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INTRODUCTION



The	multi-messenger	era	

• GW170817	:	the first binary neutron star merger observation
• GW and electromagnetic counterpart
• Insights into origin of heavy elements, short gamma ray bursts, 

properties of gravity, etc. 

Abbott et al. (LIGO-Virgo) ApJ	Lett.,	848:L12,	2017
Abbott	et	al.,	ApJ	848	(2017)	no.2,	L12
Abbott	et	al.	(LIGO-Virgo,	Fermi-GBM,	Integral),	ApJ.	848	(2017)	no.2,	L13



• Neutrinos	still	missing	in	binary	mergers	observations
• A	future	neutrino	detection	will	be	important to:

• Learn	about	the	post-merger	phase	
• Test	r-process	nucleosynthesis
• Understand	the	genesis	of	gamma	ray	bursts	from	mergers	



Thermal	neutrinos	from	mergers:	detectable?

• Supernova-like	emission:	E~	10-20	MeV,	Etot ~	1051 – 1052 ergs
• BUT	:	mergers	are	at	least	102 times	less	frequent	than	
supernovae!	

• The	diffuse	merger	neutrino	flux	is	detectable	in	principle
• Up	to	O(1)	events/year	in	Mt-scale	detectors	
• Overwhelmed	by	background	(diffuse	supernova	flux,	atmospheric,	etc.)

• Idea:	use	time-coincidence with	GW	for	background	reduction

O.	L.	Caballero,	G.	C.	McLaughlin,	R.	Surman,	and	R.	Surman,	PRD80,	123004	(2009).
T.	S.	H.	Schilbach,	O.	L.	Caballero,	and	G.	C.	McLaughlin	(2018),	arXiv:	1808.03627.

K.	Kyutoku and	K.	Kashiyama,	PRD97,	103001	(2018)
Zidu Lin	and	CL,	arXiv:1907.00034



Next	generation	detectors:	synergies
• HyperKamiokande neutrino	detector	

• 0.3	– 1	Mt	water	Cherenkov,	start	construction	April	2020
• Main	channel:	
• Option	of	Gadolinium	addition	for	background	reduction

• Next	GW	projects:	Voyager,	Cosmic	Explorer,	Einstein	Telescope
• Improved	distance	reach,	up	to	redshift	z	~	2	
• >	10	times	enhanced	observed	merger	rate	(compared	to	Adv.	LIGO)	
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where E0 = E(1 + z), describes the redshift of the neu-
trino energy during propagation. The constant f

osc

is
a phenomenological factor accounting for the e↵ect of
flavor oscillations. Detailed studies of neutrino oscilla-
tions in the post-merger environment for BNS and NSBH
mergers have shown a complex pattern that depends
strongly on the relative intensity of the di↵erent flavor
fluxes and other parameters describing the compact ob-
ject and the accretion disk. The ⌫̄

e

survival probability
varies, roughly, between 0.5 and 1 (corresponding to no
oscillations), see, e.g., [? ? ? ? ? ]. Therefore, here we
set f

osc

= 1.

III. DETECTABILITY

A. The method; expected backgrounds

We consider a near-future scenario where: (i) a neu-
trino detector of mass O(100) kt or higher exists, with
good timing resolution and low energy threshold, like the
upcoming HyperKamiokande; and (ii) one or more next
generation GW detectors are available, with the capabil-
ity to observe mergers with ⇠ 100% e�ciency, up to a
redshift z

GW

& 1. We also assume that the GW data
will allow to establish the time of the merger and its
distance/redshift with good precision (e.g., tens of per
cent)[? ].

In this scenario, a realistic detection method would be
the one proposed by Kyutoku and Kashiyama [? ], which
is generalized here to account for non-zero redshift. The
method consists of considering the N mergers that are
observed in GW over a long period of time, �T , with
their merger times t

i

(i = 1, 2, ..., N), and redshifts z
i

,
and restricting the neutrino data analysis to time win-
dows of width �t

i

⇠ T99(1+z
i

) after each merger, where
T99 is the time duration of neutrino burst within which
99% of ⌫

ē

energy has emitted. Here the factor (1 + z
i

)
ensures that each time windows is appropriately adjusted
for the cosmological time dilation. Thus, the number of
neutrino events collected in the detector over �T is:

N
s

=
NX

i=1

n
s

(t
i

)�t
i

(6)

where, n
s

is the (average) neutrino event rate per merger.
For the same observation time, the expected number
of background events in the detector has an expres-
sion analogous to Eq. (6), where the rate of background
events, n

b

(t), can be approximated as constant in time:
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�t. The e↵ect of
restricting to the e↵ective observation time, �T

eff

=

P
N
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i

results in a strong enhancement of the signal-
to-background ratio [? ].

For simplicity, we neglect the possible corrections due
to the neutrino mass and to gravitational lensing on the
expected time window �t

i

[? ? ] (see also discussion
in [? ]), as well as e↵ects of possible physics beyond
the Standard Model of particle physics. We also neglect
di↵erences in the neutrino emission between individual
mergers, thus making the somewhat simplistic assump-
tion that all mergers of the same class are identical. We
estimate that the corrections due to these neglected ef-
fects would be sub-dominant compared to the very large
uncertainties on the neutrino emission models and merger
rates.

Let us consider a water Cherenkov detector of the next
generation, and its main channel of detection, inverse
beta decay: (⌫̄

e

+p ! n + e+). One can approximate
the sum for N
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In this approximation, it is assumed that the choice of
the time windows, �t

i

, allows to capture the entire post-
merger neutrino flux, i.e., �t

i

/(1 + z
i

) > T99. In this
work, a rather conservative time window, �t

i

/(1+z
i

) = 1
s (to be compared with T99 for various models, see Table
I), will be used in all calculations. Here �(E) is the de-
tection cross section and N

t

is the number of protons in
the detector; ⌘(E) is the detector e�ciency. The interval
E = E

th

�E
max

is a suitable energy window, determined
by the need to minimize the background, see Sec. III B 1.
Let us now discuss the experimental background. We
consider two di↵erent detector configurations, the first
with pure water, and the second with water with the ad-
dition of Gadolinium (Gd) [? ], for better background
reduction. The option with Gd is being realized, for the
first time, in the upgraded SuperKamiokande (SuperK-
Gd; see, e.g., [? ]), and is envisioned as a possibility for a
second phase of HyperKamiokande [? ]. For pure water,
the region of visible energy E

vis

. 18 MeV is unaccess-
bile due to the overwhelming spallation background. At
higher energy, the background is dominated by invisible
muons (Fig. 2, bottom panel): these are sub-Cherekov
atmospheric muons that become visible in the detector
only when they decay, thus mimicking inverse beta decay.
We take ⌘ ' 0.9 as a realistic e�ciency [? ? ? ].

For water with Gd, the background due to spallation
can be e↵ectively reduced, with only a small residual con-
tribution due to the production of a short-lived Lithium
isotope (9Li). Therefore, the window of sensitivity ex-
tends down to E

vis

⇠ 11 MeV, below which events due
to reactor ⌫̄

e

dominate. With Gd, the invisible muon
background is suppressed by a factor of ⇠ 5 [? ], and
the total background at E

vis

& 11 MeV has comparable
contributions from di↵erent sources. Specifically, besides
invisible muons, one should include inverse beta decay
events due to the di↵use supernova neutrino background



K.	Abe et	al.	(Hyper-Kamiokande)	(2018),	arXiv:1805.04163.	

Gadolinium	addition:	J.	F.	Beacom and	M.	R.	Vagins,	PRL	93,	171101	(2004)

Advanced	LIGO:	J.	Abadie et	al.	(LIGO	Scientific,	VIRGO),	Class.	Quant.	Grav.	27,	173001	(2010).

Voyager:	B.	P.	Abbott	et	al.,	https://dcc.ligo.org/	LIGO-T1600119/public	(2016),	the	lsc-virgo
white	paper	on	instrument	science	(-2017	edition).	Technical	Report	T1600119,	LIGO	and	Virgo	
Scientific
Collaborations.

Einstein	Telescope:	M.	Punturo et	al.,	Class.	Quant.	Grav.	27,	194002	(2010).

Cosmic	explorer:	B.	P.	Abbott	et	al.	(LIGO	Scientific),	Class.	Quant.	Grav.
34,	044001	(2017).

redshift	reach	:	C.	Mills,	V.	Tiwari,	and	S.	Fairhurst,	Phys.	Rev.	D97,
104064	(2018).



http://www.hyperk.org

http://www.et-gw.eu



GENERALITIES:	NEUTRINOS	AND	MERGERS



Binary	neutron	star	(BNS)	mergers

Nakar et al., arXiv:1912.05659



Neutron	star-black	hole	(NSBH)	mergers

Nakar et al., arXiv:1912.05659



Thermal	neutrino	emission

• BNS	and	NSBH:	neutrinos	emitted	from	neutrinosphere in	the	
accretion	disc

• For	BNS	:	emission	from	hot	hypermassive neutron	star	

Image from Perego et al., MNRAS 443 (2014) no.4    



• From	numerical	simulations:

• T99	:	duration	of	neutrino	burst
• CR	=	central	remnant
• D	=	disc	
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TABLE I: Parameters and neutrino emission properties for the merger models considered in this study. The columns from left
to right contain: (1) time duration, T99, within which 99% of the total energy in ⌫̄

e

is emitted; (2) total energy emitted in
⌫̄
e

; (3) average energy of the ⌫̄
e

(time-integrated) flux; (4) type of merger (BNS or NSBH); (5) type of central remnant (CR)
which could be a hypermassive neutron star (HMNS) or a black-hole (BH); (6) the central remnant mass (CRM) in units of
solar mass, M�; (7) the disk mass (DM; note that for model M of Sekiguchi et al., this quantity is not available); (8) the model
name and (9) corresponding reference (first author only; see text for full reference).

T99(s) E
⌫̄

e

(1051erg) hE
⌫̄

e

i(MeV ) type CR CRM (M�) DM (M�) Model Ref

0.58 4.4 18 BNS HMNS 3 0.03 Hinf J.Lippuner(2017)
0.40 2.0 16.5 BNS BH 3 0.03 B090
0.30 1.8 15.4 NSBH BH 8.1 0.1 BF15
0.10 1.0 17.8 BNS BH 3 0.03 M3A8m03a5 O.Just(2015)
0.27 11.2 16 NSBH BH 6 0.3 M6A8m3a5

0.99 14 10 BNS HMNS 2.7 0.2 DD2-1351350-On-H S.Fujibayashi(2017)
0.58 40 20 BNS HMNS 3 M Y.Sekiguchi(2011)
0.08 19.8 24 NSBH BH 6.6 0.49 A5 H.T.Janka (1999)
0.16 23.2 28 NSBH BH 11.6 0.47 B10

the results for the kick model there (see also [64] for a de-
scription of the model itself) 1. The second model, more
conservative (“moderate” from here on), is from Mapelli
and Giacobbo [62] (case labeled as ↵ = 5, low � in [62]).
Both models are illustrated in Fig. 1 for BNS and NSBH
mergers.

FIG. 1: Volumetric merger rates, as a function of the red-
shift, for BNS and NSBH mergers. For each merger type,
the upper (optimistic rate) and lower (moderate rate) curves
are from Eldridge, Stanway and Tang [63], and from Mapelli
and Giacobbo [62], respectively (see legend). The measure-
ment/bound from LIGO-Virgo are shown for comparison.
Red solid error bar with red triangle: BNS merger rate in-
ferred from GW170817 [3]. Blue down triangle: upper limit
to the NSBH merger rate inferred from the LIGO O1 run [65].
The position of the NSBH upper limit and the BNS constraint
along the horizontal axis is just for visualization purposes.

1
In [63], the redshift dependence of the rate for the kick model

is not explicitly given. So, we constructed an approximate an-

alytical form by taking an analytical expression used for other

models in the same paper, with parameters adjusted to fit the

tabulated rates (Table 2 in [63]) for the kick model.

To estimate the neutrino flux from mergers in a de-
tector, one needs to use the comoving volume enclosed
between redshift z and z + dz, which can be written in
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, as follows:
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cosmic energy density in matter and dark energy respec-
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is the mean neutrino energy, T is the neutrino tempera-
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where E0 = E(1 + z), describes the redshift of the neu-
trino energy during propagation. The constant f

osc

is

H.	T.	Janka,	T.	Eberl,	M.	Ruffert,	and	C.	L.	Fryer,	ApJ 527,	L39	(1999).
Y.	Sekiguchi,	K.	Kiuchi,	K.	Kyutoku,	and	M.	Shibata,	PRL	107,	051102	(2011).
O.	Just	et	al.,	MNRAS	448,	541	(2015).
S.	Fujibayashi,	Y.	Sekiguchi,	K.	Kiuchi,	and	M.	Shibata,	ApJ 846,	114	(2017).
J.	Lippuner et	al.,	MNRAS	472,	904	(2017).



Cosmological	rates
• Large	uncertainty	from	evolution	models
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TABLE I: Parameters and neutrino emission properties for the merger models considered in this study. The columns from left
to right contain: (1) time duration, T99, within which 99% of the total energy in ⌫̄

e

is emitted; (2) total energy emitted in
⌫̄
e

; (3) average energy of the ⌫̄
e

(time-integrated) flux; (4) type of merger (BNS or NSBH); (5) type of central remnant (CR)
which could be a hypermassive neutron star (HMNS) or a black-hole (BH); (6) the central remnant mass (CRM) in units of
solar mass, M�; (7) the disk mass (DM; note that for model M of Sekiguchi et al., this quantity is not available); (8) the model
name and (9) corresponding reference (first author only; see text for full reference).
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(1051erg) hE
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i(MeV ) type CR CRM (M�) DM (M�) Model Ref

0.58 4.4 18 BNS HMNS 3 0.03 Hinf J.Lippuner(2017)
0.40 2.0 16.5 BNS BH 3 0.03 B090
0.30 1.8 15.4 NSBH BH 8.1 0.1 BF15
0.10 1.0 17.8 BNS BH 3 0.03 M3A8m03a5 O.Just(2015)
0.27 11.2 16 NSBH BH 6 0.3 M6A8m3a5

0.99 14 10 BNS HMNS 2.7 0.2 DD2-1351350-On-H S.Fujibayashi(2017)
0.58 40 20 BNS HMNS 3 M Y.Sekiguchi(2011)
0.08 19.8 24 NSBH BH 6.6 0.49 A5 H.T.Janka (1999)
0.16 23.2 28 NSBH BH 11.6 0.47 B10

the results for the kick model there (see also [64] for a de-
scription of the model itself) 1. The second model, more
conservative (“moderate” from here on), is from Mapelli
and Giacobbo [62] (case labeled as ↵ = 5, low � in [62]).
Both models are illustrated in Fig. 1 for BNS and NSBH
mergers.
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FIG. 1: Volumetric merger rates, as a function of the red-
shift, for BNS and NSBH mergers. For each merger type,
the upper (optimistic rate) and lower (moderate rate) curves
are from Eldridge, Stanway and Tang [63], and from Mapelli
and Giacobbo [62], respectively (see legend). The measure-
ment/bound from LIGO-Virgo are shown for comparison.
Red solid error bar with red triangle: BNS merger rate in-
ferred from GW170817 [3]. Blue down triangle: upper limit
to the NSBH merger rate inferred from the LIGO O1 run [65].
The position of the NSBH upper limit and the BNS constraint
along the horizontal axis is just for visualization purposes.
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In [63], the redshift dependence of the rate for the kick model

is not explicitly given. So, we constructed an approximate an-

alytical form by taking an analytical expression used for other

models in the same paper, with parameters adjusted to fit the

tabulated rates (Table 2 in [63]) for the kick model.
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where E0 = E(1 + z), describes the redshift of the neu-
trino energy during propagation. The constant f

osc

is

M.	Mapelli and	N.	Giacobbo,	MNRAS	479,	4391	(2018).
J.	J.	Eldridge,	E.	R.	Stanway,	and	P.	N.	Tang,	MNRAS	482,	870	(2019).

Abbott	et	al.,	ApJ 832,	L21	(2016).	
Abbott	et	al.,	PRL	119,	161101	(2017).



DETECTABILITY



Idea:	time	coincidence	

• From	GW:	i=1,2,3,…,N	mergers.	Merger	type,	time	ti,	redshift	zi

• From	theory:	estimated	neutrino	burst	duration,	Δti
• Conservative:	Δti =	Δt =	1	s	.	Captures	entire	neutrino	emission.	

• to	reduce	background	:	keep	only	neutrino	data	in	[ti,	ti+Δt ];	
impose	z	<	zmax ;	

t2t1 t3 t5t4

Δt1

t=ΔTt=0

Δt2 Δt3

K.	Kyutoku and	K.	Kashiyama,	PRD97,	103001	(2018)
Zidu Lin	and	CL,	arXiv:1907.00034



Event	rates
• (Observed)	merger	rate	and	number	of	background	events:	
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TABLE I: Parameters and neutrino emission properties for the merger models considered in this study. The columns from left
to right contain: (1) time duration, T99, within which 99% of the total energy in ⌫̄

e

is emitted; (2) total energy emitted in
⌫̄
e

; (3) average energy of the ⌫̄
e

(time-integrated) flux; (4) type of merger (BNS or NSBH); (5) type of central remnant (CR)
which could be a hypermassive neutron star (HMNS) or a black-hole (BH); (6) the central remnant mass (CRM) in units of
solar mass, M�; (7) the disk mass (DM; note that for model M of Sekiguchi et al., this quantity is not available); (8) the model
name and (9) corresponding reference (first author only; see text for full reference).
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0.40 2.0 16.5 BNS BH 3 0.03 B090
0.30 1.8 15.4 NSBH BH 8.1 0.1 BF15
0.10 1.0 17.8 BNS BH 3 0.03 M3A8m03a5 O.Just(2015)
0.27 11.2 16 NSBH BH 6 0.3 M6A8m3a5

0.99 14 10 BNS HMNS 2.7 0.2 DD2-1351350-On-H S.Fujibayashi(2017)
0.58 40 20 BNS HMNS 3 M Y.Sekiguchi(2011)
0.08 19.8 24 NSBH BH 6.6 0.49 A5 H.T.Janka (1999)
0.16 23.2 28 NSBH BH 11.6 0.47 B10

Eldridge, Stanway and Tang [? ]. Specifically, we use the
results for the kick model there (see also [? ] for a de-
scription of the model itself) 1. The second model, more
conservative (“moderate” from here on), is from Mapelli
and Giacobbo [? ] (case labeled as ↵ = 5, low � in [?
]). Both models are illustrated in Fig. 1 for BNS and
NSBH mergers.

To estimate the neutrino flux from mergers in a de-
tector, one needs to use the comoving volume enclosed
between redshift z and z + dz, which can be written in
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1
In [? ], the redshift dependence of the rate for the kick model
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FIG. 1: Volumetric merger rates, as a function of the red-
shift, for BNS and NSBH mergers. For each merger type, the
upper (optimistic rate) and lower (moderate rate) curves are
from Eldridge, Stanway and Tang [? ], and from Mapelli
and Giacobbo [? ], respectively (see legend). The mea-
surement/bound from LIGO-Virgo are shown for compari-
son. Red solid error bar with red triangle: BNS merger rate
inferred from GW170817 [? ]. Blue down triangle: upper
limit to the NSBH merger rate inferred from the LIGO O1
run [? ]. The position of the NSBH upper limit and the BNS
constraint along the horizontal axis is just for visualization
purposes.
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e

is emitted; (2) total energy emitted in
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(time-integrated) flux; (4) type of merger (BNS or NSBH); (5) type of central remnant (CR)
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Eldridge, Stanway and Tang [? ]. Specifically, we use the
results for the kick model there (see also [? ] for a de-
scription of the model itself) 1. The second model, more
conservative (“moderate” from here on), is from Mapelli
and Giacobbo [? ] (case labeled as ↵ = 5, low � in [?
]). Both models are illustrated in Fig. 1 for BNS and
NSBH mergers.
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constraint along the horizontal axis is just for visualization
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as:
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where E0 = E(1 + z), describes the redshift of the neu-
trino energy during propagation. The constant f

osc

is
a phenomenological factor accounting for the e↵ect of
flavor oscillations. Detailed studies of neutrino oscilla-
tions in the post-merger environment for BNS and NSBH
mergers have shown a complex pattern that depends
strongly on the relative intensity of the di↵erent flavor
fluxes and other parameters describing the compact ob-
ject and the accretion disk. The ⌫̄

e

survival probability
varies, roughly, between 0.5 and 1 (corresponding to no
oscillations), see, e.g., [? ? ? ? ? ]. Therefore, here we
set f

osc

= 1.

III. DETECTABILITY

A. The method; expected backgrounds

We consider a near-future scenario where: (i) a neu-
trino detector of mass O(100) kt or higher exists, with
good timing resolution and low energy threshold, like the
upcoming HyperKamiokande; and (ii) one or more next
generation GW detectors are available, with the capabil-
ity to observe mergers with ⇠ 100% e�ciency, up to a
redshift z

GW

& 1. We also assume that the GW data
will allow to establish the time of the merger and its
distance/redshift with good precision (e.g., tens of per
cent)[? ].

In this scenario, a realistic detection method would be
the one proposed by Kyutoku and Kashiyama [? ], which
is generalized here to account for non-zero redshift. The
method consists of considering the N mergers that are
observed in GW over a long period of time, �T , with
their merger times t

i

(i = 1, 2, ..., N), and redshifts z
i

,
and restricting the neutrino data analysis to time win-
dows of width �t

i

⇠ T99(1+z
i

) after each merger, where
T99 is the time duration of neutrino burst within which
99% of ⌫

ē

energy has emitted. Here the factor (1 + z
i

)
ensures that each time windows is appropriately adjusted
for the cosmological time dilation. Thus, the number of
neutrino events collected in the detector over �T is:

N
s

=
NX

i=1

n
s

(t
i

)�t
i

(6)

where, n
s

is the (average) neutrino event rate per merger.
For the same observation time, the expected number
of background events in the detector has an expres-
sion analogous to Eq. (6), where the rate of background
events, n

b

(t), can be approximated as constant in time:

N
b

' n
b

P
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, or N
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' (N
z

max

�T )(n
b

�t). The
e↵ect of restricting to the e↵ective observation time,

�T
eff

=
P

N

i=1 �t
i

results in a strong enhancement of
the signal-to-background ratio [? ].
For simplicity, we neglect the possible corrections due

to the neutrino mass and to gravitational lensing on the
expected time window �t

i

[? ? ] (see also discussion
in [? ]), as well as e↵ects of possible physics beyond
the Standard Model of particle physics. We also neglect
di↵erences in the neutrino emission between individual
mergers, thus making the somewhat simplistic assump-
tion that all mergers of the same class are identical. We
estimate that the corrections due to these neglected ef-
fects would be sub-dominant compared to the very large
uncertainties on the neutrino emission models and merger
rates.

Let us consider a water Cherenkov detector of the next
generation, and its main channel of detection, inverse
beta decay: (⌫̄

e

+p ! n + e+). One can approximate
the sum for N

s

as an integral of the di↵use flux over the
observation time �T :

N
s

' N
t

�T

Z
E

max

E

th

⌘(E)�
⌫̄

e

(E)�(E)dE . (7)

In this approximation, it is assumed that the choice of
the time windows, �t

i

, allows to capture the entire post-
merger neutrino flux, i.e., �t

i

/(1 + z
i

) > T99. In this
work, a rather conservative time window, �t

i

/(1+z
i

) = 1
s (to be compared with T99 for various models, see Table
I), will be used in all calculations. Here �(E) is the de-
tection cross section and N

t

is the number of protons in
the detector; ⌘(E) is the detector e�ciency. The interval
E = E

th

�E
max

is a suitable energy window, determined
by the need to minimize the background, see Sec. III B 1.
Let us now discuss the experimental background. We
consider two di↵erent detector configurations, the first
with pure water, and the second with water with the ad-
dition of Gadolinium (Gd) [? ], for better background
reduction. The option with Gd is being realized, for the
first time, in the upgraded SuperKamiokande (SuperK-
Gd; see, e.g., [? ]), and is envisioned as a possibility for a
second phase of HyperKamiokande [? ]. For pure water,
the region of visible energy E

vis

. 18 MeV is unaccess-
bile due to the overwhelming spallation background. At
higher energy, the background is dominated by invisible
muons (Fig. 2, bottom panel): these are sub-Cherekov
atmospheric muons that become visible in the detector
only when they decay, thus mimicking inverse beta decay.
We take ⌘ ' 0.9 as a realistic e�ciency [? ? ? ].

For water with Gd, the background due to spallation
can be e↵ectively reduced, with only a small residual con-
tribution due to the production of a short-lived Lithium
isotope (9Li). Therefore, the window of sensitivity ex-
tends down to E

vis

⇠ 11 MeV, below which events due
to reactor ⌫̄

e

dominate. With Gd, the invisible muon
background is suppressed by a factor of ⇠ 5 [? ], and
the total background at E

vis

& 11 MeV has comparable
contributions from di↵erent sources. Specifically, besides
invisible muons, one should include inverse beta decay
events due to the di↵use supernova neutrino background
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which could be a hypermassive neutron star (HMNS) or a black-hole (BH); (6) the central remnant mass (CRM) in units of
solar mass, M�; (7) the disk mass (DM; note that for model M of Sekiguchi et al., this quantity is not available); (8) the model
name and (9) corresponding reference (first author only; see text for full reference).
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0.58 4.4 18 BNS HMNS 3 0.03 Hinf J.Lippuner(2017)
0.40 2.0 16.5 BNS BH 3 0.03 B090
0.30 1.8 15.4 NSBH BH 8.1 0.1 BF15
0.10 1.0 17.8 BNS BH 3 0.03 M3A8m03a5 O.Just(2015)
0.27 11.2 16 NSBH BH 6 0.3 M6A8m3a5

0.99 14 10 BNS HMNS 2.7 0.2 DD2-1351350-On-H S.Fujibayashi(2017)
0.58 40 20 BNS HMNS 3 M Y.Sekiguchi(2011)
0.08 19.8 24 NSBH BH 6.6 0.49 A5 H.T.Janka (1999)
0.16 23.2 28 NSBH BH 11.6 0.47 B10

the results for the kick model there (see also [64] for a de-
scription of the model itself) 1. The second model, more
conservative (“moderate” from here on), is from Mapelli
and Giacobbo [62] (case labeled as ↵ = 5, low � in [62]).
Both models are illustrated in Fig. 1 for BNS and NSBH
mergers.

FIG. 1: Volumetric merger rates, as a function of the red-
shift, for BNS and NSBH mergers. For each merger type,
the upper (optimistic rate) and lower (moderate rate) curves
are from Eldridge, Stanway and Tang [63], and from Mapelli
and Giacobbo [62], respectively (see legend). The measure-
ment/bound from LIGO-Virgo are shown for comparison.
Red solid error bar with red triangle: BNS merger rate in-
ferred from GW170817 [3]. Blue down triangle: upper limit
to the NSBH merger rate inferred from the LIGO O1 run [65].
The position of the NSBH upper limit and the BNS constraint
along the horizontal axis is just for visualization purposes.
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In [63], the redshift dependence of the rate for the kick model

is not explicitly given. So, we constructed an approximate an-

alytical form by taking an analytical expression used for other

models in the same paper, with parameters adjusted to fit the

tabulated rates (Table 2 in [63]) for the kick model.
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the results for the kick model there (see also [64] for a de-
scription of the model itself) 1. The second model, more
conservative (“moderate” from here on), is from Mapelli
and Giacobbo [62] (case labeled as ↵ = 5, low � in [62]).
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mergers.

FIG. 1: Volumetric merger rates, as a function of the red-
shift, for BNS and NSBH mergers. For each merger type,
the upper (optimistic rate) and lower (moderate rate) curves
are from Eldridge, Stanway and Tang [63], and from Mapelli
and Giacobbo [62], respectively (see legend). The measure-
ment/bound from LIGO-Virgo are shown for comparison.
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ferred from GW170817 [3]. Blue down triangle: upper limit
to the NSBH merger rate inferred from the LIGO O1 run [65].
The position of the NSBH upper limit and the BNS constraint
along the horizontal axis is just for visualization purposes.
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& 1. We also assume that the GW data
will allow to establish the time of the merger and its
distance/redshift with good precision (e.g., tens of per
cent)[? ].

In this scenario, a realistic detection method would be
the one proposed by Kyutoku and Kashiyama [? ], which
is generalized here to account for non-zero redshift. The
method consists of considering the N mergers that are
observed in GW over a long period of time, �T , with
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by the need to minimize the background, see Sec. III B 1.
Let us now discuss the experimental background. We
consider two di↵erent detector configurations, the first
with pure water, and the second with water with the ad-
dition of Gadolinium (Gd) [? ], for better background
reduction. The option with Gd is being realized, for the
first time, in the upgraded SuperKamiokande (SuperK-
Gd; see, e.g., [? ]), and is envisioned as a possibility for a
second phase of HyperKamiokande [? ]. For pure water,
the region of visible energy E

vis

. 18 MeV is unaccess-
bile due to the overwhelming spallation background. At
higher energy, the background is dominated by invisible
muons (Fig. 2, bottom panel): these are sub-Cherekov
atmospheric muons that become visible in the detector
only when they decay, thus mimicking inverse beta decay.
We take ⌘ ' 0.9 as a realistic e�ciency [? ? ? ].

For water with Gd, the background due to spallation
can be e↵ectively reduced, with only a small residual con-
tribution due to the production of a short-lived Lithium
isotope (9Li). Therefore, the window of sensitivity ex-
tends down to E

vis

⇠ 11 MeV, below which events due
to reactor ⌫̄
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dominate. With Gd, the invisible muon
background is suppressed by a factor of ⇠ 5 [? ], and
the total background at E

vis

& 11 MeV has comparable
contributions from di↵erent sources. Specifically, besides
invisible muons, one should include inverse beta decay
events due to the di↵use supernova neutrino background
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Results:	event	rates	at	Mt-scale	detector

• zmax=0.05	;	optimistic	merger	rates	used
• Signal/background	≳ 1	in	suitable	energy	window
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redshift	dependence

• for	most	optimistic	parameters:
• Up	to	~	100	signal	events	from	mergers	at	z<0.5	.	
• Signal/background	≳ 1	for	zmax <	0.15
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FIG. 5: Number of signal events for BNS mergers, and of background events in the energy window, for a redshift window
z 2 [0, z

max

], as a function of z
max

(see Eq. (7)). Results are shown for di↵erent neutrino emission models (see Table I), for
detector configuration with and without Gd, and for the optimistic (upper row) and conservative (lower row) merger rate.

icance. For example, for the scenario in the left upper
(left bottom) panel of Fig. 5, where BNS mergers pre-
dicted by model M with optimistic (moderate) merger
rate, a detector with Gd, and a 100 Mt year exposure
are used, we find that this extreme value is z

max

= 0.74
(z

max

= 0.29), for which the number of signal events
is N

S

= 71 (N
S

= 11). The corresponding number of
background events is N

B

= 529 (N
B

= 10). Including
mergers with higher redshift in the analysis will worsen
the significance of the signal, due to the overwhelming
background.

Let us briefly discuss the physics potential of a search
for neutrinos from mergers. Given a measured event
rate, it will be possible to place constraints on the main
parameters governing the merger neutrino flux, namely
the total energy E

⌫̄

e

and the average energy of the ⌫̄
e

spectrum,hE
⌫̄

e

i. As an illustration of possible constraints
on these parameters, in Fig. 7 we show two sets of iso-
contours of the total number of events (signal plus back-
ground) in the space of E

⌫̄

e

and hE
⌫̄

e

i, for the two red-
shift intervals of reference, z  0.05 and z  0.74.The
optimistic BNS merger rate was adopted here. For com-
parison, the predictions from each of the models in Ta-
ble I for BNS mergers are shown. We assume that un-
certainties on the merger rates and on the background

rates are negligible, so errors on the number of events
are only statistical. In each of the panels of the figure,
the contours are chosen so that they form two bands
of 90% confidence level statistical uncertainty centered
around two hypothetical measured event rates, one pes-
simistic and one optimistic (N

tot

= 1, 8 for z  0.05 and
N

tot

= 537, 600 for z  0.74, see figure caption for more
information). These bands represent the region of the
parameter space that can be considered consistent with
the measurement. We see that a measurement of a rel-
atively large event rate would disfavor a wide portion of
the parameter space, and result in a lower bound on E

⌫̄

e

,
under minimal assumptions on the average energy (e.g.,
if one assumes E

⌫̄

e

< 24 MeV as a theoretical prior). In
the case of a low measured number of events, most of the
parameter space would be allowed (including E

⌫̄

e

= 0,
the background-only case), and only the most extreme
corner of the parameter space would be disfavored. In
this latter case, most or even all the models would be
consistent with the data.
In addition to bounds from the event rate, it will be

possible to further constrain the parameter space using
the energy distribution of the events. Roughly, these will
correspond to vertical lines in Fig. 7, which we do not
show for simplicity. More realistically, a fit of the data en-
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FIG. 6: The same as Fig. 5, for NSBH mergers.

ergy spectrum and overall normalization will give charac-
teristic boomerang-shaped confidence level contours sim-
ilar to those obtained for neutrinos from the supernova
SN1987A (see, e.g. [75] and references therein). A de-
tailed illustration of the potential of data fits is beyond
the scope of the present work.

2. Probability of first detection

As was shown in the previous section (see Fig. 7),
even the detection of a single candidate event, or even
a null result (no detection) can be significant, and pro-
vide useful constraints. This can be especially relevant
in the short term, when the detector exposure is still
low. As a further illustration, we follow Kyutoku and
Kashiyama [39], and discuss how the waiting time – i.e.,
the time that elapses from the beginning of the experi-
mental search until the first candidate event is observed
– is a useful statistical observable to distinguish between
di↵erent merger models.

We consider the total number N
tot

of events that are
observed in time-coincidence with GW detections, and
suppose that it follows a Poisson process with event rate
R. Then the length of time until the first arrival, denoted
by T , is a continuous random variable. In a simple sce-

nario where z
max

is fixed (rather than adjusted depend-
ing on the model, to optimize the statistical significance),
the rate is a constant, R = N

tot

/T , which is determined
by the merger flux model. The background rate can be
assumed as known here.
The cumulative distribution function of T , which is

the probability that the first arrival is observed within
the time interval [0, T ], is:

F (T ) = 1� (RT )0 exp�RT

0!
= 1� e�RT , (8)

and the probability density that the first arrival is ob-
served within the time interval [T, T + dT ] is3:

f(T ) =
dF (T )

dT
= Re�RT . (9)

With a single measurement of T (waiting time of the first
event arrival) with probability density function given by
f(T ), one can use a likelihood ratio test to distinguish

3
Note that f(T )dT is the probability that no events are recorded

in the interval [0, T ], and one event is recorded in the interval

[T, T + dT ].
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• Number	of	events	for	0<z<zmax.	3	𝜎 significance	achieved	for	zmax up	to	~0.7



Constraining	the	parameter	space
• Exclusion	of	extreme	parameters	possible
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Constraints	from	time	to	first	detection
• Even	zero	or	one	event	observed	can	give	constraints!	

• Probability	that	first	detection	occurs	in	interval	[T,	T	+	dT]
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are used, we find that this extreme value is z
max

= 0.74
(z

max

= 0.29), for which the number of signal events
is N

S

= 71 (N
S

= 11). The corresponding number of
background events is N

B

= 529 (N
B

= 10). Including
mergers with higher redshift in the analysis will worsen
the significance of the signal, due to the overwhelming
background.

Let us briefly discuss the physics potential of a search
for neutrinos from mergers. Given a measured event
rate, it will be possible to place constraints on the main
parameters governing the merger neutrino flux, namely
the total energy E

⌫̄

e

and the average energy of the ⌫̄
e

spectrum,hE
⌫̄

e

i. As an illustration of possible constraints
on these parameters, in Fig. 7 we show two sets of iso-
contours of the total number of events (signal plus back-
ground) in the space of E

⌫̄

e

and hE
⌫̄

e

i, for the two red-
shift intervals of reference, z  0.05 and z  0.74.The
optimistic BNS merger rate was adopted here. For com-
parison, the predictions from each of the models in Ta-
ble I for BNS mergers are shown. We assume that un-
certainties on the merger rates and on the background
rates are negligible, so errors on the number of events
are only statistical. In each of the panels of the figure,
the contours are chosen so that they form two bands
of 90% confidence level statistical uncertainty centered
around two hypothetical measured event rates, one pes-
simistic and one optimistic (N

tot

= 1, 8 for z  0.05 and
N

tot

= 537, 600 for z  0.74, see figure caption for more
information). These bands represent the region of the
parameter space that can be considered consistent with
the measurement. We see that a measurement of a rel-
atively large event rate would disfavor a wide portion of
the parameter space, and result in a lower bound on E

⌫̄

e

,
under minimal assumptions on the average energy (e.g.,
if one assumes E

⌫̄

e

< 24 MeV as a theoretical prior). In
the case of a low measured number of events, most of the
parameter space would be allowed (including E

⌫̄

e

= 0,
the background-only case), and only the most extreme
corner of the parameter space would be disfavored. In
this latter case, most or even all the models would be
consistent with the data.

In addition to bounds from the event rate, it will be
possible to further constrain the parameter space using
the energy distribution of the events. Roughly, these will
correspond to vertical lines in Fig. 7, which we do not
show for simplicity. More realistically, a fit of the data en-
ergy spectrum and overall normalization will give charac-
teristic boomerang-shaped confidence level contours sim-
ilar to those obtained for neutrinos from the supernova
SN1987A (see, e.g. [? ] and references therein). A de-
tailed illustration of the potential of data fits is beyond
the scope of the present work.

2. Probability of first detection

As was shown in the previous section (see Fig. 7),
even the detection of a single candidate event, or even

a null result (no detection) can be significant, and pro-
vide useful constraints. This can be especially relevant
in the short term, when the detector exposure is still
low. As a further illustration, we follow Kyutoku and
Kashiyama [? ], and discuss how the waiting time – i.e.,
the time that elapses from the beginning of the experi-
mental search until the first candidate event is observed
– is a useful statistical observable to distinguish between
di↵erent merger models.
We consider the total number N

tot

of events that are
observed in time-coincidence with GW detections, and
suppose that it follows a Poisson process with event rate
R. Then the length of time until the first arrival, denoted
by T , is a continuous random variable. In a simple sce-
nario where z

max

is fixed (rather than adjusted depend-
ing on the model, to optimize the statistical significance),
the rate is a constant, R = N

tot

/T , which is determined
by the merger flux model. The background rate can be
assumed as known here.

The cumulative distribution function of T , which is
the probability that the first arrival is observed within
the time interval [0, T ], is:

F (T ) = 1� (RT )0 exp�RT

0!
= 1� e�RT , (8)

and the probability density that the first arrival is ob-
served within the time interval [T, T + dT ] is3:

f(T ) =
dF (T )

dT
= Re�RT . (9)

With a single measurement of T (waiting time of the first
event arrival) with probability density function given by
f(T ), one can use a likelihood ratio test to distinguish
between two hypotheses, H1, and H0, according to the
Neyman-Pearson lemma 4.
To fix the ideas, let us consider an example drawn from

Fig. 7 (upper panel): a search for neutrinos from BNS
mergers, for the optimistic merger rate, a 1 Mt detector
(with Gd) and z

max

= 0.05. In this example, hypothesis
H1 predicts a rate R1 = 8 · 10�2 yr�1 (black solid curve
in the upper panel of Fig. 7), while H0 predicts R0 =
10�2 yr�1 (blue solid curve in the same panel).
Let us introduce the likelihood ratio:

⇤(T ) =
f(T ;R1)

f(T ;R0)
=

R1

R0
e�(R1�R0)T . (10)

3
Note that f(T )dT is the probability that no events are recorded

in the interval [0, T ], and one event is recorded in the interval

[T, T + dT ].

4
When we want to distinguish an alternative theory H1 from a

default (“null”) theory H0, a type I error occurs if we reject H0

when it is true. The power of a hypothesis test is the probability

of making a correct decision if H1 is true. The Neyman-Pearson

lemma [? ] states that a likelihood ratio test is the test that has

maximum power for a given type I error.

(8	events)
(1	event)



CONCLUSIONS



A	truly	multi-messenger	scenario
• Detecting	eutrinos from	binary	mergers	is	realistic

• Only with	synergy	between	next	generation	neutrino	detectors	and	GW	
detectors	(time	coincidence)

• O(0.1	– 100)	events	expected	for	100	yr ·	Mt	exposure
• Decades	might	pass	before	first	detection
• Single	detections	might	be	statistically	significant	(if	low	z)

• Even	low	statistics	(or	non-detection)	can	constrain	the	
parameter	space
• Implications	on	post-merger	physics	(type	of	remnant,	r-process,	etc.)



http://www.hyperk.org
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Merger	rate

4

TABLE I: Parameters and neutrino emission properties for the merger models considered in this study. The columns from left
to right contain: (1) time duration, T99, within which 99% of the total energy in ⌫̄

e

is emitted; (2) total energy emitted in
⌫̄
e

; (3) average energy of the ⌫̄
e

(time-integrated) flux; (4) type of merger (BNS or NSBH); (5) type of central remnant (CR)
which could be a hypermassive neutron star (HMNS) or a black-hole (BH); (6) the central remnant mass (CRM) in units of
solar mass, M�; (7) the disk mass (DM; note that for model M of Sekiguchi et al., this quantity is not available); (8) the model
name and (9) corresponding reference (first author only; see text for full reference).

T99(s) E
⌫̄

e

(1051erg) hE
⌫̄

e

i(MeV ) type CR CRM (M�) DM (M�) Model Ref

0.58 4.4 18 BNS HMNS 3 0.03 Hinf J.Lippuner(2017)
0.40 2.0 16.5 BNS BH 3 0.03 B090
0.30 1.8 15.4 NSBH BH 8.1 0.1 BF15
0.10 1.0 17.8 BNS BH 3 0.03 M3A8m03a5 O.Just(2015)
0.27 11.2 16 NSBH BH 6 0.3 M6A8m3a5

0.99 14 10 BNS HMNS 2.7 0.2 DD2-1351350-On-H S.Fujibayashi(2017)
0.58 40 20 BNS HMNS 3 M Y.Sekiguchi(2011)
0.08 19.8 24 NSBH BH 6.6 0.49 A5 H.T.Janka (1999)
0.16 23.2 28 NSBH BH 11.6 0.47 B10

the results for the kick model there (see also [64] for a de-
scription of the model itself) 1. The second model, more
conservative (“moderate” from here on), is from Mapelli
and Giacobbo [62] (case labeled as ↵ = 5, low � in [62]).
Both models are illustrated in Fig. 1 for BNS and NSBH
mergers.

FIG. 1: Volumetric merger rates, as a function of the red-
shift, for BNS and NSBH mergers. For each merger type,
the upper (optimistic rate) and lower (moderate rate) curves
are from Eldridge, Stanway and Tang [63], and from Mapelli
and Giacobbo [62], respectively (see legend). The measure-
ment/bound from LIGO-Virgo are shown for comparison.
Red solid error bar with red triangle: BNS merger rate in-
ferred from GW170817 [3]. Blue down triangle: upper limit
to the NSBH merger rate inferred from the LIGO O1 run [65].
The position of the NSBH upper limit and the BNS constraint
along the horizontal axis is just for visualization purposes.

1
In [63], the redshift dependence of the rate for the kick model

is not explicitly given. So, we constructed an approximate an-

alytical form by taking an analytical expression used for other

models in the same paper, with parameters adjusted to fit the

tabulated rates (Table 2 in [63]) for the kick model.

To estimate the neutrino flux from mergers in a de-
tector, one needs to use the comoving volume enclosed
between redshift z and z + dz, which can be written in
terms of the comoving distance, D

c

, as follows:

dV

dz
=

4⇡D2
c

c

H(z)
, (1)

D
c

=

Z
z

0

c

H0

p
⌦

m

(1 + z̃)3 + ⌦⇤

dz̃ . (2)

The rate of mergers with z < z
max

, in the frame on an
observer on Earth, is then given by:

N(z
max

) =

Z
z

max

0

R(z)dV

(1 + z)dz
dz . (3)

Here, ⌦
m

= 0.3 and ⌦⇤ = 0.7 are the fractions of the
cosmic energy density in matter and dark energy respec-
tively; c is the speed of light and H0 is the Hubble con-
stant. We assume the F

⌫̄

e

(E) follows Firmi-Dirac dis-
tribution with zero chemical potential. Therefore, the
(time-integrated) number of ⌫̄

e

emitted per unit energy
by an individual merger, F

⌫̄

e

(E), is:

F
⌫̄

e

(E) =
E
⌫̄

e

hE
⌫̄

e

i
2

3T 3⇣(3)

E2

eE/T + 1
, (4)

where E
⌫̄

e

is the total neutrino energy emission, hE
⌫̄

e

i
is the mean neutrino energy, T is the neutrino tempera-
ture, and 2/3T 3⇣(3) serves as a normalization factor of
the Fermi-Dirac distribution. Given F

⌫̄

e

,the total, time
averaged flux (di↵erential in energy, surface and time) at
Earth due to all mergers with z < z

max

can be expressed
as:

�
⌫̄

e

(E) = f
osc

c

H0

Z
z

max

0
R(z)F

⌫̄

e

(E0)
dzp

⌦
m

(1 + z)3 + ⌦⇤

,

(5)
where E0 = E(1 + z), describes the redshift of the neu-
trino energy during propagation. The constant f

osc

is
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TABLE I: Parameters and neutrino emission properties for the merger models considered in this study. The columns from left
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is emitted; (2) total energy emitted in
⌫̄
e

; (3) average energy of the ⌫̄
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(time-integrated) flux; (4) type of merger (BNS or NSBH); (5) type of central remnant (CR)
which could be a hypermassive neutron star (HMNS) or a black-hole (BH); (6) the central remnant mass (CRM) in units of
solar mass, M�; (7) the disk mass (DM; note that for model M of Sekiguchi et al., this quantity is not available); (8) the model
name and (9) corresponding reference (first author only; see text for full reference).
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the results for the kick model there (see also [64] for a de-
scription of the model itself) 1. The second model, more
conservative (“moderate” from here on), is from Mapelli
and Giacobbo [62] (case labeled as ↵ = 5, low � in [62]).
Both models are illustrated in Fig. 1 for BNS and NSBH
mergers.

FIG. 1: Volumetric merger rates, as a function of the red-
shift, for BNS and NSBH mergers. For each merger type,
the upper (optimistic rate) and lower (moderate rate) curves
are from Eldridge, Stanway and Tang [63], and from Mapelli
and Giacobbo [62], respectively (see legend). The measure-
ment/bound from LIGO-Virgo are shown for comparison.
Red solid error bar with red triangle: BNS merger rate in-
ferred from GW170817 [3]. Blue down triangle: upper limit
to the NSBH merger rate inferred from the LIGO O1 run [65].
The position of the NSBH upper limit and the BNS constraint
along the horizontal axis is just for visualization purposes.
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In [63], the redshift dependence of the rate for the kick model

is not explicitly given. So, we constructed an approximate an-

alytical form by taking an analytical expression used for other

models in the same paper, with parameters adjusted to fit the

tabulated rates (Table 2 in [63]) for the kick model.
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is the mean neutrino energy, T is the neutrino tempera-
ture, and 2/3T 3⇣(3) serves as a normalization factor of
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FIG. 2: Rates of various types of backgrounds, di↵erential in
visible energy, for a water Cherenkov detector with (upper
panel) and without (lower panel) Gadolinium, from [42, 71].
The backgrounds presented here are: invisible muon back-
ground (Invisible Muon), atmospheric charged current back-
ground (Atmospheric), atmospheric neutral current back-
ground (NC), Lithium background (Li), background due to
the di↵use supernovae neutrino flux (DSNB), and background
due to reactor neutrinos at SuperKamiokande location (Re-
actor).

B. Results

1. Event rates and physics potential

In this section, results will be shown for the signal and
background event rates. Unless stated otherwise, they
refer to a detector exposure T

exp

= 100 Mt yr, corre-
sponding, e.g. to a 1 Mt (10 Mt) mass detector run-
ning for a century (decade). While such exposure does
not seem entirely realistic for HyperKamiokande as cur-
rently planned (total fiducial mass of 374 kt, see [42]),
it is technlogically feasible, and within the realm of pos-
sibility for the next-to-next generation water Cherenkov
detectors. For illustration, here several results will be
shown for neutrino parameters (E

⌫̄

e

and hE
⌫̄

e

i) of the
specific models in Table I. Considering the uncertainties
that a↵ect numerical simulations (see Sec. II A), results
that are intermediate between models should also be con-
sidered possible.

FIG. 3: The spectrum of background events (for configuration
with and without Gd) and of signal events for di↵erent mod-
els of BNS (upper panel) and NSBH (lower panel) mergers
(see Table I) for the redshift bin z = 0� 0.05. The optimistic
merger rates (see Fig. 1) have been used here. For defi-
niteness, only signals for water with Gd (detection e�ciency
⌘ ' 0.67) are shown; the case of pure water is nearly identical,
di↵ering only by the value of the e�ciency (⌘ ' 0.9), see text.

To assess the detectability prospects, let us first ex-
amine the energy spectra of signal (in terms of observed
positron energy, E

e

) and background events, and estab-
lish the interval of energy where the signal exceeds the
background. The spectra are shown in Fig. 3 for merg-
ers of both types (BNS and NSBH), with redshift in the
interval z = 0� 0.05. For water with Gd, it appears that
the energy window of signal dominance is E

e

⇠ 14 � 34
MeV for the most conservative models. It extends down
to E

e

⇠ 11 MeV and beyond 50 MeV for the most lumi-
nous mergers of either type. For pure water, the energy
window is bound from below by the threshold due to
spallation (see Sec. 2); its upper edge is as low as ⇠ 25
MeV or as high as 50 MeV or beyond depending on the
signal flux model.

In principle, the energy window depends on the red-
shift of the merger of interest, because of the e↵ect of the
redshift of energy on the signal spectrum. We explored
the possibility of using a z�dependent window to further
reduce backgrounds, and found that it provides some ad-
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