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Cosmic high-energy neutrinos 4

Sources @ E < 100 TeV: Seyfert galaxies?

Sources @ E > 100 TeV is under debate
IceCube has established  
cosmic TeV-PeV neutrinos

IceCat-2: Updated IceCube Event Catalog of Alert Tracks

Figure 1: The all-sky distribution of alerts from the IceCat-2 catalog in equatorial coordinates, including
the corresponding 90% containment contours. The thin line indicates the location of the Galactic Plane.

Figure 2: Di!erence in reconstructed directions for IceCat-1 events reprocessed in the IceCat-2 sample (N =
340, excluding vetoed events). The red solid and dashed lines indicate the 50% (median) and 90% quantiles
of angular separations, respectively.

Fig. 2 shows the di!erence in reconstructed directions for IceCat-1 events reprocessed in the
IceCat-2 sample, with 50(90)% of the alerts with angular separation below 0.55(1.62) deg. The
most notable improvement is the significant reduction in localization uncertainties around the best-
fit direction, as illustrated in Fig. 3. In particular, Figs. 3a and 3b show that the median areas
of the 50% and 90% containment contours in IceCat-2 are reduced by factors of approximately 5
and 4, respectively, compared to IceCat-1 (see also Fig. 3c). Furthermore, the distributions are
considerably narrower, with the spread around the median, quantified by the standard deviation
𝐿, reduced by a factor between 7 and 9. Small containment errors around best-fit directions are
also evident in Fig. 1, which shows the all-sky distribution of alerts from the IceCat-2 catalog in
equatorial coordinates, including the corresponding 90% containment contours.

This substantial gain in angular precision directly enhances the e"ciency of EM and multi-
messenger follow-up observations, increasing the chances of identifying astrophysical counterparts
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IceCat-2 2025

Murase, SSK+2026
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FIG. 2. Two-dimensional profile likelihood scan on

the spectral indices of the broken power law: The star
markers indicate the best fit with ω1 = 1.72 and ω2 = 2.84 for
MESE, and ω1 = 1.31 and ω2 = 2.74 for CF. Contours rep-
resent the 68% and 95% confidence regions based on Wilks’
theorem. The dotted line signifies the expectation of ω1 = ω2,
indicating the transition to a single power-law spectrum.

eters within the CF analysis are largely unconstrained
and the fit utilizes the large statistics of the tracks sam-
ple to self-consistently constrain its nuisance parameters.
MESE, on the other hand, uses several priors on the nui-
sance parameters that modify the atmospheric flux and
the detector response. These priors arise from previous
IceCube calibration campaigns [39][PRD].

Results: We use the maximum-likelihood fit to test
several hypotheses on the spectral shape of the astro-
physical neutrino flux: 1) a single power law (SPL); 2) a
single power law with an exponential cuto! (SPE), 3) a
log-parabolic (LP) flux; and 4) a broken power law (BPL)
flux model. Both analyses find the likelihood to be maxi-
mum for the BPL model. A list of the tested flux models
is provided in Tab. III, along with the best fit parameters
and the di!erence in likelihood values when the model is
compared to the SPL. The SPE model test did not re-
sult in a significant improvement of the likelihood com-
pared to the SPL model (→2”lnL = TS = 7.5 (1.8) for
CF (MESE)). The BPL model yields a noteworthy im-
provement of the TS by 24.4 (27.3) in the CF (MESE)
analysis, corresponding to a significance of 4.4ω (4.7ω)
over the SPL model based on Wilks’ theorem [40], with
the TS distribution following a ε2 with two degrees of
freedom (DOF). A better TS is also noted for the LP
model with TS = 16.4 (18.8) for CF (MESE) with a sig-
nificance of 4.0ω (4.3ω). Since the LP and BPL mod-
els have a di!erent number of free parameters and are
not nested, we calculate the preference of BPL over LP
directly from the TS distribution obtained from pseudo-
data [PRD]. We find that the BPL is preferred over LP

FIG. 3. Segmented Flux: The fit to the astrophysical flux
normalization assuming an E→2 spectrum is shown in each
segment. Orange markers and shaded regions represent CF
while MESE is shown in blue. The shaded regions show the
68% uncertainties and sensitive energy ranges for each analy-
sis obtained from profile likelihood scans of the four parame-
ters of the BPL model. The flux from NGC1068 [41] and the
galactic plane [42] measured with IceCube lie at much lower
scales.

with a p-value of 0.008 for the MESE analysis and a p-
value of 0.018 for the Combined Fit, when injecting the
LP best fit and fitting with both models. A comparison
of the agreement between data and Monte Carlo (MC)
simulations assuming the best-fit parameters of the BPL
is shown in Fig. 1. Goodness of fit tests have been per-
formed for each analysis and both morphologies, showing
that they are statistically compatible. We note a small
deficit of data with respect to MC at a few hundred TeV.
As it is not yet statistically significant, further investiga-
tion of this additional feature is required with more data.
A comparison of the constraints on the low- and high-
energy spectral indices obtained from the two analyses is
shown in Fig. 2. The figure illustrates the complemen-
tarity of the two analyses. The CF (MESE) analysis al-
lows stronger constraints on the high-energy (low-energy)
spectral index, as illustrated by their respective sensitive
energy ranges (see Fig. 3), [PRD].
Finally, a segmented fit is performed, where the total

neutrino flux, E2 #total
astro = $i ϑi %(E → Ei)%(Ei+1 → E),

is represented by the sum of fluxes ϑi in 13 independent
energy bands [Ei, Ei+1] with a spectral index of 2 in each
band, and %(x) represents the unit step function. This
allows the characterization of energy-dependent features
in the spectrum. The results are shown in Fig. 3 and com-
pared to the best-fit BPL model. There is generally good
agreement between the segmented fit which has 14 DOF
and the measured BPL spectrum with 4 DOF, which is
reflected in the small likelihood di!erence between them
(TS = 6 (1.7) for CF (MESE)).

background including the baseline prompt atmospheric
neutrino flux [13] has a p value of 2:9! 10"3 (2:8!).
This value includes the uncertainties on the expected num-
ber of background events by marginalizing over a flat error
distribution. While the prompt component has large theo-
retical uncertainties, obtaining two or more events with a
probability of 10% would require a prompt flux that is
about 15 times higher than the central value of our
perturbative-QCD model. This contradicts our preliminary
upper limit on the prompt flux [15]. Using an extreme
prompt flux at the level of this upper limit, which covers
a potential unknown contribution from intrinsic charm
[17], yields a significance of 2:3!.

The two events are shown in Fig. 4. They are from the
IC86 sample, but would have also passed the selection
criteria of the IC79 sample. Their spherical photon distri-
butions are consistent with the pattern of Cherenkov
photons from particle cascades induced by neutrino inter-
actions within the IceCube detector. There are no indica-
tions for photons from incoming or outgoing muon or tau
tracks. Hence, these events are most likely induced by
either CC interactions of "e or NC interactions of "e, "#,
or "$. CC interactions of "$ induce tau leptons with mean
decay lengths of about 50 m at these energies [18]. The
primary neutrino interaction and the secondary tau decay
initiate separate cascades which, in a fraction of such
events, lead to an observable double-peak structure in the
recorded waveforms. The two events do not show a sig-
nificant indication of such a signature. Figure 5 shows the
final-selection NPE distributions for the experimental data,
signal models, and background simulations. The two
events are near the NPE threshold of the analysis and are
consistent with a previous upper limit by IceCube [9] on an
unbroken E"2 flux, while a flux corresponding to this upper
limit predicts about 10 events above the NPE cut. The
cosmogenic neutrino model [11] predicts an event rate of
about 2 events in the corresponding live time but at sig-
nificantly higher energies.

Maximum-likelihood methods are used to reconstruct
the two events. The likelihood is the product of the Poisson
probabilities to observe the recorded number of

photoelectrons in a given time interval and DOM for a
cascade hypothesis which depends on the interaction ver-
tex, deposited energy and direction. Here, the time of
the first hit mainly determines the vertex position and the
recorded NPE plays a dominant role in estimating the
deposited energy. The hit information used in the recon-
struction is extracted from an unfolding procedure of the
waveforms. The open circles in Fig. 1 indicate the strings
closest to the reconstructed vertex positions. The recon-
structed deposited energies of the two cascades are 1.04
and 1.14 PeV, respectively, with combined statistical and
systematic uncertainties of #15% each. The errors on the
deposited energies are obtained by simulating cascade
events in the vicinity of the reconstructed energies and
vertices. The study is specifically performed on each event
and the larger of the two event uncertainties is cited for
both events. Thus, the error associated with the two events
differs from that of other cascade events observed in
IceCube [19]. Since there is no absolute energy standard
with adequate precision at these energies, the energy scale
is derived from simulations based on measured ice
properties and photomultiplier tube efficiencies which
are assured by measurements of atmospheric muons.
The main sources of systematic uncertainty on the

FIG. 4 (color online). The two observed events from
(a) August 2011 and (b) January 2012. Each sphere represents
a DOM. Colors represent the arrival times of the photons where
red indicates early and blue late times. The size of the spheres is
a measure for the recorded number of photoelectrons.  NPE
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FIG. 5 (color online). NPE distributions for 615.9 days of live
time at final selection level. The black points are the experimen-
tal data. The error bars on the data show the Feldman-Cousins
68% confidence interval [25]. The solid blue line marks the sum
of the atmospheric muon (dashed blue), conventional atmos-
pheric neutrino (dotted light green) and the baseline prompt
atmospheric neutrino (dotted-dashed green) background. The
error bars on the line and the shaded blue region are the
statistical and systematic uncertainties, respectively. The red
line represents the cosmogenic neutrino model [11]. The shaded
region is the allowed level of the cosmogenic " flux by Ahlers
et al. [26]. The orange line represents an E"2 power-law flux up
to an energy of 109 GeV with an all-flavor normalization of
E2%"eþ"#þ"$

¼ 3:6! 10"8 GeV sr"1 s"1 cm"2, which is the in-

tegral upper limit obtained in a previous search in a similar
energy range [9]. The signal fluxes are summed over all neutrino
flavors, assuming a flavor ratio of "e:"#:"$ ¼ 1:1:1.
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IceCube 2026

e.g., IceCube 2022, 2025; Murase, SSK+2026, Fiolliro+2024



Transient neutrino sources
• Energetics:  
 

 

→  (dashed line)  

• Various optical transients are  
feasible neutrino source candidates

E2
ν Φν ∼

c
4πH0

ρeffLν,eff

ρeff ∝ L−1
ν,eff
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(C) ESO

(C) NASA/CXC 
/M. Weiss

Interacting 
supernovae

Super-luminous 
supernovae (SLSNe)

Tidal disruption events 
(TDEs)

Jet-powered  
supernovae



Expected distance to Sources
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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)

~ particle physics

Typical redshift z ~ 0.5 - 1.0

6

ZTF 
(1.5m)

Subaru/Rubin 
(8m)

• ZTF: too shallow to detect 
ν-source TDE

• Subaru/Rubin: deep enough  
to detect ν-source TDE



Single neutrino detection = “Singlet”

( RSN
4 Δ 105 GpcΩ3 yrΩ1 ) ( V

102 Gpc3 ) ( ∼t
30 day ) ( deg2

1 )NSN,unrelated × 100

Number of unrelated SNe is too large to discuss association

∼− × 1 deg2

Assuming high eventrate transients
e.g., Supernova (SN),

7Credit: Seiji Toshikage

Need to distinguish a neutrino-emitting object from 100s of transients/variables
=> Rare transients could be identified as neutrino counterparts



Figure 1: Multi-wavelength lightcurve of AT2019dsg. Error bars represent 1� intervals. The
upper panel, a, shows the optical photometry from ZTF (in green and red), alongside UV obser-
vations from Swift-UVOT (in blue, purple and pink). The late-time UV observations show an
apparent plateau which is not captured by a single power-law decay. The dashed pink line illus-
trates a canonical t�5/3 power law, while the dotted pink line illustrates an exponentially-decaying
lightcurve. Neither model describes the UV data well. The lower panel, b, shows the integrated
X-ray energy flux, from observations with Swift-XRT (in black) and XMM-Newton (in blue), in the
energy range 0.3-10 keV. Arrows indicated 3� upper limits. The vertical dotted line illustrates the
arrival of IC191001A.
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Tidal Disruption Event  (TDE) 8
Stein+ 2021; Reusch+2022

©︎NASA

• Stars are torn apart by supermassive black holes 
=>  luminous ( 1043 erg/s) & long ( year) optical & X-ray transients  

• Several TDEs are reported as possible associations with cosmic neutrino events 
∼ ∼

Stein+ 2021; Reusch+2022; van Velezen+2024; Jiang+2024; Yuan+2024; Li+2024



Tidal Disruption Event  (TDE)？ 9

IceCube ICRC 2025

©︎NASA

• Using the updated IceCube data, some TDEs are not within the error regions 
• Dedicated analysis is demanded to further examine TDE-neutrino paradigm

IceCat-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, e!ectively 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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Blind analysis policy 10

Conventional method in astronomy

10

(1) Neutrino alert!

(2) Let’s perform follow-up

(C) IceCube collaboration

(C) IoA/U. Tokyo

Conventional method in astronomy

Credit: Masaomi Tanaka



Blind analysis policy 11

Conventional method in astronomy

11

(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

Conventional method in astronomy

Credit: Masaomi Tanaka
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Conventional method in astronomy

12

(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

Conventional method in astronomy

Credit: Masaomi Tanaka
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Blind analysis

(1) Neutrino alert!

(2) Let’s perform follow-up
(C) IceCube collaboration

(C) IoA/U. Tokyo

Credit: Masaomi Tanaka
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Blind analysis

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

(1) Neutrino alert!

(2) Let’s perform follow-up
(C) IceCube collaboration

(C) IoA/U. Tokyo

Credit: Masaomi Tanaka
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Blind analysis

(1) Neutrino alert!

(2) Let’s perform follow-up
(C) IceCube collaboration

(C) IoA/U. Tokyo

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

3. Perform “pre-fixed” search
We should not change the selection 

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

cosmological parameters)

Credit: Masaomi Tanaka
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Figure 1. Localization areas of IC230724A and our HSC r-band image. Black circle and rectangle show 90% probabability
region from the automatic alert (v1) and updated alert (v2), respectively. Blue solid and dashed circles show 90% and 50%
probability regions from IceCat-2, respectively. The region surrounded by green lines show our background region.

2. OBSERVATIONS AND DATA REDUCTION

2.1. Observations

We performed Target-of-Opportunity (ToO) imag-
ing observations toward the localization region of
IC230724A with Subaru/HSC (Miyazaki et al. 2018).
Our observations were conducted on 2023 August 10 and
23 UT. We planned further follow-up observations, but
it was not possible due to an issue of the prime mirror
of the Subaru telescope. The epochs of our observations
correspond to 18 days and 31 days after the neutrino
detection, respectively. Hereafter, we call these obser-
vations Epoch 1 and 2, respectively. In each epoch, we
obtained the images with three optical filters (g, r, and
i bands).
Images were taken toward two pointing centers (Fig-

ure 1): one is centered to the position estimated in the
automated alert from the IceCube collaboration (v1),
while the other is centered to the position estimated

in the updated alert (v2, IceCube Collaboration 2023).
The field of views of two pointing positions have overlap.
For each set of filters and pointing centers, one 30 sec

image was first taken for photometric calibration. Then,
5 set of 300 sec images were taken with dithering to
fill the CCD chip gaps of the HSC. The observational
conditions (seeing and transparency of the sky) were
excellent except for the i-band observations at Epoch
1, which su!ered from a poor seeing due to strong wind.
Summary of our observations is given in Table 1.
After our observations were conducted, IceCube col-

laboration presented an updated event catalog of alert
tracks (IceCat-2, Zegarelli et al. 2025). The 50% and
90% probability regions for IC230724A in IceCat-2 are
shown with blue dashed and solid ellipses in Figure 1,
which is centered at (ω, ε) = (33.22→, →2.13→). Since
this localization is estimated by an improved recon-
struction technique in IceCat-2, we use this localization
throughout the paper. The areas for the 50% and 90%
probability regions are 0.42 deg2 and 1.18 deg2, respec-

Subaru Follow-up to IC 230724A
17

• Wide (~deg2) & deep (~ 25mag)  
=> Only Subary/HSC are cabable

• Subaru follow-up  
on excellent IceCube Alert  
IC 230724A  
(Angular Error ~ 0.6 deg )

• ToO observations on 
 2023/08/10 & 2023/08/23

• Following epochs  
canceled by mirror trouble

• New neutrino event reconstruction 
=> neutrino position shifted  
=> error regions are not fully covered 
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Figure 1. Localization areas of IC230724A and our HSC r-band image. Black circle and rectangle show 90% probabability
region from the automatic alert (v1) and updated alert (v2), respectively. Blue solid and dashed circles show 90% and 50%
probability regions from IceCat-2, respectively. The region surrounded by green lines show our background region.

2. OBSERVATIONS AND DATA REDUCTION

2.1. Observations

We performed Target-of-Opportunity (ToO) imag-
ing observations toward the localization region of
IC230724A with Subaru/HSC (Miyazaki et al. 2018).
Our observations were conducted on 2023 August 10 and
23 UT. We planned further follow-up observations, but
it was not possible due to an issue of the prime mirror
of the Subaru telescope. The epochs of our observations
correspond to 18 days and 31 days after the neutrino
detection, respectively. Hereafter, we call these obser-
vations Epoch 1 and 2, respectively. In each epoch, we
obtained the images with three optical filters (g, r, and
i bands).
Images were taken toward two pointing centers (Fig-

ure 1): one is centered to the position estimated in the
automated alert from the IceCube collaboration (v1),
while the other is centered to the position estimated

in the updated alert (v2, IceCube Collaboration 2023).
The field of views of two pointing positions have overlap.
For each set of filters and pointing centers, one 30 sec

image was first taken for photometric calibration. Then,
5 set of 300 sec images were taken with dithering to
fill the CCD chip gaps of the HSC. The observational
conditions (seeing and transparency of the sky) were
excellent except for the i-band observations at Epoch
1, which su!ered from a poor seeing due to strong wind.
Summary of our observations is given in Table 1.
After our observations were conducted, IceCube col-

laboration presented an updated event catalog of alert
tracks (IceCat-2, Zegarelli et al. 2025). The 50% and
90% probability regions for IC230724A in IceCat-2 are
shown with blue dashed and solid ellipses in Figure 1,
which is centered at (ω, ε) = (33.22→, →2.13→). Since
this localization is estimated by an improved recon-
struction technique in IceCat-2, we use this localization
throughout the paper. The areas for the 50% and 90%
probability regions are 0.42 deg2 and 1.18 deg2, respec-

Blind analysis 
18

Source region

Background region• Blind analysis:  
Actual data in the error region will be 
analyzed after we have completed 
estimation of  
- Background rate  
- Recovery rate

• Background rate 
- Data-driven method  
- Use background region data

• Recovery rate  
- Both data-driven & simulation-driven 
- need to provide source model



5.3. Piece-wise Parameterization

In order to overcome the limitations of the parameterizations
discussed in previous sections, a “piece-wise” model is
introduced. Here, the energy spectrum is described as sum of
power laws with a fixed spectral index (γ= 2.0) in pre-defined,
fixed segments of neutrino energy. This allows for measuring
the flux strength in a well-defined range of neutrino energy and
enables easy comparison to predictions from the literature and
to other measurements. The total flux strength is then given by
Equation (5), where the flux normalizations per bin fi

piece are fit

parameters and E i
low and E i

high form the bounds of bin i.

( ) ( ) · ·

( ) ( )

¯ å c f
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Prior to performing the fit on the experimental data, the energy

ranges of the segments were defined to be equally spaced in log-
energy spanning the sensitive energy range of the astrophysical
measurement (see Section 4) with three segments. Additionally,
one segment above and below have been added, respectively, to
cover the full energy range. The full parameterization of the
astrophysical flux is given in Equation (5), and the energy ranges
and obtained best-fit normalizations fi

piece are listed in Table 5.
Figure 4 visualizes the obtained flux measurement of the piece-
wise parameterization together with the results of the single power
law, power law with cutoff, and log-parabola models. In all
models beyond the single power law, hints for a softening of the
spectral shape as a function of energy are found.

5.4. Flux Predictions for Specific Source Classes

Besides the wide range of generic parameterizations for the
energy spectrum discussed in the sections above, it is also
possible to compare the experimental data to source-class
specific flux predictions directly. The total astrophysical flux
may originate from multiple source classes, thus it is not
expected that a single flux prediction can fully explain the
observed data. Instead, we model the total astrophysical
component as sum of the predicted energy spectrum model
times a free normalization fmodel and a single power law to
cover other potential flux contributions:

( ) ( )
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F = ´
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m m E E
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Model

100 TeV
. 6

astro. model

SPL

SPL⎛⎝ ⎞⎠
A representative set of different source-class specific

predictions have been selected, focusing on predictions not
already covered by the performed test of a single power law,
and including variations of the benchmark models shown in the
publications (see Table 6). All these predictions model the
cumulative expected flux at Earth for the given source class.
The obtained fit results using these predictions are listed in
Table 6. The test statistic TSfree model from Equation (7)
compares the best-fit result including the additional component
of the source-class specific flux prediction to the hypothesis of
only a single power law. That is, TSfree model= 0 implies that
the description of the experimental data can not be improved
with an additional contribution from the model prediction and
the fit instead prefers the single power-law model. For these
cases, upper limits on the model normalization are computed at
90% CL employing Wilks’ theorem.
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Similar to the results using the generic parameterizations for the
energy spectrum, we find that model predictions with a softening
of the spectral shape in the energy range 100 TeV− 1 PeV
describe the experimental data better than the single power law.
For example, the addition of spectral components as predicted by
the models from Senno et al. (2016) and Liu et al. (2018)

Table 5
Piece-wise Parameterization: Energy Ranges and Result of the Likelihood Fit

Energy Range (Eν) Norm. ( )f Ci
piece units

Piece 1a 100 GeV–15 TeV 0.0+3.1

Piece 2 15 TeV–104 TeV -
+2.22 0.8

0.8

Piece 3 104 TeV–721 TeV -
+1.21 0.31

0.32

Piece 4 721 TeV–5 PeV -
+0.33 0.18

0.22

Piece 5a 5 PeV–100 PeV 0.0+0.41

Note. Note that all piece-wise normalizations are optimized simultaneously in
the fit, i.e., correlations between the segments are fully taken into account. The
given 68.27% uncertainty ranges are obtained from one-dimensional profile
likelihood scans. aPieces 1 and 5 have been added to cover the full energy
range here; upper limits (90% CL) are computed.

Figure 4. Summary of best-fit models for the astrophysical neutrino flux. The
bins from the piece-wise unfolding are marked in green and in gray wherever
only upper limits are calculated. The single power-law band is drawn in the
sensitive energy range as defined in Section 4. All models with more degrees of
freedom than the single power law show a trend from a hard spectral shape at
medium energies to a softer spectrum at highest energies.
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19Our strategy: Constrain a population
• let us try to constrain a population  

     of transients as neutrino sources
• We assume that a population of TDEs  

contribute to diffuse flux by a fraction λ
• λ < 1:   

fraction of neutrino-emitting TDE  is lower  
• We try to constrain the value of λ
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Figure 1. Localization areas of IC230724A and our HSC r-band image. Black circle and rectangle show 90% probabability
region from the automatic alert (v1) and updated alert (v2), respectively. Blue solid and dashed circles show 90% and 50%
probability regions from IceCat-2, respectively. The region surrounded by green lines show our background region.

2. OBSERVATIONS AND DATA REDUCTION

2.1. Observations

We performed Target-of-Opportunity (ToO) imag-
ing observations toward the localization region of
IC230724A with Subaru/HSC (Miyazaki et al. 2018).
Our observations were conducted on 2023 August 10 and
23 UT. We planned further follow-up observations, but
it was not possible due to an issue of the prime mirror
of the Subaru telescope. The epochs of our observations
correspond to 18 days and 31 days after the neutrino
detection, respectively. Hereafter, we call these obser-
vations Epoch 1 and 2, respectively. In each epoch, we
obtained the images with three optical filters (g, r, and
i bands).
Images were taken toward two pointing centers (Fig-

ure 1): one is centered to the position estimated in the
automated alert from the IceCube collaboration (v1),
while the other is centered to the position estimated

in the updated alert (v2, IceCube Collaboration 2023).
The field of views of two pointing positions have overlap.
For each set of filters and pointing centers, one 30 sec

image was first taken for photometric calibration. Then,
5 set of 300 sec images were taken with dithering to
fill the CCD chip gaps of the HSC. The observational
conditions (seeing and transparency of the sky) were
excellent except for the i-band observations at Epoch
1, which su!ered from a poor seeing due to strong wind.
Summary of our observations is given in Table 1.
After our observations were conducted, IceCube col-

laboration presented an updated event catalog of alert
tracks (IceCat-2, Zegarelli et al. 2025). The 50% and
90% probability regions for IC230724A in IceCat-2 are
shown with blue dashed and solid ellipses in Figure 1,
which is centered at (ω, ε) = (33.22→, →2.13→). Since
this localization is estimated by an improved recon-
struction technique in IceCat-2, we use this localization
throughout the paper. The areas for the 50% and 90%
probability regions are 0.42 deg2 and 1.18 deg2, respec-

Background region

8359 
objects

567

293

0 
(0.048) in our 0.918 deg2 covered regionμbkg ≃ 0.03

Background region 
1.44 deg2

PFS shape; Extension 

Proper motion; Known stars

Color; Variability
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Figure 2. Examples of our TDE lightcurve templates at
ω = 7.5→ 1014 Hz or (ε = 4000 Å) at the source rest frame.
We fix Lpk = 1043.5 erg s→1 and varied the other parameters
to indicate diversity of the population.

Lunardini 2023). Some scenarios argue that neu-254

trino production can be delayed from the optical255

peak by more than 100 days (e.g., Yuan et al.256

2024; Mukhopadhyay et al. 2024). However, op-257

tical follow-up observations in general are not258

suitable to constrain these scenarios, and thus,259

we do not discuss them.260

We also take into account the luminosity function and261

redshift evolution of TDEs, although these are still un-262

certain. The neutrino counterpart should appear on the263

basis of the energy generation rate, and thus, we assume264

that the probability distribution function of the source265

TDE luminosity follows L2
pk(dN/dLpk), where dN/dLpk266

is the luminosity function of TDEs. We use the lumi-267

nosity function in terms of the peak UV and optical268

blackbody luminosity for ZTF-detected TDEs given by269

Yao et al. (2023).270

The redshift distribution of the neutrino-emitting271

TDEs is computed in a way similar to Toshikage et al.272

(2025). First, we set the local TDE rate using the black-273

body luminosity function at the break luminosity, R0 =274

6→ 10→8 Mpc→3 yr→1 at Lpk = 1.5→ 1044 erg s→1 (Yao275

et al. 2023). Then, we assume that these TDEs provide276

the dominant contribution to the di!use neutrino flux277

detected by IceCube, which enables us to estimate the278

neutrino energy fluence per TDE, ωω = 1.5 → 1052 erg279

(see Eq. (2) in Toshikage et al. 2025). Here, we use280

the negative redshift evolution of TDEs given by Sun281

et al. (2015), which is supported by IR-echo observa-282

tions (Necker et al. 2025). Using this ωω , the negative283

TDE redshift evolution, and the IceCube e!ective area284

(Aartsen et al. 2017), we can compute the redshift dis-285

tribution of neutrino sources (see Eqs. (8) and (16) in286

Yoshida et al. 2022 by replacing the Poisson term to287

the singlet one). We cautiously note that the red-288

Figure 3. Redshift distribution of the neutrino-emitting
TDEs. The thick-solid line is our reference distribution. The
thin-dashed and thin-dotted lines are for the neutrino energy
fluence of ϑω = 3 → 1051 erg and redshift evolution with the
star-formation history, respectively.

shift distribution of neutrino-emitting TDEs is289

di!erent from the redshift distribution of TDEs.290

The redshift distribution of the neutrino emit-291

ting TDEs should be roughly proportional to the292

contribution of TDEs in each redshift bin, which293

drops to 0 at z=0. Also, the redshift distribu-294

tion strongly depends on the assumed redshift295

distribution of TDEs.296

The resulting redshift distribution is given in Figure297

3. This redshift distribution strongly depends on the298

assumed TDE distribution. Since we adopt a negative299

redshift evolution of TDEs, the neutrino-emitting TDEs300

(thick solid line) tend to locate closer than the neutrino301

sources with the star-formation history evolution (thin302

dotted line). On the other hand, the redshift dis-303

tribution is insensitive to the neutrino fluence304

per TDE.305

As described in Section 4, we use the brightness con-306

trast with respect to the host objects for the candidate307

selection using the light curves. Thus, we also need to308

estimate the flux from the host galaxies of TDEs. We309

use the g-band all-galaxy luminosity function given in310

Faber et al. (2007) as the luminosity function of TDE311

hosts. To estimate g-band flux of host galaxies, we as-312

sume that SEDs of the TDE host galaxies can be de-313

scribed by a power-law form of εFω ↑ ε→0.5. This314

spectrum is roughly consistent with the SEDs of blue315

galaxies (Sdm and Spi4) in the SWIRE spectra tem-316

plates (Polletta et al. 2007). In reality, the populations317

of TDE host galaxies are more complicated. Neverthe-318

less, our assumptions are conservative in the sense that319

TDEs occuring in green-valley and elliptical galaxies are320

more easily identified owing to lower g-band luminosity.321

g-band

r-band

TDE Lightcurve templates

Simulated lightcurves
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• Apply our filtering processes => No TDE found in the source region
• Try to constrain the fractional contribution of TDEs, λ
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which is evaluated by performing 105 mock observations
based on our signal hypothesis by taking into account
the estimated errors. The allowed regions of ω is evalu-
ated by the method of Feldman & Cousins (1998).
The threshold parameters for (III) photometric clas-

sification cut (Section 4) is chosen such that ! is maxi-
mized with the conditions of nT = 1 and ω = 0. In such
a case, we can write

Lsig

Lalt
=

1→ exp(→µbkg)

1→ (1→ µsig) exp(→µbkg)
↑ µbkg

µsig + µbkg
, (8)

where we use µbkg ↓ 1 for the last equation. Then, max-
imizing ! is equivalent to maximizing µsig/µbkg. Thus
our parameter choice is equivalent to maximizing the
purity of the signal.

6. RESULTS FOR FOLLOW-UP OBSERVATIONS
TO IC230724A

In Section 4, we have determined the values of TPR,
µsig, and the background rate, µbkg, by thorough analy-
sis in the background region. Then, using the statistical
method given in Section 5, we have analyzed the data
in our source region. As a result, no TDE candidate
is found in our source region after the final photometric
classification cut. The results are summarized in Table 5
and Figures 5, where orange circles and red squares are
variable objects that pass (I) image-quality cut and (II)
Galactic star cut, respectively. After (III) photomet-
ric classification cut, no objects are left in the source
region6.
We would like to discuss constraint on the fractional

contribution of TDEs to the cosmic neutrino back-
ground, ω. Since our analysis results in no TDE can-
didate, we perform 105 mock observations for a given
value of ω. Using these and statistical method discussed
in Section 5, we compute the probability of realizing
nT = 0 as a function of ω. If the probability is less than
0.1, ω could be constrained. Our result shown in Figure
6 indicates that the probability is always higher than
10%, and thus, we do not put any constraint on ω with
current dataset.

7. FUTURE PROSPECTS WITH RUBIN/LSST

6 We notice that the numbers of transient candidates given in Table
5 are higher than the numbers estimated in the background region
given in Table 2. This might be caused by vignetting, which
causes slight degrading in the limiting magnitude (→ 0.1 mag)
at the edge of the field-of-view, leading to →30% decrease in
the number of unrelated transients. Our analysis result is not
a!ected by this slightly increased background rate as the Poisson
uncertainty in the background rate is more dominant.

Table 5. Number of variable objects
within our source region.

Selection ñT
a

Total 5800

Image-quality cut 485

Galactic star cut 275

Photometric classification cut 0

Note— a Total number of TDE can-
didates in our source region of 0.918
deg2 after each selection process.

Figure 5. Variable objects in our source region. The
solid- and dashed-blue lines are the 90% and 50% uncer-
tainty ranges of IC230724A, respectively. Our source region
is the region enclosed by both the black- and blue-solid lines.
The orange circles and red squares are locations of variable
objects left after (I) image-quality cut and (II) Galactic star
cut, respectively. No object is left after (III) photometric
classification cut.

Although our follow-up observations to a single neu-
trino event cannot constrain the source TDE population,
multiple follow-up campaigns near future will be able to
put a meaningful constraint. In this section, we discuss
the prospects for constraints on the source TDE popu-
lation with Rubin/LSST (Ivezić et al. 2019), which will
provide an excellent photometric data set. These data
sets should cover the entire error regions of multiple neu-
trino alerts. Here, we evaluate the expected constraint
on the fractional contribution of TDEs to the cosmic
neutrino background.

IceCat-2
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artificial sources, which gives a TPR of this selection (as
a function of magnitude).
Figure 4 shows the TPR of (I) image-quality cut as a

function of magnitude. The TPR is about 0.85 at 20–
24 mag. Many artificial sources that are not detected
are located near very bright stars, around which the
quality of image subtraction is poor. Near the detection
threshold (→ 25↑26 mag), the TPR drops below 0.5. For
the simulated observations performed in Section 4.3.3,
we use the smoothed curve which matches the lower side
of the measured TPR (the gray dashed line in Figure 4).

4.3.2. Galactic star cut

Galactic star cut consists of two criteria: one is ex-
clusion of the candidates associated with negative pixels
and the other is the crossmatch with the Gaia variable
source catalog. For the former, we measure the TPR
by using the image with artificial point sources (see Sec-
tion 4.3.1). The injected sources on top of the existing
sources can sometimes cause a large number negative
pixels due to imperfect image subtraction. We find that
1% of the injected sources are mistakenly excluded by
our criterion (more than 10 significant negative pixels in
20 ↓ 20 pixel region). Thus, the TPR of this criterion
is 0.99.
For the crossmatch with the Gaia variable source cat-

alog, there is a small probability that the true neutrino
source is located on the Gaia variable stars by chance.
We estimate the chance probability by using a typical
number density of Gaia variable stars at a Galactic lat-
itude similar to that of IC230724A (b = ↑58.5 deg).
The number density in this Galactic latitude is found to
be about 23 variable objects/deg2, i.e., 21.1 objects in
our source region (0.918 deg2). Thus, the chance coinci-
dence probability within 2 arcsec radius is 3↓10→5. The
corresponding TPR of this selection criterion is 0.99997,
which is equivalent to 1 for our purpose.

4.3.3. Photometric classification

We perform simulated observations of source TDEs
using SNCosmo package5 (Barbary et al. 2016). We con-
struct our own TDE lightcurve templates described in
Section 3 and Appendix B. We simulate the TDE detec-
tion rate with 6441 generated TDEs using the same ob-
servation conditions (epoch, filter, sky noise level) as our
Subaru/HSC observations. Then, applying (I) image-
quality cut and (III) photometric classification, we eval-
uate the TPR for our selection procedure. The TPR for
(I) image quality cut depends on the magnitude distri-
bution of neutrino emitting TDEs, and thus, we need

5 SNCosmo: https://sncosmo.readthedocs.io

to evaluate the TPR with simulated observations. Also,
since the detected objects have di!erent magnitude in g
and r bands, we use the TPR of the fainter band when
applying (I) image quality cut. The results are shown in
Table 4, where we see the resulting TPRs for (I) image-
quality and (III) photometric classification cuts are 0.73
and 0.21, respectively. We estimate the error of TPR
using binomial statistics:

ωTPR =

√
Nleft(1↑Nleft/Ntot)

Ntot
, (4)

where Ntot = 6441 is the total number of generated
TDEs and Nleft = 962 is the number of TDEs left after
our selection. With these numbers, we obtain ωTPR =
0.0044. This number needs to be scaled to our source
region value by multiplying the covered fraction of 0.735,
leading to the TPR of our entire selection process to be
0.11 ± 0.0033.

5. STATISTICAL TESTS

We test the hypothesis that IC230724A originated
from a TDE using the likelihood analysis. After ap-
plying all the cuts discussed in Section 4, µsig of the
signal event and µbkg of unrelated transients are left
in the field. In our setup, the resulting number of the
signal transient must be 0 or 1, meaning that we can
use binomial probability distribution. The number of
the background transient could be some integer, which
is determined by Poisson distribution. In addition, we
assume that our source model, a population of TDEs,
contributes a fraction of ε to the di!use neutrino back-
ground. Then, we can write the likelihood for signal
hypothesis as (see Toshikage et al. 2025)

Lsig =





(1↑ εµsig)e→µbkg (nT = 0)

1↑ (1↑ εµsig)e→µbkg (nT ↔ 1)
, (5)

where nT is the number of transients left after the entire
selection procedure. This likelihood is compared to the
one for alternative hypothesis, Lalt(ε̂), in which ε̂ is
chosen such that the likelihood is maximized:

Lalt =





e→µbkg (nT = 0)

1↑ (1↑ µsig)e→µbkg (nT ↔ 1)
, (6)

where we use ε̂ = 0 and 1 for the case with nT = 0 and
1, respectively. Then, the log-likelihood ratio, or our
test statistic, is given by

” = ↑2 ln

(
Lsig

Lalt

)
(7)

We evaluate the probability of realizing the cases with
nT = 0 or nT = 1 using the distribution of test statistic,
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25Prospects with Rubin/LSST
• Rubin/LSST will provide excellent photometric data sets
• More than half of neutrino events can be observable from Rubin site
IceCat-2: Updated IceCube Event Catalog of Alert Tracks

Figure 1: The all-sky distribution of alerts from the IceCat-2 catalog in equatorial coordinates, including
the corresponding 90% containment contours. The thin line indicates the location of the Galactic Plane.

Figure 2: Di!erence in reconstructed directions for IceCat-1 events reprocessed in the IceCat-2 sample (N =
340, excluding vetoed events). The red solid and dashed lines indicate the 50% (median) and 90% quantiles
of angular separations, respectively.

Fig. 2 shows the di!erence in reconstructed directions for IceCat-1 events reprocessed in the
IceCat-2 sample, with 50(90)% of the alerts with angular separation below 0.55(1.62) deg. The
most notable improvement is the significant reduction in localization uncertainties around the best-
fit direction, as illustrated in Fig. 3. In particular, Figs. 3a and 3b show that the median areas
of the 50% and 90% containment contours in IceCat-2 are reduced by factors of approximately 5
and 4, respectively, compared to IceCat-1 (see also Fig. 3c). Furthermore, the distributions are
considerably narrower, with the spread around the median, quantified by the standard deviation
𝐿, reduced by a factor between 7 and 9. Small containment errors around best-fit directions are
also evident in Fig. 1, which shows the all-sky distribution of alerts from the IceCat-2 catalog in
equatorial coordinates, including the corresponding 90% containment contours.

This substantial gain in angular precision directly enhances the e"ciency of EM and multi-
messenger follow-up observations, increasing the chances of identifying astrophysical counterparts

4

Observable by Rubin
IceCat-2: 2025



• Simulated observations with  
Rubin/LSST-like data set 
=>    0.3,    
(conservative choice)  

• 1 follow-up cannot say anything 
unless we luckily find a candidate

μsig ∼ μbkg ∼ 0.01

26Prospects with Rubin/LSST

See e.g. Bardwaj et al 2025 for ML classification
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• We extend our analysis to  
multiple follow-up trials 
 
 
 

• :  
Number of trials satisfying 

• 3 follow-up cannot say anything 
unless we are lucky

NnT≥1
nT ≥ 1
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Figure 6. The probability of realizing nT = 0 (thick-blue-
solid line) as a function of ω. Since the probability is always
higher than 0.1, all the range, 0 → ω → 1, is allowed.

In case we perform our statistical analysis on Ntrial

neutrino alerts, the likelihood for signal and alternative
hypotheses can be modified to

LN,sig(NnT→1; ω) =
Ntrial∏

i

Lsig,i (9)

LN,alt(NnT→1; ω̂) =
Ntrial∏

i

Lalt,i (10)

where subscript i indicates the quantities on the ith trial
and NnT→1 is the number of trials in which more than 1
objects are found, i.e., the number of trials that satisfy
nT,i → 1. We should note that LN,sig, LN,alt, and ω̂
depend only on NnT→1. With these likelihood, we can
write the test statistic as

!N (NnT→1) = ↑2 ln

(
LN,sig

LN,alt

)
(11)

Since Rubin/LSST will have 10-year base-line data,
we can safely exclude steady variable objects, includ-
ing Galactic variable stars, blazars, and AGNs. Thus,
we can focus on photometric classification of TDEs and
SNe, which is much easier than what we did in Sec-
tion 4. As reference values, we conservatively assume
TPR=0.5 and µbkg = 0.03, although recent photomet-
ric TDE classifiers might be able to achieve better scores
(Bhardwaj et al. 2025; Stein et al. 2024). Considering
signalness = 0.6 for high-quality IceCube Gold alerts,
we set µsig = 0.3 for our analysis. IceCube issues Gold
Alerts a few times a year, and roughly half of them
would be observable by Rubin/LSST for a few months.
Considering the 10-year duration of Rubin/LSST, we
expect Ntrial = 5 ↑ 10. With these numbers of µsig,
µbkg, and Ntrial, we estimate the constraints on the
fractional contribution of TDE to the di”use neutrino

Figure 7. Expected constraints on the fractional contribu-
tion of TDEs, ω, with Rubin/LSST for Ntrial = 7 (top) and
10 (bottom).

background, ω, which are shown in Fig. 7. With 7 tri-
als (NTrial = 7; top panel), we will be able to exclude
ω ↭ 0.2 with 90% confidence level if we detect TDE can-
didates twice or more (NnT→1 → 2). This is equivalent to
state that the fractional contribution by the TDE popu-
lation should be larger than 20%. In contrast, ω ↫ 0.85
would be excluded if we do not detect any TDE candi-
date (NnT→1 = 0). With 10 trials (NTrial = 10; bottom
panel), we will be able to exclude ω ↭ 0.3 if we detect
TDE candidates three times or more (NnT→1 → 3). On
the other hand, ω ↫ 0.6 would be excluded if we do
not detect any TDE candidate (NnT→1 = 0), i.e., the
fractional contribution of the TDE population should
be lower than 60%.
We stress that this constraint is achievable without

dedicated ToO observations by Rubin7: Our estimates
adopt the values of µsig and µbkg for the main survey

7 Spectroscopic ToO observations with other telescopes are helpful
to firmly classify transients as discussed in Section 8.
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Figure 6. The probability of realizing nT = 0 (thick-blue-
solid line) as a function of ω. Since the probability is always
higher than 0.1, all the range, 0 → ω → 1, is allowed.

In case we perform our statistical analysis on Ntrial

neutrino alerts, the likelihood for signal and alternative
hypotheses can be modified to

LN,sig(NnT→1; ω) =
Ntrial∏

i

Lsig,i (9)

LN,alt(NnT→1; ω̂) =
Ntrial∏

i

Lalt,i (10)

where subscript i indicates the quantities on the ith trial
and NnT→1 is the number of trials in which more than 1
objects are found, i.e., the number of trials that satisfy
nT,i → 1. We should note that LN,sig, LN,alt, and ω̂
depend only on NnT→1. With these likelihood, we can
write the test statistic as

!N (NnT→1) = ↑2 ln

(
LN,sig

LN,alt

)
(11)

Since Rubin/LSST will have 10-year base-line data,
we can safely exclude steady variable objects, includ-
ing Galactic variable stars, blazars, and AGNs. Thus,
we can focus on photometric classification of TDEs and
SNe, which is much easier than what we did in Sec-
tion 4. As reference values, we conservatively assume
TPR=0.5 and µbkg = 0.03, although recent photomet-
ric TDE classifiers might be able to achieve better scores
(Bhardwaj et al. 2025; Stein et al. 2024). Considering
signalness = 0.6 for high-quality IceCube Gold alerts,
we set µsig = 0.3 for our analysis. IceCube issues Gold
Alerts a few times a year, and roughly half of them
would be observable by Rubin/LSST for a few months.
Considering the 10-year duration of Rubin/LSST, we
expect Ntrial = 5 ↑ 10. With these numbers of µsig,
µbkg, and Ntrial, we estimate the constraints on the
fractional contribution of TDE to the di”use neutrino

Figure 7. Expected constraints on the fractional contribu-
tion of TDEs, ω, with Rubin/LSST for Ntrial = 7 (top) and
10 (bottom).
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als (NTrial = 7; top panel), we will be able to exclude
ω ↭ 0.2 with 90% confidence level if we detect TDE can-
didates twice or more (NnT→1 → 2). This is equivalent to
state that the fractional contribution by the TDE popu-
lation should be larger than 20%. In contrast, ω ↫ 0.85
would be excluded if we do not detect any TDE candi-
date (NnT→1 = 0). With 10 trials (NTrial = 10; bottom
panel), we will be able to exclude ω ↭ 0.3 if we detect
TDE candidates three times or more (NnT→1 → 3). On
the other hand, ω ↫ 0.6 would be excluded if we do
not detect any TDE candidate (NnT→1 = 0), i.e., the
fractional contribution of the TDE population should
be lower than 60%.
We stress that this constraint is achievable without

dedicated ToO observations by Rubin7: Our estimates
adopt the values of µsig and µbkg for the main survey

7 Spectroscopic ToO observations with other telescopes are helpful
to firmly classify transients as discussed in Section 8.
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NnT≥1 = 4

NnT≥1 = 2NnT≥1 = 0

•  => λ > 0.6 disfavored

•  => λ < 0.3 disfavored

NnT≥1 = 0

NnT≥1 ≥ 3

• With 10 trials, we can constrain λ 
for most values of NnT≥1

68% C.L.

90% C.L.

90% C.L.68% C.L.

99% C.L.Excluded
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Multiple neutrino detection = “Multiplet”

( RSN
4 Δ 105 GpcΩ3 yrΩ1 ) ( V

0.1 Gpc3 ) ( ∼t
30 day ) ( deg2

1 )NSN,unrelated × 0.01

∼− × 1 deg2

Number of unrelated objects become small enough to discuss association

Assuming high eventrate transients
e.g., Supernova (SN),

Singlet VS multiplet
30

• Multiplet
• Low expected distance 

=> good with small telescopes  
& almost background free

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

“Multiplet”
z ~ 0.15Yoshida+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

ZTF 
(1.5m)

Subaru/Rubin 
(8m)



12Background estimation

Using background area ~ 16,000 times larger than target area
Create our own filtering criteria by fully data-driven way   
=> low background rate (0.02) and high recovery rate (0.98)

Massive ZTF data available ( )Abkg ∼ 16000Asig

31

Credit: Seiji Toshikage 
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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), re-
spectively. 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 out-
line 68% containment uncertainty regions of each event de-
termined by assuming Gaussian distribution, while magenta
solid lines represent that of the fitted directions. The back-
ground color scales represent the residuals of the signal like-
lihoods: →2! logLsig. Small gray stars in the bottom panel
represent neutrino events observed around the time of multi-
plet detection (from MJD59007 to MJD59047), but are not
included in the multiplet found by the seed event method (see
Sec. 3.1). In the lower panel, the cyan diamond represents
the direction of a Fermi source 4FGL J0001.4-0010 (Ballet
et al. 2023), which is separated by 0.28→ from the best fit
direction.

Figure 7. Contours of excluded region of neutrino transient
source parameters (E↑

ω , ωω) at 90% confidence level when
!Tmax = 30 days, 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 di”use flux when the signal source spectrum is ε = 2.3.
These di”use flux constraints are determined so as not to
overshoot the energy distribution of the measured di”use
neutrino flux (Abbasi et al. 2022a) (see Sec. 5.1). All the
constraints are obtained assuming the SFR compatible evo-
lution.

5. DISCUSSION

5.1. Relationship with constraints by the di!use
neutrino flux

Transient sources should also contribute to the dif-
fuse neutrino flux and their contributions must be less
than the total observed di!use flux intensity, resulting
in parameter constraints on (E→

ω , ωω) (Murase & Wax-
man 2016; Yoshida et al. 2022). The diagonal line in
Fig. 7 corresponds to the maximally allowed limit of
the partial contributions of transient source fluxes im-
plied from the di!use neutrino flux assuming ε = 2.3.
Note that this value is towards the lower range of spec-
tral indices inferred from the di!use flux by IceCube.
The upper bound is determined by requiring that the
assumed flux does not exceed the IceCube track limit
(as a benchmark of the flux, we are using the flux level
ϑ
ωµ+ω̄µ

@100 TeV = 1.44 → 10↑18 GeV↑1 cm↑2 sec↑1 sr↑1 and
ε = 2.37 (Abbasi et al. 2022a)). With present sensitiv-
ity, the constraint by the multiplet analysis is weaker
than the interpretation of the measured di!use flux.

5.2. Posterior analysis of higher-rank multiplets

A triplet event on June 2020
IceCube Collaboration 2025
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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% conwdence levels. Yellow regions are typical parameter spaces for TDEs (Y. Yao et al. 2023) and SLSNe
(T. J. Moriya 2024).
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21Results: Constraints from non-detection

One multiplet search can put meaningful constraints on source properties

Con:rmation of low-background&high-recovery rate a priori

Single follow-up analysis  
can put strong constraints  

on physical quantities

• 2 parameters: 
tdecay, Lpk

4

new alert filtering scheme dedicated for neutrino follow-
up observations and carefully measure the TPR of true
transients and background rate, as described in Section
3.

3. ANALYSIS

3.1. Analysis strategy

In this work, we follow a blind analysis strategy. This
means that we do not analyze the data in the localiza-
tion area of ICT-MJD59015 (Figure 1) until we fully
determine the criteria of our alert filtering scheme.
We define signal as the optical transient associated

with the neutrino triplet event ICT-MJD59015. It is ex-
pected to be an extragalactic transient with a timescale
of months at a relatively low redshift (see Section 3.2).
The background of our analysis is divided into two
classes: bogus detections and astrophysical background
events. Bogus detections consist of artifacts arising from
image subtraction. Astrophysical background events
are unrelated optical transients such as variable stars,
AGNs, unrelated SNe and TDEs in the direction of ICT-
MJD59015.
To distinguish the signal from these backgrounds, we

develop our alert filtering system. For the statistical
analysis, we must carefully measure the TPR of our fil-
ters and the expected number of background objects re-
tained in the final sample. For the estimation of the
TPR of signal, we adopt a hybrid approach combining
an analytical source model and “data-driven” method.
Since the characteristics of optical transients associated
with the triplet event ICT-MJD59015, such as luminos-
ity and timescale are not known in advance, we imple-
ment the light curve model by employing an analyti-
cal function that possesses specific parameters designed
to describe the characteristics of the source (see Sec-
tion 3.2). Nevertheless, the TPR is contingent upon
the actual image quality, which is subject to the ob-
serving conditions. Thus, it is necessary to use the ac-
tual imaging data (i.e., “data-driven” method) to reli-
ably estimate the TPR. To this end, we construct con-
trol data samples, which consists of ZTF imaging data
obtained from sky regions that do not lie within the
ICT-MJD59015 localization region (see Section 3.3 and
3.4). The control data is then utilized to empirically
estimate the number of alerts or objects that pass the
series of signal selections, which is then turned into the
TPR estimate following the data-driven approach (see
Section 3.5). The estimation of the number of back-
grounds is made entirely data-driven, with the control
data set serving as the primary source of information.
The estimated TPR and background penetration rate
are used as inputs in a statistical analysis to constrain

the characteristics of the neutrino transient source (see
Section 3.6). The TPR and background rate for each
stage of the filtering levels are summarized in Table 2.

3.2. Model of signal - optical emission from ω source

In this section, we describe our signal model, i.e., the
light curve model of the optical emission from the neu-
trino source. We here do not consider a specific neutrino
emission model from optical transient. We provide a
simple optical lightcurve model for the neutrino source
to constrain the parameter space of optical signals. Im-
plications on specific scenarios are discussed in Section
5.
We assume that the source has an exponentially de-

caying lightcurve with a sharp rise at the source frame:

Lω(t) = Lpk
Bω(T )

εT 4/ϑ
exp

(
→ |t→ tpk|

tdecay

)
!(t→ tpk), (1)

where Lω is the di”erential photon luminosity (per fre-
quency), Lpk is a normalization factor, tpk is the peak
time of the lightcurve, tdecay is the decay time, Bω(T ) is
the Planck function, T is the temperature of the ther-
mal photons, and !(x) is the Heaviside step function.
Since we analyze the data after the neutrino detections,
the rise phase of model light curve does not a”ect our
analysis (see Section 3.5).
In this study, we choose tdecay and Lpk as primary

parameters. For simplicity, we adopt T = 104 K and
2↑104 K for superluminous SNe (SLSNe) and TDEs re-
spectively, based on the typical blackbody temperatures
of known SLSNe and TDEs (S. van Velzen et al. 2021;
Y. Yao et al. 2023; Z. H. Chen et al. 2023). We examine
two values of the peak time of the optical lightcurve:
#t = 0 and 30 days, where #t = tω,1 → tpk.
We model the redshift distribution of the source as

follows. First, we give the local volumetric event rate
of a neutrino source class, R0. The current IceCube
sensitivity for neutrino multiplet detection allows us to
examine the objects with R0 ↭ 10→7 Mpc→3 yr→1 (S.
Yoshida et al. 2022), which is comparable to the events
rates of TDEs (e.g., Y. Yao et al. 2023) and SLSNe (e.g.,
T. J. Moriya et al. 2019). More frequent transients,
such as interaction-powered SNe, are unlikely to yield
detectable neutrino multiplet events with the current
neutrino detector.
Suppose that a single source class provides the dom-

inant contribution of the cosmic neutrino background
intensity measured by IceCube. Considering neutrino
emission from standard candles (i.e., the sources with
the same luminosity contribute the cosmic background
at any redshift), we can estimate the mean neutrino flu-
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Summary
• Rare transients are easier to identify by optical follow-up to singlet neutrino alerts  

=> Let us try to constrain TDE population as neutrino source
• We developed a blind analysis method using Subaru follow-up on IC230724A,  

although we cannot constrain the TDE population
• Future Rubin/LSST will be able to constrain TDE population with 
• Multiplet alerts will be able to constrain the optical transients features

Ntrial = 10

34

90% C.L.

90% C.L.

99% C.L.

10

which is evaluated by performing 105 mock observations
based on our signal hypothesis by taking into account
the estimated errors. The allowed regions of ω is evalu-
ated by the method of Feldman & Cousins (1998).
The threshold parameters for (III) photometric clas-

sification cut (Section 4) is chosen such that ! is maxi-
mized with the conditions of nT = 1 and ω = 0. In such
a case, we can write

Lsig

Lalt
=

1→ exp(→µbkg)

1→ (1→ µsig) exp(→µbkg)
↑ µbkg

µsig + µbkg
, (8)

where we use µbkg ↓ 1 for the last equation. Then, max-
imizing ! is equivalent to maximizing µsig/µbkg. Thus
our parameter choice is equivalent to maximizing the
purity of the signal.

6. RESULTS FOR FOLLOW-UP OBSERVATIONS
TO IC230724A

In Section 4, we have determined the values of TPR,
µsig, and the background rate, µbkg, by thorough analy-
sis in the background region. Then, using the statistical
method given in Section 5, we have analyzed the data
in our source region. As a result, no TDE candidate
is found in our source region after the final photometric
classification cut. The results are summarized in Table 5
and Figures 5, where orange circles and red squares are
variable objects that pass (I) image-quality cut and (II)
Galactic star cut, respectively. After (III) photomet-
ric classification cut, no objects are left in the source
region6.
We would like to discuss constraint on the fractional

contribution of TDEs to the cosmic neutrino back-
ground, ω. Since our analysis results in no TDE can-
didate, we perform 105 mock observations for a given
value of ω. Using these and statistical method discussed
in Section 5, we compute the probability of realizing
nT = 0 as a function of ω. If the probability is less than
0.1, ω could be constrained. Our result shown in Figure
6 indicates that the probability is always higher than
10%, and thus, we do not put any constraint on ω with
current dataset.

7. FUTURE PROSPECTS WITH RUBIN/LSST

6 We notice that the numbers of transient candidates given in Table
5 are higher than the numbers estimated in the background region
given in Table 2. This might be caused by vignetting, which
causes slight degrading in the limiting magnitude (→ 0.1 mag)
at the edge of the field-of-view, leading to →30% decrease in
the number of unrelated transients. Our analysis result is not
a!ected by this slightly increased background rate as the Poisson
uncertainty in the background rate is more dominant.

Table 5. Number of variable objects
within our source region.

Selection ñT
a

Total 5800

Image-quality cut 485

Galactic star cut 275

Photometric classification cut 0

Note— a Total number of TDE can-
didates in our source region of 0.918
deg2 after each selection process.

Figure 5. Variable objects in our source region. The
solid- and dashed-blue lines are the 90% and 50% uncer-
tainty ranges of IC230724A, respectively. Our source region
is the region enclosed by both the black- and blue-solid lines.
The orange circles and red squares are locations of variable
objects left after (I) image-quality cut and (II) Galactic star
cut, respectively. No object is left after (III) photometric
classification cut.

Although our follow-up observations to a single neu-
trino event cannot constrain the source TDE population,
multiple follow-up campaigns near future will be able to
put a meaningful constraint. In this section, we discuss
the prospects for constraints on the source TDE popu-
lation with Rubin/LSST (Ivezić et al. 2019), which will
provide an excellent photometric data set. These data
sets should cover the entire error regions of multiple neu-
trino alerts. Here, we evaluate the expected constraint
on the fractional contribution of TDEs to the cosmic
neutrino background.

IceCat-2

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% conwdence levels. Yellow regions are typical parameter spaces for TDEs (Y. Yao et al. 2023) and SLSNe
(T. J. Moriya 2024).
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 Targeting rare objects for singlet 36

Usual SNe
TDEs

Subaru/Rubin ZTF

CSM SNe

NTDE ≤ 1

NSNe ≥ 1

• We can identify rare transients  
as neutrino sources with singlet



 Low background rare with Multiplet 37

Usual SNe

Subaru/Rubin ZTF

CSM SNe

Nbkg ≪ 1

NSNe ≥ 1 • We can identify any transients  
as neutrino sources with multiplet



17Data analysis: 

All detections

Image quality Multiple detections No galactic star

Prede:ned criteria optimized through data-driven measurements

No persistent source
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