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Observation of ultra-high energy cosmic rays (UHECRS)
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Discrepancies in Auger and TA observations 1+ =

Energy spectrum
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Magnetic field strength, B (G)

Radio galaxies: possible astrophysical sources of UHECRs

Confinement condition € Hillas criteria
1012 . . . .
2 Particles should be confined within accelerator
in order to be accelerated.
1y <L
. < .
I m) Euinas(EeV) < B - BucLipe for proton
L dwarfs \\
! X EZi,Hillas = ZiEninas
N\
i SunspotsQ D I3 — i _ L
x MAag{qaigc S Zi Charge ﬂa — ]/a/c B,UG = 116G Lkpc = Tpc
i | 1 Radio Galaxies (RGs):
. 4 FR-1 : mildly relativistic jet, two-sided, plume-like
- Interplanetary 4 FR-II : highly relativistic jet, brighter lobed (hot
: s”ace\ 1 spot), often one-sided (relativistic beaming)
6 : Galactic : L .
L) e, clster 71 Most promising candidate for UHECR sources ?
L S (Blandford et al. 2019; Rieger 2019; Hardcastle & Croston
I N T S T S g —t } Ql 2020; Matthews et al. 2020, + many previous studies)
1 km 10 km T 2 1ipc 1kpc 1Mpc



RadiO galaxy jetS: Lorentz factor ~ 1-10 for 1~100kpc jets, B~10-100uG

Radiation emitted from

Formation of extragalactic jets
from black hole accretion disk

any part of trajectory

Electron with acceleration
(L to B), velocity v,

pitch angle o (not shown)

Polarisation

les

Synchrotron
radiation To observer

N

Radio jets emit strong radio due
.y to synchrotron radiation from
cosmic ray (non-thermal) electrons.

Credit: NASA / Ann Field (STScl)



Morphological Dichotomy of Jets: Fanaroff-Riley Classification
FR-I : center bright

FR-II : edge bright

Radio Galaxy 3C272.1 = M84
VLA 6¢cm image
Copyright (c) NRAO/AUI 2006

Hot Spot Counter Jet  Core Hot Spot
Radio galaxy Cygnus A at 5 GHz ,d ~ 220 Mpc, (z=0.056), extension ~120 kpc (credits: NRAO/AUI, A. Bridle)

db
— > 0.5, FR-lI
df Image Credits: Frank M. Reiger




Various shape of radio jets

Wide-ane tail Narrow-angle tail
i A

College of Science and Engineering, UMN

interaction with an intracluster medium?
=Y large precession angle?

X shape jet




Interaction between radio relic and radio jet

LOFAR 144 Mifli._- RS Coma cluster ' io: NCM[TIFR[GMRT_ Abell'3411_—341.~_2'

f Radio Jet/‘ :

Gabxy CIUSte.r ' 2 = } .' G . -—/,—"r": .. . A ".." i e To cluster centre

" 3‘ % . ¢ e . ) . E Ty . v o 4 y —— Radio relic
X : » » " P 3 . A & _ ]

.

i Cluster merger

Radio jets will play important role
_ in radiation, and dynamics in ICM
" Radic jet!- environment

s



Previous study of the UHECRs acceleration in Radio galaxy jet

Kimura et al 2018 & Caprioli 2018 &
Matthews et al 2019 Ostrowski et al 1998 Mbarek et al 2019, 2021
> Diffusive shock > Discrete shear acceleration > “expresso” acceleration

acceleration
> Performed Monte-Carlo simulations | » Performed Monte-Carlo

> Performed RHD with simple cylindrical configuration simulations using simulated
simulation (PLUTO code) MHD jet configuration
. > Energy spectrum of accelerated > Energy spectrum of
> Hillas energy of .the particles is presented acceleration particle is
backflow shocks is oresented
presented (~101%V for > Figure : schematic picture of shear
proton) acceleration in a jet- cocoon system | > Figure : Schematic
of an AGN. trajectory of a galactic CR
reaccelerated by a
» Figure : Shock surface Galactic Cosmic Rays e relativistic jet

they found, within the
jet (cyan), within
backflow (orange)

_______________




Flow chart of this study

Development of
a hew code for Relativistic
Hydrodynamics (RHD)

« Develop high order RHD code Perform RHD jet simulation ) Rev:elopt(:‘osmlc :‘ay :.ransport coc:E t
L]
Main | * 5% order WENO + 4% order SSPRK + Study parameter dependency of the na yzed ne .::icci;\era. |;>n process tha
topic « Adopt Realistic equation of state morphology and energetics of the jet occurred Insice the jets
. . * Present UHECRs spectrum accelerated
*  Perform various code test * Analyze non-linear structures -
through jets
g TR
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Developing Realistic and accurate
RHD code

Analyze
non-linear structures

Monte-Carlo simulation

RHD jet simulation



Structures generated in the jet-induced flow
(045-n5-S
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The jet is halted at the termination shock,
while the backflow forms a cocoon/lobe that
encompasses the jet spine.
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Step 1. Development of
a hew code for
Relativistic Hydrodynamics (RHD)



Summary of HOW-RHD code

To simulate accurate and realistic relativistic flow, we adopt the following schemes

1. 5% order accurate WENO scheme (Jiang & Shu 1996, Jiang & Wu 1999) for
spatial integration

2. Strong stability preserving Runge-Kutta (SSPRK) scheme (Spiteri & Ruuth 2002)
for time integration

3. Realistic equation of state (RC, Ryu et al 2006) to treat the flow with y=4/3 - 5/3
4. Transverse-flux averaging for multi-dimensional flows (Buchmiiller et al. 2016)

5. Modification of eigenvalues for Suppression of Carbuncle Instability
(Fleischmann et al. 2020)



RHD equations

OD O (1) Mass conservation
It | . (Dvj) =0 (2) Momentum conservation
J (3) Energy conservation
OM,; 0
at | 6 '(Mivj +p57;j):0
J D = pI' : mass density

OF 0 M; = I'*hpv; : momentum density

Ot | O (E+ p)?}j] =0 E = I'*hp — p : energy density

p : proper rest mass density [I': Lorentz factor h : specific enthalpy
v; : fluid three vector p :isotropic gas pressure



Equation of state (EOS)

s 1 For relativistic flows with thermal speed of particles ~ c,
| the following EOSs that approximate the EOS of single-
1 component perfect in relativistic regime (RP) is used:

K3(1/0)
Ky(1/6)’
© = p/p 1s a temperature-like variable.

RP: h(p,p) =

, (K’s — Bessel functions)

(RP 1s too expensive to be implemented 1in numerical codes).

el RO p_,89 +40+1  (Ryuetal 2006)
im] T 30+2

—15 —1 —05 0.5 1

Ryu et al 2006 og(@) °



Weighted Essentially Non-Oscillatory (WENO) scheme

Calculating the physical flux .Y “Fiy50) - (G Gupn) — e (Hugesy — Hijuy)
using a 5™ order accurate dijk = dijk ~ 3o =30k ) T Ay \That ek T Fhim gk ) T \(Madkty T Mgk )

finite-difference (FD) WENO ’

reconstruction. Fi 1= 3 (—F;_1 +TF; +TF;s — F;,5)

Tests for three different WENO weight 5 . . . .
functions, ’ ; R )

1. WENO JS (Jiang & Shu 1996), +AF;‘;§,AF§‘;§,AF5;,AF5:% ]Rj.' e

2. WENO Z (Borges et al. 2008),
3. WENO ZA (Liu et al. 2018). 1 1 1
on(a,b,e,d) = §@ a—2b+c)+ 5 (@— 5) (b—2c+d).
WENO-Z is both accurate and robust. b 5

- Selected as the default scheme A S Sy S PN S

5;‘15 — CT ’ r = 07 1, 2’ WENO JS

)) r—o012 WENOZ

5ZA:C,.(1+ A'Tﬁ), r=0,12 WENOZA

Relativistic double-Mach reflection problem with an inclined shock



Strong stability preserving Runge—Kutta (SSPRK)

. —— High resolution

+  RK4
« SSPRK

0.4}

Vx

0.2}

0.0

1000

o 500

0.0t

0.0

0.2 0.4

1.0

-1 (Spiteri & Ruuth 2002)
q(O) _ qn7 q(l) _ Z (leq(m) + Atﬁlmﬁ(m)>, | = 1,2, . 75’ qn+1 _ q(5)
m=0
p= p=1
v, =0 v, =0
vy, = 0.9¢ vy, =0
p =103 p=10"7

Initial condition of this shock tube test

Most of the code with WENO uses 4" order Runge-Kutta (RK4)
scheme for time integration.

In RHD simulation, shock with transverse flow is hard to simulate.

In such cases, even shock positions cannot be followed properly. It
is a well-known problem in RHD simulations.

With the SSPRK method, the code can simulate harsh conditions
with strong stability.



Treatment for multi-dimensional problems

— oee—— _
0.9 1.2 1.5 1.8 2.1 Qi jke = ik Fipi60=Fit1jr
_ i ( —9 + ) 1
¥ W/O treatment With treatment 37 (Bi1k = Mg+ Gigrn) o (Fiagyoue = 2Fisg ia+ Py i)

a5 '\\j\\ ® \Ng\ﬁ ® - i (@ijk—1 = 200 + Diri1)  + 2—14 (Fitgino = 2F iy e+ Fisy jae) -

» Transverse flux averaging scheme is
proposed as a modified dimension-by-
dimension method for FV WENO
schemes, which leads to high order
accuracies for smooth solutions
(Buchmiiller et al. 2016).

» By bringing this scheme to our FD
WENO scheme, we improve the

: . _ accuracies for multi-dimensional tflows.
gikelvin-Helmholtz

instability test
-04 -02 00 02 04 -04 -02 00 02 04

0.0

02 ¢

-0.4



Treatment for carbuncle instability

|||||||||||||||||||

» Carbuncle instability arises at

slow-moving grid-aligned shocks,
e.g., bow shock of the jet.

' > modified eigenvalues for RHD

¢; = min(¢[vzl, cs),
(Fleischmann et al. 2020)

(1— v, F¢ /F\/_

1 — c’2v2

;o
1,5 —

234:%7
Q=1-v:i-( (v +v?)

¢ 1s a tunable parameter

..
Rl

06 Low power ...,
[ Jet :

||||||||||||||||||||||||||||||||||||

0'%.0 0.2 0.4 0.6 0.8

= This can effectively suppress
Carbuncle instability

Unphysical structures due to carbuncle instability



Step 2. Simulations of jets:
Structures and Dynamics



Relativistic hydrodynamic simulations of relativistic jets

log p/po - Relativistic HD simulations using a new
state-of-art RHD code (HOW-RHD)

- Range of the jet power : 10*2 — 10*7 erg/s
- Range of the jet length : 0.5-200 kpc
- Dynamical timescale : Tkyr~100 Myr

Seo, Ryu, & Kang 2021b
Seo, Ryu, & Kang 2023a, b

Pb
Pp - Background profile
(Intergalactic medium/Intracluster medium)
07 —38/2
,
p(r) =po |1+ (—) ]
Ujet Te

r : distance from the center of the cluster
1. : core radius, 1.2-50kpc

‘ 2
VA = nr-e% ' . .
! 0.0 0.2 0.4 0.6 0.8 1.0 ,8 0.5-0.73
p(t= 003




Flow structures of radio galaxy jets

Seo, Ryu, & Kang 2023a, b

High-power jet

-5.0 -2.5 0.0 -1.0 0.0 1.0 .
> i R S -
small deceleration — - |-°W. PO.\;\_’ETJ:L -
of the jet flow Q441100 -> significant deceleration

T

(b). of the jet flow

\ 4

well developed cocoon,
mildly relativistic jet

\

well-maintained jet-spine,
large boosting due to the
relativistic beaming of
the jet flow

x(kpe) z(kpe)



Properties of Shocks

Q46 —n5 -0 —H

t/tcross = 54
bow shock

jet spine flow

log p

2 ' ’ " shock
/

(a) density (b) shock locations

recollimation

shocked-ICM

Shock speed

Range of B; = v,/c

(vs: shock velocity)

jet flow : 0.2-1.0

Backflow : 0.01-0.4
Bowshock &

Shocked-ICM : < 0.005-0.05

Mach number
Peaks of N(M) occur at

., -M.~6.5 for the bow shock
» -M ~3 for the recollimation

shock
Other shocks have power-law

PDF, N(M,) <« M, >~ "13

Kinetic energy dissipation rate

A(I)shock
= Fl (Fl — 1)p1021}1 - FQ(FQ - 1)p2621)2
log Ms+dlog M
Lshock(Ms) - Z A(I)shockAAshocka
log M

Shocks in jet flow &
backflow have high kinetic
energy dissipation rates. 23 36



Shear

Properties of Shear and Turbulence Quhear = 0. /O]

Relativistic shear coefficient

lllllllllll]llll llllllllllllllll |||||||||||I||I| |l|l|l|||||||||l

- Q46-n5-¢0-H - Q46-n5-¢0-H N .

3 8ng’Zm,| " logs, { :_ 8)g|£2’3| d loglQ_| 7 o _. ov, 2 (Rieger 2019)

: 4 : : : 5 =15
i- : : _ : : Shear is strongest at jet-
g 5 ] =0 % - E R cocoon boundary and inside
a the jet flow

- : : : S, is largest in the jet flow.

- 140 — —1 40

2 : 1 2 Total vorticity

3 1 E Q, =V xv

= 1o - 20 Vorticity excluding shear
s E : g : ] v
2 C 2 C 7] Z p

= ] C Al ﬂ_ —_ Qt + 0,

— 110 5 <10 or

- : 5 : Backflow has large vorticity

- ; . I due to Turbulence

0 15 10 5 0 5 10 15




z(kpc)
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Distribution of non-linear structures in FR-| jet
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£shock = /
M

0.

|
o

log (Lshock,tot/ Q)
|

log (csllo(*k/Q_i)

|
—_—
T T

hock energy dissipation rate

Lshock (A/-[s )d log Ms 3

Inlin

oF;

Ut
T ™11

—_— QT30
— Q4740 ]

Q45-14-C0 Q46-n4X0

—_— QG3C0H  —— Qi593(0 — Q46-93X0 —_— QT30
— (47-75-C0-H — Qi5-pd(l — Qi6-n4-4 — Q4T ]
I (S R R—I)
t/t(l()\\
Lchock/Q; is Higher for lower Q;
Lcnock/Q; is Higher for lower M
_o
-3 ’
/t(lO\\

Shocks in the Jet flow and backflow are

most important in energy dissipation

log(p/py)

shocked-ICM
bowshock

Q46-n5-20-H

tt =54

Cross

Q45-n5-20

Higher Q;, Lower Li p/Q;

=

Lower energy dissipation rate induces

narrower cocoon

Q; = 2 SU; (I‘z,ojh

Q47-n5-70-H

—Tjp;c?)

60

50

40

20

10

z(kpc)



Turbulence energy dissipation rate

r Eturb
turb ~ @—,
Tcascade
0 _|
= —
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Ly ,rp/Q;) is Higher for lower Q; |
Li,rb/Q; is hardly depends on M
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Turbulence in the backflow are most
important in energy dissipation

log(p/py)

shocked-ICM
bowshock

Q46-n5-20-H

tt =54

Cross

Q45-n5-20

Q47-n5-70-H

Higher Q;, Lower Li p/Q;

=

Lower energy dissipation rate induces

narrower cocoon
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FR-II FR-I




Synchrotron radiation modeling FR-I jEt

density

' N _ A/ —p  Cosmic ray electron
Ne(v) =N distribution

gl ' o' o\ 4. Synchrotron
Jy = A /Neh )P, (7 )dy - emissivity

7,

17

Jy = (T[L — Bu])?’ Doppler boosting

dl, ,
P a,I,. Radiative transfer
(optically thin, j, > a,)
Bhattacharjee,
Seo, Ryu and

Kang, in prep



- Lower-power jets are more likely FR-I, higher-power jets are more likely FR-II Bhattacharjee,
ReSU |t P J 4 ggu,p J ) y Seo, Ryu and

500

—
v
=
@)
Q.
o+
)
b}
—
)
<
)
I

60b5:90°
log(I,")=-25.3
d,/d=0.9296

Q42-n5-r10

60b5:60°
log(I;,")=-25.1
d,/d=0.0764

Q42-n5-r10

(b) 60b5:30°
log(I,")=-24.1
d,/d=0.0745

Q42-n5-r10

eobszgoo
log(I;,)=-23.3
d,/d=0.9822

Q43-n5-r10

eobs:60°
log(I;,")=-23.2
d,/d=0.9650

Q43-n5-r10

(e) 90175230'°

log(I™*)=-22.8
d,/d;=0.9217

Q43-n5-r10

Kang, in prep




Step 3. Monte Carlo Simulations
for CR acceleration,
using simulated jets



Monte Carlo simulations for CR transport

1.0

EZ I
= (Vz_l)mp c*
0.8 E>
06 IsotroplcQ_
X elastic
=
04 = (V1 1)mp
/
0.2 Ei

¥n. Lorentz factor of the
0.0 particle in n-th frame

Assumptions:
1. MHD waves are frozen into the background flow (in computational frame, v¢,:qa = Ymup waves)-

2. Particle scattering is isotropic and elastic in the rest frame of local fluid.

3. CRs gain/lose energy through scattering off MHD waves co-moving with the background plasma (obtained

via Lorentz transformation of the field)



log dN/dE
v

|
e

Ei/Eav=0.1
Ei/Eav=1
Ei/Eav=10

2D Ej/Epy=0.1
2D Ej/Epy=1
2D Ej/Epy=10

- 3D Ej/Eav=1

3D Ej/Epv=1
3D E;/Epy,=10
& E—1.5

log E [keV]

Vs = 500km/s (non-relativistic shock)

Ei : injection energy
Epy = (Tay — 1)m0C2

- Non-relativistic shock

- Non-relativistic particle (« E~1°)
- Initial Delta function distribution
- Relativistic terms are negligible

-2D shock velocity
Vo = Vo/sqrt(2)
Vs, = Vi/sqrt(2)
Vi, =0

-3D shock velocity
Vsx = Vs/sqrt(3)
Vs, = Vs/sqrt(3)
Vs, = V/sqrt(3)



log dN/dE

—-2.0

—5.0;

—5.5]

—6.0

—— 3D Ej/Eay=10
—— 2D Ej/Epy=10
—— 1D Ej/Epy=10
o E_2

5.6

5.8

6.0

6.2

6.4

Vs = 0.3c (sub-relativistic shock)

E; : injection energy
Epny = (Tay — 1)m0C2

- Sub-relativistic shock

- Relativistic particle («x E~2)

- Initial Delta function distribution
- Relativistic terms are important

-2D shock velocity
Ve = Vs/sqrt(2)
Vg = Vo/sqrt(2)
Ve, =0

-3D shock velocity
Ve = Vs/sqrt(3)
Vg = Vo/sqrt(3)
Vs, = Vi/sqrt(3)

6.6 6.8 7.0



Discrete shear acceleration

Cylindrical jet model

« Same setting of Ostrowski 1998 ~ front boundary
¢V = 0.5¢ e |
* r (shock compression ratio) = 4 X — E
ev. =0 Y 5 1
5% g 12
. T : U1 :%
2 ways to accelerate particles / X =
>> Particles accelerated at / | ;
termination shock / ; jet ;
[ J [ | RJ |
>> Particles accelerated at jet- C
cocoon boundary Foo

Fig. 1. A schematic representation of the terminal shock neighbour-
hood. The velocities and distances used in the text are indicated.



Discrete shear acceleration Particles accelerated at jet-

cocoon boundary

*7(p) = 1 (pﬂ)‘s mean scattering time °°° = 0.5
0 -
v'§ = 1 (Bohm diffusion) =
» Shear acc 200 ]
—(3-6 —2 -
Vi) xp~B7% o p |
dN 1.0 - N
‘/F(p) . () X pl for shear acc ] Particles accelereated . '\ '~\
dlogp | at termination shock '\
0'0—4- o  -30  -20 —\1"0' 0.0
» Shock acc - 3. o2 - -
—3r/(r—1
‘/f (p) X p ( /( )) Fig. 5. The particle spectra formed with and without the jet boundary

_( 3r ) +3 acceleration for D = 0.97. Spectra formed due to acceleration both

v F (p) X p r—1 fo IS hOCk aCC at the jet _boundary and at the terminal shock are presented “v"itll full
lines, while the spectra for the neglected boundary acceleration are
given with dashed lines. The results are presented for R... = 2.0,
Lese =1.0anda)) zj,; = 0.0 orb.) 2;,,; = —1000.0.



Discrete shear acceleration

* T(p) = T (pg)s mean scattering time 05
0

v'§ =1 (Bohm diffusion) 0.0
* Shear acc

V) < p™B7 o« p -

dN(p) 1 T —1.0

v —

F(p) dtoss &P for shear acc o
~1.5

» Shock acc 50

Vi(p) xp~*(r = 4)
v'F(p) x p~! for shock acc

Our result

—— jet-cocoon boundary
— termination shock




Non-relativistic gradual shear acceleration

For impulsive injection with py at t =0 Q6( p — pg)o(1).

Time dependence solution

—(a+1) (B+a)/2 - —a
Op, Do p~“+p
f(p,t)= — exp| — !

la|Tmot \ p a?I'rot

) p —a /2
s\ e <P_o> | )
[

where TC( p) — T()paj
U= u,(x)e,

. . t 1
normalized time, t' = — where t, =
te I'topo

= 0.001(c/Ly)

no. of particles: N, = 50000

Injection momentum: po/mc=0.9

In this time range, relativistic effect is not
Important

Rieger & Duffy 2006

— t=3e-3
— t=5e-3
— t-9e-3

log-log plot

0.6

0.8

1.0

1.6

1.8

2.0



Relativistic Gradual Shear Acceleration

vvvvvvvvvvvvvvvvvvvvv

Velocity profile - Rieger 2019

B=(r) = Pol1 — tanh(r)?] "
wee B(r) = u()fe |

08h

02}
The model of Mean scattering time
0.0F
Ry o0 o5 10 s T2
T(r,p) = TO[ ”J nE U - webb 2018
po) r&(r) r
£(r) = 1 ln(] + .3) — tanh~1(3). - Arlbit_rary function for getting analytic
2 | — 3 - solution
_ —2p, tanh(r) sech?(r)

§1(r) = 1 — B&(1 — tanh2(r))?2

>
>
& N N B BN BN BN B N BN B |




Simulation Result

Rieger 2019  r: radial distance from the jet center
10 == f) ocp™t
— classical power-
7 aw dependence
= 107 r=0.06
r=0.5
r=1.2
1077
0.01 0,10 1 10 1
P
Po

Steady state Solution from relativistic transport eq
afo . ()20
CLL(Xf() ( af + u® [3) (aa{g — g (pp/) a{)(l))]

/3 0\ 2 )2
_|_ii _p_( V,@u[ fo _|_p’3 P P % — 4 [3( ) af
4 Oxb

Va

P2 Op/ p oy

dfo
F 14
op’

ol -a

Our result —

The power-law slope is
well reproduced \

—0.5 00 05 1.0 N .
log p/po Saf




Monte Carlo simulations for CR transport & acceleration

t=0.00 Myr

120

90
g
2 60
N

30

=3
-40 0 40

21

20

19

18

17

16

Seo, Ryu, & Kang 2023a, b

 seed CRs are injected from the host
galaxy through the jet nozzle with r;

* Initially, seed CRs : 10TeV-PeV(10'3-1>eV)
with a power-law spectrum

dN /dE < E=27.

« Particles are continuously advected and
energized in the time-evolving jet flows

Galactic
cosmic rays
are advected
with jet flow




Model Prescriptions for Particle Scattering
Restricted random walk model

mean free path: Apr « E°

4 )

Motivation
E<Ecn: E,,=eZBLy (L, : characteristic scale of the turbulence)

In a realist jet flow, magnetic
fluctuations may not be strong
enough to scatter in a random walk
manner for high energy particles

Kolmogorov scattering
scattered with MHD waves (with Kolmogorov spectrum)

1

Bohm scattering at shocks
scattered with self-generated waves near shocks.

LO 59max < 1. )\f(E) > LO

86, = mmin[1, -2
max = 1 min| Y2 100mae ~ 7. A(E) < Lo

Isotropic Restricted

E > E_,;: Bohm scattering

(Comparison model )
E > E_,n: Non-resonant scattering
Mean free path is larger than the scale of turbulence.
-> /1m f X E 2 _— 4 -~
\_ - Sample trajettory of the isotopically ejectet particles

in a restricted random walk model



Model Prescriptions for magnetic field

> Internal energy model

2
By _p
8t
» Turbulence kinetic energy model
B2
turd ~ KEtu'rb
8
» Shock amplification model
B? 3w 3
Bell%__sp %__301 ,02

120 » -4

60—

o
log B (G)

- 5.5

0 -6

x(kpe)
in the computational frame

Jet: B ~ 100uG
Backflow: B ~10uG
ICM: B ~1uG



Diffusive Shock Acceleration

Shock Mach no.

0.7 T T T[T T[T T[T T[T T [TTTT];

~  Q46-n5-Z0-H
—_ logM,

0.5

T IIIIIIIIIIHIIIllll|IHIIIIIIIIIIIIHII

-15

AVA 1
IlllIIIlllllll/’\llllllllllllll
5

-10

-5 10 15

0
x(kpc)

steep spectrum
dN/dE < E=° o= (x+2)/(x—1)
X = P2 / p1 compression ratio of the shock

2(kpe)

Upstream
flow

Downstream
flow

Three Main Particle Acceleration Mechanisms

Shear Acceleration

Relativistic shear coefficient

loglQ,,..|

log S,

IHIHIHIHHIHHWIHHHHWHHHllllHlIKIIII[HIHHHIHIH-

S

T T T
Q46-15-20-H
log|Q,,..|

i Ov.

RO s ) Z3)2
=55

1 50

1 40

2(kpe)

1 30
1 20

110

lS0

flat spectrum

AN/dE = 4mp*f(p) < E'*. 1(p) o p°
dN/dE o E° for the Bohm diffusion

Non gradual Shear
acceleration

.4--

Jet flow

..‘. l
-...*

Backflow

Gradual shear ®
acceleration

loga)

logl2_|

Turbulent Acceleration
Vorticity = turbulence

R RERE
Q46-n5-20-H
log|Q,|
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b b s L b b

60
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40
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Turbulent
Shear

‘ acceleration ‘

2(kpe)



Contribution of acceleration process (AP):
acceleration time scales

-2 -1 I T T I I I ! T T I I I I ] T

DSA tDSA = 3.52><103yr)(§?(_‘|'11) (%) (Ei'v) (hle) 63— /

(shock)

Drury 1983
4
-2 -1 —
— 4 1 Qshear M \
Gradual tgsa = 4.90x10%yr (4+a)y4( Py ) (kpc) ,
Shear Acc  Webb et al 2018
2
_ 4o (Lo/v)? 2 2re)\3
Turbulent  trsy = 288x10%yr (HL) (L) ™ (12)
Shear Acc  Ohira 2013 S | 1
12| 1 1'141 I IlGI 1 1181 I |201
log E+d log E log F(eV)
gAPAE The relative contribution of
Enp(E) = log £,° acceleration process (AP) in the bin Acceleration time scales for
AP " lp€E+dlogE log E,log E + dlog E different processes in typical jet
Z AE flows
log E

~1 —1 : : .
Eap = tAP/ ZAP tap : weight function of acceleration time scale



Relative importance of three acceleration processes
Relative contribution of APs

ll ‘ T] T I

NN l ] [ { |
1.0 (b) FR-II - 1.0 (¢) FR-I N

—  shock — 0.6—

—
pi—
-~

turbulence

-
S

shear — 04—

Eap(E)/Eat(E)

—
-
b

(,).():—Q44._1~32l | | | “-“% Q44-r100 | 1

16 17 18 19 20 21 16 17 18 19 20 21
log E(eV) log E(eV)

- Shear acceleration is the primary mechanism to generate UHECRs of £ > ~EeV;
regardless of whether relativistic or mildly relativistic jet flows.

- Shock acceleration is the main process for the acceleration of particles with £ < ~EeV.
- Turbulence acceleration plays a secondary role.




Energy spectrum of accelerated particles: 4¥(®

dE
. . X 0.0i T T T T I T T T T T 11 | T T Ij Late time:
Early time: 3 3‘1_%300 (b): Size limited stage
Age Ilmlteg sta _0.5; i Q46-n5-S - Particles

e 7

escape .+

Particles
accelerate
within
the -
jet age

—1 .9

log E[dN(t)/dE/Nior(t)]
|

IIH\|IIH|IIII|IIH|IIII[\

_L \
;I L1 | | I I | §( I | I I I | L1 | ‘
I 18 19 20 21
o log E(eV) .
Time-integrated energy spectrum of all particles
escaping from the system up to a given time

|
o
()
L]
5
o
()

> Escaped particles have a power-law spectrum with a cutoff, E,,4y
» For E < Epqy, the power-law is Z—Zoc E° — E~1, depending on time.

> In the early stage, maximum energy is determined by the age of the jet,
while in the late stage the particle confinement by the cocoon width becomes important,
the spectrum approaches to a time-asymptotic form.
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z(kpc)

60

30

I
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Particle escape: Hillas condition [FIEFES

Particles gradually gain energy, and when their mean free
path is larger than cocoon radius, 1 > W/2, they can

escape the cocoon.

This process determine the maximum energy of the energy

spectrum.
A(E) ~W/2
W
Emax ~ EH,LO (2_LO> g
B T )4%
= Dok 4 (1 MG) <1 kaC) <2Tj>‘§
i
~~
z
S
k)
Eax 1S governed by jet power:
1/3
Emax X Q]/ .

|
N
o

—2.5

—3.0

T
QzL’)—nE)—S i
Q46-n5-S |
Q46-n5-H
Q47-n5-S ]

IJII|IJII|IJII|IJII|I

INIIIIT'-.I.IT.‘IN

| g \ "'.
18 20 22
logE(eV)

Time-asymptotic energy spectrum



Particle escape : acceleration of particles re-entering the jet-spine flow
CASE 2

Nl

120

90

z(kpc)

60

30L .

I

— N W e Ot O =

Lorentz factors of the fluid
at each scattering point

1 2
4
L4

——  fluid frame

lab frame

0.3 04

t — tinj(Myr)

0.5

7l-__-,

, When the particle re-enters the jet-spine flow,

<" It gains huge energy (<A?E> ~I'?).
//---- Hence, It has large mean free path.

Therefore, they can escape cocoons with a large
longitude angle.

0.5\\||\l[\lllll\\\l\'ll\\\\||||
\.
\.
. . \
@nflnement condition fo} 0.0 \

cylinder

Iﬂ\\\'l\\\'l\\l

7—0.3;
dN/d¢= r%sin¢ db = ¢ IN
_ T 910 dlog E
cos ¢ > g E
ﬁzrsingb/cosng i_ i :
2 S 2.0 -
AN /dA= T2 o 32 - ]

s
dN 1
QllogE xE )

/

O TTT1
—_
\l
DO
o
(W]
—
W]
(W]
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Energy spectrum of escaping particles: double power-law

O-O | I LI L I L L l L l L I L I T
~ (a)
—0.5

BN E X" L (_E i
dE Ebreak Ebreak

|
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logE(eV)

Model name @ b Bireak(€V) FEmax(eV)'

Q45-n5-S 059 1.64 45E19  T.0E19 Ebreak"’Emax
Q46-05-S 051 158  13E20  L6E20
Q47-n5-S 047 1.60 22E20  2.8E20

The characteristic of the energy spectrum :

1) E,q4x - governed by the jet power

2) E < E,,,, : harder than E~% due to shear acceleration
3) E > Epq . controlled by the cocoon confinement

fDependences on different modeling are
only marginal.
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' : nonresonant scattering of 6 = 2 for £ > Ey 1, |
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Energy spectrum of escaping particles with different
\\nodeling for magnetic field and MC simulation
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Energy spectrum of escapmg particles

Seo, Ryu & Kang,
2023a, ApJ, 944, 2

Seo, Ryu & Kang,

arXiv:2310.03231

Mildly
Relativistic jet

™ Relativistic jet
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! -./,' .o\
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—1.01 7 Ebreak \\
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- —— Q44-110 |
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- Eprear: depends on the jet power

- Exponential cutoff at Ej,.,. . [%: I' is the Lorentz factor

of the jet spine
2) Will our model for UHECRs help re

=

solve the

differences between Auger & TA observations?

2023b, ApJ submitted,

= double power-law with
extended exponential cutoff

-1
dN E \° E 7"
&\ Gn) +Ema)

dE ZiEbreak ZiEbreak

X exp (—

—5)
ZiEbreakF2

- E<Eppqr : AN/dE < E7%5 due to
shear acceleration
- E>Epreqr . AN/dE o< E-%° controlled

by the elongated cocoon conflnement
LA LR L LR TR SN AU

— smgle power Iaw W|th exp cutoff |
—— double power-law with exp cutoff -

our model -

2

previously
used

- 1) Will this make
» -sI-differences in

- observations of
UHECHRS? co v Lo e

_1 1 | | | | 1| 111
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Step 4. Estimation of observed flux and
mass composition through UHECRs
propagation simulation.



Simulations for energy spectrum of UHECRs arriving at Earth

Seo et al. 2023 in preparation
CR/Propa

In CRPropa3 simulations, we include the following modules:
* photo-pion Production
* photodisintegration
e electron pair production
by CMB and extragalactic background light (Gilmore et al. 2012)
* redshift (adiabatic energy loss)

Modeling the contribution from radio galaxies (RGs)
* The total energy of escaped CR particles is proportional to the
luminosity of galaxies.



log (dN/dE) (Arbitrary unit)

Comparison of UHECRs coming from relativistic and mildly relativistic jet

At source After propagating 16-24Mpc 4.0 Mass composition
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UHECR source spectrum
E )—sz)_l - Relativistic jet generates more UHECRs flux at the high energy,

dN E
a£ = ((z.g—) 2 £>10EeV
Lbreak t=break - UHECRs from relativistic jets have a smaller mass composition
E

XEXP (‘ Zl-EbreakF2> Qiet = 2.5%10% erg/s, Epreax = 5.0E€V
Sq1 = _06, Sy = —2.6




Can the differences of Auger and TA observations be explained with our UHECR source model?

A Northern hemisphere A Cygnus A Virgo A TA: dominant
45 0. Southern hemisphere (350 MHz) source of
' northern sky
_ - Virgo A
T 44.5
(V)]
o
9, 2
o F A
§ 44.0 *Virg‘o*A proax X
| 29
o Fornax A Centaurus A
- 435 _ (843 MHz) (5 GHz)
Q;: jet power
d- distance
43.0{ A Centaurus A
0.5 1.0 1.5 2.0
log d [Mpc]

Virgo A shows a relativistic jet that looks single-sided &
relativistically boosted (., = 6, e.g., Biretta et al #999)
Fornax A shows well developed cocoons, but inner jets implying recent low-

power jet activity (e.g., Geldzahler & Fomalont 1984; Maccagni et al. 2020) A;Iger:ﬂlimpor;c(ant sources
Centaurus A looks one-sided, but may not be powerful enough Of southern Sky

(Te~1.2— 2 e.g., Wykes et al. 2019; Snioset al. 2019b1999) > Centaurus A & Fornax A




log Qjet(erg/s)

Modeling of Auger and TA observations with our UHECR source model

46.0 1

45.5 |

45.0 1

43.5 1

43.0

See also Eichmann et al. 2018 & 2022

For local RG population
Virgo A & FR Il RGs - collimated jets
FR | RGs - decollimated jets

Cosmological RG population in 0.1<z<1
- redshift distribution from Mingo et al 2019
- jet power distribution from Hardcastle et al 2019

GS13
Rachen et al| 2019 ﬁygnus e
RGs in northern sky
RGs in southern sky
*iydraA
or Ax 310 66
Jeentoysa61060 & %‘52104 gt T
157 53 =
rnaxA 5%93
*ﬁrgoA
WCFRs 1333-33
K51245-41 Local ’k FR-]
fentaurusA A FR ||
£C2721 sources @
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d Mpc

FRI

0.001 0.01 0.1 1 10

si redshift R rf jet-power *
*| distribution < distribution |
1 of RGs =6 ﬁ
100 © = =6 B

=,

75 Q)_7: ° ]
50 L%O - Hardcastle et al. 2019
25 —8F —— Model *\'

° —— 46

UHECR source spectrum

dN
dE

<ep (5 —50)
exP ZL'EbreakFZ
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Flux and mass
composition of UHECRs
from radio galaxy jets

* Assuming that Virgo A is a relativistic jet
with I'~ several, it could contribute a
substantial fraction of the UHECRs
observed at TA.

* UHECRs from Virgo A reduce the mass
composition observed at TA.

* Whether the jet of major sources is
relativistic or mildly relativistic is the key
to explaining the discrepancy.
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Summary

* The energy spectrum of the UHECRs produced at radio galaxies (RGs) could be modeled as a
double power-law with an extended exponential cutoff.

* Relativistic jets generate a higher flux of UHECRs and a lower mass composition at high energy.

* Assuming that Virgo A is a relativistic jet with I'~ several, it could contribute a substantial fraction
of the UHECRs observed at TA.
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Comparison of double and single power law models for a source at 4 Mpc
Single power-law with exponential cutoff Double power-law with extended exponential cutoff
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In the double power-law model,
the observed spectrum extends into

higher energies

nuclei

break down to
- secondary particles
“including protons

more secondary protons are produced,

which in turn reduces <In A>.



Comparison of UHECRs coming from Fornax A and Virgo A

Assuming
Formax A - a decollimated jet
Virgo A - a collimated jet

UHECR source spectrum
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a=-05b=-26T~14
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Modeling of observed UHECRs from radio galaxy jets
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