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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 makes them ideal to be used as triggers for neutrino searches from BNS
mergers at the next generation neutrino detectors like IceCube-Gen2 and KM3NeT. We calculate
the distance limits up to which meaningful triggers from the GW detectors can be used to minimize
backgrounds and collect a good sample of 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 non-detection of neutrinos. We find that for a typical scenario
while CE and ET can provide with such detections or constraints over a timescale of 10 — 20 years,
the combination of ET+CE, owing to its good localization capabilities can lead to coincident
detections or constraints at the 30 level within 20 years even for the most conservative parameter

choices.
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1. Introduction

The ongoing era of multi-messenger astronomy will further advance with the next generation of
gravitational wave (GW) and neutrino detectors which are capable of probing very large distances.
This will naturally open up the possibility of using the joint capabilities of the detectors in regards to
their respective messengers from various astrophysical sources in order to maximize our understand-
ing about these sources through observational insights. Using GW or neutrino-triggered searches
have been discussed in the literature depending on the distance horizon of the corresponding detec-
tors in a particular scenario [1-3]. In this work we focus on the synergy between next generation
GW detectors like the Einstein Telescope (ET) [4], Cosmic Explorer (CE) [5], and a combination
of the two ET+CE, to provide triggers for neutrino searches at upcoming IceCube-Gen2 [6].

Although the main question to answer would be, what distance horizons are useful to give a rel-
atively clean IceCube-Gen2 data sample of high energy neutrino events from a generic astrophysical
source, in this work we focus on the case of binary neutron star (BNS) mergers. The combination
of triggered searches along with distance limits, although less rigorous, can be complementary to
likelihood searches.

2. Strategy

In this section we focus on the generic strategy to collect a low background neutrino sample
from generic astrophysical sources in particular compact object mergers. A generic high-energy
astrophysical phenomenon leads to radiation in various multi-messenger channels. Assuming the
total energy radiated to be E'', we have, E'® = Egw + EYE + EMiC where, Egw is the energy
emitted in GWs, EFE is tht energy emitted in high-energy neutrinos, and E™¢ involves the energy
emitted in all other (including exotic if applicable) channels. Next generation GW detectors have
very large distance horizons of upto z ~ 10 for BNS mergers. At such large distances, the number
of triggers provided by the next-generation GW detectors for the neutrino detectors would be very
large owing to the rate of BNS mergers. Thus, it then becomes crucial to quantify what distances
are useful to use the GW triggers from, such that the background events in the neutrino detector
are minimum. We use the sky localization capabilities of the GW detectors to estimate a critical
distance up to which the GW triggers can be useful.

The total energy emitted in high energy neutrinos can be written as, EHE = fHEA Foyw =
fvEGw. For a BNS merger, Egw = aE™, where @ ~ 1% is the fraction of total energy emitted in
GWs. The fraction of GW energy emitted in neutrinos is given by fHE. However, not all sources
have a jet directed towards us (which is assumed to be a typical case for neutrino production). This is
accounted for by considering a factor fy,. For example, in [7], where a scenario of neutrino emission
from BNS merger was studied, the authors found fME ~ 0.1% and fom ~ 0.1%. Combining the
two factors we define an effective parameter f,, which gives the total fraction of GW energy that is
emitted in high-energy neutrinos. This will be an important parameter for our work.



GW triggered high energy neutrino searches from BNS mergers Mainak Mukhopadhyay

= 106 T?
(o)} >
5 10° =
— ke
SA 104 E
g 103 é

102 x

10!

0 5 10 15 20 25 30 2 4 6 8 10
d; [Gpcl di [Gpc]

(a) (b)

Figure 1: (a) The right axis shows the the size of the localization area in the sky for a single BNS merger
event (AQ) as a function of the luminosity distance dy, for CE (dashed dark blue line), ET (dashed pink line),
and ET+CE (solid orange line). The left 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 fi, as a function of d for CE (dot-dashed purple line), ET (dashed orange line), and
ET+CE (solid dark blue line). The fi, corresponding to 1072, 1073, and 10* are also shown.

2.1 SKky localization for GW detectors

The total fraction of the sky area covered as a result BNS merger event detections in a given
time period by the GW detector can be given by,

AQ(dL(2))

1 Npns(2) | = fun s )]
T

where, fi, is the fraction of the sky area covered which we use as a threshold and hence a free
parameter, d, is the luminosity distance which is a function of the redshift z, AQ is the size of the
localization area in the sky for a single BNS merger event for a given GW detector, Npns is the total
number of BNS merger events at a given redshift z in a given time period.

Given the properties of the GW detector, the size of the localization area AQ2 depends on the
distance to the source [8]. In Fig. 1a we show AQ as a function of the luminosity distance dj
for ET (dashed pink), CE (dotted dark-blue) and ET+CE (solid orange). As the distance to the
source increases as expected the localization area becomes larger. 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 owing to a single arm as compared to the ET
which can use triangulation techniques to have a much better (around an order of magnitude) sky
localization capability. The combination of ET+CE is the most effective and has a localization
capability which is an order of magnitude better than that of ET.

2.2 BNS merger rates

In this section we discuss the rate of BN'S mergers which then helps calculate Ngns in Eq. (1).
The redshift dependence of the rate is adapted from that of short GRBs [9]. This is a reasonable
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assumption given that short GRBs might primarily originate from NS-NS mergers. The redshift
dependent rate of compact binary mergers is given as [9],

R(z) = NR(z=0) {EXP((Z -0.9)/0.39),z < 0.9, o
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~3yr~!. We choose a conservative value for the fiducial case. However,
this rate has associated uncertainties and can vary over a wide range between 10 Mpc3yr~! and
1700 Mpc~3yr~! [10]. In Fig. la, we show the R(z) as a function of dy, where the fiducial rate
(R(z = 0) = 300 Mpc~3 yr~!) is shown as a thick solid line and the area between the upper and
lower limits are shaded with teal. We see the break at z = 0.9 as the peak according to Eq. (2). The
cumulative rate is given by, Rpns(z) = /OZ dz’ R(z"). We note that given that the rate decreases
post z = 0.9, it implies that the cumulative rate becomes approximately constant for z > 0.9.

2.3 Fraction of sky area covered
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Figure 2: Density plot showing the limiting distance (dg‘{,‘,) for ET (left) and ET+CE (right) on the 6t - fi,
plane. The maximum distance horizon (dgy =~ 31Gpc, z = 3.5) is shown as a solid dark blue line. We do
not show our results beyond this distance (the white space).

We now have all the ingredients to evaluate Eq. (1). The total number of BNS merger events
at a given redshift z in a given time period ¢ can be given by,

4
Ngns(z) = 6t RBNS(Z)(gﬂdcom(Z)3) , (3)

where, dqom denotes the comoving distance and the term in the paranthesis gives the comoving
volume. The time interval d¢ is an important quantity and is given by the neutrino emission
duration from the time of the GW trigger. The lesser the value of 6t the better chances we have to
use triggers from larger distances. This is because a larger value of 67 would lead to more number
of triggers and hence higher backgrounds. Assuming a typical 6t ~ 1000s in Fig. 1b we show the
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fraction of sky area covered by CE (dot-dashed purple), ET (dashed red), and ET+CE (solid dark
blue) with the luminosity distance. Depending on the chosen value of fi, 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 ET and CE. For CE the fraction of sky area covered needs to be relatively larger than
ET and the combination. For fi, ~ 1%. of the total sky area CE is limited to ~ 1 Gpc. The case
can be improved for ET where choosing a threshold of fi, ~ 0.1% of the total sky area puts the
distance limit at ~ 2 Gpc and the combination of ET+CE can have a limit at ~ 2.5 Gpc where the
fin has a very small value of fi ~ 0.01% of the total sky area.

From Eqns. (1) and (3) it is evident that the combination of f, and ¢ plays an important role
in deciding the distance limits for the GW detectors to consider triggers from. In Fig. 2 we show the
distance limits for ET (left) and the combination ET+CE (right) on the fiy, — 6¢ plane. For both the
detectors we only consider luminosity distances upto dy ~ 31 Gpc (z ~ 3.5). This is shown by the
solid blue line on the plane, beyond which we do not show the results. We note for short values of
ot ~ 2s corresponding to neutrino emission as was the case in [7], we find very large distance limits
for ET and the combination ET+CE. However for neutrino emission scenarios where 6t ~ 10°s like
in magnetars we are limited to less than 1 Gpc.

3. Results
0.0 0.0 - 0.0 -
CE (f,=1%) ET (i =0.1%) ET+CE (fy =0.01%)
-05 -0.5 -0.5
3 3_ 3
S 1.0 2(T S 1.0 2,7 S 1.0 Z(T
e B T e B N 1 e O R A
I -15 I -15 I -15
= - =
3 ] ]
o -2.0 o =2.0 o -2.0
S S o
30 30 30
TP 00 00000000000000S0D00000000a000a00 X TR o 0000000) q00000000000000000 TR —2.51 « [T AP RTRTRIIN  « < » e a = s s nmumsann
-3.0 -3.0 -3.0
00 25 50 7.5 10.0 125 15.0 17.5 20.0 00 25 50 7.5 10.0 12,5 15.0 17.5 20.0 00 25 50 7.5 10.0 125 15.0 17.5 20.0
Top Lyr] Top [yr] Top [yr]
0.0 0.0 0.0
CE (fu=1%) ET (f,=0.1%) ET+CE (/i =0.01%)
-0.5 -05 -0.5
3 3. 3_
3 1.0 26| & 1.0 26| & 1.0 20
T preerhmssaaaaNgrrrasssassnasaaannann i oo SRR T N R LT P PR TP T prri Nrrssssssatnieciississsssssasasans &,
I =15 I =15 I =15
o o -
E E E
o -2.0 o —-2.0 o -2.0
S S 3 S
c
T O =) I A . VTR (o P B 3.
-3.0 -3.0 -3.0
0.0 25 50 7.5 100 12.5 150 175 20.0 0.0 25 50 7.5 100 125 150 17.5 20.0 0.0 25 50 7.5 100 12.5 150 17.5 20.0
Top Lyr] Top [yr] Top [yr]

Figure 3: The probability of neutrino detection (g) with the operation time 7,,,, for a range of f,, (top row)
and ot (bottom row) for the different GW detectors. The fiducial case for each panel is shown as a solid line.
The 20 and 30 C.L.s are also shown with dashed lines. See the text for details on parameters.

In this section we discuss the prospects for next generation GW detectors to trigger searches in
neutrino detectors to find coincident events or constrain the physical parameter space at a particular
confidence level (C.L.). The probability to detect more than one neutrino associated with a GW
signal is given by [11], ¢ (5", Top) = 1 — Exp( = TopI(20V)) where, T, is the operation time
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of the GW detector, Zﬁn\?’ is the distance limit given a particular value of threshold obtained from
Sec. 2. The quantity / is defined as,

UL
dcom

) = 4 [ ddeom) e R (e(deam) Pt (1 + 2eom)eom) )
0 (1 + Z(dcom))
where, the integral is performed over the comoving distance, the upper limit is chosen to be the
minimum of the limiting distance (d&‘?’) or the maximum distance considered (zﬁﬁv) which is
set to z ~ 3.5, that is, dg, = min(dSW (z0W), z0W), and P, (r) is defined as the declination
integrated (or total) probability to detect at least one neutrino as a function of distance, P,>1(r) =
(1/4x) / dQ p,>1(0,r). The declination (§) dependent probabililty (p,>1(d, 7)) to detect at least
one neutrino is given by the Poissonian probability, p,>1(6,r) = 1 —exp( — N,, (4, r)), where,
Ny, (6, r) is the number of neutrino events from a source at distance r. The expected number of
neutrino events at a given declination is given as, Ny, (6, 7) = f EE£L dEy, ¢y, (Ey,, 1) Acx(Ey,, 6),
where, ELL and EUL gives the lower and the upper limits of the integral and is decided based on
the neutrino energy spectra from a particular source. For this work we choose, E ;= 10°GeV and
EuL = 10° GeV, ¢y, gives the neutrino flux from a given source at some distance r, Aef is the
IceCube effective area. For this work, we use the 10 years point source (PS) effective area from
IceCube [12], scaled with a factor of 102/3 in accordance with the estimates of IceCube-Gen?2..
The neutrino flux given a total energy in high-energy neutrinos EF and assuming a E;?
spectra is given as,
LB
47y ln(EyL/E%L) v

¢V(E11;IE’Eer) = (5)
and ¢y, (E,,r) = (1/3)¢,(EYE, E,,r). It is important to note that this is a generic flux and the
upper and the lower energy limits are chosen according to pvy interactions, which is an optimistic
case. These limits would change for pp interactions and might lead to not so optimistic results.

It is important to understand the time-scales over which the next generation GW detectors need
to operate to either enable coincident neutrino detection or in case of non-detections, constrain the
physical parameter space. We address this question in Fig. 3, where we plot the probability of
neutrino detection at IceCube-Gen2 with 7,,, of the GW detectors, which serves as one of our main
results. The two main parameters are f, and ¢¢, 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 top row of Fig. 3 we vary f,,, while the bottom row shows the variation in 6¢. The fiducial
case in each case is given by f, = 0.001%, 6¢ = 1000s, and E°" = 5 x 10>*erg which is a typical
value from BNS mergers [13]. We vary f, between 0.0005% and 0.005%. The shaded region
shows the area between the upper and lower limits of f,,. We note that a higher value of f,, will lead
to smaller operation times to detect coincident neutrinos or put constraints. This is because the flux
emitted in neutrinos is higher owing to the larger value of EFE. We choose fi, = 1072, 1073, 1074
for CE, ET and ET+CE respectively owing to the localization capabilities as discussed in Sec. 2.
CE requires an operation time of ~ 15 years to make a 30 coincident neutrino observation or a
constraint on the parameter space in case of a non-observation for the fiducial case. ET would take
~ 10 years to arrive at a similar conclusion, but can reach the 30 level over a timescale of ~ 20
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years even for the lowest value of f,,. The combination ET+CE can reach the 30 level in a timescale
of < 15 years even for the most conservative choice of f,. The time of neutrino emission from the
time of GW trigger 6t is varied between 1s and 10°s. In this case, a longer 67 leads to less optimistic
results which is seen for all three detectors. For small values of 6t ~ 1s, a 30~ coincident detection
or a constraint based on non-detection is possible within 5 years using any of the detectors and/or
the combination. However, for large values of 6t CE can only reach the 20 level in ~ 20 years.
While the combination of ET+CE can reach a 30 level over 20 years, ET by itself would need ~ 30
years to reach the same level.

Although we reduce the background by a lot
107!

by performing GW triggered searches and imple-
menting distance limits from the sky localiza-
tion threshold, it is still important to quantify the
level of triggered backgrounds (N, 2 ll.(g) from such
a search. It is also important to note that in the
presence of backgrounds, the operation time 7,,,
and the threshold for the fraction of sky local-
ization fy, are not independent parameters. We
show an estimate of such triggered backgrounds

in Fig. 4. We consider the backgrounds from

Top [yr]

the conventional, prompt [14] and diffuse astro-

physical flux [15] at IceCube-Gen2. We see that
for CE assuming a fi ~ 1%, allows us to have
T, ~ 10 years before the triggered background

Figure 4: The fraction of sky area covered fi, with
operation time 7, for different values of triggered
background events Ngﬁi at IceCube-Gen2.

starts to dominate over the signal events obtained

from the GW triggers. For ET, an operation time of 10 years suggests that fi, ~ 0.03% to have

Ng{gg = 0.1 which is an order of magnitude better than CE. Finally for the combination of ET+CE,
10 years of operation time dictates fi, ~ 0.004% to obtain a sample where Nz ]i(gg = 0.01. These

values can be compared with those used in Fig. 3.

4. Conclusions and Discussion

In this work, we focused on analyzing the prospects of the next-generation GW detectors like
ET, CE and a combination of ET+CE, in facilitating triggered searches for neutrinos from BNS
mergers in the next generation neutrino detectors like IceCube-Gen2. We found that ET+CE can
give coincident neutrino events or 30 level constraints on the parameter space, due to extremely good
sky localization capabilities over a timescale of < 20 years even for the less optimistic scenarios.
ET can lead to a similar outcome owing to its good sky localization capabilities over a time scale of
20 — 30 years for the less optimistic cases. CE has comparatively poor sky localization and hence
may be good for coincident detections or 20-level constraints over reasonable time scales. Our
analysis can constrain f, for a population of BNS sources, which can then help in understanding
emissions from BNS mergers. Model independent analysis can help constrain the BNS merger
models in particular, neutrinos from choked jet scenarios and hence provide insights regarding
GRB jets, neutrino emission sites and mechanisms.
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