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Observation of ultra-high energy cosmic rays (UHECRs) 
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Observation of UHECRs: Extensive Air Shower (EAS)

PAO

TA
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Two leading experiments for observation of UHECRs 
Telescope Array (TA)  experiment in Delta, Utah, USA

Fluorescence telescopes

Scintillation detectors

Japan, USA, Korea, & Russia
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Northern hemisphere



Two leading experiments for observation of UHECRs 
Pierre Auger Observatory (PAO) in Argentina

Fluorescence telescopes

Cherenkov detectors

Mostly European countries + Argentina
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Southern hemisphere



Sky coverage of two experiments

Southern 
Sky

Northern 
Sky

• PAO sees UHECRs 
coming through 
the southern sky

• TA sees UHECRs 
coming through 
the northern sky
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Differences in UHECRs observed by two experiments

Energy spectrum of UHECRs

Flux of UHECRS with E > 3x1019 eV is higher in the northern sky! 
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Differences in UHECRs observed by two experiments

Mass composition of UHECRs

PAO TA

A: atomic mass

Mass of UHECRS with E > 3x1019 eV is heavier in the northern sky! 
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Radio galaxies: possible astrophysical sources of UHECRs 

𝐸𝐻𝑖𝑙𝑙𝑎𝑠(𝐸𝑒𝑉) ≤ 𝛽𝑎 ⋅ 𝐵𝜇𝐺𝐿𝑘𝑝𝑐

Confinement condition  Hillas criteria
Particles should be confined within 
accelerator in order to be accelerated.

𝑍𝑖 𝐵𝜇𝐺 =
𝑩

𝟏𝝁𝑮
𝐿𝑘𝑝𝑐 =

𝑳

𝟏𝒌𝒑𝒄
𝛽𝑎 = 𝑉𝑎/𝑐

𝑟𝑔 ≤ 𝐿
FR I

FR II

Radio Galaxies (RGs): 
FR-I : mildly relativistic jet, two-sided, plume-like
FR-II : highly relativistic jet, brighter lobed (hot 
spot), often one-sided (relativistic beaming) 

Most promising candidate for UHECR sources ? 
(Blandford et al. 2019; Rieger 2019; Hardcastle & Croston
2020; Matthews et al. 2020,  + many previous studies)

for proton

𝐸𝑍𝑖,𝐻𝑖𝑙𝑙𝑎𝑠 = 𝑍𝑖𝐸𝐻𝑖𝑙𝑙𝑎𝑠

charge
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SBGs

Hillas diagram



3D Relativistic hydrodynamic (RHD) 
simulations for relativistic jets with 
Γ𝑗~1 − 100

Monte Carlo simulations of 
the CR transport in the 
simulated jet-induced flows.

adopt models for
- B field amp

- 𝜆mfp ∝ 𝑝𝛿

Jet Parameters: 

𝑟𝑗 = 10pc − 1kpc, 𝑄𝑗~10
42 − 1047erg/sΓ𝑗~1 − 100,

Seo et al. 2021b

Quantitative numerical estimation of UHECR spectrum from RG jets

𝑄𝑗, 𝑟𝑗 , 𝜂 = 𝜌𝑗/𝜌𝑏 , while 𝑝𝑗 = 𝑝𝑏

Jet power:

Higher-power jets are more relativistic.

Γ𝑗 =
1

1 −
𝑣𝑗
𝑐

2
∝

𝑄𝑗

𝜌𝑗𝜋𝑟
2

1/2

jet bulk Lorentz factor
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Monte Carlo simulations for CR transport

Jet spine: B ~ 𝟏𝟎𝟎𝝁𝑮
Backflow:  B ~𝟏𝟎𝝁𝑮
ICM:  B ~𝟏𝝁𝑮

• Prescription for B fields

• Galactic CR seeds

𝑑𝑁/𝑑𝐸 ∝ 𝐸−2.7

with 𝐸 = 1013 − 1015 eV

injected from the host galaxy 
through the jet nozzle

𝜆mfp ∝ 𝐸𝛿

• MHD turbulence, 
𝛿𝐵

𝐵
,

on subgrid scales

𝛿 = 1 for Bohm 

𝛿 = 1/3 for Kolmogorov 

Particles are advected & energized 
by shocks, shear, and turbulence
in the time-evolving jet flows.
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Non gradual Shear  
acceleration

Jet flow Backflow 

Gradual shear 
acceleration

Turbulent
Shear 

acceleration 

steep spectrum flat spectrum

Three Main Particle Acceleration Mechanisms
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• 𝒁𝒊𝑬𝐛𝐫𝐞𝐚𝐤: depends mainly on 
𝑸𝒋

𝝅𝒓𝟐

• exponential cutoff at 𝒁𝒊𝑬𝐛𝐫𝐞𝐚𝐤 𝜞 𝐬𝐩𝐢𝐧𝐞
𝟐

• 𝜞 𝐬𝐩𝐢𝐧𝐞
: mean Lorentz factor of jet-spine flow

𝑑𝑁

𝑑𝐸
∝

𝐸

𝑍𝑖𝐸break

−𝑠1

+
𝐸

𝑍𝑖𝐸break

−𝑠2
−1

× exp −
𝐸

𝑍𝑖𝐸break Γ spine
2

double power law  with an 
extended exponential cutoff

𝑬𝒃𝒓𝒆𝒂𝒌

relativistic jetmildly relativistic jet
Γ spine~5.8Γ spine~2.7

𝑬
𝒅𝑵

𝒅𝑬

Energy spectrum of CR particles escaping from the jets

Seo et al 2024

𝑍𝑖𝐸break

Γj = 3.9,
Γj = 11

• 𝒔𝟏~0.6 & 𝒔𝟐~2.6

𝒔𝟏~0.6

𝒔𝟐~2.6

extended 
exponential 
cutoff
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𝑾

𝐸−2

𝐸break~𝐸𝐻 ≈ 0.9 𝐸𝑒𝑉
𝐵

1𝜇𝐺

0.5𝑊

1𝑘𝑝𝑐

𝐸−0.6

𝐸−2.6

RSA

𝒅𝑵

𝒅𝑬

𝒅𝑵

𝒅𝑬
∝ 𝑬−𝟐 DSA power law

𝑾
Elongated cylinder (cocoon) 
double power-law with a cutoff

• 𝑬 < 𝑍𝑖𝐸break : 𝒅𝑵/𝒅𝑬 ∝ 𝑬−𝟎.𝟔

due to relativistic shear acceleration

cf. Ostrowski 1998
Kimura et al 2018

• 𝑬 > 𝑍𝑖𝐸break: 𝒅𝑵/𝒅𝑬 ∝ 𝑬−𝟐.𝟔

controlled by the confinement within 
an elongated cocoon 

𝑬𝐜𝐮𝐭𝐨𝐟𝐟~𝒁𝒊𝑬𝐛𝐫𝐞𝐚𝐤 𝚪 𝐬𝐩𝐢𝐧𝐞
𝟐

Why double power law  with an extended exponential cutoff

14/20

Non-gradual shear 
acceleration
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conventional single power law with a cutoff



FR-I

FR-II

FR-I/II

TA: dominant 
source of 
northern sky
→ Virgo A

RGs in northern sky
RGs in southern sky

𝑄𝑗: jet power

d: distance

Auger: important sources 
of southern sky              
→ Centaurus A & Fornax A

Virgo A
(350 MHz)

~6kpc

Fornax A
(843 MHz)

~250kpc

Centaurus A
(5 GHz)

~110kpc

Rachen et al. 2019

Can the observations of Auger and TA be 
explained with our UHECR source model?
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Radio galaxies in local universe

Jet 
power



Jet power 𝑸𝒋

Name 𝑸𝒋(erg/s) 𝚪𝒋 𝑬𝒃(Eev) 𝒅(Mpc)

Virgo A 2.5E43 7.0 10.5 16

Cygnus A 1.5E45 10.0 51.2 250

Centaurus A 1.0E43 1.2 2.8 4

Fornax A 1.0E44 1.5 6.6 25

42 local RGs
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TA: dominant source of northern sky
→ Virgo A

Auger: important sources of 
southern sky
→ Centaurus A & Fornax A

Jet 
power

Jet 
power 
/ D2

UHECRs keep 
loosing energy 

& 
disintegrated 

during 
propagation !



𝑑𝑁

𝑑𝐸𝑑𝑡
∝

𝐸

𝑍𝐸𝑏

−𝑠1

+
𝐸

𝑍𝐸𝑏

−𝑠2
−1

exp −
𝐸

Γ𝑗
2
𝑍𝐸𝑏

𝐸 & 𝑍: energy & charge of the particle

• Model Source Spectrum at RGs

𝐸𝑏 𝑄𝑗 = ξ𝜑 ∙ 𝐸𝐻 ∙ 𝑄𝑗/𝑄𝑛
α

𝑄𝑛 ≈ 3.5 × 1044 erg/s, 𝐸𝐻 ≈ 4.5 × 1019 eV,

different Γ𝑗 for different RGs, based on observations

Model for Break energy:

ξ𝜑~0.15 − 0.7 (depending on Γ𝑗 )

based on our RHD & 
MC simulation results

𝛼 ≈ 1/4 for FR-I  & 𝛼 ≈ 1/3 for FR-II, 

• Chemical abundance: 3 x Galactic abundance  for hosting elliptical galaxies

Application of our model spectrum to reproduce observations of UHECRs

Seo et al. 2025

𝑠1 ≈0.6 & 𝑠2 ≈2.6 Γ𝑗 : Lorentz factor of the jet
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Propagation of UHECRs from RGs to Earth 

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

• redshift evolution (adiabatic energy loss)

https://crpropa.desy.de/ R. Alves Batista, et al. 2022

𝒅𝐩𝐫𝐨𝐩~𝟏 − 𝟏. 𝟓 𝒅𝑹𝑮
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solid lines: 
spectrum & 
composition at 
Earth

dashed lines: 
spectrum & 
composition at 
source

colors: CRs of 
different mass 
A

https://crpropa.desy.de/


Energy spectrum & mass composition of UHECRs from radio galaxy jets

• Virgo A with 𝜞 ~𝟕 is the 

dominant source in the northern 

hemisphere.

• Cen A with 𝜞 ~𝟏. 𝟐 and other 

local RGs are dominant sources in 

the southern hemisphere. 

• RGs with larger 𝜞 result in lighter 

mass composition, i.e., smaller 

ln 𝐴 , of UHECRs with 𝐸 >

1019eV.

Shading represents ±20 % variations of model parameters.

Vir A

Cen A

northern sky (𝜹 > 𝟎°) southern sky (𝜹 < 𝟎°)

local RGs

Fornax ACyg A

Vir A: Γ ≈ 7

Cen A: Γ ≈ 1.2
Seo et al. 2025
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Summary
1. The energy spectrum of UHECRs produced at radio galaxies (RGs) can 

be modeled as a double power law with an extended exponential 
cutoff.

2. Our source spectrum model suggests an observed UHECR spectrum 
that may extend to higher energies and exhibits a lighter mass 
composition, ⟨𝐥𝐧 𝑨⟩, at the highest energies.

3. RGs in the local universe, including Virgo A, Cen A, and Fornax A, could
be the primary sources of UHECRs. Virgo A, with its more relativistic 
jet, can generate a higher flux & a lighter composition at the highest 
end of the energy spectrum in the northern hemisphere, compared to 
those in the southern hemisphere.

4. Our model could explain the observed differences in the energy 
spectrum and mass composition of UHECRs between the northern and 
southern hemispheres. e.g., TA versus PAO.

5. Anisotropy in the observed directions of UHECRs is another important 
properties. To explain it, we need the distribution of magnetic fields in 
the local universe as well as in our galaxy.
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