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We demonstrate that observations of the gravitational memory from core collapse supernovae at future
deci-Hz interferometers enable time-triggered searches of supernova neutrinos at Mt-scale detectors.
Achieving a sensitivity to characteristic strains of at least ∼10−25 at f ≃ 0.3 Hz—e.g., by improving the
noise of DECIGO by one order of magnitude—will allow robust time triggers for supernovae at distances
D ∼ 40–300 Mpc, resulting in a nearly background-free sample of ∼3–70 neutrino events per Mt per
decade of operation. This sample would bridge the sensitivity gap between rare galactic supernova bursts
and the cosmological diffuse supernova neutrino background, allowing detailed studies of the neutrino
emission of supernovae in the local Universe.
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I. INTRODUCTION

Neutrinos are major players in the emerging field of
multimessenger astronomy. With gravitational waves
(GWs) and photons, they have the potential to probe the
most extreme astrophysical phenomena in unprecedented
detail. Core collapse supernovae (CCSNe) are prime targets
of multimessenger observations, where neutrinos dominate
the energy output and carry direct information on the
extremely dense environment surrounding the collapsed
core. The ∼10 s burst of neutrinos from a supernova will
also allow tests of particle physics beyond the Standard
Model [1–4].
The detection of an individual supernova neutrino burst is

exciting as well as challenging. A statistically significant
observation is possible only for supernovae within 1–3 Mpc
from Earth [5,6], where collapses are rare, resulting in
decades of waiting time. An alternative is to search for the
diffuse supernova neutrino background (DSNB), from all the
supernovae in the universe [7–10], which has a substantial
cosmological component. Oð10 − 100Þ DSNB neutrinos
could be detected in a decade (see, e.g., [11]), and prelimi-
nary data could be available in just a few years [12–17].
Burst and DSNB searches lack sensitivity to the local

universe, r ∼ 3–100 Mpc, where many supernova-rich

galaxies are situated. Ideas to overcome this gap typically
rely on time-triggers that would allow to identify a single
neutrino as signal instead of background. One could
use either a neutrino self-trigger—where 2–3 neutrinos
observed less than 10 s apart can be attributed to a
supernova with high confidence [5,18]—or the time
coincidence with the Oð102Þ Hz supernova GW signal
from interferometers like LIGO-Virgo and its successors
[19–21]. Both methods are still limited to a few Mpc
distance, except for the most optimistic GW models (see,
e.g., [22] and references therein) and futuristic multi-
Megaton neutrino detectors [6].1

In this paper, we propose a new time-triggered method
to detect supernova neutrinos, which is potentially sensi-
tive to supernovae up to ∼100 Mpc. The time trigger is the
observation of the gravitational memory signal caused
by the neutrino emission itself. The memory is a non-
oscillatory, permanent distortion of the local space time
due to the anisotropic emission of matter or energy by a
distant source. The memory due to neutrino emission
by a supernova at distance r has characteristic strain hc ∼
10−23–10−21ð10 kpc=rÞ and frequencies in the deci-Hz
band, f ∼ 0.1–3 Hz [23–29]. The memory develops
∼0.1 s from the start of the neutrino emission, thus being
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1Astronomical observations of supernovae cannot serve as
time triggers, due to the Oð1Þ hour uncertainty in the time delay
between the neutrino and the electromagnetic signal from the
same star.
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an ideal time-trigger. Next generation powerful deci-Hz
GW detectors, like the deci-hertz Interferometer Gravita-
tional wave Observatory (DECIGO) [30–33] and the Big
Bang Observer (BBO) [31] will provide robust triggers for
supernovae at 10 Mpc and beyond [34]. These would
result in a nearly pure sample of ∼10–100 supernova
neutrino events from the local universe within a few
decades; see our summary figure, Fig. 1. Here we illustrate
our proposed methodology and its physics potential.

II. FORMALISM

A. Gravitational memory signals

The supernova neutrino memory strain can be expressed
as [24,35,36]

hxxTT ¼ hðr; tÞ ¼ 2G
rc4

Z
t−r=c

−∞
dt0Lνðt0Þαðt0Þ: ð1Þ

where c is the speed of light, t is the time postbounce andG
is the universal gravitational constant. Lν is the all-flavors
neutrino luminosity and α ∼Oð10−3–10−2Þ is the time-
varying anisotropy parameter [25,28].2 Simulations show

that αðtÞ becomes nonzero within a few ms postcollapse,
during the accretion phase, and can change sign multiple
times within the first second, as a result of the dynamics of
the matter near the collapsed core. The behavior of αðtÞ at
t > 1 s, during the cooling phase, is unknown. Following
[34], we consider two phenomenological models for the
memory: the first, characterized by a weaker and shorter
anisotropic phase, is representative of a neutron-star-
forming collapse (NSFC); the second has larger and
prolonged anisotropy, and could represent a black-hole-
forming collapse (BHFC). In both models, α ¼ 0 for
t > 1 s. Maximum values of rhðr; tÞ ∼ 26.5 cm and
rhðr; tÞ ∼ 400 cm are obtained for the two models respec-
tively. In Fig. 2, we show the memory characteristic strain
[27], hcðr; fÞ ¼ 2fjh̃ðr; fÞj, where h̃ðr; fÞ is the Fourier
transform of hðr; tÞ. Also shown are the noise curves of
deci-Hz detectors, which are given by the quantity hnðfÞ ¼
ϒ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
5fSnðfÞ

p
[27], where SnðfÞ is the power spectral noise

density [37]. We choose ϒ ¼ 1; 10−1; 10−3; the first and
last correspond to DECIGO and its optimal (futuristic)
realization, Ultimate DECIGO [30–32]; the middle value
represents an hypothetical intermediate case (DECIGOþ
from here on).
The detectability of a memory signal is determined by

the signal-to-noise (SNR) ratio of the detector,3 which is
defined as [38]

ρ2ðrÞ ¼
Z

∞

−∞
dðlog fÞ

�
hcðr; fÞ
hnðfÞ

�
2

: ð2Þ

FIG. 2. Solid: the characteristic gravitational memory strain
hcðfÞ for the NSFC and BHFC models (thin and thick lines,
respectively). The distance to the supernova is r ¼ 1 Mpc.
Dashed: sky-averaged noise curves for representative detectors
(see Fig. 1).

FIG. 1. The number of memory-triggered supernova neutrinos
detected at a 1 Mt water Cherenkov detector in 30 years, as a
function of the noise of the GW detector at f ¼ 0.3 Hz. The
vertical lines mark specific experiments considered here. The
lower and upper shaded regions refer respectively to a homo-
geneous population with moderate memory strain and a mixed
population where 40% of collapses have stronger memory strain;
the shading describes the effect of varying the neutrino spectrum,
see Table I. The dots (upper set: NSFC and lower set: BHFC) and
legends on the curves give the GW distance of sensitivity [rGWmax,
see text below Eq. (2)] corresponding to the noise on their
abscissa.

2In axisymmetric simulations [24,25], only theþ strain may be
extracted, and the observer is positioned such that the þ strain is
maximized.

3Here the comparison with published SNR curves has indica-
tive character only; a signal-specific study of the detectability is
ultimately needed, and is left for future work.
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We compute the probability of detecting a CCSN memory,
PGW
det , for a fixed false alarm probability PGW

FA ¼ 0.1. This
requires producing receiver operating curves (ROCs) in the
plane PGW

det − PGW
FA , which we do following the formalism in

[39] for N ¼ 3 degrees of freedom (here N is set equal to
the number of Gaussian functions used to represent αðtÞ,
see [34]).4 The result is that PGW

det , at a fixed PGW
FA , is an

increasing function of ρðrÞ, through which it depends on
the distance, r. We define the GW detector distance of
sensitivity, rGWmax such that PGW

det ðrGWmaxÞ ¼ 0.5. PGW
det ðrÞ is

shown in Fig. 3 for our cases of reference. For DECIGO,
and for NSFC and BHFC, respectively, we have rGWmax ≃
4 Mpc and rGWmax ≃ 33 Mpc. We find rGWmax ≃ 40 Mpc and
rGWmax ≃ 335 Mpc for DECIGOþ; for Ultimate DECIGO,
rGWmax > 350 Mpc for both population models.
We note in passing that, in principle, the stochastic effect

of the memory signals from cosmological supernovae
contributes to the noise in a GW detector, and therefore to
rGWmax. For real-time searches of transient signals at a modern
interferometer like LIGO, the noise spectral density is
measured over sliding time windows of Oð102Þ s width,
leading to a fast identification of seconds-long transients
[40].Due to the high supernova rate (_ρSN ∼ 10−4 yr−1Mpc−3

locally, corresponding to ∼107 core collapses per year in the
visible universe) [41–43], the individual cosmological
memory signals combine to constitute a continuum, that is
best described by an integral over the cosmic volume. Such
integral represents the contribution of supernovae to the
fraction of cosmic energy density in GW, ΩGW (see, e.g.,
[44–47] for the formalism).

Following Ref. [45], we have estimated the supernova
memory contribution to ΩGW, and found that it affects the
probability curves in Fig. 3 solely for Ultimate DECIGO,
and only for r≳ 300 Mpc and for the most optimistic
memory model (BHFC curve in Fig. 2, corresponding to a
GW spectral energy density ΩGW ¼ Oð10−17Þ). As will be
seen in the next section, the triggered neutrino search is
limited to r≲ 300 Mpc by the background at the neutrino
detector. Therefore, the stochastic GW noise from super-
novae is negligible in the present context, and will not be
considered further.

B. Neutrino signals

For neutrino detection, we consider a water Cherenkov
experiment, where the main channel of sensitivity is inverse
beta decay (IBD), ν̄e þ p → nþ eþ. For the time-
integrated (over Δt ¼ 10 s) ν̄e flux at Earth, Φðr; EνÞ we
use analytical quasi-thermal spectra of the form given in
[48]. The average ν̄e energy is varied in an interval
motivated by numerical simulations [49–51], in a way to
effectively account for neutrino oscillations. The spectrum
shape parameter, β, and the total energy in ν̄e are fixed.
See Table I for details.

FIG. 3. Detection probabilities for a memory signal, PGW
det ðrÞ, at three GW detectors of reference, and neutrino detection

probabilities, Pνð1; rÞ and Pνð2; rÞ [see Eq. (4)]. Shadings describe the variations with the varying neutrino spectrum, see Table I.
The left (right) panel is for NSFC (BHFC). Also shown is the cumulative rate of core collapses (vertical axis on the right). See labels
on the curves for details.

TABLE I. The neutrino flux parameters, from numerical
simulations [49–51]. The Ac. ph. and ν̄e columns refer to the
all flavor energy in the accretion phase only (which contributes
to the memory signal, see text) and to the energy in ν̄e emitted
over the time-triggered interval of 10 s. β is related to the
second momentum of the spectrum: β ¼ ð2hEνi2 − hE2

νiÞ=
ðhE2

νi − hEνi2Þ.
Energy ð×1053 ergsÞ hEνi (in MeV)

Model Ac. ph. ν̄e β Lower Upper

NSFC 1.2 0.5 3 11 15
BHFC 2 0.45 2 15 20

4In Ref. [39], the formalism of Pdet and PFA are presented in
the context of matched filter analysis. In the search for gravita-
tional memory signals, we applied a filter studied in [34], which
reasonably reproduce the results from numerical simulations.
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The predicted number of events in the detector from a
CCSN at distance r is

NðrÞ ¼
Z

Emax
ν

Eth
ν

NpησðEνÞΦðr; EνÞdEν; ð3Þ

where Np is the number of target protons, η ¼ 0.9 is the
detection efficiency [52–54] and σðEνÞ is the IBD cross
section [55]. We take an energy interval ½Eth

ν ; Emax
ν � ¼

½19.3; 50� MeV to avoid the spallation background at
low energy and the atmospheric neutrino background at
high energy [15,53,56]. We find Nð1 MpcÞ ≃ 5–12 and
Nð1 MpcÞ ≃ 12–18 for NSFC and BHFC respectively, by
varying the mean ν̄e energy in the intervals given in Table I.
The Poisson probability of observing N ≥ Nmin neutrino

events in a detector is

PνðNmin; rÞ ¼
X∞

n¼Nmin

NnðrÞ
n!

e−NðrÞ: ð4Þ

It is plotted for Nmin ¼ 1, 2 in Fig. 3 for the two models of
reference. As expected, PνðNmin; rÞ declines rapidly at
r≳ 3 Mpc.

III. MEMORY-TRIGGERED NEUTRINO
OBSERVATIONS

A. Event rates

To estimate the rate of memory-triggered neutrino
events, we model the rate of core collapses as a function
of r. For r≲ 11 Mpc, we use the rates for individual
galaxies from [57]. For r > 11 Mpc we assume a constant
volumetric rate of RSN ¼ 1.510−4 Mpc−3 yr−1 (the evolu-
tion with redshift is negligible for the distances of interest
here). The cumulative rate (total rate of core collapses with
r < D) is shown in Fig. 3.
The number of memory-triggered neutrino events from

all supernovae within a distance D, over a detector running
time ΔT can be calculated as a sum over all the galaxies
(index j ¼ 1; 2;…), at distance rj < D:

Ntrig
ν ðDÞ ¼ ΔT

X
j;rj<D

RjNðrjÞPGW
det ðrjÞ; ð5Þ

where Rj indicates the supernova rate in the galaxy j.
This discrete expression is replaced by a continuum one,
involving an integral, for D > 11 Mpc, where the cosmo-
logical supernova rate is used.
We now discuss the background of the time-triggered

neutrino search. The number of supernova memory
signals observed in the time ΔT is, Ntrig

SNðDÞ ¼
ΔT

P
j;rj<D RjPGW

det ðrjÞ, and the number of expected back-

ground events is Ntrig
bckgðDÞ ¼ Ntrig

SNðDÞλΔt, where λ ≃ 1313

events/year is the background rate in the detector [15,53,56].

Note that the background level is reduced by a factor
ϵbckg¼N

trig
SNðDÞΔt=ΔT compared to an untriggered search.5

We limit our study to neutrino events [Eq. (5)] from
CCSNe in the cosmic volume with 4 < D < 350 Mpc,
thus accounting for the fact that a nearby supernova
(D < 4 Mpc) is unlikely to occur in three decades time.
The upper bound on D is justified because beyond it the
total event rate becomes dominated by background.
Experimentally, a distance cut can be accomplished in
different ways. For NSFC, one can make a selection using
estimates of D from astronomy follow ups, which will
benefit from the alerts from the memory detection and
should have excellent sensitivity to supernovae in the local
universe (see, e.g., [59–63] for dedicated projects). In the
absence of an optical counterpart (BHFC), a similar
(although less efficient) data selection can be performed
using minimal input from theoretical models, e.g., to
obtain conservative upper limits on the distances of
individual observed BHFCs via GW memory signals. In
the mature stage of this search, specifically designed data-
analysis algorithms—exploiting the correlation of multiple
observables—could reduce the level of model-dependency
to a minimum.

B. Results

Our main results are in Figs. 4 and 1 for ΔT ¼ 30 yrs
and for two scenarios: (i) a supernova population entirely
comprised of NSFC; and (ii) a mixed population with 60%
NSFC and 40% BHFC. Figure 4 shows Ntrig

ν ðDÞ as a
function of D. We observe the (expected) trend Ntrig

ν ðDÞ ∝
D for D≲ rGWmax,

6 with a flattening of the curves at larger D
due to the loss of sensitivity of the GW detector. For
case (i), time triggers from DECIGOþ will result in
Ntrig

ν ∼ 10–30. For Ult. DECIGO, Ntrig
ν ∼ 100–300 is

expected.7 For the mixed population [case (ii)], results
for Ult. DECIGO change only minimally, due to the
different neutrino parameters between NSFC and BHFC.
Instead, Ntrig

ν increases dramatically, surpassing 100, for
DECIGOþ, due to the larger distance of sensitivity to
BHFC. Indeed, the number of triggered neutrino events
from collapses with 30 < D < 350 Mpc is dominated by
BHFC (see also Fig. 3). For this mixed population scenario,
even DECIGO could be effective, providing a few triggers
of BHFC up to D ∼ 30 Mpc, resulting in Ntrig

ν ∼ 10. As
Fig. 4 shows, in all cases the signal exceeds the background
for triggers with r≲ 100 Mpc. For Ultimate DECIGO,

5The time delay effect due to the nonzero neutrino mass can be
neglected; it is estimated to be only a fraction of a second for
energies and distances of interest here, see, e.g., [58].

6Recall that, in the continuum limit, the number of supernovae
scales like D3 and the flux dilution factor like D−2.

7For comparison, our estimated number of CCSNe within
350 Mpc is Ntrig

SN ∼ 1.21 × 106.
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even for the largest D the signal is comparable to the
background, and would cause a statistically significant
excess.
Our summary figure, Fig. 1, shows Ntrig

ν ð350 MpcÞ, as a
function of hn, together with representative values of rGWmax.
Roughly, we find Ntrig

ν ∝ 1=hn, for hn ≳ 10−26, with a
flattening at lower values of hn, due to upper cutoff on D.
It appears that, even for the most conservative parameters,
a Oð10Þ noise abatement with respect to DECIGO (i.e.,
DECIGOþ) is sufficient to obtain a signal at a Mt scale
detector in ∼20–30 years.

IV. CONCLUSIONS AND DISCUSSION

Summarizing, we have described a new multimessenger
approach to core collapse supernovae, where a time-
triggered search of supernova neutrinos is enabled by
observing the gravitational memory caused by the neutri-
nos themselves. This scenario could be realized a few
decades from now, when powerful deci-Hz interferometers
(noise hn ≲ 10−25) and Mt-scale neutrino detectors start
operating. For optimistic parameters, DECIGO and
HyperKamiokande (mass M ¼ 0.260 Mt) might already
achieve a low statistics observation. This approach will also
enable joint analyses of neutrino, GW, and light curves of
CCSNe in local universe.
Our proposed method will deliver a sample of neutrino

events from supernovae in the local universe, from
which the main neutrino properties—i.e., the (population-
averaged) energy spectra and time profiles—will be mea-
sured. These can then be compared to the same quantities
from (1) SN 1987A, to measure the deviation between
SN1987A and an average local supernova (the same
exercise can be done for a future nearby supernova burst,
if it occurs); (2) the DSNB, to distinguish the contributions

to the DSNB by CCSNe in the distant universe and by other
transients (e.g., binary mergers). The comparison between
cosmological and local contributions to the DSNB will test
hypotheses of how the supernova progenitor population
evolves with the distance. Even within the local-neutrino
sample, one could test the evolution with distance, if the
latter is estimated for each supernova using multimessenger
observations (e.g., the amplitude of the memory signal and
astronomical imaging).
Correlating memory and neutrino data might reveal two

distinct populations, like those described here (NSFC
and BHFC), which could be statistically separated. For
example, events having a relatively large neutrino-memory
time separation (bigger than 1 s, as black hole formation
typically occur within 1 s, cutting off the neutrino luminosity
[64–66]) and(or) followed by electromagnetic (EM) signals
of a CCSN could be attributed to NSFC. The possibility to
study such subpopulation individually is unique of this local-
collapses neutrino sample. Additionally, our method pro-
vides a unique chance to jointly analyze neutrino and follow-
up EM signals [59,67] from the same NSFC. Although only
≈1 eventwould be detected from a specificNSFC, it can help
to determine the timewhen the core of a NSFC collapses and
the shock is formed. Such estimation would be relatively
precise, considering that the neutrino burst from a NSFC
only lasts for≈10 s.A supernovaEMsignal is delayed relative
to the neutrinos, by at least the time it takes the shock to
propagate through the envelope, typically hours. Measuring
this time delaywill provide a crucial confirmation and can test
the variation of the CCSNe explosion mechanism.
To conclude, we have demonstrated that the interplay

between neutrino detectors and sub-Hz GW observatories
will open a new path to studying supernova neutrinos.
Although several decades may pass before the first
results become available, the work of designing the next

FIG. 4. Number of background events and of memory-triggered neutrino events from collapses at distance r < D, as a function of D,
for a Mt water Cherenkov detector and 30 years running time. The upper to lower shaded regions are for triggers from Ultimate
DECIGO, DECIGOþ and DECIGO (the latter is invisible in the left panel). Shadings describe the effect of varying the neutrino
spectrum, see Table I. Left panel: homogeneous NSFC population. Right: mix of 60% NSFC and 40% BHFC.
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generation of experiments is well under way, and we hope
that our work will contribute to its progress.
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