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Abstract

Transient sources such as supernovae (SNe) and tidal disruption events are candidates of high-energy neutrino
sources. However, SNe commonly occur in the universe and a chance coincidence of their detection with a
neutrino signal cannot be avoided, which may lead to a challenge of claiming their association with neutrino
emission. In order to overcome this difﬁculty, we propose a search for ~10-100 TeV multiple neutrino events
within a timescale of ~30days coming from the same direction, called neutrino multiplets. We show that
demanding multiplet detection by a ~1 km® neutrino telescope limits the distances of detectable neutrino sources,
which enables us to identify source counterparts by multiwavelength observations owing to the substantially
reduced rate of the chance coincidence detection of transients. We apply our results by constructing a feasible
strategy for optical follow-up observations and demonstrate that wide-field optical telescopes with a >4 m dish
should be capable of identifying a transient associated with a neutrino multiplet. We also present the resultant
sensitivity of multiplet neutrino detection as a function of the released energy of neutnnos and burst rate density. A
model of neutrmo transwnt sources with an emission energy greater than afew x 10°" erg and a burst rate rarer
than afew x10 ®Mpc > yr~' is constrained by the null detection of multiplets by a ~1km® scale neutrino
telescope. This already disfavors the canonical high-luminosity gamma-ray bursts and jetted tidal disruption events
as major sources in the TeV-energy neutrino sky.
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1. Introduction

High-energy neutrino astronomy has rapidly grown in recent
years. The discovery of high-energy cosmic neutrinos (Aartsen
et al. 2013, 2015a; IceCube Collaboration 2013) by the
IceCube Neutrino Observatory (Aartsen et al. 2017b) initiated
neutrino sky observations to quantify the flux of the high-
energy cosmic neutrino background radiation (Aartsen et al.
2016a, 2018a, 2020a), measure the neutrino flavor ratio
(Aartsen et al. 2015b, 2019a), and provide hints of the
breakdown into a set of individual astronomical objects
radiating neutrinos (Aartsen et al. 2020b). Furthermore, the
possible association of the high-energy neutrino signal,
IceCube-170922A, with the high-energy gamma-ray flare
detected by Fermi-LAT suggests that the blazar TXS0506
4056 is a high-energy neutrino source (Aartsen et al. 2018b),
which, if this is indeed true, is the first identification of a high-
energy neutrino emitter. This has proven the power of
multimessenger observations. Multiwavelength observation
campaigns prompted by high-energy neutrino detection alerts
may lead to the discovery of yet unknown transient neutrino
sources. These sources are integral for studying the origin
of high-energy cosmic rays which has so far proved difficult.
We note that multiwavelength follow-up of astrophysical
neutrino candidates is fundamentally complimentary to neutrino
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follow-ups of electromagnetic transients. For the latter, analysts
must preselect certain classes of objects for follow-up, e.g.,
gamma-ray bursts (GRBs). This class of objects may or may not
be true neutrino emitters, and therefore the analysis is limited in
its discovery power. By contrast, astrophysical neutrinos are
guaranteed to have specific (if faint) sources, and so multi-
wavelength follow-ups can remain source class agnostic, and
open to discovering potentially unexpected source classes.
Conducting follow-up multimessenger observations trig-
gered by a neutrino detection, to find the association with a
rare class of object, is a straightforward process, since the
chance of finding a transient source in the direction of the
detected neutrinos that is not the emitter, referred to as
contamination in the literature, is substantially suppressed.
Gamma-ray blazars belong to this category of objects, which is
why the observational indications of the possible associations
of blazars with neutrino emissions began to emerge. However,
the majority of high-energy neutrino sources are not gamma-
ray blazars (Murase & Waxman 2016; Aartsen et al. 2017a).
Another class of gamma-ray bright sources, GRBs (Waxman &
Bahcall 1997), also cannot be responsible for the bulk of the
all-sky neutrino flux measured by IceCube (Aartsen et al.
2016b). Rather, research has suggested that more abundant
classes of objects may be a major source, especially in the
10-100 TeV range. They include transient sources such as
core-collapse supernovae (CC SNe) (Katz et al. 2011; Murase
et al. 2011; Murase 2018), low-luminosity gamma-ray bursts
(LL GRBs) and trans-relativistic SNe (Murase et al. 2006;
Gupta & Zhang 2007; Kashiyama et al. 2013), jet-driven
SNe (Meszaros & Waxman 2001; Murase & Ioka 2013;
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Figure 1. Number of neutrino sources per redshift bin width Az = 0.03 in the
27 sky to produce a singlet event (green) and multiplet event (blue). The case
of a released energy of neutrino emission of T = 3 x 10% erg, a burst rate of
Ry =3 x 10"°Mpc>yr!, and a flare duration of AT = 30 days is presented
for illustrative purposes. The cosmic evolution tracing the SFR is assumed in
this model.

Senno et al. 2016; Denton & Tamborra 2018), wind-driven
transients (Murase et al. 2009; Fang et al. 2019, 2020), and
(non-jetted) tidal disruption events (TDEs) (Hayasaki &
Yamazaki 2019; Murase et al. 2020; Winter & Lunardini 2022).
As many of these are known as optical transient events, an
optical /near-IR (NIR) follow-up observations could find the
associated neutrino transient (Murase et al. 2006; Kowalski &
Mohr 2007). However, larger populations cause significant
contamination in optical follow-ups. For example, ~100 SNe
are found up to redshifts of z < 2 within 1 deg” for a duration of
a few days to months, which is a typical timescale for neutrino
emission from SNe, and which makes it challenging to claim
robust associations between a neutrino detection and its optical
counterpart candidate.

A possible solution to overcome this is to search for neutrino
multiplets, two (doublet) or more neutrinos originating from the
same direction within a certain time frame. Only sources in the
neighborhood of our galaxy can have an apparent neutrino
emission luminosity high enough to cause the detection of a
neutrino multiplet given the sensitivity of current and future
neutrino telescopes. This is analogous to how, in optical
astronomy, a smaller dish telescope is only sensitive to a
brighter magnitude, and thus automatically limits the distance
of the observable objects for a given luminosity. Figure 1
shows the redshift distribution of neutrino sources with a
neutrino emission energy of £7 =3 x 10% erg yielding
singlet and multiplet neutrino detections by a 1 km® neutrino
telescope. The distribution of sources to produce a singlet
neutrino detection extends up to z 2 2, while those responsible
for the multiplet neutrinos are localized. Distant transient
sources cannot be associated with the neutrino multiplet, and
thus follow-ups observation would be less contaminated by
unrelated transients if measurement of the distance (or redshift)
to each of the transient sources is available.

As the atmospheric neutrino background dominates the
detections of high-energy cosmic neutrinos, requiring multiple
neutrino detections for follow-up observations is beneficial.
Burst-like neutrino emissions, expected to be generated by, for
example, prompt emissions from internal shocks in the jets of
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GRBs (Waxman & Bahcall 1997), allows for the search of
emitters to be restricted to tens of seconds, removing any
possible contamination from background neutrinos. Aartsen
et al. (2017c) used this approach to search for neutrino
multiplets from short transients. However, many models of
high-energy neutrino emission associated with optical transi-
ents predict a longer duration. We expect neutrino flares within
timescales of days to months for CC SNe (including engine-
driven SNe) and TDEs. While increasing the observational time
windows significantly worsens the signal-to-noise ratio of the
search, requiring neutrino doublet detections improves the ratio
as, when the expected number of atmospheric neutrinos i,y is
less than one, the Poisson probability of recording a doublet
: 2

1S ~H atm / 2.

In this study, we investigate the strategy of obtaining
multimessenger observations by searching for high-energy
multiple neutrino events, considering a 1km® neutrino tele-
scope like the IceCube Neutrino Observatory, and the expected
sensitivity in the parameter space to transient neutrino sources.
We conduct a case study with a search time window of T, = 30
days, given many neutrino emission events can be character-
ized by this timescale. We construct a generic model of
emitting neutrino sources with energies of ¢35~ 100 TeV and
show the number of sources expected to yield the neutrino
multiplet. Further, we discuss the sensitivity to neutrino
sources given changes in the source parameters, such as
luminosity, considering the limitations imposed by the
atmospheric neutrino background. We propose an optical
follow-up observation scheme to filter out contaminating
sources and identify the object responsible for the neutrino
multiplets. Finally, we discuss the implications to the neutrino
source emission models.

A standard cosmology model with Hy = 73.5kms ™' Mpc ™",
Q=0.3, and Q4 =0.7 is assumed throughout the paper.

2. Neutrino Multiplet Detection

2.1. Generic Model of Neutrino Sources that Yield Neutrino
Multiplet Detection

The emission of neutrinos from transient sources can be
characterized by the integral luminosity L, (defined for the sum
of all flavors), the flare duration AT in the source frame, and
the neutrino energy spectrum qﬁf}. The total energy output by a
neutrino emission is given by £ = L, AT.

The neutrino spectrum dN,, tus / de, is assumed to follow a
power-law form, with reference energy ¢, and the flux from a
single source at a redshift of z is given as

¢ﬂ — 1 dl\.,l/(,‘f'l/“‘#l/,-
Y And?  ds,

B l i i —Qy
471'dz2 o\ <o
_ 1 ﬁ(b)(uz))‘“’"

47Td12 I3 €0

ey

where ¢, and E, = ¢,(1 +z)" " are the neutrino energies at the
time of emission and arrival at Earth’s surface, respectively. In
our model, the normalization constant x is bolometrically
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associated with the source luminosity as

5= Ly @)

10 —a,+17
e ()
0.1¢9 =)
by integrating over the energy range [0.1 &g, 10 o] to account

for neutrino energetics around ¢, reasonably. The proper
distance, d, is calculated via

- fz dz’ ! .
HoJo — Jou( + 2)° + O

We hereafter adopt «, =2.3, ¢g=100TeV, and AT=
30 days in our generic model construction. These are set to be
consistent with current neutrino data (c,), within the
representative energy range of IceCube measurements
(e0) (Abbasi et al. 2022), and within the expected timescale
of neutrino flares in the majority of optical transient
sources (AT).

A population of neutrino sources contribute to the diffuse
cosmic background flux. Assuming emission from standard
candles (i.e., identical sources over redshifts), the energy flux
of diffuse neutrinos from these sources across the universe,
®,=dJ,/dE,, is calculated by (e.g., Murase et al. 2016)

d, 3)

Euz @V(Ey) _ L fzmax dZ ﬂ
47T Zmin 1 + Z dZ
le/ 14 12
X [ﬁiﬁ(&/)lnow(@, “)
de,

where ng(z) is the comoving source number density given the
local source number density n, and the cosmological evolution
factor ¢(z). Sources are distributed between redshifts z.,;, and
Zmax- We define the burst rate per unit volume as Ry, and
assume the local density is effectively given by ny= RoAT.
The diffuse cosmic background flux in the present model is,
therefore, described by Eﬂ, Ry, AT, and the evolution factor
1(z). The latter is parameterized as (1 + z)", the functional
form often used in the literature. The evolution factor for transient
neutrino sources is unknown, but many of the proposed sources
are related to SNe, which approximately trace the star formation
rate (SFR). We therefore adopt the following parameterization,
which approximately describes the SFR (Yoshida & Takami
2014), as our baseline model

142 0<z<

. (5)
constant (1 <z<4)

Y(2) x {
The diffuse cosmic background flux from sources following an
evolution factor other than an SFR-like evolution can be
approximately estimated by scaling
2g . p2aSFR_ S
£;0, ~ B} i ©6)

Z

where

1 Zmx (7 dt
e, Il @

- 7
Ho Yo 1+2z | dz Y@ @

is the effective evolution term and ¢5% ~ 3.
The resultant diffuse flux, ®,, limits the range of the source
parameters £7 and R, as the flux must be consistent with
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Figure 2. The all-flavor-sum diffuse energy flux E’®,(3 / &) [GeV
em 257 sr!] of the cosmic neutrino background radiation in the (5,‘}, Ry)
plane, the total neutrino energy output, and the local burst density rate. The
flare time duration AT = 30 days is assumed when calculating the local source
number density.

IceCube’s measurements. Figure 2 shows El,2<1>,,(3/§z) as a

function of £" and R, IceCube’s data suggest E’®, <
1007 GeV em™2 s 'sr ! (e.g., Aartsen et al. 2020a). Any
parameter combination that yields EV2 ®, above this limit would
overproduce the diffuse flux. If E2®, < 107° GeV cm2s 'sr !,
the contribution to the TeV neutrino sky background would
be negligible and so is not considered further. Hence, we limit
the source parameter space to meet 10°°GeV cm s '
srl EV2<I>,,(3/§Z) <1077GeVem 2 s tsr !,

The number of transient sources that could produce
detectable neutrino multiplets for a given neutrino telescope
is given by (Murase & Waxman 2016)

NN =

S a4 | | B @, )

™ Zmin

dr
dz
where AQ) is the solid angle for a given direction of the
neutrino multiplet and Pg’>2 is the Poisson probability of

producing multiple neutrinos for the mean number of neutrinos
1° from a source at redshift z, given by

Q) =T, % [dEA,E, D E 0. O

Note that the 1/3 factor is applied for the conversion of the all-
flavor-sum neutrino flux to that of per-flavor assuming the
equal neutrino flavor ratio. The muon neutrino detection
effective area, A,,”, determines the event rate. We use an
underground neutrino telescope model with a 1 km® detection
volume (Gonzalez-Garcia et al. 2009; Murase & Waxman 2016)
to estimate A,, in our study. Note that P2 ~ uf / 2ocdt

when ;* < 1. Therefore, the integrand of NN, o d; 2 indicates

that only nearby sources produce multiple events. NXq, is thus
sensitive to the minimal value of d,, which is determined by
Zmin- In our work, it is defined as the average interval of source
locations in the local universe, r = (3/(47ng))'/>.

In order to estimate the rate and the resultant sensitivity for
detecting multiple neutrino events, we set the solid angle A2 to
be comparable to the pointing resolution of neutrino events. We
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Figure 3. Left: number of sources to yield neutrino multiplet, NX,, in AQ = 1 deg? of sky in the parameter space of (€11, R), the output neutrino energy from a
source, and the burst density rate. The expected ranges of the burst rate for several representative transient source candidates are also shown for reference. Middle: the
effective p-value P to support statistically the hypothesis of multiplet detection from a transient source calculated by Equation (15). Right: the effective number of
multiplet sources given the p-value of the background-only hypothesis is less than 10~°, which corresponds to an annual FAR of ~0.25 for the 27 sky.

assume AQ = 1deg” hereafter, which is comparable to the
angular resolution of track-like events recorded by IceCube
(Aartsen et al. 2014).

The left panel of Figure 3 shows NX,, as a function of our
source characterization parameters, £1 and Ry As Nig
represents the number of sources found within a solid angle
of AQ during the multiplet search time frame T, the expected
number of sources to produce multiple neutrino events in the
27 sky detected in the observation time T, is given by

2w Tb
NM: e obs NM
all (AQ)( Tw ) AQ

~ Tops NXIQ
SHENTEA) "

Hence, the parameter space of NA,, > 1079 is accessible by a
1 km scale neutrino telescope. ©

Note that £" = L,AT represents the total energy of
neutrinos if Ty, > (1 + z)AT. In general, L,T,, can be smaller
than ET if T, < (1 + 2)AT.

2.2. Estimates of the Sensitivity of Multiplet Detection against
the Atmospheric Background

The number of sources that produce multiplet events N,
given by Equation (8) is equivalent to the multiplet signal rate
from the viewpoint of a neutrino detector. However, searches
for multiple neutrino events from these sources are contami-
nated by the atmospheric and the unresolved diffuse cosmic
neutrino backgrounds. The expected atmospheric background
for T,, = 30 days and AQ = 1 deg” reaches ~0.5 events in the
average solid angle for al km~ volume neutrino detector,
which would smear out the neutrino signal from the source.
Because the atmospheric neutrino spectrum follows ~E, >,
which is much softer than qbg o E, %, taking into account the
energy of each of the multiple neutrino events can adequately
remove the background contamination. For this purpose, we
construct extended Poisson likelihood functions for the signal
hypothesis £59 to describe the case where the detected multiple
events originate from transient sources, and LBG for the

6 Le., the absence of neutrino multiples, Nal}/]l < 1, can be used to constrain the

population of neutrino source candidates (Murase & Waxman 2016; Vieregg
et al. 2019).

background hypothesis as

N
£59=(1 — e*Nﬁdﬂ)e*(Matm*#dif) H PSE(E,D,
i=i

[BG — e*NivIn(l — e g+ Hair) —

(o + Hip) e PamtFaic))

N 1 . g .
—n__pl(E) + ——Pg(E) |-
i1 | Mam T Haif Hamm T Haif

Y

Here fiam 0.5, and pugr S 1073 are the expected mean
number of events from the atmospheric and the unresolved
diffuse neutrino backgrounds, respectively. PE, Palfm, and P(Ef
are the probability density functions (pdfs) of the energies of
neutrinos from transient sources, the atmospheric background,
and the diffuse flux. These are obtained by multiplying A, with

each of the neutrino fluxes. In the limit N)i < 1 and
Laem + Hair < 1 where we consider only the doublet case, this
likelihood can be described by more intuitive formulas

2
£56 ~ NN [T PE(ED),

Ly ; ;
£86 = (1 = N3 7 [] [t Pam (D) + prae PicED1. - (12)
i=1
The test statistic for the background-only hypothesis is
constructed with the log likelihood ratio
LINYG(ED, Ro)) [s6.sig

A = 2In
LBE(NXG = 0)

13)

where the hat notation represents the value that maximizes the
likelihood. The test statistic for the signal hypothesis with
(€}, Ro) is

o LNNG(EDR, Ro)) [ sig

A = =
LSYNXG(EY, Ro))

(14)

Figure 4 shows the calculated p-values as a function of neutrino
energy in a doublet, E, = E! = E2. We set N\,, = 3 x 107°
for illustrative purpose. The p-values that support the signal
hypothesis reach a plateau e amtrad NAL ~ 1.8 x  107°
when the doublet neutrino energy gets higher, as expected. The
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Figure 4. P-values for the background-only hypothesis (red) and the transient
signal hypothesis with Nf, = 3 x 107° (blue) as a function of the doublet
neutrino energy detected from a AQ = 1 deg? patch of sky for the time interval

Tw = 30 days. The dashed curves show the case when the error of the neutrino
energy estimation is assumed to be ojoez = 0.2. See the main text for details.

27 sky converted annual false alarm rate (FAR) is ~0.25 yr~'
when the doublet energy is higher than ¢y = 100 TeV. Note
that the intensity of the prompt atmospheric neutrino com-
ponent (Bhattacharya et al. 2015) produced from the decay
of heavy charmed hadrons was found to be subdominant
compared to that of astrophysical neutrinos (Abbasi et al.
2022), and the statistical test discussed here is robust against
the uncertainties originating from heavy hadron physics.

The sensitivity for a given Npa (£, Ry) is evaluated by the
convolution of p-values for the multiplet source hypothesis,
given by the test statistic (Equation (14)), with the probability
of detecting E, energy neutrinos

Pl = [dELPEE) [dEIPEEDPEL ED.  (13)

where p(E!, E?) represents the p-value for doublet (E!, E?2).
This indicates the effective rate (or p-value) of finding a source
that produces multiple neutrino events, considering atmo-
spheric background contamination. The middle panel of
Figure 3 shows the effective p-values, PST. For a given
neutrino source parameter set (5?, Ry), this shows how often
we can see multiple neutrinos that are inconsistent with the
atmospheric neutrino background for AQ=1 deg® and

=30 days. The domain of P > 107 is reachable by a
ﬁve year observation with 27 sky coverage.

A null detection of any multiple neutrino events by a 1 km®
neutrino telescope constrains the neutrino source parameters
(&N Ry). Hence, criteria for rejecting the neutrino background-
only hypothesis globally across the 27 sky must be adequatel
introduced. As an example, in the right panel of Figure 3, NAq
requires the criterion that the local p-value of a neutrino
multiplet for the background-only hypothesis must be less than
1076, This corresponds to an annual global FAR of ~0.25 in
the 27 sky. The parameter space where NA, > 1076 can be
constrained by a few years of observations when the rate of
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multiplet detection under this condition is consistent with the
global FAR.

3. Optical Follow-up Observations
3.1. Statistical Strategy to Reject Unrelated Supernovae

Neutrino sources that yield multiple neutrino events are
likely to be optical transient objects. Searching for optical /NIR
counterparts in follow-up observations to identify the neutrino
emitter can be contaminated by the detection of more dominant
SNe. We antlc1pate finding =100 SNe in a field of view of
AQ =1deg® during a time window of T, =30 days. Their
redshift distribution is, however, quite different from that
expected for neutrino multiplet sources. As we have already
shown in Figure 1, most of the sources that produce multiple
neutrino events are confined within the local universe. The
resultant difference in the probability distribution of redshift
between neutrino multiplet sources and unrelated SNe allows
for a statistical test to indicate which hypothesis is more
consistent with the observational data.

Among the candidate optical transient counterparts, the
object with the minimum redshift, 7", is the most likely
source of the neutrino multiplet event. The pdf of zha®, which
is defined by our signal hypothesis, is obtained by normalizing
NY, from Equation (8)

1 dnNy,

M ( g R transy __
s 1IN0, Ty ) - T
min * Y NN, dz

min

(z = zp), (16)

and the likelihood is constructed by L§(z5™) =
P2 (€D, Ro. Zaim)-

In the background hypothesis case, the closest counterpart
object belongs to the population of SNe not associated with the
neutrino detection. The number of unrelated SNe within
redshift z in a field of view of AQ is given by

Now(@) = S50 [ dea21 + 2

— ‘ Ysn(@).  (17)

Here, 1sn(z) is the cosmological evolution term, which is
assumed to follow an SFR-like distribution, represented by
Equation (5), and nOSN is the average number density of SNe in
the present epoch, which is effectively obtained from the SNe
rate, ROSN , as

= RSNT,. (18)

RN =13 x 107* Mpc >yr ' is assumed as the nominal
value in our work (Madau & Dickinson 2014 and references
therein). The pdf of its redshift is given by
1 dNsy
NSN dz )

pN(2) = (19)

The pdf of z™" in the background hypothesis is given by

min

Zmin

~ exp| — f " g NN | ANSN - ansy (20)
0 dz dz
The likelihood for the background hypothesis is constructed

by LEGEmn) = P2 RY™, Zin)-

 trans Nsn—1
SN :(1 - j; dzp™N (Z)) Nsnp2N (zin
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Figure 5. Probability distribution of zu" as a function of redshift with a bin

size of Az = 0.005. The bin size is chosen for illustrative purposes. The blue
curve represents the case of the signal hypothesis and the red curve shows the
case of the coincident background hypothesis. 7 =1 x 10% erg and
Ry=3x10"° Mpc’3 yr’] are assumed for the multiplet source. The average
SNe rate is RSN = 1.3 x 1074 Mpc > yr! in the calculation of pf[:]m while

RNl = 7.0 % 1075 Mpc > yr' is assumed in the local universe within a
100 Mpc radius. See the main text for details.

Figure 5 shows the probability distribution of zya® at a given

redshift for the signal and the background hypotheses,
respectively. Note that the lower bound of the allowed redshift
for the signal hypothesis is determined by the average source
distance interval r = (3/(47ny))!/3. The substantial difference
between the two distributions provides a statistical power to
calculate the p-values to reject the unrelated SN hypothesis for
a given z" The test statistic to reject the background
hypothesis is constructed by

A =In—=2. 2n

Table 1 lists the p-values for the background hypothesis. If we
find the closest counterpart at redshift of 0.05, the statistical
significance against the incorrect coincident SN detection
hypothesis is ~2.40. Any distant counterpart with z>0.15
would exhibita ~10 significance at most, and its association
with the neutrino multiplet cannot be claimed.

The SNe rate may not be exactly a volume-averaged value.
The inhomogeneous distribution of galaxies in our local
universe impacts the expected value of the nearby SNe rate.
For example, the local SFR suggests that the CC SNe rate
within 10 Mpc is larger than the volume-averaged value, which
enhances the detectability of high-energy neutrinos from
nearby SNe (Kheirandish & Murase 2022). The local
anisotropic and inhomogeneous structure appears on a distance
scale of <100 Mpc, governed by the local clusters of galaxies.
In order to evaluate the robustness of the present statistical
approach, we build an empirical local universe model to
calculate the local SNe rate within 100 Mpc of our Galaxy.

The local SFR R{™ is associated with the average
B-band luminosity L (Kennicutt 1998). We assume Rj™ o<
RS™ oc Lg. The ratio of RS™ and Ly is approximately
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Table 1
p-value for the Background Hypothesis when the Closest Optical Transient

tran

Counterpart is at a Redshift of z;;

Zrans p-value p-value
p=1x10°L, ps=1x10°L,
0.03 75 %x107* 9.8 x107*
0.04 34 %1073 3.0 x 1073
0.05 93x 1073 9.0x 107
0.1 7.7 x 1072 7.7 x 1072
0.15 3x 107! 3x 107!

Note. Two cases of the local B-band luminosity are shown for reference.

constant for various galaxy types (James et al. 2008)

SFR _
Ry gr0s0sMayrt 22)
s Lo
R$N in the local universe, Ry™ 4! is related to R™ via
ROSN, local _ 1 R(lSFRpB (23)
Msn Lg

Here pg is the B-band luminosity density of the local universe
and 1/Mgy corresponds to the probability of SNe per mass,
which is given by

N
L

min

Msn dMM;
Mmin

~7 x 1073M; ", (24)

dN,
dM;

where M, and Mnﬁﬁ are the minimum masses for the stellar
population and for SNe, respectively. We assume Mp, =
0.1M, and Mnslll\fl = 8M, by following Madau & Dickinson
(2014). For the initial mass function, dN,/dM; M;“S is
assumed.

We consider the B-band luminosity density pg for a given
patch of the local universe as a measure to quantify a departure
from the cosmologically averaged star formation activity. It is
calculated by

pp = — f dngaLs. (25)
Vlocal
The galaxy number distribution dn,, /dLg can be estimated by
the actual observations of galaxies. By using the GLADE
galaxy catalog (Ddlya et al. 2018), we estimated pg within
100 Mpc for various directions with AQ = 1 deg” by counting
galaxies brighter than —18 mag which results in ~60% catalog
completeness in terms of the integrated B-band luminosity.
Figure 6 shows the estimated pg skymap in equatorial
coordinates. The mean number was found to be pg =~ 10° L,
Mpc* while pg < 10° L., Mpc ™ for 98% of the sky patches.
We take the latter value as the upper bound for conservative

estimates of the p-values for the background SNe hypothesis.

When 10% L, Mpe > < pg < 10° Lo, Mpe 2, RSN calcu-
lated by Equation (23) ranges from 7 x 107> Mpc > yr ! to
7 x 10"*Mpc? yr~'. Table 1 shows the p-value for these two
cases for the local universe, for the average and upper bounds

of the galaxy density.
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Figure 6. Skymap of the B-band luminosity density in equatorial coordinates.
The band defined by the black lines is removed from the density profile
calculations due to contamination associated with the Galactic plane. The
region where no galaxy is registered within 100 Mpc is set to
2.4 x 10" Lo, Mpc > for the conservative estimate determined by the catalog
completeness.

3.2. Identification of a Transient Associated with a Neutrino
Multiplet

As described in Section 3.1, the multiplet source is most
likely located at a relatively small redshift (z < 0.15, with an
88% probability). Given that most astrophysical neutrino
multiplets will therefore originate from objects with small
redshifts, we can construct a follow-up search strategy for
identifying the optical counterpart. Figure 7 shows a flow chart
to illustrate our proposed procedure to find a source candidate.
The first step in this procedure for the follow-up observations is
to see if the optical transient counterparts are close enough. We
propose z=0.15 as the threshold for the first level selection.

To detect emission from transients at z < 0.15, the required
sensitivity for optical follow-up observations is about 23 mag.
Figure 8 shows the typical peak optical magnitude of different
transients as a function of redshift. The sensitivity of 23 mag is
sufficient to detect hypernovae and broad-lined, energetic
Type Ic SNe at z = 0.15. To perform such an optical survey for
a 1 deg” area, wide-field optical telescopes with a diameter of
>4 m, such as DECam on the 4 m Blonco telescope (Flaugher
et al. 2015), HSC on the 8.2 m Subaru telescope (Miyazaki
et al. 2018), and the 8.4 m Rubin observatory telescope (Ivezié
et al. 2019), are required.

Such a deep survey can identify not only the true multiplet
source but also unrelated transient objects (i.e., contaminants).
In the following sections, we first estimate the number of
contamination sources that may be found with such a survey,
and then discuss the strategy to identify the neutrino multiplet
source.

3.2.1. Expected Number of Contaminants

We perform survey simulations to estimate the number of
contaminants in an observation with 23 mag sensitivity. Most
optical transients are common SNe, namely Type la SNe
(thermonuclear SNe), Type II SNe, and Ibc SNe (CC SNe).
These SNe are located by successive imaging observations.
Our strategy is to survey the neutrino direction sky patch of
AQ =1 deg? three times with a time interval comparable to the
typical timescales of light curves of SNe.
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| Neutrino multiplet detection |

energy determination

atmospheric event astrophysical event

l

EM follow-up
to identify transients

photometric redshift
high-z low-z
(z>0.15) (z<0.15)

candidate of
neutrino source

candidate of
contamination

Spectroscopy of
host galaxy

Photometric/spectroscopic
follow-up

Figure 7. A flow chart of the procedure used to find a neutrino source
candidate following a neutrino multiplet detection.
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Figure 8. Observed magnitude as a function of redshift for target objects after

expected time delays (green: hypernovae at peak; red: TDEs at 100 days after
the event; blue: SNe Ibc at peak).

The light curves of normal SNe are generated with the
sncosmo package (Barbary et al. 2016) by using templates of
the available spectral energy distributions and their time
evolutions. For Type Ia SNe, the SALT2 model (Guy et al.
2007) is used as a template. The parameters of the SALT2
model, such as the stretch and color parameters, are randomly
selected according to the measured distribution (Scolnic &
Kessler 2016). The peak luminosity of Type Ia SNe is assigned
from the stretch and color parameters. For Type II and Ibc SNe,
the set of the spectral templates in sncosmo is used. These
spectral energy distribution templates are based on each type of
observed SN, and therefore, we randomly select the template
SNe to generate the light curves. The distribution of the peak
luminosity of Type II and Ibc SNe is assumed to be Gaussian
with an average absolute magnitude of —16.80 mag and
—17.50mag and a dispersion of 0.97 mag and 1.10 mag,
respectively (Richardson et al. 2014). Although the true
luminosity distribution is not a Gaussian distribution (Perley
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Figure 9. Redshift distribution of SNe detected by follow-up observations for a
sky patch of AQ = 1 deg” with a 23 mag sensitivity limit. The total number of
detected SNe is 1.5 (SNe Ia), 1.3 (SNe II), and 1.1 (SNe Ibc).

et al. 2020), this still captures the majority of the SN
population.

The number of Type la and II/Ibc SNe generated in the
survey simulations is calculated according to the event rates
from Graur et al. (2011) for Type Ia SNe, and from Madau &
Dickinson (2014), proportional to the cosmic SFR, for CC
SNe. Among the CC SNe, 70% and 30% of the total rates are
assigned to Type II and Ibc SNe, respectively (see e.g., Graur
et al. 2017). If the simulated flux exceeds the observational
sensitivity with >5¢ significance at least once, we consider the
object as detected.

The simulation identified ~4 unrelated SNe in the localiza-
tion area. Figure 9 shows the distribution of detected
contaminants as a function of redshift. Because the detection
sensitivity limit of 23 mag prevents distant transient sources
from being detected (see Figure 8), the number of contaminants
is substantially reduced compared to the unbiased observation
case. Most of the detected contaminants are located beyond
z = 0.15, as expected. This is consistent with the analytic
estimate calculated in Section 3.1. Note that the difference
between Figures 5 and 9 arises from the different assumptions.
The former selects the closest object found in the unbiased SNe
sample, which is more appropriate for testing the chance
coincidence background hypothesis, while the later case
considers a realistic magnitude-limited survey made with a
medium-sized telescope.

3.2.2. Discrimination of Sources with Small Redshifts

It is ideal to perform real-time spectroscopy of all observed
transients as it enables not only redshift measurements but also
classification of the types of transients. For transients with <23
mag, a typical exposure time of 1-2 hr is needed to obtain its
redshift and transient type with 8-10m class telescopes.
Therefore, it would take 1-2 nights for all the discovered
transients. A wide-field spectrograph with high multiplicity,
such as the prime focus spectrograph on Subaru (Tamura et al.
2016) or MOONS on VLT (Cirasuolo et al. 2020), allows for
results to be obtained within a few hours.
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However, these telescopes may not be available for
observations at the given time. In this case, it is more practical
to assign priorities to the follow-up observations based on the
photometric redshifts of the host galaxies. Since the typical
redshift range of the transient is z < 0.6, the photometric
redshift given by the Pan-STARRSI survey, covering the
northern 37 sky, is sufficiently accurate (~3%) (Beck et al.
2021). Photometric redshifts for the southern sky will also be
available from the Vera C. Rubin Observatory/LSST (Ivezi¢
et al. 2019). If the photometric redshift is z < 0.15, the transient
is a strong candidate for the neutrino multiplet source, while if
the host galaxy of a transient is z > 0.15, it can be regarded as a
candidate for contamination. For the further identification of
nearby neutrino source candidates and to study their nature,
real-time spectroscopy as well as multicolor photometric
observations are important, which will be discussed in the
next sections.

3.2.3. Strategy to Identify Neutrino Sources

The most likely redshift for the candidate of a neutrino
multiplet source is z~ 0.03, as indicated by the blue line in
Figure 5. Figure 8 shows that objects with such a redshift are
expected to be brighter than 20-21 mag, and, hence, spectro-
scopic observations are feasible with 2—4 m class telescopes.
Once a low redshift is confirmed, one can evaluate the p-value
to test the statistical significance of the association, as discussed
in Section 3.1.

To further study the physics of the source, e.g., neutrino
production mechanism and its timescale, it is also important to
estimate the explosion time of the transient. Here, we
demonstrate how accurately we can estimate the explosion
time of the transients from the follow-up imaging observations
discussed in Section 3.2.1. We generate light curves of Type
Ibc SNe and Type II SNe at z=0.0-0.15, assuming they are
the neutrino multiplet sources. As a conservative case, the
neutrino multiplet detection is assumed to happen 30 days after
the explosion. This timescale of the SN evolution corresponds
to the time duration of the interaction process between the SN
ejecta and circumstellar material. We perform mock observa-
tions of sources for 10 epochs with a 5 day cadence, which
assume continuous monitoring starting from the first search
observations described in Section 3.2.1. The first observation is
assumed to start 1 day after the second neutrino detection, i.e.,
31 days after the explosion.

Figure 10 shows the accuracy in the explosion date estimate
by fitting the observed light curve with the template light
curves. The flat dashed lines indicate that the explosion time of
the transient cannot be well determined. This is because the
observational data missed the rising and the peak of the light
curves. The accuracy for Type II SNe tends to be lower as their
light curves are flat and featureless. If multiplet neutrino
detection happens within 10 days for Type Ibc SNe, the
estimate of the explosion time is accurate to within about 5
days as the observations can capture the rising phase, as
demonstrated by, e.g., Cowen et al. (2010).

All-sky time-domain data can improve these results. The
solid lines in Figure 10 show the same estimate but with all-sky
data with a three day cadence and 20 mag depth in the r band
from e.g., the Zwicky Transient Facility (Bellm et al. 2019).
The accuracy is improved to ~5-10 days. As the multiplet
candidates are located within the nearby universe, even
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Figure 10. Accuracy in the estimate of the explosion time. The dashed lines
show the cases only with three epochs of observations, while the solid lines
show the cases with additional all-sky data with a 20 mag depth.

relatively shallow data can improve the estimates of the
explosion time if the cadence is sufficiently high.
Furthermore, multiwavelength data can be used to gain
additional understanding. For the types of neutrino emission
models involving shock interactions, which are expected in
interacting SNe and TDE winds, gamma-ray, X-ray, and radio
emissions are unavoidable (Murase et al. 2011, 2020). Given
that the sensitivities of these telescopes is sufficient, the
detection of both thermal and nonthermal signals is likely for
nearby sources. Gamma-ray, X-ray, and bright radio transients
are less common than optical transients. This will help us better
characterize the optical transients as true neutrino sources and
examine the theoretical feasibility of neutrino—optical associa-
tions. For SNe, shock breakout emission from the stellar
envelope or perhaps circumstellar material can reveal progeni-
tor properties and constrain the explosion time estimation to
hours depending on the progenitors. Both real-time neutrino
multiplet searches and multimessenger alerts are powerful tools
for discovering potential sources of neutrinos. Such attempts
include the Astrophysical Multimessenger Observatory Net-
work (AMON) (Smith et al. 2013; Ayala Solares et al. 2020b)
and neutrino—gamma-ray coincident searches (Ayala Solares
et al. 2019, 2020a). This is also the case for TDEs. TDEs
should happen in the nuclear region of a galaxy, and SNe far
from the center can hence be readily removed. Both spectro-
scopic information and light curves will be needed for
classifying transients in the nuclear region. Long-lived U-band
emission, UV emission, and Balmer line profiles are often seen
in TDEs (Stein et al. 2021; Reusch et al. 2022). In addition,
X-rays can be used as an additional probe. While TDE X-rays
are more likely to be powered by the engine, interaction-
powered SNe, including Type IIn, can be accompanied by
X-rays via shocks that also power the optical emission.

4. Discussion

Searches for multiple neutrino events by a ~1 km® neutrino
detector such as IceCube and KM3Net enable us to probe the
neutrino emission from sources with £ > 10% erg with a flare
timescale of <1 month. A null detection of neutrino multiplets
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at energies of 250 TeV would constrain the parameter space,
(& ﬂ, Ry), of neutrino transient source models. The region of the
effective NA, > 107 in the right panel of Figure 3 (see
Equation (10)) will be disfavored. If TeV energy neutrino
transients with a flare duration of AT ~ 30 days are indeed
responsible for a major fraction of the neutrino diffuse cosmic
background flux, this constraint under the condition of
E’®, ~ 3 x 1078 GeV cm™2 5! sr! constrains the neutrino
source energy output and burst rate density as

ET<5 x 105 erg, Ry =2 x 1078 Mpc3yr!, (26)
for £, ~ 3. This is consistent with previous results (Murase &
Waxman 2016; Esmaili & Murase 2018; Vieregg et al. 2019)
where Ry 2 6 x 1078 Mpc=2 yr~1(¢,/3)73. This implies that
rare sources, such as canonical high-luminosity GRBs and
jetted TDEs, are already excluded from being the dominant
sources (see also Senno et al. 2017; Aartsen et al. 2019b).
Superluminuous SNe are marginal, and may be critically
constrained by near-future data. Constraining the neutrino
emission scenarios from more abundant sources, including LL
GRBs, non-jetted TDEs, hypernovae, and CC SNe, requires
better detection sensitivities that can be achieved by IceCube-
Gen2 (Aartsen et al. 2021) and KM3Net (Adrian-Martinez
et al. 2016).

There are some uncertainties in these constraints given our
choice of parameterization in the construction of the generic
neutrino emission models. Most notably, changing the value of
o, the power-law index of the neutrino spectrum, would lead
to a systematic shift of NX,, the number of sources which
produce multiple events. Our baseline is o, =2.3. However,
softer spectrum scenarios, such as a,, < 2.6, are still consistent
with IceCube’s observations. For example, NXr, is increased by
a factor of ~3 if we assume «, =2.6. This is because more
neutrinos are emitted at energies far below £y = 100 TeV. On
the other hand, it is statistically more consistent with the
atmospheric neutrino background hypothesis to find such low-
energy neutrinos. As shown in Figure 4, it requires
E,230TeV in order to claim a statistically meaningful
association with transient radiation from a source. As a result,
the effective p-value calculated by Equation (15) does not
significantly depend on the assumption of «,, for a given set of
source parameters (T and Ry). If the atmospheric background
neutrino rate remains the same, the sensitivity (constraints)
presented in the middle (right) panel of Figure 3 is, thus, still
valid.

We have been discussing a transient flare timescale, AT, of
~30 days so far. It is possible that some optical transients are
shorter in duration. The number of sources to yield multiplet
sources, NX5,, is unchanged for different AT, as long as the
multiplet search time window T, is longer than AT to monitor
the entire neutrino flare phenomena. However, the effective
number of sources required to reject the atmospheric neutrino
background hypothesis is increased for a flare with a timescale
shorter than 30 days. For example, NN, would be increased by
a factor of 2 for T, = 10 days. The resultant constraints on &£ ,f,]
and Ry, as represented by Equation (26), can be more stringent
by approximately a factor of 4. Our choice throughout this
paper to characterize the longer timescale search therefore
represents a conservative estimate. Any transient much longer
than AT of 30 days, however, can hardly yield a detectable
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multiplet because the expected number of atmospheric
neutrinos during the flare time frame becomes iy, 2 1.

The other major uncertainty in our generic neutrino emission
models arises from the cosmological source evolution ¥(z). We
assumed it to trace the SFR, as represented by Equation (5).
Departure from an SFR-like evolution hardly changes N}, as
the multiplet sources are mostly confined within the nearby
local universe. The evolution factor is rather sensitive to the
intensity of the diffuse cosmic background radiation, as shown
in Equation (6). For object classes with no evolution, &, ~ 0.6,
which results in ~20% of the flux in the case where it follows
an SFR-like evolution. As a result, the constraints on £ ,f,] and R,
by the null detection of the multiplet events become more
stringent as

EN<2%x100erg, Ry>3x 10Mpc3yrl.  (27)

This is because neutrino sources with weaker evolution must be
more populous in the local universe to reach the observed
diffuse cosmic background flux, and neutrino multiplet event
searches are sensitive to emission from nearby sources. As
some of the transient source candidates may be likely to be
only weakly evolved (e.g., TDEs), the sensitivities assuming
the SFR-like evolution as the baseline in our study are again
conservative.

Increasing the precision of neutrino localization is a
plausible way to reduce the atmospheric background neutrino
rate and further improve sensitivity. We considered
AQ = 1deg?, which is consistent with the present angular
resolution of the muon tracks measured by IceCube. Since the
atmospheric background rate, fi,;,, i proportional to AS,
reducing AS2 would result in a significant improvement in the
sensitivity, as shown by Equation (12) where £5¢ o 12, . Asa
deep water neutrino telescope such as KM3Net expects better
than 1 deg” localization, it will cover more parameter space on
(5{}, Rp). It should also be remarked that the number of
contaminants in optical follow-up observations should be
substantially reduced in this case. For a neutrino doublet
detection with a 0.25 deg” localization error, we would expect
only a single contaminant in a follow-up observation with a 23
mag sensitivity limit, which may realize a contamination-free
optical counterpart search with the photometric redshift
information.

In the context of the angular resolution factor, one can add
the pdf of the angular distance from a point source location to
the likelihood construction given by Equation (11) in order to
enhance the sensitivity further. The angular pdf is often
described by a Gaussian function with o consistent with the
angular resolution, for example, in the point source emission
searches by IceCube. The pdf depends highly on the
reconstruction quality in each of the events measured by a
neutrino detector. Its implementation into the likelihood
construction is beyond the scope of this paper. The sensitivity
shown in Figure 3 is a conservative estimate.

Another simplification introduced in our study is the
assumption that the energy of a neutrino event E, is known
without any error. However, errors in estimating the neutrino
energy cannot be avoided in observations. In order to assess
this impact on the sensitivity, we convolved the energy pdf
PE(EV) with the Gaussian error function, with ojoe g = 0.2, in
the likelihood construction in Equation (11). The p-values in
this case are shown by the dashed curves in Figure 4. The
energy threshold to claim the multiplet source association
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becomes higher by ~40%, which may result in ~35%
degradation of the effective p-value to support the signal
hypothesis displayed in the middle and right panels of Figure 3.

The statistical significance of the neutrino source identifica-
tion using the multiplet detection somewhat depends on the
local SNe number density, which is assumed to trace the B-
band luminosity density in our modeling (see Table 1). It has
been pointed out that the SN rate per galaxy B-band luminosity
is known to show a dependence on the galaxy type (Li et al.
2011) and the SN density per galaxy is not exactly constant.
However, our approach in this paper uses the total SN rate
across various types of galaxies. This is more robust as it is
estimated with a large number of galaxies in a 1 deg” patch of
the sky and the galaxy-type-dependent variation is diminished.

5. Summary

Global searches for multiple neutrino events within a time
window of T,, <30 days in the TeV-PeV energy neutrino sky
with a ~1 km” neutrino telescope allow for the study of neutrino
emission from long-duration sources with £ > 10% erg and
Ry<3x 10 °Mpc > yr ! (the domain of P& > 107 in the
middle panel of Figure 3). This covers the parameter space
including neutrino transient emission from SL SNe, LL. GRBs,
and non-jetted TDEs. Therefore, the absence of neutrino multiplet
detections with the current generation of detectors can constrain
models involving these sources. However, for the full exclusion
of regions of the relevant parameter space, future larger neutrino
detectors, such as IceCube-Gen2, are needed. Requiring multiple
neutrino detections limits the distance to possible neutrino
emitters, which results in only a few contaminants, even in the
extremely populated optical transient sky containing various
types of SNe. Redshift measurements of each of the possible
counterparts brighter than 23rd magnitude can tell whether a
given counterpart is likely to be associated with the neutrino
multiplet detection. For example, finding an SN-like transient at
z = 0.04 in an optical follow-up observation leads to ~2.70
significance against the chance coincidence background hypoth-
esis (see Table 1). This demonstrates that obtaining multi-
messenger observations triggered by a neutrino multiplet
detection is a practically feasible approach to identifying TeV-
energy neutrino sources, for which hidden neutrino sources may
be dominant, and study their emission mechanism as well as
particle acceleration in dense environments.
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