Constraining optical transients
as cosmic neutrino sources
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Cosmic high-energy neutrinos
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| Sources @ E < 100 TeV: Seyfert galaxies?
lceCube has established e.g., IceCube 2022, 2025: Murase, SSK+2026, Fiolliro+2024

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



Transient neutrino sources

 Energetics:
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e Various optical transients are
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Expected distance to Sources
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e ZTF: too shallow to detect
v-source TDE

- e Subaru/Rubin: deep enough
| to detect v-source TDE



Single neutrino detection = “Singlet” Credi: Seifi Toshikage

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

0- Neutrino source

~ 2500
Mpc

N. ~ 100 Rsw v s\ ((dee? 000
SN, unrelated 4 x 105 Gpc—3 yr-! 102 Gpc3 30 day 1

Need to distinguish a neutrino-emitting object from 100s of transients/variables
=> Rare transients could be identified as neutrino counterparts
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Stars are torn apart by supermassive black holes

Time since discovery [d]

=> |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; L1+2024
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Tidal Disruption Event (TDE) ?

IceCube ICRC 2025
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« Using the updated IceCube data, some TDEs are not within the error regions
 Dedicated analysis is demanded to further examine TDE-neutrino paradigm
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B I i N d alnd IySiS pO I icy Credit: Masaomi Tanaka
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B I i N d alnd IySiS pO I icy Credit: Masaomi Tanaka

(3) | found such an exiting object!

A TDE but radio emitting, A SN but very luminous...
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B I i N d alnd IySiS pO I icy Credit: Masaomi Tanaka

‘ W (2) Let’s perform follow-up

(3) | found such an exiting object!

A TDE but radio emitting, A SN but very luminous...

(4) Let’s estimate how special this object was...

But we already know the “answer”
] => bias in the statistical test
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B I i N d alnd IySiS pO I icy Credit: Masaomi Tanaka
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B I i N d alnd IySiS pO I icy Credit: Masaomi Tanaka

0. First let’s understand our data
=> Fix the search criteria
e and estimate background
] £\ => Likelihood ratios (signal vs background)
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B I i N d alnd IySiS pO I icy Credit: Masaomi Tanaka

‘ 0. First let’s understand our data
& => Fix the search criteria
Y- and estimate background
] =5\ => Likelihood ratios (signal vs background)

Ak . (2) Let’s perform follow-up

3. Perform “pre-fixed” search
We should not change the selection
according to actual findings
(c.f. Hubble constant,
cosmological parameters)
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Subaru Follow-up to IC 230724A

Wide (~deg?) & deep (~ 25maqg)
=> 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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Blind anaIyS|s

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

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

e Recovery rate
- Both data-driven & simulation-driven
- need to provide source model
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Our strategy: Constram a populatlon

« 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 A

il
e A\ < 1: -
|
fraction of neutrino-emitting TDE is lower &
. |
e We try to constrain the value of A z
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Background objects in Optical data

Reference Observed Subtracted

o . . .

Galactic
Stars

Other
Transients
& variables
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3 filtering processes

- Artifact - Galactic - Extragalactic
— Asteroids variables variables

Image-quality Cutp=========secceccaeeecce e e ech e e eem el

PFS shape; Extension

Galactic star cut| ======ccccccccccccccccccccceecnefdecccccnnennn - -

Proper motion; Known stars

Photometric classification cut|================sccccccameeaenann=- -

Color; Variability
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Background Rate: Data-driven method

Background region
1.44 deg?
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Recovery rate estimate

Data-driven method + simulated observations ..

- Neutrino
TDE

Data-driven [Galactic star Cutf===============-gm==-==--

TDE Lightcurve templates

Lok = 10%3> erg/s

Luminosity (vL,) [erg/s]

method
O . 9 9 —100 0 100Time2([)3ays]300 400 500
---------------------------
0.96
Simulated | 12 0e_quality cut|-s===m=mzmamamafanan-. A
observations 07] ZS.lmu ated lightcurves
Photometric classification cutj======f====~=- gleoz-‘ g-band
0.17 s ] r-band
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Unblind results
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« Apply our filtering processes => No TDE found in the source region
« Try to constrain the fractional contribution of TDEs, A
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Prospects with Rubin/LSST

Rubin/LSST will provide excellent photometric data sets
More than half of neutrino events can be observable from Rubin site

Equatorial Sky Map

75°

Declination
! o

IceCat-2: 2025

[ceCat-2 best fit
------- lceCat-2 90% contour

9

75° Right Ascension IceCube Preliminary
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Prospects with Rubin/LSST

Simulated observations with
Rubin/LSST-like data set

=> Il/lsig ~ 03, //tbkg ~ (.01

(conservative choice)
See e.g. Bardwaj et al 2025 for ML classification

1 follow-up cannot say anything
unless we luckily find a candidate
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Prospects with Rubin/LSST ;

« We extend our analysis to % Niria) = 3
multiple follow-up trials = 1.0- xcluded
Ntrial | e e e AL
‘CNaSig(NnTZl; )‘) — H Esig,z’ :l 08
Nt/iil T>)
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AN(NnT>1) — _2111 (ﬁjjsz:algt> 8 0.4 | === 68% C.L.
| = --- 90% C.L.
® NnTZI 8
Number of trials satisfying n, > 1 = 0.2
« 3 follow-up cannot say anything S Nys1=0
unless we are lucky 2 0.0 ¢ . | | . .
= 0.0 0.2 0.4 0.6 0.8 1.0



Exclusion Confidence Level (1 — prob)
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» Follow-up analysis to multiplet event
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Singlet VS multiplet

Figure by Selji Toshikage
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e Multiplet
o Low expected distance
=> good with small telescopes
& almost background free

Assuming high eventrate transients 1
e.g., Supernova (SN), aedshift

.AQ ~ 1 deg? 04

N. ~0.01 Rox v A\ (e 9000
SN,unrelated : 4% 105 Gpc—3 yr—l 0.1 Gpc3 30 day 1

Number of unrelated objects become small enough to discuss association
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IceCube Collaboration 2025
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Create our own filtering criteria by fully data-driven way
=> |low background rate (0.02) and high recovery rate (0.98)



Constraints on optical transient sources”

o ) parameters: 1045 At=0 day, |Og(g\) [erg])=512
tdecay’ ka Ly(t) = Lpk f;gi exp (— ’tt;;pk') O(t — tpx) :
18- v limiting mag. (g) |
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Single follow-up analysis
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. Summary

33



34

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

e Future Rubin/LSST will be able to constrain TDE population with NV, .... = 10

Iria
e Multiplet alerts will be able to constrain the optical transients features

At =0 day, log(e, [erg])=51.2
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Targeting rare objects for singlet
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e We can identify rare transients
as neutrino sources with singlet
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Low background rare with Multiplet

Subaru/Rubin ZTF
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Data analysis:

Credit: Seij1 Toshikage

Image quality Multiple detections No galactic star  No persistent source
All detections : :
© o ©° -—— M
° (<*;\) o O : ()
) k) )
© o . A .
) O SN G O (o) »
o ’§0 ) @ o @ o o
o O
((*))0 o= O) @g ()
33,339 11,622
120, Py 5.13+0.03 1.790.02 e
19.5¢£.r15q. e 0.061+0.003

Recovery rate measurement 0.983

Predefined criteria optimized through data-driven measurements



