Institute for Cosmic Ray Research
University of Tokye

Recent developments in studies of
extragalactic high-energy phenomena

Katsuaki Asano
(Institute for Cosmic Ray Research, U Tokyo)



Key Questions in Extragalactic High Energy Phenomena

e Astroparticle

- Ultra-High-Energy Cosmic Rays (Sources, Composition, Acceleration
Mechanism)

- High-Energy Neutrinos (Sources, Seed CRs, Hint for UHECRs?)

- Gamma-Rays (Leptonic/Hadronic, Acceleration Mechanism, Hint for CR
sources)

e HE Objects

- Steady objects: AGNi (Blazars), Star Forming Galaxies, Galaxy Clusters
e Accretion Disk, Jet, CR Production, ISM, Star Formation History

- Transients: SNe (SLSN, FBOT---), GRBs, Tidal Disruption, BNS merger, FRB

e Cosmological History
- Evolutions of CR production, Luminosity Function, Event Rate



Ultra-High-Energy Cosmic Rays
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UHECR source: Not Blazar Region
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e Gamma-ray emitting region

e Curved spectra (not cooling break)
in blazars suggest turbulent

acceleration rather than a strong
shock.

e Slow acceleration, suppressing
maximum energy

 FSRQ brighter, softer, rarer (not
compatible with dipole)

e Multiple zones?
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TeV gamma from FSRQ
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e Third component

e Probably a more extended emission
region (no vy - v absorption)

e LiKely leptonic (low density)
e UHECR source? But no smoking gun
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Seyfert Galaxy: Neutrino Source
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e Increasing significance of the
neutrino signal

e NGC 1068: Soft spectrum, no
TeV gamma implying compact
source near SMBH

e Flat(?) spectra for other
candidates, compatible with
the diffuse neutrino
bacKground.



NGC 4151: 2™ neutrino emitting Seyfert

MAGIC upper limit for NGC 4151 . .
e Neutrino signal 3.1 o
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CR acceleration in accretion disks

Kawashima & KA 25

GRMHD sim_ +Subgrid model of turbulence ac
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¢ * Simulation data provide a degree of
turbulence

e Follow trajectory of advected CRs

e Non-steady injection and acceleration
resulting in softer spectra

e Wind with CRs, no distinction of
Wind/corona

(c) Oufiow CRP (It was inflowing in early phase)
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Neutrino emission from the simulated disk

Kawashima & KA 25
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LLAGN: Accretion rate ~10-2 Eddington
Mrk 421 -like

NGC 1068 -like sources

Accretion rate ~ Eddington Lio ~

- ¢ CR luminosity 10 ergs”

e Non-steady simulation can produce a
hard neutrino spectrum even with
turbulence acceleration

A combination of Soft type + Hard
type sources reproduces the IceCube
diffuse spectrum

non-negligible contribution

~5 % 107> Mpc ™
10% erg s !



Galaxy Cluster

IR (white) and radio (red) Image of Coma cluster o Diffyce synchrotron emission
O e SRy e Electron cooling time is short,
requiring continuous acceleration,

 Major merger induces turbulence,
which accelerates CRs in ICM

e Electrons may be hard 1o escape
from source galaxies

— e Secondary electrons from
Turbulence acc. accelerated protons are likely.

-On
* Possible GeV gamma-ray
detection (Adam+ 21) suggests
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Cluster Statistics

Cluster mass evolution Based on cosmological simulations, we follow the merger
oy T T T _ history of clusters,

CRs are injected proportional 1o SFR.

< = e Finite periods of turbulence acceleration by mergers
e ~ * Reproducing the radial profile of Coma Radio Halo.

Reproducing the radio LF and Mass-luminosity relation,
: Consistent with IceCube neutrino.
] e Finally, parameters are determined.
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Megahalo

ZwCl 0634.1+4750  Mpc extent of radio emission

/ S * CRs exist far beyond radio halos,
R « Secondary electrons?
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Tidal disruption events
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 Tidal disruption of a star by SMBH

e Emission from accretion disk with
L o t=5/3

e Several reports of HE neutrino
coincidence

» Model or energetics typically give
0.1-0.001 NU events

e TDE contribution 1o diffuse nu
should be below 30% (Stein+19)
e Delayed activity in radio (jet? ~
1000 days, AT2018hyz, Cendes+
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Absolute magnitude

FBOT
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Ul+ra long GRB 250702B
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FXT with EP
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e Fast X-ray transients
detected with Einstein Probe

e X-ray Flash (XRF)

e Minutes to hours

o Off-axis GRB?

 BNS mergers?

« EP250108a associated with a

L

Ic-BL SN (Rastinejad+25)




Unified model for GRB/FXT

(B) t ~ 10" — 10%s: Jet-cocoon inside the CSM

(A) t ~ 0 —10s: Caollapsar jet inside the progenitor

Relativistic
Jet

GRB Progenitor
R, ~10"-10" ¢m \
M, ~20 M,

(C) t ~ 10%s: Breakout

Collapsar Jet

Early Afterglow: g
(~1 day; X-ray — IR)

Weak Prompt Emission
(soft X-ray)

! Weakened Jet
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Model for EP240414a
Extended CSM

Jets dissipate a fraction of
energy in CSM, producing
cocoons,

Weak prompt

Mildly relativistic jets produce
slowly evolving afterglows

Cooling cocoons emit late
afterglow

Depending on the CSM radius,

we obtain
GRB / XRF (Intermediate) /LLGRB



EP 250207b: BNS merger?
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Long GRB from BNS? GRB 230307A
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Flux (erg cm=2 s71)

GRB afterglow: Recent progress
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Wide: 0.1rad, T, = 20, E;;, = 10°3erg,
€. =0.1,p =28
Narrow: 0.015rad, I, = 350,
Eiso = 4 X 10°3erg, e, = 0.035,p = 2.3

Decelerating shock
propagating in CSM

TeV afterglow samples are
increasing

Synchrotron + Inverse
Compton

Variation in microscopic
parameters.c,, cg,p

Parameters are constant?

Two-component model:
Wide+Narrow jet—break

Main characters change
between the early and late
phases

Equivalent 1o parameter
evolution?



Energy flux [erg cm?s]

Spectral Index

BOAT GRB: 221009A

5&\&: /

* Jet Break
LHAASO c@l 23

e TeV afterglow detected with LHAASO

o =08 o Extremely bright E;., = 2 x 105%erg

e Early jet break suggests a narrow jet
with 6, = 0.8°(0.014rad)

e On-axis probability ~ 10~
e Typical jet opening angle is 2.5°(Wang+

18)

o Late-time hardening (turbulence
acceleration?)
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New model for BOAT GRB

6 Lorentz factor evolution
v 22%x10° € 10° -
s 324105 : = Transition
—_— 42x10*s S
al BM solution \
Wind
2af T =T £ 0Magneﬁc Acc,
| -
. Normal BM deca
| Lorentz factor profile 0
Kusafuka & KA 24
05010 —'0._'00'3 '”Lo.'ooé “0.004  —0.002 0,000 10} T EET T, By S e s p
Relative position from forward shock [Rgec] Shock Radius r [cm)]
v Slow cooling
End O'{S acc, — Wind —— 03-5TeV
10°F —— 0.1-100 GeV
) . —— 03-10keV
/10 F ] —— r band
| -2 -
oy | XTr =o10F f |
Density 5
! 5 10"
' T Normal BM decay
1.2 X 107¢cm
 Kusafuka & KA 25
1000 10" 10° 10" 10" 10

Observed Time T [s]

Single component

Initially jet is accelerating by
magnetic force

Consistent with the early
increase
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solution
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Shallow Decay Phase

Flux (erg-cm=2-s

Flux density [mJy]
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e Flat First 3000s

e Continuous energy injection may hinder
deceleration

e Alternative: Slow(r, ~ 30) ejecta in wind profile
(Dereli-Begue +22)

» This leads 1o a delayed onset of deceleration,

e Fermi-LAT GRBs tend 1o show no shallow
decay (Yamazaki+20)
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Fermi GRB 240529A with shallow decay

0.3 - 10 keV Flux [erg cm™2 s71]
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o Shallow decay with GeV
detection: very rare

e Energy injection model (high
") is oo hard in GeV, 100
bright in TeV

e Wind model
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Summary

e TeV component in FSRQ: another CR acceleration site

e Seyfert galaxies as neutrino sources
(disk /corona CR acceleration)

e Enigmatic electron injection in galaxy clusters
o Val‘iOUS TDE even"'S (FBOT, UH'PG"IOHQ GRB, WD) BBH merger rate

following SFR

e FXT with EP: Kind of GRB? BNS merger? ... . ..

1034 Power Law RepsHirT, GWTC-3.0

» GeV-TeV GRB afterglow: not so simple - — i

(CSM, ejecta thickness, magnetization) :.. o
e Cosmological evolution of HE events " m
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