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Cosmic-Rays (CRs)

High-energy particles filling the Universe
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Origins and production mechanisms are still unknown

https://www.britannica.com/biography/Shohei-Ohtani



Traditional Astronomy
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CR source
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Multi-messenger Astronomy
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lceCube & Cosmic neutrinos

IceCube Lab

\ IceTop

- 80 Stations, each with
¥ Sy | 2 IceTop Cherenkov detector
2 oplical sensors per tank
320 optical sensors
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2010: 79 strings in operation
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e Discovery of cosmic neutrino in 2013
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lceCat-2 best fit
------- lceCat-2 90% contour

IceCube Preliminary

IceCat-2 ICRC 2025

Isotropic = Extragalactic origin
Galactic contribution < 0%



Cosmic Neutrino Background Spectrum

IceCube 2020

» Break in neutrino spectra
— Peak ~ 30 TeV

» Origins of astro-
heutrinos are a new big
mystery
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Difficulty of Identifying Neutrino Sources
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an-STARRS) optical telescope
~ 1 sec
Resolution

of lceCube « Ang. resolution for

neutrino telescope
~ 1 deg (~ 3600 sec)

« Too many unrelated
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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




Distance [Mpc]

Intergalactic cascade of y-rays
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Gamma-ray Constraint on Neutrino Sources

Fermi Satellite is measuring
cosmic gamma-ray backgrounds

v flux@10 TeV > y-ray flux@100 GeV

Consider sources from which
both y & v can easily escape

— fit theory to neutrino data
— vy-ray theory >> y-ray data

y-ray needs to be absorbed
inside the sources (hidden source)

y+y—et+e”

X-rays efficiently absorbs GeV y-rays
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Hidden Neutrino Source Candidates
e AGN Core e Choked GRBs

Orphan Neutrinos  ,o
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Extended
Material
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Core

* GRBs failed to penetrate stellar envelope

 Most luminous steady source in the Universe

» Source of Cosmic X-ray background » Stellar envelope absorbs y-rays

« Y+y—oeT+e” *pty—opte t+e
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Hidden Neutrino Source Candidates
e AGN Core

 Most luminous steady source in the Universe

e Source of Cosmic X-ray background

« Y+y—oeT+e”



Fvidence of Neutrinos from Seyferts

[1 Signal [_1 Total 10 ~9 3 IceCube 2022 . o
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Point source search with 10-year data set with an improved analysis method
Cataloged source search result: 2.90 (2020) —> 4.20 (2022)

I, > F, —> Hidden neutrino source

v-ray, CR & v production sites are under debates. Let’s discuss possibilities.

M77 (NGC 1068)




e CR acceleration in AGN accretion flows

15



AGN Accretion Flows

e SED: Blue bump & strong X-rays
— Optically thick disk + Corona

QSO

E § Coronae
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Cosmic-ray acceleration ,.....coou

e Diffusive Shock Acceleration e Stochastic acceleration in turbulence

shiock
Lifastrearm downstraam wave

Eo ‘—>* G

- @ E’ > Eo

Treumann & Jaroschek 2008
_% part icle /

Turbulence
- wdave

ULF waves M - ‘—’* S >

& \G\ particle/

- @ E’ < Eo

CRs gain energy by crossing a shock CRs gain energy by interaction with waves

Diffusive acceleration



Magneto-Rotational Instability (MRI)

Gas accretion with angular momentum
— formation of rotationally supported disks

(R/R;)cos@

Magnetic energy in ¢ = 0 plane
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Kimura et al. 2019
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Particle Acceleration in Corona o

Particle-In-Cell Simulations in shearing box

Hoshino 2013, 20135; Riquelme et al. 2012; Kuntz et al. 2016

o e 9

£

MRI turbulence

14.28 ]

\ Non-thermal tail
103 102 10! 100 101 102
e/mc2

Particle-In-Cell Simulations with turbulence

Comisso & Sironi 2018, 2019; Zhdankin et al. 2018

() 10°F

; Stochastic
2wl , acceleration

0% . o

10°5L 1023 \J .

ol - Power-law tail

Magnetic reconnection = relativistic particle production

Interaction with Turbulence - further energization




Particle Acceleration in Corona &

Particle-In-Cell Simulations in shearing box Particle-In-Cell Simulations with turbulence
Hoshino 2013, 20135; Riquelme et al. 2012; Kuntz et al. 2016 Comisso & Sironi 2018, 2019; Zhdankin et al. 2018
plasma scale << astrophysical scale A«""“"’"ﬂ
(PIC) «<—— > (MHD) o]
~ 10 orders of magnitude w
VWVe need MHD simulations
Stochastic

N(s)ds

acceleration

to estimate maximum energy of CRs

Elog 2.9
100 “ ‘ Non-thermal tail o) oo
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Stochastic Acceleration by MHD Turbulence

CR Acceleration Theory | e.g.) Fermi 1949 Some gain E, others lose E

—>diffusion in E space

EO wave an 1 a , an
@ —  —x <~ = E’D
particl/* ot E?0F * OE
E’ ‘ E’' > Eo
Eo wave
partlid§/ * o2 Does this equation describe evolution of

- L o
- @ ' < Eq cosmic-ray energy distribution-
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Wave- partlcle Interaction

e.g.) Teraki & Asano 2019

* Transit Time Damping (TTD) : n = 0
. Resonant condition: a)/kH X V)

. Inefficient for vy > a)/kH ?

—>Resonant broadening

2 2
. D pp X ﬁturbp

Particle
trajectory

1O,

Particle
trajectory




MHD simulations + Test Particle Simulations =

 We used Athena++ & ATERUI Il (XC 30, XC50) @ CfCA, NAOJ for MHD sim.

SSK et al. 2019 MNRAS

2nd-order accuracy with (N, No, Ng) = (640, 320, 768)

SSK et al. in prep

3rd-order accuracy with (N, Ng, Ng) = (840, 560, 1120)
Magnetic field

Density

Solve equation of motion for 104 mono-energetic particles in MHD data

Stone et al. 2020

and discuss evolution of the distribution function

%LV (V) =0
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d(pV BB
V) Ly oVV - P ) = —pVd
ol 4
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o _ tot A _ = —pP ;
0B
VX(VxB)=0,
ol




MHD Data set )

Low dissipation High dissipation
(High-resolution / (low-resolution /
3rd-order accuracy ) 2nd-order accuracy )

Snhapshot Model C Model D
(static EM field) (This work) (SSK et al. 2019)

Post process Model A Model B
(moving EM field) (This work) (This work)




MHD Data set )

Low dissipation High dissipation
(High-resolution / (low-resolution /
3rd-order accuracy ) 2nd-order accuracy )

Shapshot Model D
(static EM field) (SSK et al. 2019)

Post process
(moving EM field)



Diffusion in Energy Space
Magnetic energy in 8 = /2 plane
10_1 7_ t=4.0tL
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101 | 3
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—-0.6 104 0.5 2.0
-06 -04 -0.2 0.0 0.2 0.4 0.6
(R/Rc)cos$ SSK et al. 2019 MNRAS
» Particles randomly change their motions » Evaluate particle energies in fluid rest frame

by interaction with turbulence » Evolution of Energy distribution function

o B¢ > B, —> particles move ¢ direction can be written by diffusion in energy space
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Diffusion Coefficient

- If evolution is written by
3f 1 0 3 f
— = 5 psz—
0t pc op op

we can obtain the relation: o” ~ 2D

L.

€ini

* From the power spectrum of MHD simulation,
the largest eddy has most of the turbulent power

— interaction timescale .. ~ H/c
& energy change rate Ae ~ (V. /c)%e

\

3 Ltur C

All the CR particles interact with
eddies of largest scales?

462 C VR,ur :
( t )O(EZM_IX_Z

[PeV?]

2
3

0]
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102 103 104 10°
t[s]
SSK et al. 2019 MNRAS
0.
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MHD Data set )

Low dissipation High dissipation
(High-resolution / (low-resolution /
3rd-order accuracy ) 2nd-order accuracy )

Snhapshot
(static EM field)

Post process Model A
(moving EM field) (This work)
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Diffusion Coefficients in E space

e Low-resolution runs (Model D)
10° -
. B Data (A) SSK et al. 2019 MNRAS;
10-1 O Data (B)
® Data (C) ////;
. + Data (D) ///5 m
7107 - - X
n ////w.
% 1073 ////;!_____-""/
2 -l m
& 1074 iy
R 2
Pl ¢ Vturb o
107>+~ 7 Drrp ~ Crrp— L
H C
10~ . - . -
10? 102 103
€ [PeV]

 All the particles interact with the largest eddies
* Roughly consistent with analytic estimates




Diffusion Coefficients in E space

e Low-resolution runs (Model D)

109 -
| Data (A) SSK et al. 2019 MNRAS;
10-1 ® Data (B)
% Data (C) ///;l
—_ & Data (D) ///-5 .
n 1072 - ///; %
" ////g'
N -
—3 —~ o
D?‘i 10 //// ”“__.-'
- /// ‘.__,—"‘
s 1074 i
-l Vit
s //// - ______ -7 D C turb E2
1072+ . D ~ CTTD =
H C
10-° — '
101 102 103
€ [PeV]

 All the particles interact with the largest eddies

* Roughly consistent with analytic estimates

0

e High-resolution runs (Model A)

________ D B . A
HIOTTE SSK et al. in prep. Loz
| Do L
107> 45 Simulation Data ‘
] ’ ",,'
2153 T
Dres X ﬁAE‘
1076 o o
Dy, x 7 E?
- I'TD turb
,/'/ P I o o
. Preliminary
10° 101

Einj [PeV]
+ D x E'" —> Gyro-resonance?

* Small scale turbulence is important!

Dy depends on resolution



Diffusion in configuration space

e Low-resolution runs (Model D)

30 _ :
107 o2, SSK ctal. 2019 MNRAS; o t14__s"]
: 2 14 5
— 108
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1026
1025

103 100 108
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Diffusion in configuration space

e Low-resolution runs (Model D)
10°°; , . . YR

2 2 2 2 2
7i0ng: RijOae [CM-]

2
OAR>
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e High-resolution runs (Model A)

SSK et al. in prep.
1029 -

1028_;
1027

<102,

1025 -

Prellmlnary

104
t[s]

Diffusion in all the directions

(@ = ¢ — L2x1)

100




Diffusion coefficients in R space

. DR X EO.3

« consistent with gyro-resonance
* |nconsistent with Bohm/TTD
 We observe Bohm diff.

in local shearing box sim.
—> global effect?

2 ~
¢ R D¢,/DR ~ B¢/BR
—> diffusion along B-field

_____________________ %
DBOhm /’,,/’
------;-,_+’-’-' -----------
______ DR
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Power Spectrum

X, = / Xexp(—ime)do,

NGz
100_

1 X,,|? RARd6

P, =1
[ RARd#

_1_
510 §

« Model A has powers in smaller scales, &
LN

but we have insufficient resolution —

» These simulations would not capture 1072-
gyro-resonance properly '




* Neutrino emission modeling
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AG N CO rO N a M O d e | Murase, SSK, Meszaros 2020

Comptonized X rays
CR-induced cascade #ZQ

COronad

cal/UV

accretion

disk |
QSO

« Equations for cosmic-ray protons

oF, 1 0 ([, 0F, & F,
Ot 22 0e (Sp De, de, 1 b |
D P P p—cool

Cc (Va - rr\42 ,
o, =5 (%) ()2
»~H\ ¢ ) \H)

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

107°
Murase, SSK+ 2020 Casca de§
-7
. . 10 =
Possible to explain IceCube data — g IceCube
without overshooting y-ray data N : [ cASTROGAM
CR acceleration is suppressed by 5 10 _ '. \\\ E
Bethe-Heitler process with UV photons 3 " AMEGO-X )
S L9 L . )
Both pp & py (with X-rays) contribute EJ 107 y Fe$’ LAT
to resulting neutrino flux L] -
.. 10 | _
Cascade emission at 10 MeV 10
—>Testable by MeV y ray satellites _
-11 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

Cen A

Circinus Galaxy
ESO 138-1
NGC 7582
NGC 1068
NGC 4945
NGC 424

UGC 11910
CGCG 164-019
NGC 1275

— 1079 ¢ Magnetic

—
b
Nej

EZCIJVWL,;M [GeVem s
S

| —

I
—_
—_

NGC 1068 (Lx = 10%ergs™) |

[ceCube 10 yr

Stochastic ;
(high CR pressure)

I Reconnection

Stochastic
(modest CR, pressure)

102 100 100 10° 10
E, [GeV]

LI Lo

10° 104 10° 106
E, |GeV]
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v & v from Nearby Seyfert Galaxies

Murase, Karwin, SSK et al. 2024

« NGC 4151: Neutrino source candidate ( ~ 30)

-7 NGC 4151
Neutrino
— 1078
i R
| \\\
E ’—N \\\
S 107%1 "0
V - ) WA
O : ! Vo
I v\
L ~10 1 \
w 10 = = Coronal v (Model A)
= Coronal y (Model A)
---- Coronal v (Model B)
10-11 - —— Coronal y (Model B)
10-310-2 10-! 10° 10' 102 103 10% 10° 10°
E [GeV]

 Our model can reproduce the tentative
v data without overshooting y data

» NGC 4945: y-ray emitting AGN

NGC 4945
1077 -
_ \
o o / \\
y-ra Starburst origin / \
| | I/I \\
|—|| -y o ‘\
" AMEGO-X 7’ A Neutrino
~N 7’ /N \
|E // / \ ‘.
/ 1
O //I \ ‘\
> 7 \
> +-477 \
S / ‘
y TR
LL] 10_10 ," == = Coronal v (Model A)
// = Coronal y (Model A)
’ ---- Coronal v (Model B)
/ /! —— Coronal y (Model B)
10—11

E [GeV]

* Our coronal model can explain
v-ray data for £ < 0.3GeV

39
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RIAFs in LLAGN

10cm 1cm

40

1Tmm 100um 10um 1um 1000A 0.1keV 1keV 10keV

46 | | | | | | | | |
 QSO: Blue bump & X-ray - Ho 2008 Q :
—>Optically thick disk + coronae = f -
/)
2
. : No blue bump & X-ray § | -
%Optlcally thin flow S _ o 10g Ly /Legq = 0
o i < <
Radiatively Inefficient Accretion Flow (RIAF) < so}- e
‘ -V m‘ M' : lOngoI/LEdd<_3
. o o i . <1} I T T B B B B RPN R B B
~ - z . | 9 10 11 12 13 14 15 16 17 18
. . mgh.:%;- log (v/IHZ)
' QSO .
. //. | cosmic rays P ! .. ' Wlnd? ComptonizeerayS
- JTP‘*::; pan f‘e;- oy CR-induced cascade y% g

interaction .  electrons
i turbulence e %
ray e

turbulence

Turbulence?
g CR; optical/UV

high-energy particle

RIAF electromagnetic feacHons .
field » P ptpa ——=A =1 ) |
P+y = p+n accretion A \'ﬂ\
n—-y+ety dlSk

Y+y > e+e
e+y —-©€e+Yy

\ 20 black hole
LLAGN ;I%z Accretion Shock? ‘SSSJ %7
Protons in coronae & RIAFs are collisionless - |[Non-thermal proton production
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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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Diffuse flux VS |nd|V|duaI Sevferts

NGC 1068
10_4 ] A” Sky ﬂux R 3Rs —— AGN corona v |
] —— AGN corona v | 5 —— AGN corona y
Preliminary — sy 0 Prellmlnary
— — —— AGN corona X N ]
— 10 e N ; eCube
. _ 1078
ol g \ i
>
1076 8 107 %/ﬁmi-w
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 Production sites of these high-energy neutrinos are under debates
 We consider stochastic acceleration in accretion flows including coronae

« MHD + test-particle simulations confirm that stochastic acceleration occurs in
accretion flows, which is described well by the diffusion equation in energy space

 Coronae around SMBH can explain v data for NGC 1068 without overshooting y data
and future neutrino & MeV y-ray observations will provide a robust test

 Combining a contribution from LLAGN, AGN accretion flows can be the source of
the cosmic neutrino background for all the energy range (1 TeV - 10 PeV)
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