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Huge congratulations to Francis
& the entire IceCube Collaboration!




2013: Dawn of High-Energy Neutrino Astrophysics

First detection of PeV events (~3c) HESE analysis (~40)

[ Background atmospheric muon flux

[ Bkg. atmospheric neutrinos (7/K)

Background stat. and syst.uncertainties

—— Atmospheric neutrinos (benchmark charm flux)

—— Atmospheric neutrinos (90% CL charm limit)
Signal+bkg. best-fit astrophysical E~2 spectrum

= T
% T ,
77
7

IPA2013 %

B ) lceCube 13 Science 9%
Neutrino 2012 S : m

LA L rrvseis

IceCube 13 PRL 10 103 PeV

Deposited EM-equivalent energy in detector (TeV)

« Flux: E2 ®,~ 3x108 GeV cm=?s'sr'@ 0.1 PeV
« Spectrum: E,2 w. a cutoff or softer than E, 2?2
« Flavor: consistent w. flavor ratio 1:1:1

« Arrival direction: consistent w. isotropic distribution




High-Energy Cosmic v : Questions

Origin of high-energy cosmic neutrinos

Neutrino production mechanisms: pp/py or else
Connection to y rays and/or cosmic rays?

Origin of UHECRSs (extragalactic CR accelerators)
Origin of Galactic CRs (Galactic PeVatrons)

Particle acceleration mechanisms
Physics in dense environments and high-z sources

Neutrino properties
Physics beyond the Standard Model



Where do neutrinos come from?

active galactic nucleus
(AGN)

¥.. - ;
- galaxy cluster



Galactic Diffuse Neutrinos and Gamma Rays

(Hayakawa—Hutchinson—Morrison)
(Berezinsky-Smirnov-Stecker)

CR interactions w. interstellar gas
p+p—=Nr+X

+

™ = v, + 7, + v (or o) + e+

n’ —=y+y

nh:n*~1:2

y-ray measurements are used for “calibrating” v fluxes (after yy de-absorption)
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Galactic Diffuse Neutrinos and Gamma Rays
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CR interactions w. interstellar gas
p+p—=Nr+X

+ +
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nh:n*~1:2

y-ray measurements are used for “calibrating” v fluxes (after yy de-absorption)
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Only upper limits at sub-PeV y rays existed in 2013, but the Galactic v contribution is subdominant



Galactic Diffuse Sub-PeV Gamma Rays Are Measured

Discovery of sub-PeV vy rays in 2021
(Tibet ASy Collaboration 21 PRL

LHAASO Collaboration 23 PRL)

v fluxes converted from y-ray fluxes
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Fang & KM 21 ApJ, 23 ApJL
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Discovery of Galactic Diffuse Neutrinos
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Galactic Multimessenger Connection

Discovery of sub-PeV vy rays in 2021
(Tibet ASy Collaboration 21 PRL

LHAASO Collaboration 23 PRL
ceCube Collaboration 23 Science)

Galactic Coord.

e -
v fluxes converted from y-ray fluxes

all-sky  mm—m 1ceCube (m0) Tibet ASvy (v)
|averaged IeeCube (KRA5) LHAASO (v)
IceCube (KRA50)

v~y supports hadronic (pp) origin

Open questions
- Truly diffuse vs unresolved sources?
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— better angular resolution — HNR Ablers-Murase 14, GP
1010 super-Pevatrons w. E.,/Z=30 PeV
- Super-PeVatron accelerators? | | | ,
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— larger statistics at higher energies 10 10 ]150 GVl 10 10
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Fang & KM 21 ApJ, 23 ApJL
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All-Sky Multimessenger Flux & Spectrum

IceCube v EHE limit (2019)

-  Fermi gamma-ray (2014)

IceCube v Glashow (2021)
from IceCube 24

~+  Pierre Auger cosmic rays (2013) —#— IceCube v globalfit (2023) H¥ IceCube v ESTES (2023)
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s background neutrinos - cosmic rays
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Dominant Sources: extragalactic (unlike Milky-Way galaxies)



Multimessenger Particle Energetics

UHECR energy generation ~ sub-PeV v energy generation ~ sub-TeV y-ray energy generation
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CR sources with f,,,,, >1

y-ray upper limit on
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v constraint on
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KM & Fukugita 19 PRD
Are 3 messengers connected? (Grand-)unification? (KM & Waxman 16, Fang & KM 18)
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astrophysical source p+p— Nax+X pt+y— N+ X

(GRB, AGN etc.)

™= s v, + 0, +v (or U,) +ef A’ —y+y

+ _
N

cosmic background radiation
(low-energy vy)

extragalactic e + Yems s> € + Y

galaxy ﬁ .
o
& :

intergalactic
magnetic field

v-y connection
is powerful

o

Earth

Milky Way



Extragalactic Multimessenger Connection

Generic power-law spectrum v sources transparent to GeV-TeV y rays
from Murase Ahlers & Lack1 (2013)
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s,<2.1-2.2 (for extragal.); insensitive to redshift evolution of sources

Large contribution to diffuse sub-TeV y: >30%(SFR evol.)-40% (no evol.)
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All-Sky Multimessenger Flux & Spectrum

IceCube v EHE limit (2019)
~+ Pierre Auger cosmic rays (2013)

~  Fermi gamma-ray (2014) IceCube v Glashow (2021)
—— IceCube v globalfit (2023) i IceCube v ESTES (2023) from IceCube 24
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* 10-100 TeV v flux is larger than the benchmark v flux from UHECR sources
* 10-100 TeV v flux mainly originates from sources other than jetted AGNs (blazars)



Extragalactic Multimessenger Connection

10-100 TeV v IceCube data: large fluxes of ~10-7 GeV cm? s sr-’

10-5 All-sky flux
from Murase, Guetta & Ahlers (2016) m?n?mal Py (V)
1 seealso m—minimal py (y)
—_ Murase, Ahlers & Lacki (2013) == pp (V)
-—I' 6 Fang, Gallagher & Halzen (2022)
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pp scenarios (e.g., star-forming galaxies) are excluded if y-ray transparent
tension w. y-ray data (>~3c) even for the minimal py scenario if y-ray transparent

— majority of ~30 TeV vs: hidden (i.e., y-ray opaque) cosmic-ray accelerators



Extragalactic Multimessenger Connection

10-100 TeV v IceCube data: large fluxes of ~107 GeV c:m'2 s1 sr

vvvvvvvvvvvvvvvvvvvvvvvvvvv

68% C.L. 95% C.L. Capanema, Esmaili & KM (2020) 1
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pp scenarios (e.g., star-forming galaxies) are excluded if y-ray transparent
tension w. y-ray data (>~3c) even for the minimal py scenario if y-ray transparent

— majority of ~30 TeV vs: hidden (i.e., y-ray opaque) cosmic-ray accelerators




Prediction of Hidden Neutrino Sources

Hidden (i.e., y-ray opaque) v sources are actually “natural” in py scenarios
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Prediction of Hidden Neutrino Sources

all-sky v intensity of extragalactic v sources (cf. DSNB)

z
c max 1 d - dil L, (Lx, A\
O, =+ / dz /dLX ngN(LX,z,A)/dA = e (£, A)
cosmology X-ray data theory
All-sky flux (measured) (A: model parameters)
—4 - )
10 e KM, Kimura & Meszaros 20 PRL
== AGN coronay Kimura, KM & Meszaros 21 Nature Comm.
— 10-5 e (see also Padovani et al. 24 A&A)
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X 10
£
O
2 1077
S, - Simultaneous explanation for
‘E?J 10-8 the all-sky v and X-ray fluxes
\ o ~.| - Predicting a spectral curvature
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10—416—310'—210'—1 16 ibl 162 163 £b4 165- 166 167‘108 break |n the \Y% data Basu‘s talk

from KM+ (2026) E [GeV]



Prediction of Hidden Neutrino Sources

all-sky v intensity of extragalactic v sources (cf. DSNB)
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Where Do Neutrinos Come from?

+y et e 1 L £
K k Ty (O-’yfy) —X 7 Z 10
for 0.1-300 GeV vy rays 47 R Mec3 MeC?

1 Ry 3 model-independent constraint
- minimal py RS (v) : : .
300 sgvg ——= 1 considering elemag cascade
Y

R < (15-30) Ry

E Fg [GeV cm™ 3'1]

KM 22 ApJL
see also
Das, Zhang & KM 24 ApJ
- Blanco, Hooper, Linden & Pinetti 25 PRD
10 L L Das, KM & Zhang 26 ApJL

10" 10 10° 10*
E [GeV]
compatible w. py calorimetry (f;,>1) condition: R < 30-100 Rg

Massive black hole: sub-PeV proton accelerator & ideal beam dump




What Can We Learn from NGC 10687

vy et e 1\ /oy\ [ Lx £
Tyy ™ ( ) — 2 10
for 0.1-300 GeV v rays 47 R Mec3 MeC?

pp+py, Tr =1

30.0 ., model-independent constraint

Das, KM & Zhang 26 ApS8 s.0  considering elemag cascade

o R <(15-30) Rg
2335 - CR spectrum:

485 2 hard (Scr <~ 2)
48.0 2 o -
o - Emission region:
170 &  strongly magnetized
465 S Es=Ug/Ugn >~ 0.01
S — v production mechanism:
45.0 pp/py
44.5 (yy—pfu & B-decay scenarios

i:-: ruled out by y-rays/CRs/flavors)

25.0

20.0

(Vp]
X 15.0
o

10.0

1.0 1.5 2.0 2.5 3.0 3.5 4,
Scr

compatible w. py calorimetry (f;,>1) condition: R < 30-100 Rg
Massive black hole: sub-PeV proton accelerator & ideal beam dump



High-Energy Phenomena in the Vicinity of Black Holes

“Hot”, “strongly magnetized”, “turbulent” regions around a black hole (coronae)
— promising sites for magnetic dissipation & particle acceleration (Fermi mechanism)

AGNO.2 0.5 Bambic, Quataert & Kunz 23 MNRAS

3D RMHD simulation

w. Athena++ local MHD simulation

corona

rcos@/r,

w. Athena++
8.109
10°-10° K 10° _ o_B.
10 Vv pOHZQ
N
110? o, —0.25
0 ™
- 0
110t —0.5
-10 il Kimura, Tomida & KM 19 MNRAS
& Magnetic energy in 8 = n/2 plane (see also Sun & Bai 21 MNRAS)
10° 0.6 o . 0.6
0.4 1 - 0.4
107! s 0.2 102 0.2
10 20 0 - <
rsin@/r, < °° 2 00
Jiang, Blaes, Stone & Davis 19 ApJ & o5 0 = _go
(see also Liska+ 22 ApJ) '
Test-particle simulations of turbulent —0.4
acceleration based on 3D global MHD -o.6 107

-0.6 —(|).4 —(I).2 0.0 0:2 0:4 0.6

.6
(R/R.)cos¢ -0.50 —-0.25 0.00 0.25 0.50

Rcos¢/R.

High-energy neutrinos now meet the frontier of astroplasma physics



Magnetically Powered Turbulent Corona Model

- Astrophysical data (NGC 1068):

luminosity (Ly~3x1043 erg/s), mass (Mgy~6x10° M), optical depth (t;~0.4)

- Coronal parameters (data & magnetohydrodynamics):
emission region size (R/Rg), magnetic fields, viscosity
- Cosmic-ray parameters (particle acceleration):

injection efficiency, acceleration efficiency (n,,), spectral index (q)

Prediction: cascaded y rays in the MeV range

10-6 NGC 1068
{R=10Rs —— AGN corona v |
] == AGN corona y
10_7?
- ]
Nm
I -8 1"
e 107
O
% ]
O] 10_9'5
T
- 107104

.
o

-11

E [GeV]
https://github.com/pegasuskmurase/ModelTemplates/tree/main/AGNcoronaMM_MKM20model

10-410-310-210-! 10° 10! 102 103 104 105 10°

KM+ 20

see also

Kheirandish, KM & Kimura 21
Eichman+ 22

Ajello, KM & McDaniel 23
Fiorillo+ 24

Lemoine & Rieger 25

Wang+ 26

Yang+ 26

Li & Halzen 26



Corona Model: Predictions and Hints

* Theory prediction: v luminosity ~ intrinsic X-ray luminosity (km+ 20, 24, 26)
brightest for IceCube: NGC 1068, NGC 4151
brightest in the southern sky: Circinus, NGC 4945

e |lceCube v evidences/hints: (iceCube Collaboration 22, 25a, 25b, 26a, 26b)
NGC 1068 (~4c), NGC 4151 (~30),
14 AGNs in the south incl. Circinus (~30)
consistent w. the theoretical picture

- —— All-flavor v (this work)
10~ "E===- y-ray (this work)

10°

[ All-flavor v best-fit (IceCube 2024)
M Fermi-LAT (Murase et al. 2024)

10! 102 103 104 10°

E [GeV]

106k

- ——  Allflavor v (this work)

— == ~-ray (this work)

[ All-flavor v best-fit (IceCube 2024)
M+ Fermi LAT (Murase et al. 2024)

1077
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R e )
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L \
- Galaxy \
10—10 1 IIII|_L|] 1 IIIIIL|] 1 IIIL|] 1 IIIIIL|] L1l IIL|]
1073 1072 107! 10° 10" 102 10® 10* 10° 106

E [GeV]

Carpio, Kheirandish & KM 26 ApJ (see also KM et al. 24 ApJL, Saurenhaus et al. 26 PRD)



Corona Model: Predictions and Hints

Theory prediction: v luminosity ~

intrinsic X-ray luminosity (km+ 20, 24, 26)

brightest for lceCube: NGC 1068, NGC 4151
brightest in the southern sky: Circinus, NGC 4945

lceCube v evidences/hints:

NGC 1068 (~45), NGC 4151 (~30),

14 AGNs in the south incl. Circinus (~3c) 07—+

Population studies are important
10455
: Murase et al. 2026
LoML B CGOG 420-015
8L NGC 4151
E }: I all-sky modeling
42( T [
10 £ Circinus
" Galaxy ¢ NGC 1068
al 1
107 NGC 7469
40: Carpio, Kheirangish & KM 26 ApJ
101042 1 1 I]-I()43 1 1 1 111 l]-l(:]44 1 1 1 11 111
Lx [erg s71]

1045

One-sided Significance [o]

(IceCube Collaboration 22, 25a, 25b, 26a, 26b)

[ceCube-Gen2

Excluding NGC 1068
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Mukhopadhyay+ KM 26 in prep.
(see also Khelrandlsh KM & Klmura 21 ApJ)
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Galaxy

subdominant v sources (Milky Way)

SSlpermassive black holes
Jet-quiet AGN Jet-loud AGN
hidden v sources >100 TeV v sources?

(NGC 1068...) (TXS 0506+0567)



Hunting Extragalactic Cosmic-Ray Accelerators

UHECRs w. E/Z > 108> eV — UHE v w. E, >~ 100 PeV

= 1074 -
| ] — unification (Fang-Murase E H
5 5 MM unification (Fang-Murase 18) & \1gny models proposed in

] Blazars (Murase+ 14) I
T | - = Newborn pulsars (Fang - 14) 4 the past are consistent with
(7] _7 KM3-230213A === GRB afterglow (Murase 07) i
~ 10775 \ r KM3Net+IceCube:

] L it [
5 | huger UES - E2D, <~ 108 GeV cm2 571 sr-1
> 1 e [
§ 10 N e
— \T—'f nucleus=survival-(MurasezBe&acom) (/Q$ $O
be? ] o -h AN mﬁv %Q,V (g\p\
[N Tri et :: : .\
€3 10-9 ] » = NIty ———T" — o — -.~\.’ \ 6,66“2 R0\
= I e % IDNE
_: / i cosmogenic .’\}‘ \

2 0/0 t‘

t 10=30 AUESRIERS GRS cosmogenic “\ \
Q Auger: fit:90%) CL- . . \
E AN
= 10-1 At N\ Y Imodified from Kotera+ KM 26 JCAP
< 1016 1017 1018 1019 1020

Neutrino energy E, [eV]

-Auger composition data: UHECRSs are largely “nuclei”
nucleus survival (semi-transparency) — E2®, <~ 3x10° GeV cm2 s-1 sr"
-CR reservoirs (connected to lceCube)? UHECR accelerators? Cosmogenic vs?



Summary

Multimessenger clues to the origins of high-energy v sources

Galactic multimessenger connection — observed
- Supporting the hadronic origin of the Galactic diffuse y-ray flux

Extragalactic multimessenger connection — hidden v sources
- AGN (jet-quiet): promising as the major sources of the all-sky neutrino flux
- Associated AGNSs: hidden v sources

NGC 1068 — vs from pp or py produced within 10-30 Schwarzschild radii
Unique probe of high-energy phenomena powered by black holes

New physics: better understanding properties of v sources is important

Looking forward to:

Galactic: unveiling diffuse emission and study extreme Galactic CR accelerators
Extragalactic: establishing NGC 1068 and source population w. multiple v detectors
Energy frontier: dawn of ultrahigh-energy v astrophysics

Time domain: v—multiplet transients w. counterparts (ex. blazars/TDEs/supernovae)
Some surprises...
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\ ce the Discovery of HE Cosmic Neutrinos...

Evidences/hints for the association of high-energy vs with sources

T C ooy, C oy, 5 C

WANTLD

S C ooy, TR oo S, T o STy
Biffuse-or-Associated

V from Murase’s talk
@ Neutrino 2014

- Source identification may not be easy
(ex. starbursts: horizon of an average source ~ 1 Mpc)
- promising cases: “bright transients (GRBs, AGN flares)”,
“rare bright sources (powerful AGN)”, “Galactic sources”
- Not guaranteed but remember the success of y-ray astrophysics




‘ ce the Discovery of HE Cosmic Neutrinos...

Evidences/hints for the association of high-energy vs with sources
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V from Murase’s talk
@ Neutrino 2014

- Source identification may not be easy
(ex. starbursts: horizon of an average source ~ 1 Mpc)
- promising cases: “bright transients | 3)”,
“rare bright sources (powerful AGN)”, “Galactic sources”
- Not guaranteed but rel e succ itrophysics




Since IPA 2015...

Summary

What is the origin of cosmic v signals?

Implications:

mostly isotropic & diffuse TeV-PeV y-ray limits — extragalactic
pp scenarios: s<2.2 & >30% to the diffuse sub-TeV y-ray bkg.
s~2.5 — another component below ~100 TeV?

py scenarios: not explained by classical GRBs & blazars
— hidden sources (ex. low-power GRBs/AGN)?

Requests for future:

lceCube-Gen2: n,>10-° Mpc3, testing CR reservoirs & PeV DM

Fermi: ~2-3 improvements can rule out or support pp scenarios & PeV DM
CTA: CR reservoirs as s<2.2 y-ray sources, DM emission from galaxy clusters
HAWC/air-shower arrays: y-ray counterparts if significant Galactic contributions

Importance of theories: “multi-messenger” approach (ex. AMON)
especially for py scenarios (ex. low-power GRBs w. hard X-ray sky monitors)




g (coupling)

Probing New Physics with Identified v “Sources”
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Astrophysical Extragalactic Scenarios

Cosmic-ray Accelerators Cosmic-ray Reservoirs

(ex. UHECR candidate sources)

Starburst galaxy Galaxy group/cluster

Active galactic nuclei y-ray burst

re-cofigse
b\

p+y—=Nr+X

relativistic

outflow ex. shocks in outflow

— electron acceleration
— synchrotron emission

CR confinement

magnetized region w. CR sources




Astrophysical Extragalactic Scenarios

Cosmic-ray Accelerators

(ex. UHECR candidate sources)

Active galactic nuclei y-ray burst
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Cosmic-ray Reservoirs

Starburst galaxy Galaxy group/cluster
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Astrophysical Extragalactic Scenarios

Cosmic-ray Accelerators Cosmic-ray Reservoirs
(ex. UHECR candidate sources)

Starburst galaxy Galaxy group/cluster

Active galactic nuclei y-ray burst

-

p+p—=>Nm+X
E2® E2®
) - T
obs. photon spectra gas density &
& source size source size T~ ,: CR

p+y—= N+ X\

sv¢sCR S$y~Scr

0.1 TeV PeV 0.1 TeV PeV
> >

E, E,
E,~ 0.04 E: PeV neutrino <& 20-30 PeV CR nucleon energy




Importance of Multimessenger Connection — Milky Way Case

A decade ago, neither y rays NOR vs were observed in the sub-PeV range.
(Note that most y rays from Galactic sources reach Earth.)
But we already learned that Galactic contribution to lceCube vs is subdominant.

p+p—=>Nra+X n'n*~1:2 -E2®, :E2®, ~2:3(comparable)

1077
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Importance of Improved Measurements

125° < | < 235°, |b| < 5°

25° < 1 < 100°, |b] < 5°

50° < 1 < 200°, |b| < 5°
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Fang & KM 23 ApJL



Importance of Improved Measurements

25° < 1 < 100°, |b] < 5°

50° < 1 < 200°, |b| < 5°

125° < 1 < 235°, |b| < 5°
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Sources may significantly contribute to the Tibet data in the inner region (see also Kato+ 24 ApJL).
Unresolved sources at >100 TeV? “Resolved” sources could also contribute to the IceCube data.



Extragalactic -Ray Sky: Dominated by On-Axis Jetted AGN
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Extragalactic -Ray Sky: Dominated by On-Axis Jetted AGN

ol
10°
Korsmeier + 22 ApJ




Extragalactic -Ray Sky: Dominated by On-Axis Jetted AGN

1076
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1078 — 10 lower IGRB Model + Blazar cascades
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Extragalactic -Ray Sky: Star-Forming Galaxies at GeV

~50% of EGB at 1-10 GeV
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2017: Hints of Neutrinos from On-Axis Jetted AGN?

lceCube 2018 Science
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Neutrino Production in AGN Jets

B é dust torus
. (IR)
accretlon disk ‘

(UV, X) p+v—Nnm+X ’
ﬂ-:t_>y,u Vp T Ve (OrDe)—|—ei
>
i cosmic ray
/ >
blazar zone broadline region blazar!
(broadband) (opt, UV)

CR acceleration
& v/y-ray production

from KM, Inoue & Dermer 14 PRD



“Power” of Multimessenger Approaches

electromagnetic energy must appear at keV-MeV

py - v,y+e

2014-2015 neutrino flare

2017 multi-messenger flare
Petropoulou, KM et al. 20 ApJ

Keivani, KM, Petropoulou Fox et al. 18 ApJ
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associations are questioned by multimessenger analyses



Extragalactic v Sky: NOT Dominated by On-Axis Jetted AGN

Stacking searches are powerful to constrain vs from on-axis jetted AGN
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Opacity Argument

Hidden (i.e., y-ray opaque) v sources are actually “natural” in py scenarios

eff
y—e'e ~
optical depth "7y fp,y 1000fp,y Z 10

m
implying that >TeV-PeV vy rays are cascaded down to GeV or lower energies

py/yy optlcal depth correspondence
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Updated Fermi Analysis & Impacts of Magnetic Fields

Das, Zhang & KM 24 ApJ, Das, KM & Zhang 26 (see Ajello, KM & McDaniel 23 ApJL for updated Fermi analysis)
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magnetization &g = Ug/U,, (cf. corona model: g ~ 1, shock model: &g <~ 0.01)



Neutrino Production Mechanisms: pp & py

- Multimessenger connection must be considered
- Exotic models are excluded if relevant processes are consistently included

- Also unlikely by the energetics requirement: Lcr < Ly ~ Legg ~ 10%° erg/s

Neutrinos
from yy—p*

(Hooper & Plant 23 PRL) ;L -
R=10R

S
4

B=25kG

g §
1 1

dN, /dE, (GeV/cm®*/s)

2

E;

102
10 o
107 o
105 -
10~
107

10-¢

EFc[GeV cm~2 s71]

10~ -

10—10 _:

10711 4

107%107107510—°107%10—?10-210"1 10° 10' 10%? 10° 10* 10° 10°

Das, Zhang & KM 24 ApJ, Das, KM & Zhang 26 E[GeV]

Neutrons from

photodisintegration wl 1
(Yasuda, Inoue & Kusenko 25 PRL).* "% =

bée

EFe[GeV cm™2 s71]

1010 ]

10—11 _-

JetHe
1] — JetFe
—— Neutrinos
—— Electrons
—— Gamma ray
keCube
B MAGIC
4 FermilAT

lllll

E% dNJE [TeV cm—25-1]
"
)

R =108 Rg

1076

=
9
~

=
2
[ee]

=

°
o
1

10741073107210"* 10° 10! 102 103 10* 10° 108 10’



Neutrino Production Models

p+y—=Nr+X
p+p—=Nm+X

failed-wind or accretion shock
(S. Inoue, Cerruti, KM+ 22, Y. Inoue+ 20)
shear at the base of jets
(KM 22, Lemoine & Rieger 25)

magnetically-powered corona or jet base
(KM+ 20, Kheirandish, KM & Kimura 21)

g il %; / § \\\ //
/ R R \ failed wind u— / g —'EE:?
B e @ . NWSr A
e PRy e A NI -
e,
turbulence
] . shocks
magnetic reconnection
submm — B~10-100 G
B=P4/Pg<0.1-10 - B>~102G B=P,4/Pg >~ 10-100

LCR <~Lx<~Lg (thbUlent) LB! LCR <~ LX



Coronal Regions: Births and Deaths of Cosmic Rays

T,~T,,~10"-10"2 K @ R~10 Rg

Comptonized X rays
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effective optical depth: both f,, & f,, > 1 T, < T, (two-temperature corona)
(“nearly calorimetric™) collisionless for protons



Neutrinos Can Probe Particle Acceleration in Coronae

10-6 NGC 1068 _
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constraints for an E,? spectrum
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(cf. acceleration w. t,..=r/c — £,m**~10-100 PeV)

Kheirandish, KM & Kimura 21 ApJ
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Particle Acceleration: Fast or Slow?

py—pe*e- (Bethe-Heitler process) is important for protons producing 1-10 TeV vs
(KM, Kimura & Meszaros 20 PRL)
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gpm* ~ 100 TeV — g, M@ ~ 5 TeV (consistent w. IceCube)



¥ Rays Must Not Be Gone: Hints & Future MeV »Ray Tests
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« Corona model prediction: cascade y rays should appear in the MeV range
« Hint?: sub-GeV y-ray “excess” over the starburst component



Corona Model: Predictions and Hints

* Theory prediction: v luminosity ~ intrinsic X-ray luminosity (km+ 20, 24, 26)
brightest for lceCube: NGC 1068, NGC 4151
brightest in the southern sky: Circinus, NGC 4945

e |lceCube v evidences/hints: (iceCube Collaboration 22, 25a, 25b, 26a, 26b)
NGC 1068 (~4c), NGC 4151 (~30), KM3NeT

T I T T T T I T T T T I T
14 AGNs in the south incl. Circinus (~ 30) " Excluding NGC 1068
« Population studies are important :
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Guaranteed AGN Contribution to the All-Sky Neutrino Flux?

d¢/d(log Ly) [Mpc~]

AGN corona model was proposed to explain the all-sky v flux (KM+20 PRL)
(ex. X-ray luminosity function is used in the MKM20 corona model)

Differential v flux at 10 TeV: ~10® GeV cm=? s' — ELg ~ 2x104" erg/s

NGC 1068-like AGNs are rare: n~10-° Mpc3 — EQg ~ 6x1043 erg Mpc3 yr'
Comparable to the required energy budget: EQg ~ 5x1043 erg Mpc3 yr'
NGC 1068-like sources give the minimal contribution to the all-sky v flux
Higher-energy neutrinos come from AGNs with lower luminosities

Carpio, Kheirandish & KM 26 ApJ
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High-Energy Astro-Particle Grand-Unification?

> PeV vs may be physically related to UHECRs and isotropic diffuse y rays (unification)
Exploring ultrahigh-energy vs is important for testing the v-UHECR connection

1072 ;

10_63

—lgr 1]
t

S
=
T

~

E2d[GeVcm™2
|—I
<

=
<
O

] + FermiEGB +
| == FermiEGB (non — blazar) [l IceCube (v, 6yr)
| == Associated yray — total —

— Associated yray — source

IceCube (HESE 6yr)

v — allflavor
Murase — Beacom 2010

KASCADE - all
KASCADE - light

A Auger (E x 1.05)

TA + TALE (E x 0.91)

== CR - all
== CR — medium/heavy

"J= CR-light

UHECR

Fang & KM 18 Nature Phys.
(cf. Unger et al. 15 PRD)

10-10L

101 10?7 103 10°

105 165 107 10° 10° 1
E[GeV]
- Jetted AGN as “UHECR” accelerators

- vs from confined CRs & UHECRs from CR escape

< Xmax > [g/cm?]
a
o

— EPOS-LHC
8501 ~ Slby”21
-~ QGSJetll-04

¢ Auger ICRC2015

- Predicting the smooth transition from pp v to py v

18.5 19.0 19.5 20.0
logE[eV]



Time-Domain Frontier: Multimessenger/Multienergy v Transients?

pointing & timing — good chance to discover v sources

a Short y-ray burst neutron star merger
v,y

1
\:/ -
Neutron v(y) .

star 7 N\ GW

@ O-@

\_/ Ejecta

d Blazar flare v,y
A

N
o3

Disk /

f Supernova v,y
A

KM & Bartos 19 ANRPS
Meszaros, Fox, Hanna & KM '
Nature Rev. Phys. 19 \Clrcumstellar

material

b Long y-ray burst ¢ Tidal disruption event
vy v,y

I~

@*Progenitor

e Engine-driven supernova
v

Wind

v.(y)

Choked
jet

g Double black hole merger

Black
/\ i hole



Optical, Infrared and X Rays: New v Transient Searches

Einstein Probe

Supernovae, tidal disruption events, low-

luminosity gamma-ray bursts...
(e.g., Stein+ 21 Nature Astronomy, Reusch+ KM 21 PRL)

Testability of models have been limited by
the number of detected transients

Stacking searches
Neutrino multiplet followups

Multimessenger alert followups
# Neutrino singlet followups would need
spectroscopic information




Neutrinos from Engine-Driven Supernovae

107 5
] ® Auger (ICRC 2017) = = = QOrphan neutrinos (best — fit) (SMM 16)
Q TA (2015, flux — 13%) m——— Prompt neutrinos (MINN 06)
]_0—6 - UHECR nuclei (Jet — B) — COoSmogenic neutrinos
UHECR nuclei (TRSN — B) Diffuse neutrinos (Jet — A/B/C)
e | Y IceCube ICRC17 Diffuse neutrinos (TRSN — A/B)
[ 107 4= = Orphan neutrinos (MI 13)
5 e
|—| -
, | 1'_;\
1078
| E
g .
> 1072 4
()] 3
S, ]
o -10 |
107104
L ]
10711 4
i Zhang & KM 19 PRD
10712 . .
5 10 11 12

log(E[GeV])
* EeV: cosmogenic neutrinos overwhelm source neutrinos

« TeV-PeV vs may also be produced wm+ 06, senno, KM & Meszaros 16)



Stacking Searches w. Optical Supernovae

Prompt Neutrinos 4

+ N !
\ ! :‘ *. \ ’l
i A ! Y \
Ll L)
Vo e [
1 i
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‘\ i I’ Emerging Jet
Voo
lt : l‘ Shock Breakout
Ve
Vi =
low- — high-power
OW powerswm“s Choked Jet Choked Jet
Extended Extended Extended
Material Material Material
Progenitor Progenitor
Core

Progenitor
Core

Core

from Senno, KM & Meszaros 16 PRD

1.0
Senno et al. ' T L '

0.9k [49] IceCube fit

’ IceCube measurement
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Jiet
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Yoshida, KM+ 22 ApJ Yoshida et al. 10°
Multiplet si 1(0.03R
Neutrino multiplet detection ultiplet signal ( sn)
atmospheric event astrophysical event E‘
=
l ® 10“-/
o
EM follow-up = coincident
to identify transients . closest SNe
photometric redshift i
high=z low=z
(z > 0.15) (z < 0.15)
candid'ale pf can.didate of 10—% ) o Y 53 53 G 5
contamination neutrino source ! ! ! Red.Shlft ' ' !
Spectroscopy of Photometric/spectroscopic
host galaxy follow-up 0.141 — SNela
—— SNell
. . —— SNelb
- Need for long-duration multiplet alerts 5% o
lower FAR (< 1/yr) S 0.10] ;1\] comcndzegt
. ey : I e w. a 23 mag
likely to be low redshifts if SN-like S0 sensitivity limit
. .. . . . . =006
- Discriminating optical transients is a key 3
€ 0.04
=2
- Sensitivity: ~(30-3000) Gpc3 yr' 0.02] L
—

more improved w. KM3Net/lceCube-Gen2 .0

0.0 0.2 0.4 0.6 0.8 1.0
Redshift



Testing UHECR-PeV v Unification Scenarios

Yoshida & KM 24 PRD fCRzlo
1074 —
105, ..""-..

10—6_

Energy Flux [GeV cm™2 sec™! sr™1]

10—7.
UL GR F - 2 — 0% :_ Limit §§ gé E
1077 DU by UHECR flux = '
/\w S0
10_10 10,13 10-15r = 10 10'17 EQ' . |
Energy [eV] go 10 ]
- Common origin of PeV vs and UHECRs 2 | - |
requires narrow parameter space for sources '] -
- Viable models include LLGRBs and TDEs : f
— optical & X-ray transient searches s w0

1-e tvp



Tidal Disruption Events — Bare Black Hole Model

KM, Kimura, Zhang et al. 20 ApJ

TDE and AGN vs could come from
“common” mechanisms U ceCube (1 y1)
(disk-corona, hidden wind, hidden jet) T 1 ) coron

=

; 10-13 - NCER SN\ e

9 !

X ,’I

E — o mSWiIft !

10-1 !

debris

106 108 101 1012 1014 1016




Interactihg Supernovae as MUItimess.enger Transients

“+ Confined CSM (R, <~ 10"® cm): mass ejection or extended envelope
« May be common even for Type |I-P SNe
- dM/dt~10-3-10-1 M, yr! (>> 3x10-6 M, yr' for RSG) .
« Shock accelerated cosmic rays produce cosmic rays, vs and ys
(KM+ 11 PRD, KM 18 PRDR, KM 24 PRD)




Evidence for “Confined” CSM around Progenitors

Days si plos
i .  early spectroscopy
10 . . ————
' e (Yaron+ 16 Nature Phys.)
4 r2 wind density profiles i x :g'ﬁ i
o M=10
i 0 M=1073
D R S M =102
10 “ Dense ‘"~\‘- — M=10" d10®
: \ ngzy i Type lin -\\»\-\_‘
10% \ Early spectra : R 10 %
modelirg™ SR, 00—
\Ha minosity e DEESEERe. e Py 4 - @ CSM
lowerlimit = = = 8 ERESERmRAETTR 00— e Excluded; ) .
10 | e e =130
Biipy 8 P radio 3 T . 1
P tobs. 2 | | I & 000 _---mm== 3
T . 2 - ’//,
>t SN 2013fs B e L o CSM )
Possible underlying R s . 0 | S -
extended wind = o0 SNHITS14B* f SNHITS14C*
10 22 1 1 1 1 1 1 1 P 1 1 1 1 1 { ot | T T T T T T
104 10 100 56720 56730 56740 56710 56720 56730
r (cm) x10~22 x10-2°
4 2 A -
6 ? - 9 - (.
X r I
2% = 1Rl | P
light curve modeling 5] L, L,% - |
(Forster+ 18 Nature Astronomy 1
0 SNHITS14T |, | SNHITS15A T
see also Morozova+ 17 ApJ) . : : ; ; .
56710 56720 56730 ; 57070 57080 57090

May be common even for Type lI-P SNe
dM./dt~10-3-10-1T M, yr! (>> 3x10% M, yr! for RSG)

Confined CSM (R <~ 10" cm): mass ejection or inflation
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Multimessenger Emission from Interacting SNe
KM, Thompson, Lacki & Beacom 11 PRD, KM & Thompson & Ofek 14 MNRAS

wmdls el!

)
"4

wind/shkell

kinetic energy — thermal + non- thermal via shocks
-+ — —
T —
o —=v,tv, +v,(vV,)te

p+p—=Nra+X :

= y+y

dense environments = efficient v emitters (calorimeters)



High-Energy Supernova Neutrinos

F Supemova v,y - SN progenitors commonly have “confined” circumstellar material

\Circumstellar

material

MeV v
thermal

~10 sec

GwW - Explosion — shock — Fermi acceleration — v & y-ray production

GeV-PeV v
shock

~0.1-1 day

» time



Neutrino Fluence

First prediction of HE neutrinos from SN w. confined CSM (KM 18 PRDR)
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High-Energy Supernova Neutrinos

f Supernova

- SN progenitors commonly have “confined” circumstellar material
- Explosion — shock — Fermi acceleration — v & y-ray production
- Galactic SN — large statistics for IceCube etc. (km 18 PRDR, 24 PRD)
possible targets for HK, ATLAS etc. (wen+KM 24 PRL)
oo~ Mmultimessenger” & “multi-energy” v sources
material - Real-time observations of CR acceleration, Galactic CR origin

- Extragalactic “minibursts”; global v detector network will be useful
(Kheirandish & KM 23 ApJL, Guetta+ 23 ApJL)
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Key Points

Testable & clear predictions (no need for jets/winds)
free parameters: gcg & s (typical values: gcg~0.1 & s~2.0-2.3)

Time window:
duration ~ calorimetry (f,,~t4,n/t,p>1)
e.g., ~days to weeks for SNe Il (lI-P/lI-L/lIb), ~hours (lbc), ~months (lIn)

Energy range: multi-energy

lceCube/KM3Net: TeV-PeV (even Glashow resonance anti-v, & v. events)
Hyper-K/lceCube-Upgrade/KM3Net-ORCA: GeV-TeV

Astrophysical implications
a. Pre-explosion mass-loss mechanisms
How does a dense wind/shell form around the star ?
b. PeVatron origin
Are supernovae the origin of CRs up to the knee energy at 10'°° eV?
c. Real-time observation of ion acceleration for the first time
Onset of CR ions acceleration & collisionless shock formation
d. Particle physics implications — large statistics
flavor studies, BSM searches



Detection w. Large Hadron Collider

diameter 22m
length 40m

Wen, Arguelles, Kheirandish & KM 24 PRL

B: Betelgeuse B Typelln, 0.1<D.<1.0

EC: Eta Carinae [ Type ll-P, 0.01 < D« < 1.0
Ioooays

Starting
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101 -

starting events
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Newborn Pulsars/Magnetars as UHECR Sources?

Blasi, Epstein & Olinto 00 ApJ
Arons 03 ApJ

KM, Meszaros & Zhang 09 PRD
Fang, Kotera & Olinto 12 ApJ
Fang, Kotera, KM & Olinto 14 PRD

« Shaping the diversity in transients
(supernova, merger-nova,
SLSN, FBOT, GRB, FRB...)

» CRs should interact with ejecta and
nebular photons

* Nuclei can be supplied from
the neutron star surface
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HE Neutrino Transients from Fast-Spinning Magnetars?

- lon acceleration (<~10% ) has been speculated (ex. Blasi et al. 00, Arons 03)
- Efficient v production must occur due to interactions w. ejecta/photons

— v signals arrive earlier -> “v alerts” will be followed by a supernova

KM, Meszaros & Zhang 09 PRD

Total
ota
N t=10375.10%® g — — -
fluence at 5 Mpc . Z{5425.1p%75 2 e

L ~1 GeV/cm? t=10375-1032% 5 ~--- |
1=10"2,-105'5 S
t=10%7510%25 g ++-ee -

log(E, [GeV])

Recent developments:
- Possible to explain the UHECR data including X, .. (Fang et al. 13)
- Similar spectrum for NS merger ejecta (but rarer) (Fang & Metzger 17)



High-Energy Neutrino — Gravitational Wave Transients?

a Short y-ray burst neutron star merger

GW170817 (ANTARES-IceCube-Auger-LIGO-VIRGO 17)

a +500 s time window

b 14 day time window

‘V,X 103;_ LRl IR IR | g IR RLAL [NELEUERLLL BRI, | ""'.'"I """; g_ T (NBRALAALLL, BELELELLLLLY LA IR | I”""_;
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s I - No statistically significant coincident
105] T NSBH v emission from significant GW sources
= BBH
w3 IC Sensitivity (164 BH-BH + 10 NS-BH + 2 NS-NS)
8, 10% -
— during O1-O4a run
&0
2 109
: T - Consistent w. theoretical expectations
1052E *$
1051; -
10! 102 - 10° 10t

lceCube 26

Luminosity Distance [Mpc]



High-Energy Neutrino — Gravitational Wave Transients?

a Short y-ray burst neutron star merger

Neutron
star

0.0
. —0.51
s
= —1.01
o=
50
S
o —1.51
|
—
= —2.07
o
9
—2.51
-3.0

Mukhopadhyay+ KM 24
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GW170817 (ANTARES-IceCube-Auger-LIGO-VIRGO 17)
b 14 day time window
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- No statistically significant coincident
v emission from significant GW sources
(164 BH-BH + 10 NS-BH + 2 NS-NS)
during O1-O4a run

- Consistent w. theoretical expectations

- Could be detected w. next-generation
neutrino and GW detectors



BSM Imprints on Spectra/Flavors

Blum, Hoo_k & KM 14 Esteban+ 21
nonstandard interactions ey
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BSM & Time-Domain Multimessenger Astrophysics

e V. o ® ° o KM & Shoemaker 19 PRL
o) - °"., o ¢ ° ®
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’ time delay” signatures
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Supermassive Black Hole Neutrinos as a Probe of Dark Matter

) DM spike y DM halo . Herrera & KM 24 PRDL
P 0 ® 5 alr . g Gustafson, Herrera, Mukhopadhyay, KM & Shoemaker
B
% N o g & N ~ 2408.08947
2@ ) 2 XX X ) GNAAY, 10 25-
® o X 8 v,
y W\/ 10—28 —
) ~
;)B‘ X _ 107 )
o Yo i
VW 8
4 v 7 a 1034 d
/ |
W™ Y V-
10—37 —
: X x w, & AN, &> T (av)/mDM=10_31cm3s_1/GeV:
P ® 1, AV W 10w R —— (/o =0 _
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I | 10~4 10~3 102 10~1
~ 10Rg ~ 10" Ry ~ 10" Rs mou [GeV]

 AGN vs originate from CRs within 10-30 Schwarzschild radii
« High DM density at the center of AGN (“DM spike”)

« CR cooling due to DM-SM scattering
Most stringent constraints on DM-p scattering for DM in the MeV range



Example of Scalar-Mediated DM-Nucleon Interactions

Herrera & KM 24 PRDL
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« NGC 1068 observations enable us to probe new parameter space



Application to Inelastic Dark Matter

6 =0. SmDM ,myz —3mDM 5 (XD 0 5
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Existing Bounds
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X1 T 1 — X2 + Z:
« DM may be inelastic (ex. pseudo-Dirac)
* DIS can be important!

* CR cooling limits (lceCube)
« Boosted DM limits (Super-K)

This work: AGN cooling (protons)

Astrophysical and laboratory probes
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