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High-energy cosmic rays
86 S. P. SWORDY

Figure 1. The all particle spectrum of cosmic rays – prepared by the author for Cronin et al. (1997).

Accurate elemental spectral measurements by direct techniques outside the at-
mosphere only exist up to energies of ∼ 1013 eV. An irony of cosmic-ray research is
that although we know from indirect measurements that particles in nature are ac-
celerated into a power-law spectrum in energy which extends over a huge range of
at least 11 decades, we can only directly measure the composition over a relatively
small range in energy.

To make progress in exploring the supernovae origin paradigm, we have to
extrapolate what we know about this history at lower energies and introduce some
underlying simplifying assumptions.

Swordy 2001

GeV TeV PeV EeV
Origin of such high-E particles? 

Acceleration mechanism?
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https://iihe.ac.be/icecube

Electromagnetic waves

Cosmic rays

Neutrinos

Power of multi-messenger astronomy

Identification of neutrino source 
=> Origin of high-energy cosmic rays
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What is the source for high-E neutrino?

Search for explosive transients as possible sources 
(IceCube provides real-time alerts)

NGC 1068 (Seyfert galaxy)

IceCube+22

HST

Contribution to the background flux 10

FIG. 2. All-sky neutrino and gamma-ray spectra for Model A (left panel), Model B (middle panel), and Model C (right
panel). Note that the results for Model A are essentially the same as those presented in MKM20 except improved treatments
of microphysics. The extragalactic neutrino, x-ray and gamma-ray background data are the same as those in Fig. 1.

FIG. 3. Cosmic-ray proton cooling time scales for coronae of jet-quiet AGNs with LX = 1044 erg s�1 for Model A (left panel),
Model B (middle panel), and Model C (right panel).

a result, the spectrum of neutrinos from p� interactions
can be hard up to certain energy at which the system is
calorimetric for cosmic-ray protons, and indeed fp� & 1 is
satisfied at "p & 30�100 TeV for LX ⇠ 1044 erg s�1 (see
Eq. 1 of MKM20). Second, the Bethe-Heitler pair pro-
duction due to interactions with disk photons suppresses
meson production at "p ⇠ 0.1� 1 PeV, which may cause
a turnover in neutrino spectra (cf. Ref. [102] for a similar
feature in the context of gamma-ray bursts). Third, the
stochastic acceleration mechanism leads to a hard spec-
trum with a cuto↵ that is related to the maximum energy
of cosmic-ray protons. In particular, as shown in Fig. 4,
luminous objects lead to a pileup feature that is known
to be characterized by a power law with a Maxwellian
bump (see also Ref. [42]). This also assures that the
results on neutrino and gamma-ray spectra are rather
insensitive to the possible existence of a power-law tail
in the cosmic-ray spectrum due to the intermittency of
turbulence. These combination can produce convex neu-
trino spectra without imposing an ad hoc phenomeno-
logical break, while being consistent with the numerical
all-sky neutrino spectra shown for representative model
realizations (see Fig. 2).

Given that convex cosmic-ray and neutrino spectra are
expected at di↵erent x-ray luminosities (see Fig. 4), the
all-sky neutrino contribution above the spectral turnover
largely comes from AGNs with LX . 1044 erg s�1.

This situation can be qualitatively understood as fol-
lows. From Eq. (20), for example, the acceleration time
scales as tacc / L
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for q = 2. The maximum energy of cosmic-ray pro-
tons is estimated by tacc = tp�cool. In Model A, the
dominant cooling process is the Bethe-Heitler pair pro-
duction process. In Model B, this is dominant for
LX & 1044 erg s�1, although pp interactions are relevant
for lower luminosities. In Model C, the Bethe-Heitler
process is dominant for LX & 1043 erg s�1, while pro-
ton synchrotron emission is relevant for lower luminosi-
ties. Although energy dependence of the Bethe-Heitler
process is nontrivial (see Fig. 3), in the limited energy
range of our interest, we may approximate the scaling as
tBH / L
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for q = 5/3. Indeed, as shown

in Fig. 5, we have "pk
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for Model A. For Models B and C, we obtain
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�0.081
and "
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10 TeV (LX/1044 erg s�1)
�0.206

, respectively. Here "
pk

⌫

is the peak neutrino energy, at which "pL"p reaches the
maximum. Note that conceptually the peak energy is
set by the maximum energy but they can be quantita-
tively di↵erent. When the energy dependence of tacc is
weak as expected in stochastic acceleration, the peak in
the energy spectrum of cosmic rays can be ⇠ 10 times

AGN
Source for  

E > 100 TeV?

Murase+26
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Explosive transients as neutrino sources

Chocked jet  
in the stellar envelope?? 

(p + γ)

Interaction between supernova 
and circumstellar metarial? 

(p + p)
e.g., Murase & Ioka 2013 
Senno+2016

e.g., Murase+2011 
Kimura & Moriya 2025

Energetic supernovae? 
(t < hr)

Interacting supernovae? 
(t ~ 30 d)
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Challenges in neutrino follow-up observations

Search for “something special”

Unknown source Large distance
interacting 

SNe ?
tidal disruption 
events (TDEs)?

variable 
blazars?energetic 

SNe ??

(C) ESO

(C) NASA/CXC/M. Weiss

(C) NASA/SDO

(C) NASA Figure by Seiji Toshikage

(c.f. gravitational waves)

Typical redshift z ~ 0.5 - 1.0
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Large distance is a big challenge for follow-up z ~ 0.5-1.0

Supernova (SN)

8 m class, large telescope 
~25 mag

(Subaru, Rubin)

1 m class, mall telescope 
~20 mag

(ZTF, Pan-STARRS, Kiso)

z ~ 0.15

Too many (unrelated) background SNe

Insufficient sensitivity 
=> needs many trials
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Past neutrino follow-up search

Tidal disruption event (AT2019dsg)

Stein et al. 2022 (with ZTF)  
see also Reusch et al. 2022

Estimated chance coincidence ~ 0.5 %

neutrino arrival

ZTF sensitivity => Need many trials (low recovery rate)

neutrino arrival

Interacting SN (Type Ibn, SN 2023uqf)

Stein et al. 2025

Estimated chance coincidence ~ 0.3 % 8



Updated neutrino localizationIceCat-2: Updated IceCube Event Catalog of Alert Tracks

(a) AT2019fdr (b) AT2019dsg

(c) AT2019aalc

Figure 6: Sky maps showing spatial coincidences between IceCat track alerts and several TDEs (yellow
stars). Each panel highlights improvements in event localization from IceCat-1 (red) to IceCat-2 (blue), with
solid and dashed lines showing the 50% and 90% containment regions, respectively.

after the peak of the optical–ultraviolet luminosity. In some of these associations, the TDE positions
were located near the edge of the neutrino localization contours, leaving room for uncertainty.
Thanks to the improved reconstructions provided by IceCat-2, these associations can now be
revisited with greater accuracy. We find that the TDE positions are, in all cases, well outside the
updated containment regions, effectively ruling out an association with the corresponding IceCube
alerts (see Fig. 6).

4. Search for correlation with potential source candidates for association

Following the approach previously adopted for IceCat-1, we also re-evaluated the directional
correlation of the updated alert tracks with several gamma-ray catalogs (3FHL, 4FGL-DR4, 3HWC,
TeVCat) as well as the Swift-BAT X-ray catalog. For each of the 365 alerts in the preliminary IceCat-
2 sample, we searched the aforementioned catalogs for sources located within the 90% uncertainty
contour of the alert’s updated reconstructed direction. In addition, to estimate the number of
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IceCat-1

IceCat-2

IceCat-1

IceCat-2

IceCube+2025

TDE association is no more robust… 
=> how can we improve our search??
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Our strategies

(2) Extensive background analysis

- Astrophysical background (unrelated transients) 
- Non-astrophysical background (fake detections)

Blind analysis 
Fix the search criteria and background estimates 

BEFORE searching candidates

See Seiji Toshikage’s talk

(1) Use of neutrino “multiplet” signals

High “flux” => close distance 
+ Better localization (multiple estimates)

γ-rays (K. Murase et al. 2016). Motivated by this scenario, we
perform a correlation analysis using publicly available data
recorded by MAXI (M. Matsuoka et al. 2009). The X-ray
signals were detected using gas slit cameras (GSC) with a
sensitive energy range from 2 to 20 keV. The point-spread
function of the GSC is approximately 1 degree. The operation
period entirely covers the range when the data in the present
analysis is taken. We focus on X-ray photons ranging from 4 to
10 keV due to the high detection efficiency of GSCs and a

relatively low background rate (K. Hiroi et al. 2011). The noise
detected in GSCs originates from accidental hits of charged
particles and the rate depends on the time. To cancel out time-
dependent noise, we define the signal and control regions in the
vicinities of the neutrino multiplet directions as a 1.5 circle and
a 3.0 doughnut shape with inner radius of 1.5, respectively, and
calculate the X-ray flux as the difference between these
regions. The statistical uncertainty of the flux is estimated by
propagating Poisson fluctuations of the photon counts in both
regions. No significant X-ray emission is observed beyond the
noise level in association with the detected neutrino multiplets,
and thereby 90% CL upper limits on the average X-ray energy

Figure 6. The contour plots of the direction of the two most significant
multiplets. The upper and lower panels represent the doublet (k = 1) and the
triplet (k = 2), respectively. Yellow stars indicate the directions of neutrino
events to form the multiplets, while magenta stars denote the fitted directions of
the multiplets. The dashed lines outline 68% containment uncertainty regions
of each event determined by assuming Gaussian distribution, while magenta
solid lines represent that of the fitted directions. The background color scales
represent the residuals of the signal likelihoods:- D 2 log sig. Small gray stars
in the bottom panel represent neutrino events observed around the time of
multiplet detection (from MJD 59007 to MJD 59047), but are not included in
the multiplet found by the seed event method (see Section 3.1). In the lower
panel, the cyan diamond represents the direction of a Fermi source 4FGL
J0001.4−0010 (J. Ballet et al. 2023), which is separated by 0.28 from the best-
fit direction.

Figure 7. Contours of the excluded region of neutrino transient source
parameters ( n*, ρν) at the 90% confidence level whenD =T 30 daysmax , and
the spectral indices are 2.3. The area above the curves is excluded at the 90%
confidence level. The diagonal lines correspond to upper limits implied from
the diffuse flux when the signal source spectrum is γ = 2.3. These diffuse flux
constraints are determined so as not to overshoot the energy distribution of the
measured diffuse neutrino flux (R. Abbasi et al. 2022; see Section 5.1). All the
constraints are obtained assuming the SFR compatible evolution.

Figure 8. Probability density of the redshift distributions of neutrino sources
detected as a 30 day doublet (blue) and triplet (red) in the direction of the
observed triplet (k = 2 in Table 1) for neutrino emission energies of
3 × 1050erg (dashed) and 3 × 1051 erg (solid). The black dotted curve
represents the distribution of the unrelated closest SNe with a burst rate
density of 10−4Mpc−3 yr−1 observed during 30 days and a solid angle of

( )pDW = ⋅n
0.3 2 (S. Yoshida et al. 2022).
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The Astrophysical Journal, 981:159 (12pp), 2025 March 10 Abbasi et al.

IceCube+2025

3 events within 
ΔΤ ~ 16 days

Multiple neutrino detections  
within a certain time window

see Yoshida+2022 
(also Aartsen+2017) 10



(1) Neutrino “multiplet” z ~ 0.5-1.0Singlet

“Multiplet”
z ~ 0.15Aartsen+17 

Yoshida+22

Supernova (SN)

8 m class (or space) telescope 
(~25 mag)

1 m class telescope 
(~20 mag)

Figure by Seiji Toshikage

ZTF, Pan-STARRS, Kiso

Multiplet = High recovery rate  
(no sensitivity issue!) 11



(1) Neutrino “multiplet”

Multiplet = Low (astrophysical) background

Background simula0ons 
By Seiji Toshikage 

(w/ SN light curves and  
luminosity distribu0ons)

Faint 
(~distant)

 Bright 
(~close)

ZTF 
(~20 mag)

Subaru/Rubin 
(~25 mag)

Number of  
“unrelated” SNe 

(per 1 deg2)

3σ
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(2) Importance of blind analysis

Conventional method in astronomy

1. Neutrino alert!

2. Let’s perform follow-up

(C) IceCube collaboration

(C) IoA/U. Tokyo
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(2) Importance of blind analysis

Conventional method in astronomy

3. I found such an exiting object!
A TDE but radio emitting, A SN but very luminous…

(C) NASA/CXC/M. Weiss

1. Neutrino alert!

2. Let’s perform follow-up

(C) IceCube collaboration

(C) IoA/U. Tokyo
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(2) Importance of blind analysis

Conventional method in astronomy

3. I found such an exiting object!
A TDE but radio emitting, A SN but very luminous…

(C) NASA/CXC/M. Weiss

1. Neutrino alert!

2. Let’s perform follow-up

(C) IceCube collaboration

(C) IoA/U. Tokyo

4. Let’s estimate how special this object was…
But we already know the “answer” 

=> bias in the statistical test 13



Blind analysis

1. Neutrino alert!

2. Let’s perform follow-up

(C) IceCube collaboration

(C) IoA/U. Tokyo

(2) Importance of blind analysis
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0. First let’s understand our data 
     => Fix the search criteria  
          and estimate background 
　 => Likelihood ratios (signal vs background)

Blind analysis

1. Neutrino alert!

2. Let’s perform follow-up

(C) IceCube collaboration

(C) IoA/U. Tokyo

(2) Importance of blind analysis
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0. First let’s understand our data 
     => Fix the search criteria  
          and estimate background 
　 => Likelihood ratios (signal vs background)

Blind analysis

1. Neutrino alert!

2. Let’s perform follow-up

(C) IceCube collaboration

(C) IoA/U. Tokyo
3. Perform “pre-fixed” search
We should not change the selection 

according to actual findings 
(c.f. Hubble constant,  

cosmological parameters)

(2) Importance of blind analysis

14



Toshikage+2025

Archival search for optical counterpart of neutrino “multiplet” events

Transient search with archival ZTF data
14

Figure 8. Distribution of the alerts passing each crite-
rion in WF control sample. Orange line represents the
Galactic plane with orange dashed lines for galactic latitude
b = ±10 deg.

Figure 9. The sky region used in our multi-epoch analy-
sis. Red regions represent the area repeatedly observed from
July 6 to 31, 2020. For 6 epochs analysis, we add blue re-
gions which are repeatedly observed from July 14 to July 23.
The gray region represents the field which includes IceCube
localization area of the triplet ICT-MJD59015.
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the center of the galaxies. Thus, our criteria above may !lter
out a fraction of TDEs that occur in an AGN-like host galaxy,
which results in a reduction in TPR. We have checked that this
effect is not signi!cant by using the known TDE samples, but
the number of TDE samples is still small (71 samples in BTS),
preventing the estimate with high statistics. Also, two out of
three TDEs reported to be associated with the IceCube
neutrino detections occurred in AGN hosts. Our criteria above
may exclude such TDEs from occuring in AGNs.

In our background analysis with WF control data sample,
397 objects pass the level 3 selection which corresponds to a
background rate of 0.061 ± 0.003 objects deg−2.

3.4.4. Level 4 Selection

Finally, we apply the level 4 selection, object-wise light
curve cut (Δtneg� 50days) to further remove remaining
variable stars and AGNs. For this criterion, we use the light
curve of each object as additional information. For the light
curve of each object obtained through the ZTF alert broker,
ALeRCE API,9 we identify the signi!cant (>5σ) negative
detection. Negative detections mean that the "uxes signi!-
cantly decrease compared with the "uxes in the reference
images. We de!ne Δtneg as the time interval from the !rst to
the last signi!cant negative detection. This criterion of
Δtneg� 50 days effectively removes persistent objects such
as variable stars and AGNs without removing SNe and TDEs.

For this criterion, we estimate the TPR using historical
light curve data of BTS spectroscopically con!rmed SNe.
We use 891 SNe located within z� 0.02 from BTS samples
with well-sampled light curves. Before the TPR calculation,
we remove 27 SNe with the reference images contaminated
by SN "uxes. Among the remaining 864 SNe, only two SNe
show the light curve with Δtneg > 50 days. Thus, we
estimate the TPR of the level 4 selection as 0.9977 ±
0.0016.

The number of objects passing the level 4 selection is 138 in
the WF control data sample, which corresponds to a
background rate of 0.021 ± 0.002 objects deg−2.

Finally, we compare the TPR of level 3 and 4 selections
with the corresponding TPR of the ZTF standard !ltering
system. In the ZTF standard !ltering system, a stringent
criterion of sgscore (sgscore < 0.5 for PS1 objects
within 1.5) is imposed. To estimate the TPR of this criterion,
we use transients reported in BTS between 2019 August and
2020 July, which were selected using a looser condition of
sgscore < 0.76 for PS1 objects within 2″ (D. A. Perley
et al. 2020). This estimate gives a TPR of 0.949. Note that this
TPR should be regarded as an upper limit, since the true parent
sample of transients would be larger.

On the other hand, in our !ltering system, we impose a loose
condition of sgscore (sgscore < 0.83), whose TPR is
robustly estimated to be 0.995 by Y. Tachibana & A. A. Miller
(2018). An increase of background objects by this loose
condition is further suppressed by additional criteria in level 3
and level 4 selections. The total TPR of our level 3 and 4
criteria is 0.987 (=0.995 × 0.9987 × 0.9985 × 0.9973 ×
0.9977, see Table 2). This demonstrates that our !ltering
system achieves a higher TPR than the ZTF standard !ltering
system.

3.5. Multi-epoch Analysis

The transient source search for ICT-MJD59015 is facilitated
by the ZTF observations at multiple epochs. When any single
observation meets the detection-wise criteria, level 1 and 2
criteria are ful!lled. The incorporation of additional epochs
into the counterpart search process enhances the resultant TPR,
but it also raises the probability of contamination of back-
ground events (see also Appendix B and Figure 10). It is
imperative to judiciously optimize the number of epochs
contributing to the search to ensure the ef!cacy of the
methodology.
We trace the epoch dependence of TPR and the number of

background events by applying the level 1 and level 2
selections to the ME1 control data sample, which contains 11
observing epochs. As we mentioned in Section 2.2, we do not
include the shallow observations on 2020 July 6, since the data
on that day are not effective in detecting dimmer objects and
just increase the number of background objects. Each of the
observation epochs has a different depth due to the night sky
conditions as shown in Figure 5, and we search for the best
combination of epochs participating in the source search. The
speci!c six epochs have been chosen to give an excellent TPR
(0.983 in typical magnitude range, 18.5–19.0 mag) while
suppressing the number of penetrating background events
(≲0.1 deg2). We then apply the selections to the ME2 control
data sample, which contains exactly the six selected epochs,
but data from larger areas of the sky to gain statistical power.
The cumulative number of background objects is 67 objects,

which corresponds to a background rate of 0.084 ±
0.010 objects deg−2. For comparison, applying the ZTF
standard !ltering results in a background rate of 0.175 ±
0.015 objects deg−2. The IceCube localization area (3σ)
covered by the ZTF observation is 0.41 deg2 (Figure 1).
Therefore, the background rate in the !nal analysis for the
localization area of ICT-MJD59015 is 0.034 ± 0.004.
We examine the nature of the background objects remaining

in the !nal sample after applying all the cuts to the ME2
control data. They are dominated by true astrophysical sources.

Figure 5. Limiting magnitude of ZTF observations in each epoch at the
IceCube localization area around the date of the neutrino detections (dashed
lines). Filled points represent the epoch we used for multi-epoch analysis.
Examples of our light curve model are also shown with Lpk = 1043 erg s−1 and
tdecay = 50 days at redshift z = 0.05. We assume blackbody SED with
T = 20,000K. Solid lines represent Δt = 0 days and dotted lines represent
Δt = 30 days.

9 https://alerce.readthedocs.io/en/latest/index.html
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Search for optical counterpart of neutrino “multiplet” events

No candidate found

Light curve
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the center of the galaxies. Thus, our criteria above may !lter
out a fraction of TDEs that occur in an AGN-like host galaxy,
which results in a reduction in TPR. We have checked that this
effect is not signi!cant by using the known TDE samples, but
the number of TDE samples is still small (71 samples in BTS),
preventing the estimate with high statistics. Also, two out of
three TDEs reported to be associated with the IceCube
neutrino detections occurred in AGN hosts. Our criteria above
may exclude such TDEs from occuring in AGNs.

In our background analysis with WF control data sample,
397 objects pass the level 3 selection which corresponds to a
background rate of 0.061 ± 0.003 objects deg−2.

3.4.4. Level 4 Selection

Finally, we apply the level 4 selection, object-wise light
curve cut (Δtneg� 50days) to further remove remaining
variable stars and AGNs. For this criterion, we use the light
curve of each object as additional information. For the light
curve of each object obtained through the ZTF alert broker,
ALeRCE API,9 we identify the signi!cant (>5σ) negative
detection. Negative detections mean that the "uxes signi!-
cantly decrease compared with the "uxes in the reference
images. We de!ne Δtneg as the time interval from the !rst to
the last signi!cant negative detection. This criterion of
Δtneg� 50 days effectively removes persistent objects such
as variable stars and AGNs without removing SNe and TDEs.

For this criterion, we estimate the TPR using historical
light curve data of BTS spectroscopically con!rmed SNe.
We use 891 SNe located within z� 0.02 from BTS samples
with well-sampled light curves. Before the TPR calculation,
we remove 27 SNe with the reference images contaminated
by SN "uxes. Among the remaining 864 SNe, only two SNe
show the light curve with Δtneg > 50 days. Thus, we
estimate the TPR of the level 4 selection as 0.9977 ±
0.0016.

The number of objects passing the level 4 selection is 138 in
the WF control data sample, which corresponds to a
background rate of 0.021 ± 0.002 objects deg−2.

Finally, we compare the TPR of level 3 and 4 selections
with the corresponding TPR of the ZTF standard !ltering
system. In the ZTF standard !ltering system, a stringent
criterion of sgscore (sgscore < 0.5 for PS1 objects
within 1.5) is imposed. To estimate the TPR of this criterion,
we use transients reported in BTS between 2019 August and
2020 July, which were selected using a looser condition of
sgscore < 0.76 for PS1 objects within 2″ (D. A. Perley
et al. 2020). This estimate gives a TPR of 0.949. Note that this
TPR should be regarded as an upper limit, since the true parent
sample of transients would be larger.

On the other hand, in our !ltering system, we impose a loose
condition of sgscore (sgscore < 0.83), whose TPR is
robustly estimated to be 0.995 by Y. Tachibana & A. A. Miller
(2018). An increase of background objects by this loose
condition is further suppressed by additional criteria in level 3
and level 4 selections. The total TPR of our level 3 and 4
criteria is 0.987 (=0.995 × 0.9987 × 0.9985 × 0.9973 ×
0.9977, see Table 2). This demonstrates that our !ltering
system achieves a higher TPR than the ZTF standard !ltering
system.

3.5. Multi-epoch Analysis

The transient source search for ICT-MJD59015 is facilitated
by the ZTF observations at multiple epochs. When any single
observation meets the detection-wise criteria, level 1 and 2
criteria are ful!lled. The incorporation of additional epochs
into the counterpart search process enhances the resultant TPR,
but it also raises the probability of contamination of back-
ground events (see also Appendix B and Figure 10). It is
imperative to judiciously optimize the number of epochs
contributing to the search to ensure the ef!cacy of the
methodology.
We trace the epoch dependence of TPR and the number of

background events by applying the level 1 and level 2
selections to the ME1 control data sample, which contains 11
observing epochs. As we mentioned in Section 2.2, we do not
include the shallow observations on 2020 July 6, since the data
on that day are not effective in detecting dimmer objects and
just increase the number of background objects. Each of the
observation epochs has a different depth due to the night sky
conditions as shown in Figure 5, and we search for the best
combination of epochs participating in the source search. The
speci!c six epochs have been chosen to give an excellent TPR
(0.983 in typical magnitude range, 18.5–19.0 mag) while
suppressing the number of penetrating background events
(≲0.1 deg2). We then apply the selections to the ME2 control
data sample, which contains exactly the six selected epochs,
but data from larger areas of the sky to gain statistical power.
The cumulative number of background objects is 67 objects,

which corresponds to a background rate of 0.084 ±
0.010 objects deg−2. For comparison, applying the ZTF
standard !ltering results in a background rate of 0.175 ±
0.015 objects deg−2. The IceCube localization area (3σ)
covered by the ZTF observation is 0.41 deg2 (Figure 1).
Therefore, the background rate in the !nal analysis for the
localization area of ICT-MJD59015 is 0.034 ± 0.004.
We examine the nature of the background objects remaining

in the !nal sample after applying all the cuts to the ME2
control data. They are dominated by true astrophysical sources.

Figure 5. Limiting magnitude of ZTF observations in each epoch at the
IceCube localization area around the date of the neutrino detections (dashed
lines). Filled points represent the epoch we used for multi-epoch analysis.
Examples of our light curve model are also shown with Lpk = 1043 erg s−1 and
tdecay = 50 days at redshift z = 0.05. We assume blackbody SED with
T = 20,000K. Solid lines represent Δt = 0 days and dotted lines represent
Δt = 30 days.

9 https://alerce.readthedocs.io/en/latest/index.html
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Search for optical counterpart of neutrino “multiplet” events

No candidate found

Light curve Constraints on transient properties

A single trial rules out  
luminous objects as a counterpart

(but “signalness” of the multiplet is ~ 0.5)Our null result disfavors SLSNe as the dominant source of
the cosmic neutrino background. This is consistent with the
theoretical expectation based on an energetics argument shown

below. CSM interaction features are observed not only SLSNe,
but also SNe IIn, which are roughly 100 times more frequent
but 10 times less luminous. This implies that SN IIn have 10

Figure 7. Constraints in tdecay − Lpk plane for TDE-L (top), TDE-F (middle), and SLSN (bottom) withΔt= tν,1 − tpk = 0 (left) and 30 days (right). Orange and cyan
regions are constrained by 90% and 68% con!dence levels. Yellow regions are typical parameter spaces for TDEs (Y. Yao et al. 2023) and SLSNe
(T. J. Moriya 2024).
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Summary & Future

• Our new strategy for neutrino counterpart search 

1. Use of multiplet events 

2. Extensive background analysis (blind analysis) 

• Lessons from archival search with ZTF 

• Interesting constraints even with one single event  
(and even with non detection!) 

• Future? 

• Real-time neutrino multiplet alert  
=> real-time follow-up (imaging => spectroscopy)
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