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 Introduction

* Neutrino emission models in Seyfert galaxies
e Neutrino emission from AGN coronae

e Sub-GeV gamma rays from Seyfert galaxies

e« Summary



e |Introduction



Cosmic Neutrino Background Spectrum

lceCube Preliminary
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« Soft cosmic neutrino spectra

— Medium energy excess (High intensity @~10 TeV)
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« Origins of cosmic neutrinos are a new big mystery




High-energy neutrino production

- pp inelastic collision

Target e
u ]

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




Gamma-ray Constraint on Neutrino Sources

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

Fermi Satellite is measuring |
cosmic gamma-ray backgrounds 10-61 \Y-ray theory
v flux@10 TeV > y-ray flux@100 GeV _ E}} | Neutrino theory
Consider sources from which = 0| FHE*.;%%
. | .
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- fit theory to neutrino data = | i\ o ) +
- v-ray theory >> y-ray data > \% N\ )
S 107 Ty : 1
v-ray needs to be absorbed & \ i
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Hidden Neutrino Source Candidates
e AGN Core e Choked GRBs

Kimura et al. 2021

Orphan Neutrinos X\ Senno et al. 2016

Stall Radius Choked Jet
Extended
Material
rogenitor
ore

* GRBs failed to penetrate stellar envelope

 Most luminous steady source in the Universe

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

s pty—>pte t+e

« Y+y—oeT+e”



Hidden Neutrino Source Candidates
e AGN Core

Kimura et al. 2021

See Murase-san’s talk

 Most luminous steady source in the Universe

e Source of Cosmic X-ray background

« Y+y—oeT+e”



Evidence of Neutrinos from Seyferts
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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)




* Neutrino emission models in Seyfert galaxies
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Neutrmo & gamma ray productlon sites

Large emission regions e ik Compact emission regions

_ AGN winds
» Starburst nuclei Sg 1()—5 — 107 3pc
~ 0.1-1 kpc ' Inoue S. et al. 2022
" Loeb & Waxman 2006

o Accretion shocks
T~ 10“5-—-10_4pc
B InoueY et al. 2021
s r q‘x“" "
-+ -AGN corot de
o~ 10_5 pc
Murase, SSK Meszar@s 2020

Kheirandish, Mutase, SSK 2021 g
Elchmann et al. 202?,

Murase et al. 2013

 Mini jets
- ~10-100 pc

"4 4" Michiyama et.al. 2022
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Large emission regions

. Yoast-Hull et al. 2014

° Starburst nuc|e| Wang et al. 2018 ° |V||n| jets Michiyama et al. 2022
e Cosmic-ray production@SNR  Cosmic-ray production@jets
 Neutrino production@ISM  Neutrino production@jets or ISM

Q- mr ™

",Q
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Large emission regions

. Yoast-Hull et al. 2014

e Starburst nuclei Wang et al. 2018 e Mini jets Michiyama et al. 2022
e Cosmic-ray production@ SNR  Cosmic-ray production in jets
* Neutrino production@ ISM * Neutrino production in jets or ISM

Hadronuclear interaction —> y-rays consistent with GeV y-ray data
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y-ray constraints ==

-6
NGC 1068 should be hidden sources 10 T ll T
—> demands compact emission sites f minimat pp

EM cascade modeling with y-ray data: 107
—> Emission region: R < 100R " :
e 108 EN e,
@)
>
m 8
= 107 ¢
e This constraint rules out L

- starburst nuclei (R > 1O6Rc;) 10" _

- radio jets (R > IOSRG)
as neutrino emission sites 10° 10 107




Neutrlno & gamma ray productlon sites

. Large scale emission regions ' -,.,.‘: . C(‘)mpact emission regions

| | AGN winds
. urst nucle '~ 1075 — 10 3pc
~ ot Inoue S. et al. 2022
" Loeb & ACCFGUO” ShOCkS
Murase et .

-~ 10*‘%’.7' 10~*pc

_ ~ Inoue Y. etal. 2021
LS :
4 - 100 pc

"% 4" Michiyama et.al. 2022

Murase SSK Meszams 2020
W Khen‘andlsh Mutase, SSK 2021 3
Elchmann et al. 202?.



AGN Accretion Flows

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

QS0 Wind?
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. . \ 4: Sl_l'cc]c el / outer region
AGN wind scenario - .\ | M/ R
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e Two-zone model

« Innerregion ( S 100R;)
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Accretion Shock Scenario

* CR production @ accretion shock

 Neutrino production using AGN photons

 Consider weak B-field (B~10-100 G)
Cf. Stecker et al. 1991

p+Y—=p+T
TE—> 3v+es
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107% 3
i Inoue Y. 2020 v+ Corona
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See also Inoue Y. et al. 2019

10_15106 107 10° 109 10 10! 1012 1013 1M 16\15
Energy [eV]
e Possible to reproduce v data
R~10-30R, P

without overshooting y data

e y-rays come from different region
e.g., starburst or jets

10'
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Demerit of Accretion Shock Scenario

Narayan et al. 2012
« Existence of shock is unclear T S
(Magneto-)hydrodynamic simulations

do not find any shock structure

N R,

os  V[C] SSK et al. 2014

Z;M

AR

« Weak B fields in accretion shock scenario
- accretion phenomena driven by B fields
- MHD instabilities amplify B fields
B~10°-10*G

Balbus & Hawley 1991, 1998

DB: torus.cut
Time:0

ety dlads bivk
-—U..'UJ..
Hney = mu




Neutrlno & gamma ray productlon sites

. Large scale emission regions ' -,.,.‘: . C(‘)mpact emission regions

. | AGN w wds
. urst nucle? ~ .] - 10 >pc
~ s Inoue . et al. 2022
- Loeb &
Murase et .

.(S
»- 100 pc

"% 4" Michiyama et.al. 2022

o~ 10_5 pc
‘ Murase, SSK Meszams 2020

Kheirandish, Mutase, SSK 2021 g
Elchmann et al. 202?.



e Neutrino emission from AGN coronae
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AGN Accretion Flows

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

QSO
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Particle Acceleration in Turbulence &

Particle-In-Cell Simulations in shearing box

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

o e 9

£

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
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Stochastic Acceleration by MHD Turbulence

CR Acceleration Theory | e.g) Fermi 1949

Fo ‘—»* <~~~

particli/

@ E’ > Eo

wave

Y @k >
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- @ E’ < Eo

Stochastic
acceleration

Some gain E, others lose E
—diffusion in E space

oF, 10 , oF,
= E-Dy
ot E? OE oFE
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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°
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S L9 L . )
Both pp & py (with X-rays) contribute EJ 107 y Fe$’ LAT
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.. 10 | _
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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
—_
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NGC 1068 (Lx = 10%ergs™) |

[ceCube 10 yr

Stochastic ;
(high CR pressure)

I Reconnection

Stochastic
(modest CR, pressure)
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RIAFs in LLAGN

10cm 1cm
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RIAF electromagnetic feacHons .
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n—-y+ety dlSk
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\ 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
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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



e Sub-GeV gamma rays from Seyfert galaxies
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AGN-Starburst connection

 Many Seyfert galaxies are forming stars in central regions

« Star-formation activity can produce cosmic-rays,
leading to gamma-ray and neutrino productions

 Famous example:
NGC 1068, Arp 220, NGC 4945, Circinus galaxy

Minor Merger Taniguchi 2013

Starburst Seyfert

** % .
e .

Major Merger Quasar
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Gamma rays from NGC 1068
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« Gamma rays by starburst activity:
low-E cutoff at sub-GeV by pion decay

* Sub-GeV y-ray spectrum in NGC1068:
extending to ward lower energies
—> need additional component

e Gamma-ray flux consistent with
hadronic cascade by corona model
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UFO scenario

Gamma rays from NGC 41517

Accretion-shock + Jet scenario

—11
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* Perretti et al. reported gamma-rays from NGC 4151

 Gamma-rays can be explained by the ultrafast outflow

 The gamma-ray flux is low and neutrino cannot be detected
based on accretion shock scenario



MRI

. ' black hole | |
accretion g
black hole
Gk g; éz% ; 5\ ‘QSO‘

Comptonized X rays
CR-induced cascade /
;'lllllllary CRoptcaI/Uv

* |ceCube discovered evidence of neutrino signal from Seyfert galaxy

* Accretion shock & failed wind scenario can explain v data,
but they need to assume inefficient acceleration parameters

 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)

e Starburst activity can explain y-rays of E > GeV,
but cannot explain neutrinos & sub-GeV gamma-ray data
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