follow-up or simultaneous electromag-
netic (EM) observation can also help reduce the localiza-
tion area for distant events, which can then improve
the results. A BNS merger can be followed by a short
GRB, a kilonova, afterglows, and magnetar wind nebulae
[42,65,66]. A promising scenario would be an optical
detection of kilonova. Optical detectors like Rubin [67]
have very good angular resolution ~1 arcsecond, resulting
in extremely good sky localization. In case of sGRBs, the
gamma-ray burst monitor (GBM) on board the Fermi
satellite [68,69] may detect the gamma rays from the
prompt phase. This does not help with significant reduction
in the sky localization area because the angular resolution
can be comparable to that by GW detectors. Besides, the
fraction of BN'S mergers estimated to have sSGRB jets is low
~1%. A possible next generation GRB detector on the
satellite Galileo G2 [70] would also significantly improve
the localization prospects given its capability of localization
up to ~1°at 16 C.L. Another next generation GRB detector,
space-based multiband astronomical variable objects mon-
itor (SVOM) [71] can help detect GRBs up to very high
redshifts of z > 5 complementing the next generation of
gravitational wave detectors. Swift BAT [72] and future
wide-field soft x-ray detectors, such as Einstein Probe [73]
and HiZ-GUNDAM [74], will have minutes-scale angular
resolution, which should help reducing the localization.

Electromagnetic triggered searches can also be used to
look for associated high-energy neutrino events from BNS
mergers. The typical maximum redshift for kilonova
detection for the future optical, infrared telescopes like
Roman [75] is z ~ 0.2, the Vera C. Rubin Observatory’s
Legacy Survey of Space and Time (LSST) [76] is z ~ 0.1,
and the Zwicky Transient Facility (ZTF) [77] is z ~0.02
(see Ref. [78] for details). In particular, Roman has a
distance horizon for kilonova detection comparable to
LIGO A+ [79]. LSST’s kilonova detection horizon is
comparable to the planned upgrade of advanced LIGO
(aLIGO) [80]. The kilonova detection horizons using such
wide-field instruments vary significantly with its associated
properties like ejecta velocity and mass. However, these
kilonova detection horizons from optical and infrared
telescopes are less than the projected reach for the third
generation GW detectors: ET and CE.

Although we focus on the next generation GW detectors
in the current work, the upcoming improvements to the
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current generation of GW detectors might also lead to some
constraints for the optimistic scenarios. A detailed study
regarding the sky localization capabilities of the next
generation of ground based detectors (LIGO, VIRGO,
KAGRA, LIGO-India network) was performed in [81].

The second generation of the GW detectors would be
able to detect mergers up to ~200-300 Mpc, implying the
detection horizon to be ~3 times lower than what CE by
itself is capable of. Furthermore, the current generation of
IceCube has an effective area that is ~5 times smaller than
the planned IceCube-Gen2. Plugging in the factors in
Egs. (6) and (7), we can roughly estimate the required
operation timescale for the second generation of GW
detectors along with current generation IceCube to be
~15 times longer than the timescales proposed using the
next generation GW detectors and IceCube-Gen2 used in
this work. This explains the absence of detection of high-
energy neutrinos from BNS mergers using the current GW
detectors [17,28,55] and also illustrates the inability to
place constraints in reasonable timescales.

The distance sensitivities of the improved detectors, such
as LIGO A+ [82] and LIGO A# (A-sharp) [83],5 are lesser
than the proposed next generation detectors like ET and CE,
but they can still help with the nearby detections reducing
the sky localization area and also providing some level of
constraints until ET and CE are operational. For example,
LIGO A# with its improved sensitivity would still have a
distance horizon up to ~500 Mpc, where the rate of BNS
mergers is low, and hence, the chances of seeing a high-
energy neutrino event associated with BNS mergers is low,
leading to weaker constraints or longer timescales of
operation to detect a significant event. On the other hand,
for the neutrino detectors, a similar analysis can be
performed for other next generation of planned neutrino
detectors: KM3NeT [2], Baikal GVD [5], P-ONE [3],
and TRIDENT [4]. Furthermore, various proposed radio
detectors like IceCube-Gen2 Radio [1], GRAND [84],
RNO-G [85], and optical air-shower ultra-high energy
neutrino detectors like Trinity [86], can also help with
performing triggered stacking searches for high energy
neutrinos from BNS mergers.

We stress that since we did not focus on collecting
neutrino events from individual sources in this work, the
sky localization area was a good quantity to consider for
deciding a distance threshold. In most cases, the BNS

SAlso see Fig. 1 in Ref. [81] for a comparison.

merger can be identified as the high-energy neutrino source
for nearby events because two error regions associated with
the GW detection have a low probability of overlapping. For
the worst case, involving unlikely but large overlaps, another
strategy might have to be adapted to decide a distance limit
based on triggers from the GW detectors such that the total
number of sources at any given instant is less than 2.

Ideally, a more complete strategy would be to consider
any generic astrophysical source and understand whether a
gravitational or neutrino trigger would be more useful in
that particular context. Since the GW detectors have a much
larger horizon as compared to neutrino detectors even if a
source emits less energy in GWs, it might still be useful to
use the GW detectors as triggers. This would also help
understand what sources are ideal candidates for collecting
a good sample of high-energy neutrinos. Although a
universally approximate neutrino spectra can be con-
structed for such sources, the GW templates differ between
various sources depending on the physical instabilities and
existing numerical models. Thus, we leave such a generic
and evidently powerful analysis for future work.

With the next generation of planned detectors in neu-
trino, GW and electromagnetic channels the multimessen-
ger landscape will be filled with new discovery potentials,
and detecting high-energy neutrino events coincident with
BNS mergers will definitely be a crucial goal. Our work
provides a perspective and lays down a strategy for
optimum synergic operation of the GW detectors along
with the neutrino detectors.
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