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Cosmic high-energy neutrinos 4 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 pω interactions
can be hard up to certain energy at which the system is
calorimetric for cosmic-ray protons, and indeed fpω ↭ 1 is
satisfied at εp ↭ 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 εp ↑ 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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in Fig. 5, we have εpk
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for Model A. For Models B and C, we obtain
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and ε
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, respectively. Here ε
pk
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is the peak neutrino energy, at which εpLϑp 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

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



How to find neutrino sources?
5

• Stacking analysis （γ → ν） • Follow-up Observations（ ν → γ)

ZPKL ]PL^

���T[VW ]PL^ � ��� ���� ���� ���� ���� ����
QDQRVHFRQGV

Figure 1: Event display for neutrino event IceCube-170922A. The time at which a DOM
observed a signal is reflected in the color of the hit, with dark blues for earliest hits and yellow
for latest. Time shown are relative to the first DOM hit according to the track reconstruction,
and earlier and later times are shown with the same colors as the first and last times, respectively.
The total time the event took to cross the detector is ⇠3000 ns. The size of a colored sphere is
proportional to the logarithm of the amount of light observed at the DOM, with larger spheres
corresponding to larger signals. The total charge recorded is ⇠5800 photoelectrons. Inset is an
overhead perspective view of the event. The best-fitting track direction is shown as an arrow,
consistent with a zenith angle 5.7

+0.50

�0.30
degrees below the horizon.

4

ν ?? Neutrino  
Sources

γ

γ

ν

γ

γ

• Neutrino Alerts 
 + Follow-up observations by EM 
→ Identify neutrino sources 

• Only works for transients 

• We will have better EM data

• Integrated Neutrino data 
 + Catalogued sources by EM 
→ Identify neutrino sources 

IceCube 2018

Neutrino SourcesNeutrino Alert ＋ Follow-up 
Observations



Singlet VS multiplet
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• Singlet
• Higher signalness &  

higher issuing rate  
=> more trial possible

• Large expected distance  
=> need large telescopes

• Multiplet
• Lower signalness  

=> need a number of trials
• Low expected distance  

=> good with small telescopes

• Can we constrain neutrino sources 
with singlets?

(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

Masaomi’s talk
Seiji’s talk



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

Subaru/Rubin

• 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),

8Slide from Seiji Toshikage

Need to distinguish a neutrino-emitting object from 100s of transients/variables



 Targeting rare objects 9

Usual SNe
TDEs

Subaru/Rubin ZTF

CSM SNe

NTDE ≤ 1

NSNe ≥ 1

• We can identify rare transients  
as neutrino sources



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) 10
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)？ 11

Stein+ 2021; Reusch+ (incl. SSK) 2022

©︎NASA

• Using the updated IceCube data, some TDEs are not within the error regions

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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IceCat-2: Updated IceCube Event Catalog of Alert Tracks
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Models on Neutrino emission from TDEs

• Theoretically, TDEs are feasible to produce high-energy neutrinos 
• Many scenarios are proposed => We need more observations to test scenario 
• Dedicated analysis is demanded to examine TDE-neutrino association

12

When the accretion becomes sub-Eddington, the disk state
will change to a standard geometrically thin/optically thick
disk (Shakura & Sunyaev 1973). If the viscous time at
circularization radius is longer than the circularization time, the
time evolution of the mass accretion rate in the standard disk
may be represented by h» -M L c t tEdd rad

2
vis

19 16( [ ])( )
(Cannizzo et al. 1990), which is applicable to an isolated disk
where mass losses or supplies are negligible. Note that at earlier
times the accretion rate has a shallower index, −11/14, due to
stalled accretion (Mummery & Balbus 2019a, 2019b). The
mass accretion rate is related to the bolometric luminosity as

h h= ´ - -
-L Mc m M1.3 10 erg sbol rad

2 43
rad, 1 1 BH,7

1   , where
=m Mc L2

Edd  is the normalized mass accretion rate. The
transition accretion rate from the super-Eddington to sub-
Eddington accretion is given by h= -m rad

1 , and the viscous time
is evaluated at the outer radius of the disk at the state transition.
Here, we assume that M is constant inside the disk, which
can be realized if the outflows from the standard disk are
negligible, as shown by numerical simulations (e.g., Ohsuga &
Mineshige 2011).

If the mass accretion rate decreases below a critical value
a» -m 0.03crit 1

2 (Mahadevan et al. 1997), the accretion state
changes into that of a hot accretion flow, or a RIAF.

In the following two subsections, we will explore two core
models for high-energy neutrino and gamma-ray production
that probe the different accretion regimes described above. The
neutrino and gamma-ray production sites in the core models are
indicated in Figure 1.

2.1. Corona Model

By analogy to active galactic nucleus (AGN), we postulate
the existence of a hot corona above a slim or standard accretion
disk around the central SMBH. The details of long-term disk
accretion in the TDE environment are still uncertain (e.g.,
Bonnerot et al. 2016). We estimate plasma quantities and CR
properties in coronae using the empirical relations obtained by
multiwavelength observations of AGN (Murase et al. 2020).

Either a slim or standard disk provides copious optical and UV
photons, whose spectrum is multi-temperature blackbody emission.

In the standard disk, for example, the inner disk temperature
is estimated as ps»T GM M R0.488 3 8disk BH SB ISCO

3 1 4( ) (e.g.,
Pringle 1981), which typically lies in the UV range. In the TDE
case, the early-time emission may not be directly observed because
it can be reprocessed by the surrounding optically thick material
(e.g., Loeb & Ulmer 1997; Strubbe & Quataert 2009; Dai et al.
2018). But late-time optical and UV emission is often attributed to
the disk emission (e.g., Leloudas et al. 2016; van Velzen et al.
2019; Wevers et al. 2019).
In a corona, electrons are heated presumably by magnetic

dissipation, cooled via the Comptonization of optical/UV disk
photons, and efficiently emit hard X-rays. Observationally, the
electron temperature in AGN coronae is found to be

~ -kT 10 100 keVe . When the Coulomb relaxation time is
longer than the dissipation timescale, one may expect a two-
temperature plasma, in which thermal protons have a virial
temperature of -kT R R5.2 MeV 30p S

1( ) , where R is the
coronal radius. The plasma beta, b pº n kT B8 p p

2/ , is intro-
duced to estimate the magnetic field strength B. Here, np is
the number density of thermal protons. For β∼0.01−1, we
expect B∼0.1–30 kG.
For AGNs, there is an empirical relationship between the

bolometric luminosity Lbol and X-ray luminosity LX (in the
2–10 keV energy range), which reads as ~ -L L0.03 0.1X bol( )
for ~ - -L 10 10 erg sbol

42 45 1 (Hopkins et al. 2007). The
spectral properties of the disk-corona system are often character-
ized by the Eddington ratio, l º L LEdd bol Edd (Ho 2008). The
coronal X-ray spectrum becomes softer for larger values of λEdd,
which is also consistent with the slim and standard disk models.
The Thomson optical depth can be estimated by the X-ray
spectrum. We use these spectral templates as a function of the
disk luminosity Ldisk andMBH. Note that the relationship between
the observed X-ray and optical/UV fluxes is generally nontrivial
in the TDE case (e.g., Auchettl et al. 2017). The disk state would
change as time, and early-time emission may originate from the
super-Eddington accretion. Also, the X-ray and UV emission can
be obscured and reprocessed by the TDE debris.
Protons may be accelerated to relativistic energies by plasma

turbulence (e.g., Lynn et al. 2014; Comisso & Sironi 2018;
Kimura et al. 2019b; Wong et al. 2020) and/or magnetic
reconnections (e.g., Zenitani & Hoshino 2001; Sironi et al.
2015; Rowan et al. 2017; Werner et al. 2018; Petropoulou et al.
2019). For example, the stochastic acceleration timescale is

h e» -t c V H c eBHB A p
q

acc
2 2( ) ( )( ) , where εp is the proton

energy, H is the coronal scale height, VA is the Alfvén velocity,
q∼1.5–2 is the spectral index of turbulent power spectrum,
and ηB is the inverse of the turbulence strength (e.g., Dermer
et al. 1996, 2014). The stochastic acceleration process is known
to be slower than the diffusive shock acceleration, which can
compete with various cooling and escape processes. For high
Eddington-ratio objects (e.g., smaller SMBHs for a given
Ldisk), the Bethe–Heitler pair production ( g  + -p pe e )
becomes the most important proton cooling process because
of copious disk photons, and often determines the proton
maximum energy (Murase et al. 2020). CRs that are subject to
efficient Bethe–Heitler cooling can still produce neutrinos via
photomeson production, but the neutrino flux is significantly
suppressed. For low Eddington-ratio objects (e.g., larger
SMBHs for a given Ldisk), while the maximum energy is often
limited by particle escape (either diffusion or infall), pp
inelastic collisions are more likely to be responsible for high-
energy neutrino production. However, we stress that both pγ

Figure 1. Schematic picture of neutrino and gamma-ray production models
considered in this work (not to scale). In the core models, the emission region is
the corona and disk regions. In the hidden wind model, the emission regions
are sub-relativistic outflows that may be driven by an accretion disk or induced
by collisions among tidal streams. In the jet model, CR acceleration and
neutrino production occur inside relativistic jets. Note that the above scenarios
are not mutually exclusive.
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The Astrophysical Journal, 902:108 (13pp), 2020 October 20 Murase et al.

We modeled this light curve as a composite of two
unmodified blackbodies (a “blue” and a “red” blackbody).
We interpret the time-delayed infrared emission as a dust
echo: The blue blackbody heats surrounding dust, which
then starts to glow. The light curve of this dust echo was
inferred using the method described in Ref. [193] and the
corresponding fit is shown in Fig. 1. An optical or UV
bolometric luminosity of L ¼ 1.4þ0.1

−0.1 × 1045 erg s−1 at peak
was derived. By integrating this component over time, we
derived a total bolometric energy of Ebol ¼ 3.4 × 1052 erg
(the red blackbody was not added, as dust absorption is
already accounted for through the extinction correction).
This is almost twice the inferred bolometric energy of
ASASSN-15lh, which was one of the brightest transients
ever reported [194] and was suggested to be a TDE [195].
Furthermore, the energy budget, bolometric evolution,
and luminous dust echo suggest that AT2019fdr belongs
to a class of TDE candidates observed in AGN (similar
to PS1-10adi [196], AT2017gbl [197] or Arp 299-B
AT1 [198]). For details on the modeling methods, see
Supplemental Material [57].
Following the neutrino detection, we performed radio

observations of AT2019fdr with a dedicated Very Large
Array (VLA) [199] director’s discretionary time (DDT)
program three times over a period of four months, and
obtained multifrequency detections. AT2019fdr shows a
featureless power law spectrum consistent with optically
thin synchrotron emission above∼1 GHzwith no significant
intrinsic evolution between the epochs (see Supplemental
Material [57]). The peak flux density was 0.39# 0.03 mJy
in the 1–2 GHz band. The lack of apparent evolution
suggests that the radio emission is not related to the transient,
but rather originated from the AGN host. An additional
subdominant transient component could be present.
No γ rays were detected by the Fermi large area telescope

(Fermi-LAT) [200] between the first detection of AT2019fdr
and one year after neutrino detection, yielding an upper limit
of 1.3 × 10−12 erg s−1 cm−2 (see Ref. [201]).
AT2019fdr is the second probable neutrino-TDE asso-

ciation found by ZTF. To calculate the probability of
finding two such coincident events by chance, while
accounting for the fact that some TDEs will not be
spectroscopically classified, we developed a broader
sample of photometrically selected “candidate TDEs.”
We selected “nuclear” transients that are at least as bright
as AT2019fdr from the sample of ZTF transients, and
applied cuts to identify TDE-like rise times and decay times
(see Supplemental Material [57] and Ref. [201] for details).
Our sample begins in 2018 (the ZTF survey start), and we
further required a flare peak date before July 2020. We
excluded only transients for which a TDE origin was ruled
out through spectroscopic classification (i.e., our sample
contains all unclassified candidates and all classified
TDEs). To compute the sky source density at any given
time, we conservatively estimated their average lifetime at

1 yr after discovery, yielding an effective source density of
1.7 × 10−4 per deg2 of sky in the ZTF footprint (most
TDEs evolve on shorter timescales, which—if accounted
for—would reduce the effective source density). When
including all 24 neutrinos followed up by our program by
September 2021 (covering a combined area of 154.33
deg2, see Supplemental Material [57]), the probability of
finding any photometrically selected TDE candidate by
chance is 2.6 × 10−2, while the probability of finding two
by chance is 3.4 × 10−4 (3.4σ). We emphasize that these
estimates rely solely on the optical flux and a nuclear
location in the host galaxy, and thus do not account for the
additional luminous dust echoes or postflare x-ray detec-
tions observed for AT2019dsg and AT2019fdr.
Neutrino emission from AT2019fdr.—With a single

neutrino observed in association with AT2019fdr, the
inference of the neutrino flux will be subject to a large
Eddington bias [202] and hence very uncertain. However,
we can make a more robust statement on the neutrino flux
by considering the underlying population (see, e.g.,
Ref. [10]). The detection of two high-energy neutrinos
implies a mean expectation for the full TDE catalog in the
range 0.36 < Nν;tot < 6.30 at 90% confidence, where Nν;tot
is the cumulative neutrino expectation for the nuclear
transients that ZTF has observed. AT2019fdr emits ∼2%
of the g-band peak energy flux for the population of nuclear
transients, consisting of the 17 published ZTF TDEs (see
Ref. [203]) and all TDE candidates as bright as AT2019fdr
(see Supplemental Material [57] for the latter). If we take
this as a proxy for the contribution of AT2019fdr to the
neutrino emission, we would expect a total number of
neutrinos 0.007≲ Nν ≲ 0.13 for this source.
This estimate can be compared to model expectations.

We present three different models invoking pγ and/or pp
interactions, where protons are efficiently accelerated in a
disk corona, a subrelativistic wind or a relativistic jet (see
Supplemental Material [57]). The resulting spectra are
shown in Fig. 2. All models can explain the observed

FIG. 2. Neutrino fluence for the three models described here.
The reported energy of the neutrino event [49], represented by the
dotted vertical line, should be viewed as a lower limit to the
neutrino energy.

PHYSICAL REVIEW LETTERS 128, 221101 (2022)

221101-4

Jet

Corona

Wind

Murase, SSK et al. 2020
Reush et al. (incl. SSK) 2022
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Neutrino Follow-up with Subaru/HSC 14

• Angular error of neutrino: 1 deg2 ==> Wide-field survey (1 deg2) 
• Expected distance: z = 0.5 - 1 ==> Deep survey (24 - 25 mag) 
• Only Subaru/ HSC can achieve both criteria  

=> Look for blue & slowly evolving transients using Subaru/HSC 
• ToO proposals have been accepted for S23A, S23B, S24A, S25A

and i-band observations could enable us to determine the
temperature more precisely.

We perform follow-up spectroscopic observations by
Gemini/GMOS. Spectroscopy enables us to confirm
whether the target is a true d�stant TDE or not, ow-
ing to its broad emission lines (mainly Balmer series) of
> 104 km s�1 and/or highly ionized Fe lines emerging
around the H� line [16]. The neutrino-detected TDEs in-
dicate the broad-line feature even after the neutrino detec-
tion, i.e., more than several months after the peak of op-
tical lightcurves [17]. Besides, spectroscopic observations
will provide information of the host galaxy. Even if the
candidate TDE became fainter than 24 mag at the time
of spectroscopic observation, its host galaxy at z ⇠ 0.5
would be as bright as 23� 24 mag. Host galaxies of ZTF-
detected TDEs are mostly green valley galaxies emitting
emission lines [16]. Several-hour spectroscopic observa-
tions by Gemini/GMOS will detect H� and [OIII] emission
lines with S/N ⇠ 5, with which we can determine its red-
shift. If both the candidate TDE and its host galaxy are
fainter than 25 mag, we will make photometric follow-up
observations by Gemin/GMOS to obtain the lightcurve
and color evolution for a longer time period. This may
enable us to distinguish a TDE from other type of tran-
sients.

The local volumetric TDE rate is ⇠ 103 Gpc�3 yr�1

[16], and the TDE rate has a weaker cosmological evolu-
tion than the star formation rate. Then, the mean dis-
tance to a neutrino-emitting TDE should be z ⇠ 0.5 (cf.
[4]). Our HSC follow-up program will be able to find
a TDE for z < 1, and spectroscopic characterization is
possible for TDEs for z . 0.5. The probability of acci-
dentally finding an unrelated TDE of z < 0.5 within the
error region (⇠ 0.7 deg) during the follow-up time period
(2 months) is ⇠ 0.15. If we find a TDE multiple times
by our program, we can identify TDEs as the dominant
source of cosmic neutrinos.

Estimate of ToO Rate

IceCube is issuing two types of alerts, and we focus
on their GOLD alerts, which have a higher probability of
astrophysical origin.To reduce the contamination of unre-
lated transients, we will trigger ToO only when the an-
gular error of the neutrino event is < 0.7 deg. Then,
the neutrino alert rate with such a small angular error
is ⇠ 0.23 Month�1. Taking into account only a half of
neutrino events occur in the observable sky, the expected
number of ToO during the S23B period is ⇠ 0.68.

Implications

Our proposed observations will be able to identify TDEs
as the cosmic high-energy neutrino source, which will shed
light on the origin of cosmic rays, a decades-long problem
in astrophysics. Also, we can test astrophysical models
of TDE emission and particle acceleration theory, as the
neutrino emission demands the existence of cosmic rays
in a relatively dense environment. Thus, neutrino sig-
nals together with multi-wavelength data from TDEs will
provide unique information of the emission regions. For
example, we can discuss properties of outflows and sur-

Figure 2: Comparison of lightcurves (r-band; top) and
color evolution (bottom) of TDEs [16] and supernovae
[18]. The peak of lightcurves are T = �45 day for TDEs
and T = 0 for SNe. The thick-red curves are the most
luminous (hottest) and faintest (coolest) TDEs with data
for more than 200 days, scaled to z = 0.5. Other TDE
curves lie between the two red curve (pink region). The
vertical lines show the timing of the proposed HSC obser-
vations.

rounding medium using the optical, radio, and neutrino
signals. In addition, neutrino energy and timing of the
neutrino detection will unravel the cosmic-ray acceleration
region, which may lead to the understanding of mysteri-
ous extreme phenomena around black holes, such as the
production mechanism of relativistic jets and cosmic-ray
acceleration at the vicinity of black holes.
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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
15
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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-
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17Our strategy: Constrain a population
• Available data is limited  
→ challenging to constrain physical quantities,  
→ 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

• We try to constrain the value of λ

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.
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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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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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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-
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• Not many TDE expected in background region 
=> we cannot estimate recovery rate by data-driven method 

• Simulated observations with SNCosmo package

20Recovery rate: simulated observations

5

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
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Unblind results
• Apply our filtering processes to the source region
• No TDE found in the source region => consistent with our bkg analysis
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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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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.

Unblind results
• Statistical test with maximum likelihood method  

- try to constrain the fractional contribution of TDEs, λ
• Likelihood analysis with binomial probability distribution
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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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• Only with the current Subaru data,  
we cannot constrain the value of λ 
(partly because incomplete ToO observations)

• We need follow-up observations to multiple  
neutrino events to constrain λ

: number of TDE candidatesnT

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.
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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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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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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

nT = 1

nT = 0

Excluded



• 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

27Prospects with Rubin/LSST
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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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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.

nT = 1
nT = 0

nT = 0

NnT≥1 = 2

NnT≥1 = 1

NnT≥1 = 0

Excluded
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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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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 Ntrial = 10

30

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.
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