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M87 Observations
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How about the hot accretlon flow?

10 10'* 10" 10" 10®* 10~ 10 107
Frequency, v [HZ]

HE & VHE y-rays are observed, but

emission region & mechanism are not known
Leptonic jet model: too weak magnetic field (mG)
Hadronic jet model: very high power (>104° erg/s)
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"~ Accretion flows in AGNs
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1+ QSO:Blue bump & X-ray

— Optically thick disk + coronae

I« LLAGN: No blue bump & X-ray

— Optically thin flow
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Coronae and RIAFs are collisionless
— protons are naturally accelerated




Particle Acceleration In
Accretion Flows

. . . Hoshino 2013; Hoshino 2015
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- Magneto-rotational instability (MRI) drives turbulence
+ Turbulence triggers magnetic reconnection

» Distribution function: Thermal = Non-thermal tail
 Magnetic reconnection accelerates CRs in plasma scale



~

SSK et al 2016; SSK et al. 2019
see also Lynn et al. 2014

Particle Acceleration In

MHD + Test Particle Simulations

Accretion Flows
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- MRI drives turbulence 10 S0
« Turbulence interacts with CRs 05 g 20

Distribution function: broadened due to wave-particle interaction
MHD turbulence further accelerates CRs



High-Energy Emission

Y —ray & neutrino Emission Mahadevan et al. 1997; SSK et al. 2015
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Hot Plasma

D
Turbulent Field
- proton acceleration

* Interaction between CRs and matter/photons
— efficient neutrino & gamma-ray emissions

* TeV-PeV Y-rays are absorbed by YY pair production
— MeV-GeV photons from the RIAF
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" Detection of Astro-Neutrinos

1450 m

2450 m
2820 m

B 80 Stations, each with
’ O Sty dasiorilie
2 optical sensors per tank
320 optical sensors

\ IceTop

2010: 79 strings in operation
2011: Project completion, 86 strings

IceCube Ar{gy

/86 strings including 6 DeepCore strings
60 optical sensors on each string
5160 optical sensors

i AMANDA

DeepCore

.66'

lceCube experiment reported detectiong
of astro-V (E ~ PeV) in 2013 8
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Isotropic — extragalactic origin
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Pre-lceCube Models

« Cosmic-ray accelerators « Cosmic-ray reservoirs
mainly py interaction mainly pp interaction

* Active Galactic Nuclei (AGN) * Star Forming Galaxies (SFG)

Blazars & luminous Seyfert galaxies

W

L Y . Loeb & Waxman 2006

Vl Manhelm & Blermann 1989
Stecker et dl: 1991 |
Halzen & Zas 1997

Waxman & Bahcall 1997
Dermer & Atoyan ZQQ3

S Murase et al. 2008
Kotera et al: 2009
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Models for 10 TeV Neutrinos

« Cosmic-ray accelerators
mainly pY interaction

* Non- beamed AGN

i Klmura et al 2015
" Inoue et al..2019

* LLGRBs




M AGN Core Model

Mahadevan et al. 1997; SSK et al. 2015, 2019, in prep.

Murase, SSK et al. 2019 - RIAFs in LLAGNSs
- Coronae in QSOs ¥ —ray & neutrino Emission
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- Transport equations for primary protons and secondary ete- & Y
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b Jet-mode AGN

Accretion Flow
In FR-I Galaxies

Talks by Mizuno-san, Nakamura-san, Kino-san
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Accretion Flow

. In FR-I Galaxies
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McKinney et al. 2012
Powerful jet = Strong magnetic field

— Magnetically Arrested Disks (MAD)

Reconnection with strong magnetic field
— most of released energy may
go to non-thermal protons
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M O d e I c.f.) Mahadevan et al. 1997,

SSK et al. 2015, 2019, in prep

Consider Steady & one-zone accreting plasma

Non-thermal protons emit gamma-rays through hadronic interactions

Thermal electrons emit soft photons through Synchrotron & SSC
— take YY attenuation by soft photons into account

Secondary ete- pairs emit soft radiations through Synchrotron

b Jet-mode AGN
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Soft photons in RIAFs

c.f.) Kawashima-san’s talk
Mahadevan et al. 1997;
SSK et al. 2015, 2019, in prep
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- softening in hard X-ray range
- anti-correlation of Agdd - '«
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Non-thermal Protons

. P . N,
Transport equation: 4 (_ e N ) N
d‘gp tcool g " tesc
.. . . . o gp —Sinj B gp
- Power-law injection: N, i, = No exp
: 8p,cut ep,cut
_ M87
- Normalization: 107+ I
pp BH fall
. 106 .= =t} ===ty - - -t
/8pN8p,injd8p = epl/;/lLEdd‘
_ 10_7' —— - —— - em o S e e —
o 10—8-;
| f :
Infall loss is dominant ™~ 10-°- c
pp interaction is the 10 /é/' //"
dominant cooling process e ,
' 101 102 103 104 10° 10° 10/

£, [GeV]



22

SED for M87
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* Roughly consistent with observed broadband spectrum
* Lcr = 0.IMc & MAD model achieves observed GeV flux

* radio (<10 GHz) & TeV Y should be produced by other regions
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*  Rough agreement with observed dat .
with the same parameter set of M87 except for MgH & M

SED for NGC 315

SSK & Toma in prep.



“ High-Energy Backgrounds
dF, 2V [ dF, dL
= [ d 7 7 L 1 —w(F, (L —7(E
+ Radio luminosity function » Convert Radio luminosity
for “jet-mode AGN” to Y-ray luminosity
1074E R [RRRRRRERE [RRERRERERE [RRRRERERE [RRRRRRERE [RRRRRRE :
- ¢ e e _ z=0.1 log,o(L,) = (—3.90£0.61) + (1.16£0.02) log,,(L 2),
S ol M87-like " S
g 1 47 | Inoue Y. 2011 .
v 10°%F = - A
s 46 “ ]
E 107 F E % » - |
E ~ Heckman & Best 2014 . :1: o i
g 10_85_ —A— Radio-loud, radiative-mode AGN _ Q'E 43 ]
= —8— Radio-loud, jet-mode AGN 42 —
107 y ]
l0g,4 (Lyyss/W Hz™) 40 0y, FRID e
_ . 38 39 40 41 42 43 44 45
o=/ [(P/Pof + (PP, P




25

High-Energy Backgrounds
from MAD in Radio Galaxies
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« MeV gamma-rays, GeV gamma-rays, & TeV-PeV
neutrinos can be explained simultaneously
with the same parameter set
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- Summary

Contents
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E,Fg, [erg s7?]

Summary

* Cosmic-rays are naturally accelerated in hot accretion flows,
especially in MADs by magnetic reconnection

- Radio-galaxies likely host MADs, leading to hadronic emissions

- With a one parameter set, hadronic emission from MAD can
reproduce the gamma-ray observations for M87 & NGC 315

*  With the same parameter sets, hadronic emission from MADs will
produce wide range of cosmic high-energy backgrounds.

b Jet-mode AGN
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for your attention



