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Detection of Cosmic Neutrinos

EHE Gold

GFU Gold
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lceCube reported detection of
extraterrestrial neutrinos in 2013

GFU Bronze

HESE Bronze
HESE Gold
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e ~ 300 Cosmic neutrino candidates

* |sotropic distribution
—> Cosmic high-energy neutrino background



Cosmic HE Neutrino Background Spectrum

- leeCube ICRE 2025 — Single Power Law » Energy range: TeV-PeV
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Difficulty for Neutrino Source ldentification

» e ¢ » P
'I‘ » >

v
v

v

Optical s
) * Optical telescopes
~ 1 sec (Subaru)

Resolution of

: : * Neutrino signals
heutrino signal

~ 3600 sec (lceCube)

‘

 Too many optical objects
within error region

* Pick up source candidates
—> Theoretical prediction




High-energy neutrino production

- pp inelastic collision

Target e
u ]

Cosmic ray

°* P+pP ™ P+PF+TI
¢ TI*— 3v+e
° T[O—PZY

Interaction between CRs & photons/nuclei > Neutrino production
Gamma-rays inevitably accompanied with neutrinos




Source Candidates

e Cosmic-ray accelerator pYy * Cosmic-ray Reservoir pp

e Gamma-ray Bursts e Blazars e Galaxy Clusters e Starburst Galaxies

Waxman & Bahcall 1997 o
Dermer & Atoyan 2003...........
Guetta et al. 2004

Abell 2744 <, -]

M.}

Manheim &B ann 1989
Halzen & Zas 1 ]m7 A
10_85 IS B D B B O B shock 4 s - | 'MUI:ase 'et. 31-2008. Loeb&Waxman 2006
= Fermi 2011 0 f Uprstrearm downstream . ; Kotera et al. 2009 |
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‘T‘g 10k f’, %} — = T Wl ' ) o |
g0y E I CR accelerators inside reservoir
LT>"> 10_125_ E = s . .
0 | wrvme g _ — CR trapped in reservoirs
B b T W — Neutrino production by pp
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Gamma-ray Constraint on Neutrino Sources

hadronic y-ray emission normalized to best-fit neutrino flux

Fermi Satellite is measuring |
cosmic gamma-ray backgrounds 10-6| \Y ey theory
v flux@10 TeV > V-ray flux@100 GeV _ E{l} | Neutrino theory
Consider sources from which = 0| ﬁﬂ%

. | .
both vy & v can easily escape N _ T \ | |

. . | | P Neutrino data
—> fit theory to neutrino data z | rﬂ* \ - ) +
— y-ray theory >> y-ray data > \% ST N\ T P
v-ray needs to be absorbed & \ ) T
. . o ! Ll - \
inside the sources (hidden source) | I \ -
yt+y—>e +e” 10-9} R
Bechtol et al. 2017 \\ g]oba] fit range
X-rays efficiently absorbs GeV y-rays  Muraseetal. 2013, 2006 o oo N
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e Cosmic-ray accelerator

VE [erg g cm_z]

Source Candidates

e Gamma-ray Bursts
Waxman & Bahcall 1997
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How to find neutrino sources

- Catalog search(r — v) - Follow-up program( v — )
* Matching neutrino data with * EM follow-up observation
EM source catalog to cosmic neutrino signal
—> Neutrino source identification ~ Neutrino source identification
» Applicable to any kind of sources * Applicable only to transients
« Cannot control catalog quality * Deeper observation possible
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How to find neutrino sources

- Catalog search(r — v)

 Matching neutrino data with

EM source catalog

— Neutrino source identification

* Applicable to any kind of sources

« Cannot control catalog quality
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Stacking Analysis (GRBSs)

-6
10 Semi-analytic (Prompt)
— — — = Analytic (Prompt)
o
5 1077
o
A
:Ei
.e-:i.
NS
1078
/
/) SSK 2022 \\

105 108 107 100 10°
Neutrino energy E, [GeV]

» Stacking analysis of >1000 GRBs
— No associated neutrinos

— Less than | % of
cosmic neutrino background

IceCube 2012, 2015, 2017

e e a1 e e e s . Ao e e e 241 s e 22
| W Global Fit (2015) South v, GRB (5 yr)
106 | North v, (2016) —— (Cascade GRB (3 yr)
F| = Combined Analysis == North v, GRB (7 yr)

10° 104 10° 100 107 108 107
v Energy (GeV)

*  Only the prompt phase is constrained

* Delayed emission may be still possible

Murase et al. 2006 PRL; SSK et al. 2017 ApJ;
but see IceCube 2022 for limit on delayed emission



GRB221009A =

Photon lightcurve
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- Single event puts a limit
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Stacking Analysis (Blazars)

50 — : L ]
| | | I BLR/Dust Torus - ! 2LAC Blazar Upper Limit . = = _equal weighting |
49 - Blazar Zone e 1 = —6 _ E 5 R
PP I ——— n 10 | — gt = =25, L, > 10 TeV |-oooveenn y-welghting -« - 3
= YT AT NG A 10 ' ' | - IceCube 2017-
.—|:_' 46 S S T - E T S N |
“w - /2 L '_‘ ‘,“ ““‘ O ! .
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a2 e quasar-hosted 4G T :
;|m> 44 ™ blazars /X “ | § : :
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39 - L A & 2 - : - - - : :
3g L VA | | | | i 10l BE®¥ Astrophysical Diffuse Flux | L f
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Murase et al. 2014 Neutrino Energy [GeV]

e Stacking analysis:
862 GeV-emitting blazars

—> No associated neutrinos | |
> Less than 7 % of  Radio-selected blazars are also constrained,

although results contradicting among group
Plavin et al. 2021; Buson et al. 2022; Zhou et al. 2021

e This constraint is applicable only to
Fermi-detected blazars

cosmic neutrino background




Source Candidates

e Cosmic-ray accelerator

e Gamma-ray Bursts

Waxman & Bahcall 1997 Fcinanl
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Treumann+ 08
Diff usive acceleration

e Cosmic-ray Reservoir

e Galaxy Clusters

AbSIFRTAAG o o:

" Murase ef al. 2008,
~ Kotera et al. 2009

CR accelerators inside reservoir
— CR trapped in reservoirs
—> Neutrino production by pp

PP

e Starburst Galaxies

15

Loeb & Waxman 2006
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Point Source Search w 10yr data

[ Signal [ Total
1 Background ¢ Data

p— pe——

g1

IceCube 2022

- -
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---------
..........................

Declination

TXS 0506+05®6

24h | 19h | Oh

Right Ascension 20
* Focusing on Northern hemisphere 0

» The brightest spot: NGC 1068 (M77)
80 Neutrino events coming from NGC1068

— evidence of neutrino signal from nearby Seyfert (4.2 O)

M77 (NGC 1068)
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AGN ACCre.tiOn FIOWS 10cm 1cm  1mm 100um 10um 1um 1000A 0.1 keV 1keV 10keV

46 | | | | | | | | |
» QSO: Blue bump & X-ray - Ho 2008 . QS0 :
—>Optically thick disk + coronae = Mr f
. : No blue bump & X-ray ﬁ’ 42:_ _'
—>Optically thin flow I e log Log/Leqa = 0 '
Radiatively Inefficient Accretion Flow (RIAF) < 4| e -
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\ log (v/Hz)
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' r mic r | o Y Wind?
- - EOMRGRYD . Comptonized X rays
— GO CR-induced cascade
black noEFs | | " Ry ome Y% ;’
mtergchon turbulence - S %'/e‘ ectrons Tu rb u Ie nce p
xbiice ray e g g CR; optical/UV
high-energy particle
f . MRI
RIAF electromagnetic e o e + 1 .
field | R PTPTE . —=1f_ ) =0 )
B PR accretion T black hole \'3\

n—-y+ety i "
L LAGN .. ek f % ;J %2
e+y - ety Accretion Shock?

Protons in coronae & RIAFs are collisionless - |[Non-thermal proton production




Particle Acceleration in Accretion Flows k

Particle-In-Cell Simulations in shearing box MHD + Test particle simulation
Hoshino 2013, 20135; Riquelme et al. 2012; Kuntz et al. 2016

SSK+ 2016 ApJ, 2019 MNRAS; Sun & Bai 2021

MHD Turbulence Evolution of |
Distribution function

—— t=4.0t,
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MRI turbulence T & | clen
Diffusion in E space

14.28 ]

g g 2 Non-thermal tail Stochastic acceleration by

&/mc2 interaction with MHD turbulence

Magnetic reconnection = relativistic particle production

Interaction with Turbulence - further energization
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AGN Accretlon Flow Model| s

V
| é - : ‘ ' — gamma-ray & neutrino emission ‘ QSO ‘
T e S w Comptonized X rays
it o ” ol .- CR-induced cascade ‘Ev‘
- ® o il plasma
;{, | cosmic rays . : CR Opthal/UV

- s N
— ~

~ ﬂ thermal

black hole " . . r’, it
interaction turbulence %‘4 ectrons
e

cosmic

oy
turbulence e

accretlon
| high-energy particle disk 5 blaCk hole 5
2 : reactions
elecmf)izilzgnetlc iy G R %
P+yY = P+n
n—-y+etvy
LLAGN yiyo ete

ety —-¢€e+Yy

« Equations for cosmic-ray protons

0F, 1 0 OF, e E, .
e S =2 2D, | P_F, P F)in
ot ez Jep 08p  lTpcos

Ce (Va ? rr\ 42 9
o= (L) ()2
»~H\ ¢ ) \H)

See also SSK+ 2019; Kheirandish, Murase, SSK 2021
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Multi-messenger Spectra from NGC 1068

10
Y%
Murase, SSK+ 2020 Cascade Y
. . -7 _
Possible to explain IceCube data . 10 5 TeeCube -
without overshooting y-ray data i : eASTROGAM
< -8 N _
CR acceleration is suppressed by & 10 V. \ | =
BH process (p+y—> p+et) with UV = EAMEGO-X :
O 100 L Fermi LAT -
Both pp & py (with X-rays) contribute | 10 : / e$l E
to resulting neutrino flux L HH
-10
107" F E
Cascade emission at 10 MeV
—>Testable by MeV vy ray satellites T 4
10

104102102107 10° 10" 102 10° 10* 10° 10° 10
E [GeV]



N e a r by S eyfe rt ga I a X i e S Kheirandish, Murase, SSK 2021

e Our model predicts L, o Ly
—> list up bright v-source candidates

Source ool NGC 1068 (Ly = 10%ergs )
Cen A = 1~ [ceCube 10 yr |
Circinus Galaxy o | Stochastic ;
ESO 138-1 RN N
NGC 7582 .

NGC 1068 @10

NGC 4945 B Stochastic

NGC 424 107 (modest CR pressure)

UGC 11910 BT T T T T
CGCG 164-019 B, [GeV]

NGC 1275

e Our model predicts that
NGC 1068 should be detected first

* This list is based on BASS catalog
we need to examine X-ray data quality

21
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Cosmic High-energy Background from RQ AGNS

Comptoni edX ays dZ / L IoF L
CR-induced ¢ i dLHa Ha v T4, IGM)
% y& optica l/UV 47THO \/ 1 + Z SQm -+ QA P 82'
;’/ \

1 MRI
disk {gﬁ% Z%
QSO
y (Total) Neutrinos (Total)
y by thermal e (RIAFs) — — — — Yy by thermal e (AGN Coronae)
Cascade y (RIAFs) - — — — Cascade y (AGN Coronae) o QSO X-ray & 10 TeV neutrinos
Neutrinos (RIAFs) - — — = Neutrinos (AGN Coronae) '
e * LLAGN: MeVy & PeV neutrinos
e Coronae by thermal e
n Yy By SSK+ 2021 .
~ * Copious photons
c v by non-thermal p . .
> 4 e-
it Pty Coronae ~ efficient yy ere .
» P, —> strong GeV y attenuation
> N\ -
g LN J[ — GeV flux below the Fermi data
— b EM cascades
s A - 3 e AGN cores can account for
N D \
= L ANy keV-MeV y & TeV-PeV v background
O -1 0 1 2 3 4 5 o6 7

log(E) [GeV] See also Murase, SSK+ 2020 PRL: SSK+ 2019, PRD: SSK+ 2015
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How to find neutrino sources
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7__ )

up program( v — r)
EM follow-up observation

to cosmic neutrino signal

— Neutrino source identification

* Applicable only to transients
 Deeper observation possible

- Follow
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signal by one-zone approximation
X-ray data is the most constraining
Challenging to achieve expected flux,
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but 1-10% flux can be achieved reasonably
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ILLUSTRATION

Star is torn apart by SMBH
—> luminous & long duration transient

Details of physical processes unknown

2 associations of IceCube events with TDEs (3.50)?
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Neutrino Emission Models for TDEs

Fang+ 2017; Senno+ 2017;Winter+ 2020
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 Corona model : possible (High neutrino flux; time delay: state transition of disks)
 Wind model :challenging (High neutrino flux; time delay: delayed interaction etc)
e Jet model . unlikely (Low neutrino flux : time delay: target photon evolution)

Murase+ 2020
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Test for TDE-neutrino paradigm

» Expected distance to typical neutrino emitting TDEs: z ~ 0.5 — 1(TDE@2z=0.5:

21-24 mag)
—> Deep photometric observation (limiting magnitude for 4m telescope: 24 mag)

* Neutrino error region: 1 deg?

—> Need Wide field of view (typical FoV: 0.03 deg?)

» Currently, only Subaru/HSC can achieve these two features

e Let us search for slow-blue transients (ToO proposal accepted by Subaru 23A, B)

18- _  B— > 7 Il (z=0.2) ====-= Luminous la (z=0.6)
Il (z=0.2) ====-= Luminous la (z=0.6) o~ lbc (220.2)  meee- faint 1a (z=0.2)
19 —-— Ibc (z=0.2)  ==-=--- faint la (z=0.2) 4 TDE (220.5) o
TDE (z=0.5) _ - - . .
20 ; o 3 ,
5 (© L 5 . -
21 --a| ZTF E s
e o W e e
22- | i S
> L 7
o— -
25 F IS EE -1

60 —40 -20 0 20 40 60 80 —60 -40 -20 O 20 40 60 80
Time since neutrino detection [day] Time since neutrino detection [day]



29

Future prospects of optical follow-up

« Vera Rubin Observatory (LSST): e Subaru PFS:
 Wide & Deep photometric survey « Wide FoV multi-object spectroscopy
* |imiting magnitude < 23 mag e Possible to perform spectroscopy to all

the transients in neutrino error region
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We can identify TDE & Jetted SNe as eutrino sources
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Summary

* Origin of cosmic neutrinos are a new big mystery in astrophysics
* Previously popular models are already disfavored

e AGN accretion flow models can explain cosmic neutrino background
<— Future MeV-GeV y & TeV-PeV neutrino observation robustly test our model

 TDE-neutrino associations are reported, but situation is controversial.
<— future optical follow-up is essential to test the TDE-neutrino paradigm
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