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A B S T R A C T 

Very high energy (VHE) γ -rays ( �0 . 1 TeV) and neutrinos are crucial for identifying accelerators of ultra-high-energy cosmic 
rays (UHECRs), but this is challenging especially for UHECR nuclei. In this work, we develop a numerical code to solve the 
transport equation for UHECRs and their secondaries, where both nuclear and electromagnetic cascades are taken into account 
self-consistently, considering steady UHECR accelerators such as radio galaxies. In particular, we focus on Centaurus A, which 

has been proposed as one of the most promising UHECR sources in the local Uni verse. Moti v ated by observ ations of extended 

VHE γ -ray emission from its kiloparsec-scale jet by the High Energy Stereoscopic System (H.E.S.S.), we study interactions 
between UHECRs accelerated in the large-scale jet and various target photon fields including blazar-like beamed core emission, 
and present a quantitative study on VHE γ -ray signatures of UHECR nuclei, including the photodisintegration and Bethe–
Heitler pair production processes. We show that VHE γ -rays from UHECR nuclei could be detected by the ground-based γ -ray 

telescopes given that the dominant composition of UHECRs consists of intermediate-mass (such as oxygen) nuclei. 

Key words: acceleration of particles – radiation mechanisms: non-thermal – galaxies: jets – gamma-rays: galaxies – radio con- 
tinuum: galaxies. 
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 I N T RO D U C T I O N  

ery high energy (VHE) γ -rays ( �0 . 1 TeV) from extragalactic
ources have been detected by ground-based Imaging Atmospheric
herenkov Telescopes and surface detectors (e.g. Hinton & Hofmann
009 ; Sitarek 2022 ). Based on the unification model of radio-loud
ctive galactic nuclei, blazars including BL Lac objects and flat-
pectrum radio quasars have relativistic jets pointing along the line
f sight, while radio galaxies including F anaroff–Rile y (FR) type I
nd type II galaxies are viewed with an inclination angle to the jet
xis where the effect of Doppler boosting is modest (e.g. Urry &
 ado vani 1995 ). In the local univ erse, sev eral radio-bright galaxies
ave been detected in the VHE band, including Centaurus A (Cen
), M87, NGC 1275, IC 310, 3C 264, and PKS 0625 −35 (Rieger &
evinson 2018 ; Rulten 2022 ). Cen A, the closest radio galaxy located
t ∼3 . 7 Mpc from Earth, has been e xtensiv ely studied due to its
otential as a source of ultra-high-energy cosmic rays (UHECRs,
1 EeV) detected (e.g. Kotera & Olinto 2011 ; Alves Batista et al.
019 ; Anchordoqui 2019 ; Rieger 2022 , for re vie ws). Additionally,
he Pierre Auger Collaboration observed an ∼4 σ deviation from
sotropy at the intermediate angular scales in the Centaurus region
or UHECRs with energies beyond ∼40 EeV (Biteau et al. 2021 ).
en A was also the first extragalactic extended source detected in the
 E-mail: bing.zhang@yuka wa.k yoto-u.ac.jp 

c  

o  

b  

Pub
eV sky by the Fermi -LAT (The Fermi-LAT Collaboration 2010 ).
.E.S.S. Collaboration ( 2020 ) has provided strong evidence for VHE
-ray production from components beyond the inner core of the

adio galaxy (Aharonian et al. 2009 ; H.E.S.S. Collaboration 2018 ).
o we ver, current instruments still face limitations in resolving the

mission regions from other VHE radio galaxies (Rulten 2022 ). 
The production of VHE γ -rays from radio galaxies, such as Cen

, is thought to be the result of inverse-Compton (IC) emission by
on-thermal electrons accelerated in the energy dissipation region
ithin the jet. This mechanism is consistent with the available

vidence (e.g. H.E.S.S. Collaboration 2020 ). Ho we ver, hadronic
cenarios, in which VHE γ -rays are produced through the interaction
f high-energy cosmic rays (CRs), are still a viable possibility (e.g.
raija 2014 ; Petropoulou et al. 2014 ; Fraija & Marinelli 2016 ). The
adronic components of the VHE γ -rays include electromagnetic
EM) cascade emission from photomeson production, hadronuclear
nteraction, Bethe–Heitler electron–positron production, and photo-
isintegration accompanied by de-excitation γ -rays. In magnetized
nvironments, synchrotron radiation from UHECR protons and
uclei could also contribute significantly to the observed VHE γ -
ays (e.g. M ̈ucke & Protheroe 2001 ; Murase et al. 2008 ). The
etection of de-excitation VHE γ -rays from nearby UHECR sources
ay provide direct evidence of the acceleration of the heavier nuclei

omponents of UHECRs (Murase & Beacom 2010b ). Based on
bserv ations sho wing that the fraction of heavier nuclei increases
eyond ∼4 EeV (e.g. Guido et al. 2021 ), it is likely that the highest
© 2023 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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nergy range of UHECRs accelerated in nearby sources is dominated 
y heavier nuclei. 
The photodisintegration of UHECR nuclei is a crucial process 

n determining their fate, especially when target photon energy 
n the nuclear rest frame exceeds the nuclear binding energy of
pproximately 10 MeV. This leads to the ejection of one or several
ucleons, as described by Stecker ( 1969 ). Even fragmentation may 
ccur when the target photon energy is high, and the photomeson 
roduction may occur when it exceeds the pion production threshold 
f approximately 140 MeV. As a result of photodisintegration, the 
uclear fragments are left in an excited state, which quickly de- 
xcites through the emission of one or several photons with energies 
round MeV in the nuclear rest frame. In the observer frame, these de-
xcitation γ -rays are boosted to the VHE range for ultra-relativistic 
R nuclei. The process was proposed for not only Galactic point 

ources (Karakula et al. 1994 ; Anchordoqui et al. 2007a , b ) but also
xtragalactic sources (Murase & Beacom 2010b ). It has been shown 
hat UHECR nuclei can survive in radio galaxies like Cen A (Murase
t al. 2012 ), implying that photodisintegration should not be efficient 
n regions where UHECRs are produced. For a given target photon 
nergy the efficiency of de-excitation is also lower than those of the
hotomeson and Bethe–Heitler pair production, but TeV γ -rays can 
till be dominated by de-excitation γ -rays (see e.g. fig. 1 of Murase &
eacom 2010b ). The potential production of de-excitation VHE γ - 

ays from the core of Cen A via photodisintegration of heavy nuclei
as been discussed (Murase & Beacom 2010b ; Kundu & Gupta 2014 ;
orejon et al. 2021 ). 
In this study, we present the numerical framework implemented 

n the Astrophysical Multimessenger Emission Simulator ( AMES ). 
he framework can simultaneously treat both the nuclear cascade 
nd the EM cascade by solving the coupled transport equations. 
he fate of UHECR nuclei in various astrophysical sources has been 
idely explored in previous studies (e.g. Biehl et al. 2018 ; Rodrigues

t al. 2018 ; Zhang et al. 2018 ; Boncioli, Biehl & Winter 2019 ;
hang & Murase 2019 ). Our goal is to examine the impact of EM
ascades on the multiwavelength spectral energy distribution (SED), 
onsidering the injection of UHECR nuclei. We apply our code to 
odel leptohadronic processes in the large-scale jet of Cen A, where 
e investigate the detectability of de-excitation γ -rays. In contrast 

o the previous work on blazars, we consider the acceleration zone 
ocated in the large-scale jet, moti v ated by recent studies from the
.E.S.S. Collaboration (H.E.S.S. Collaboration 2020 ). Additionally, 
e take into account the beamed photons from the inner core as the
ominant target photons (e.g. Bednarek 2019 ; Sudoh, Khangulyan & 

noue 2020 ). 
The structure of the paper is as follows: In Section 2 , we present

n in-depth explanation of the physical processes related to the 
odelling of nuclear and EM cascades. In Section 3 , we use

ur numerical framework to investigate the hadronic origin of the 
HE γ -rays detected from Cen A and the feasibility of detecting 
e-excitation γ -rays with present and future ground-based γ -ray 
etectors. Section 4 explores the implications of our results. Finally, 
n Section 5 , we summarize the work. 

 PH Y SIC A L  PROCESSES  RELATED  TO  

U C L E A R  A N D  ELECTROMAGNETIC  

A S C A D E S  

o begin, let us consider a basic physical model where all physical
rocesses occur within a uniform spherical emission region with 
omoving radius l b and radius from the black hole R . This emission
egion is encompassed by tangled magnetic fields with magnetic field 
trength B , and Doppler factor δD . In the following, we adopt the
otation E = δD ε, where E represents the particle energy measured
n the observer frame and ε represents the particle energy measured
n the comoving frame. Note that the redshift evolution factor (1 +
) is not included considering that the source is nearby. 

We assume the injection of CR nuclei following a power-law 

istribution with an exponential cut-off, 

( ε A , t ) ≡ d N 
A 

d t d ε A 
= Ṅ 

A 
0 

(
ε A 

Zε 0 A 

)−s acc 

exp 

( 

− ε A 

Zε max 
p 

) 

, (1) 

here A is the CR nuclear mass number, Z is the charge number,
 acc is the acceleration spectral index, ε max 

p is the proton maximum
cceleration energy measured in the comoving frame, and Ṅ 

A 
0 is the 

ormalization constant with units (eV 
−1 s −1 ), which is determined 

y 

 CR = 

3 

2 
� 

2 
∑ 

A 

∫ 
d ε A 

d N 
A 

d td ε A 
, (2) 

here L CR is the total CR injection luminosity measured in the source
rame. 

We model the leptohadronic processes by solving a series of 
oupled transport equations for various particles including photons, 
lectrons, neutrinos, neutrons, protons, and nuclei, 

∂n a ε a 
∂t 

= −n a ε a A a ( ε a ) 

+ 

∫ 
d ε ∗a n 

a 
ε ∗a B a → a ( ε a , ε 

∗
a ) 

+ 

∑ 

b 

∫ 
d ε b n 

b 
ε b 
C b → a ( ε a , ε b ) 

+ ̇n inj 
a ( ε a ) , (3) 

here a is particle type, n a ε a is particle differential number density at
nergy ε a , A a ( ε a ) is the total interaction rate at energy ε a including
article escape, B a → a ( ε a , ε ∗a ) is the self-production rate of particles
ith energy ε a generated from the same type of particles with energy
 
∗
a , C b → a( ε a ,ε b ) is the generation rate of particles with energy ε a from
ther types of particles with energy ε b , and ṅ inj 

a is the source injection
ate at energy ε a . In Appendix A , we provide the details of the
umerical scheme and the related physical processes described in 
he abo v e sections for each particle species, respectiv ely. We here
rovide a part of the AMES code, which integrates those for hadronic
nd leptonic emissions from various astrophysical objects. Some of 
he earlier calculations without nuclear cascades are found in e.g. 

urase ( 2012 , 2018 , 2022 ), Murase & Beacom ( 2012 ), and Murase
t al. ( 2015 ). 

The photonuclear interaction rate for CR nuclei can be calculated 
y 

 
−1 
Aγ = c 

∮ 
d 	

∫ ∞ 

0 
d ε(1 − βA μ) 

d n 

d εd 	
σAγ ( ̄ε ) 

= 

c 

2 

∫ 1 

−1 
d μ

∫ ∞ 

0 
d ε(1 − βA μ) 

d n 

d ε 
σAγ ( ̄ε ) , (4) 

here c is the speed of light, the solid angle averaged target
hoton distribution d n /d ε ≡ (1/4 π ) 

∮ 
d 	(d n /d εd 	), βA is the particle

elocity, μ = cos θ is the angle between nuclei and incident target
hoton, σ A γ is the cross-section, and ̄ε = γA (1 − βA μ) ε is the target
hoton energy measured in the nuclear rest frame. We can define
ptical depth as 

Aγ ≈ t esc /t Aγ , (5) 
MNRAS 524, 76–89 (2023) 
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M

Figure 1. Schematic picture of neutrino and γ -ray production processes caused by protons, nuclei, and electrons, including nuclear and EM cascades induced 
by CR nuclei in radio galaxies. 
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here t esc is the escape time and in the limit that it is dominated by
dvection we have 

 esc ≈ t adv ≈ l b 

V 

, (6) 

here t adv is the advection time-scale. 
Note that the energy loss rate, which is useful in analytical

stimates, can be calculated similarly, by considering the inelasticity
A γ . 
For the purpose of understanding physical processes analytically,

et us consider target photon fields with a broken power law, 

d n 

d ε 
= n ε b 

{
( ε/ε b ) −αl , ε < ε b , 

( ε/ε b ) −αh , ε > ε b , 
(7) 

n the comoving frame of the blob, where n ε b is the differential photon
nergy density at ε b with units (eV 

−1 cm 
−3 ), ε b is the break energy,

nd αl and αh are spectral indices. 
In Fig. 1 , we show a schematic picture of interactions by CR

uclei and electrons, including nuclear and EM cascades induced
y CR nuclei, in the large-scale jet of radio galaxies. The rele v ant
hysical processes include photodisintegration of nuclei, photome-
on production process, Bethe–Heitler pair production process, and
ccompanied EM cascades. 

.1 Photodisintegration process 

he photodisintegration process is inelastic interaction between CR
uclei and target photons, resulting in the emission of one or more
ucleons or lighter nuclei from a parent nuclei, as 

 + γ → A 
� 
d + nucleons , (8) 

here A represents a primary nuclei, γ is an incoming target photon,
nd A 

� 
d is a daughter nuclei. This process occurs when the incoming

arget photons in the nuclear rest frame have energy greater than
he nuclear binding energy, typically ε̄ γ � 10 MeV (e.g. Rachen
996 ). The photodisintegration process is typically dominated by
he giant dipole resonance (GDR), which may be approximated
y the δ-function, σphdis ≈ σGDR δ( ̄ε γ − ε̄ GDR ), where ε̄ GDR is the
NRAS 524, 76–89 (2023) 
ypical photon energy in the nuclear rest frame, and the width of the
DR process is � ̄ε GDR . The optical depth to the photodisintegration
rocess is estimated by (e.g. Murase & Beacom 2010b ) 

Aγ ≈ t esc /t phdis 

≈ 2 

α + 1 
( c/V ) l b ̂  σdis ε b n ε b 

( 

E A 

E 
dis 
A, b 

) α−1 

∼ 0 . 05 
2 

α + 1 

(
A 

16 

)1 . 21 (
V 

0 . 5 c 

)−1 (
l b 

1 kpc 

)( 

E A 

E 
dis 
A, b 

) α−1 

, 

(9) 

here t phdis is the photodisintegration interaction time-scale, ε b n ε b =
0 3 cm 

−3 , ε b = 10 eV, ˆ σdis = κGDR σGDR � ̄ε GDR / ̄ε GDR is the ef-
ectiv e photodisinte gration cross-section, κGDR is the inelastic-
ty, σGDR ≈ 1 . 45 × 10 −27 A cm 

2 , ε̄ GDR ≈ 42 . 65 A 
−0 . 21 MeV ( A

 4), � ̄ε GDR ≈ 8 MeV, and E 
dis 
A, b ≈ 0 . 5 δD m A c 

2 ε̄ GDR /ε b � 7 . 2 ×
0 16 δD ( A/ 16) 0 . 79 ( ε b / 10 eV) −1 eV is the typical energy of the
uclei that interacts with target photons with energy ε b . For the
hotodisintegration process with the ejection of one nucleon, we
ave κGDR = 1/ A . Ho we ver, in general, the mean inelasticity depends
n the contributions from all the dominant channels, see the details
n appendix A of Zhang et al. ( 2017 ). 

The corresponding ef fecti ve optical depth is 

 dis ≈ t esc /t dis ∼ τAγ /A 

∼ 3 ×10 −3 2 

α+ 1 

(
A 

16 

)0 . 21 (
V 

0 . 5 c 

)−1 (
l b 

1 kpc 

)( 

E A 

E 
dis 
A, b 

) α−1 

, 

(10) 

here t dis is the energy loss time-scale. 
The remaining daughter nuclei are in an excited state, which

ndergoes a subsequent de-excitation process by emitting one or
ultiple photons, 

 
� 
d → A d + photons , (11) 

here ε̄ γ, deex is the typical photon energy in the nuclear rest frame.
he value of ε̄ γ, deex extends from hundreds of keV to a few MeV,
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hich depends on the specific de-excitation channel (Anchordoqui 
t al. 2007b ; Murase & Beacom 2010b ; Kundu & Gupta 2014 ).
he observed de-excitation γ -rays have boosted energy E γ, deex = 

D γA Ē γ, deex ∼ 100 δD ( γA / 10 8 )( ̄E γ, deex / 1 MeV) TeV, where γ A is the
orentz factor of the daughter nuclei A 

� 
d . The detailed inclusive 

ross-section for the production of de-excitation photons can be 
alculated with numerical code TALYS (Goriely, Hilaire & Koning 
008 ). Ho we ver, the direct output of the total cross-section of the
hotodisintegration process for light- and intermediate-mass nuclei 
s inconsistent with experimental data (Batista et al. 2016 ; Tamii 
t al. 2022 ). For this purpose, we directly adopt the same data files
sed in CRPROPA 3 , which had been prepared with TALYS 1.8 using
djusted GDR parameters in order to better match the experimental 
ata (Batista et al. 2016 ). Ho we ver, considering uncertainties and
he discrepancies in the photodisintegration process for the inclusive 
ross-section for photon production of TALYS with other numerical 
ode, e.g. FLUKA (B ̈ohlen et al. 2014 ), we also adopt the method
sed in previous works (e.g. Anchordoqui et al. 2007b ; Murase &
eacom 2010b ; Kundu & Gupta 2014 ). For numerical calculations, 

he injection rate of de-excitation γ -rays from the photodisintegration 
rocess is calculated using equation (16) of Anchordoqui et al. 
 2007b ). We assume that the average energy of emitted photons
s ε̄ γ, deex = 2 MeV when measured in the nuclear rest frame and the
ultiplicity is n̄ γ = 3 (Morejon 2021 ). The ef fecti ve optical depth is

stimated to be (Murase & Beacom 2010b ) 

 deex ≈ t esc /t deex ≈ ( κdeex /κGDR ) f dis 

∼ 2 × 10 −5 2 

α + 1 

(
A 

16 

)0 . 21 (
V 

0 . 5 c 

)−1 

×
(

l b 

1 kpc 

)( 

E A 

E 
dis 
A, b 

) α−1 

, (12) 

here κdeex ≈ n̄ γ ε̄ γ, deex /m A c 
2 is the energy carried by the de- 

xcitation γ -rays. Furthermore, we ignore the de-excitation photons 
enerated from the excited fragments via photomeson production. 

.2 Photomeson production process 

he photomeson production process occurs when the energy of target 
hotons in the nuclear rest frame exceeds the pion production thresh-
ld, ε th ≈ m πc 2 (1 + m π/ 2 m N ) ∼ 140 MeV. The ef fecti ve optical
epth of the photomeson production process can be estimated using 
he � -resonance as 

 mes ≈ t esc /t mes ∼ 2 

α + 1 
( c/V ) l b ̂  σmes ε b n ε b 

(
E A 

E 
mes 
A, b 

)α−1 

∼ 0 . 3 ×10 −3 2 

α+ 1 

(
V 

0 . 5 c 

)−1 (
l b 

1 kpc 

)(
E A 

E 
mes 
A, b 

)α−1 

, (13) 

here t mes is the photomeson production energy loss time-scale, 
ˆ mes ∼ A ̂  σp γ ≈ Aκmes σ� � ̄ε � / ̄ε � , κmes ∼ κp γ / A is the nuclear in- 
lasticity, κp γ ∼ 0.2 is the proton inelasticity, σ� ≈ 4 . 4 × 10 −28 cm 

2 ,
¯ � � 0 . 34 GeV, � ̄ε � � 0 . 2 GeV, and E 

mes 
A, b ≈ 0 . 5 δD m A c 

2 ε̄ � /ε b �
 . 5 × 10 17 δD ( A/ 16)( ε b / 10 eV) −1 eV (e.g. Murase & Beacom
010b ). The photomeson production interaction time-scale t phmes can 
e estimated without considering the inelasticity. In our numerical 
pproach, we employ the Monte Carlo event generator SOPHIA 

o determine the differential cross-section of all stable secondary 
articles (M ̈ucke et al. 2000 ). We adopt the superposition model,
here the photomeson cross-section is σ mes ∼ A σ p γ , where σ p γ is 

he photomeson cross-section of protons (Zhang & Murase 2019 ). 
he superposition model is employed in CRPROPA 3 with a slightly
ifferent scaling law as described in equation (3) in Kampert et al.
 2013 ), which assumes the emission of one proton or neutron in
ach interaction process. In accordance with Batista et al. ( 2016 ),
e assume that the cross-section for nuclei with the mass number
 > 8 is 0.85( Z + N ) σ p γ times higher, where Z and N are

he number of protons and neutrons, respectively. On the other 
and, for nuclei with the mass number 1 < A ≤ 8, the cross-
ection is estimated to be 0.85( Z 2/3 + N 

2/3 ) σ p γ . In Morejon et al.
 2019 ), a comprehensive examination of the photomeson production 
rocess that incorporates the impact of the nuclear medium and the
ragmentation of the primary nucleus is presented. In the context of
adio galaxies under consideration in this work, the target photons 
ypically have lower energies and the photodisintegration process of 
rimary nuclei is dominant; thus, we opt for the simplified super-
osition model for ease of calculation. Ho we ver, the photomeson
roduction process and nuclear fragmentation become significant 
hen the target photons are produced by the prompt emission 
f relativistic jets, such as in γ -ray bursts and tidal disruption
vents (Murase et al. 2008 ; Murase & Beacom 2010b ; Morejon et al.
019 ). 

.3 Bethe–Heitler pair production process 

he Bethe–Heitler pair production process will occur once the target 
hotons have energy beyond ε th ≈ 2 m e c 

2 ∼ 1 MeV in the nuclear
est frame (e.g. Blumenthal 1970a ). The ef fecti ve optical depth to
he Bethe–Heitler pair production process is estimated to be 

 BH ≈ t esc /t BH ∼ 2 

α + 1 
( c/V ) l b ̂  σBH ε b n ε b 

( 

E A 

E 
BH 
A, b 

) α−1 

∼ 2 × 10 −5 2 

α + 1 

(
Z 

8 

)2 (
A 

16 

)−1 (
V 

0 . 5 c 

)−1 

×
(

l b 

1 kpc 

)( 

E A 

E 
BH 
A, b 

) α−1 

, (14) 

here ˆ σBH ∼ 8 × 10 −31 ( Z 
2 /A ) cm 

2 is the pair produc-
ion cross-section of nuclei, E 

BH 
A, b ≈ 0 . 5 δD ̄ε BH m A c 

2 /ε b � 7 . 5 ×
0 15 δD ( A/ 16)( ε b / 10 eV) −1 eV, and ̄ε BH ≈ 10 MeV. To calculate the
nergy loss rate of the photopair production process for relativistic 
uclei, we employ equation (3.11) in Chodorowski, Zdziarski & 

ikora ( 1992 ). The energy spectrum of secondary electron–positron 
airs can be determined by utilizing equation (62) in Kelner &
haronian ( 2008 ). This equation calculates the double-differential 

ross-section of emitted electrons (and positrons) as a function of 
nergy and emission angle in the nuclear rest frame, which is obtained
rom equation (10) in Blumenthal ( 1970b ). We note that a factor
f 2 should be multiplied when using equation (62) in Kelner &
haronian ( 2008 ) to accurately account for both electrons and
ositrons. 
Note that the relative contribution of de-excitation VHE γ -rays 

nd the Bethe–Heitler pair production process to the observed flux at
he TeV energy range depends on several factors, such as the source

agnetic field strength, target photon fields, and the composition of 
HECR nuclei, as noted in studies by Murase & Beacom ( 2010b )

nd Aharonian & Taylor ( 2010 ). The energy loss rate due to de-
xcitation γ -rays can be lower than that of the Bethe–Heitler pair
roduction process, but the relative contribution depends on details 
f EM cascades from the Bethe–Heitler electron–positron pairs (e.g. 
urase & Beacom 2010b ). 
MNRAS 524, 76–89 (2023) 
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.4 Electromagnetic cascade 

igh-energy electrons and positrons will lose energy through pro-
esses such as synchrotron emission and IC scattering, which are
nfluenced by the strength of the magnetic fields and the density
f the ambient target photon fields, respectively. The synchrotron
nergy loss time-scale for high-energy particles is 

 
−1 
syn ≈

4 σT Z 
4 m 

2 
e 

3 m 
4 c 3 

E A 

δD 
U B , (15) 

here Z is the particle charge, m is the particle mass, σ T is the
homson cross-section, and U B = B 

2 /8 π is the magnetic energy
ensity (e.g. Rybicki & Lightman 1986 ). The IC energy loss time-
cale for high-energy electrons is given by 

 
−1 
IC ≈ 4 σT c 

3 m 
2 
e c 

4 

E e 

δD 
U ph F KN , (16) 

here U ph is the energy density of target photons and F KN is a
 actor to tak e into account Klein–Nishina effect (Jones 1968 ). In
ur numerical calculations, we use the known results of the total
nd differential cross-sections (e.g. Rybicki & Lightman 1986 ). In
his work, we also adopt the continuous energy loss approximation,
hich is further detailed in Appendix A . 
High-energy γ -rays may interact with target photons, leading to

he creation of electron–positron pairs. The two-photon annihilation
ptical depth can be estimated by 

γ γ ≈ t lc /t γ γ ∼ ηγγ σT l b ε b n ε b 

(
E γ

E γ, b 

)α−1 

∼ 0 . 2 

(
l b 

1 kpc 

)(
E γ

E γ, b 

)α−1 

, (17) 

here t γ γ is the two-photon annihilation time-scale, ηγγ ∼ 0.1
s a numerical factor that depends on the target photon spec-
ral index (e.g. Svensson 1987 ), and E γ, b ≈ δD ( m e c 

2 ) 2 /ε b � 2 . 6 ×
0 10 δD ( ε b / 10) −1 eV. Note that the validity of equation ( 17 ) is based
n the assumption that the target photon spectrum is soft, with α �
 (e.g. Dermer & Menon 2009 ). In this work, for simplicity we also
ssume that electrons and positrons share the photon energy (but the
etailed distribution may be used as in Murase & Beacom 2012 ).
he injection of high-energy γ -rays and electrons will trigger an
M cascade process, which is essential for predicting the observed
ultiwavelength energy spectrum. 
In addition to the isotropic IC scattering case, we also consider

he effect of anisotropic IC scattering process (e.g. Brunetti 2000 ).
t had been proposed that the observed flux from the anisotropic IC
cattering process is sensitive to the observation angle, especially for
earby radio galaxies (e.g. Brunetti 2000 ; Bednarek 2020 ). 

 AP P LIC ATION  TO  T H E  NEAREST  R A D I O  

A L A X Y  C E N TAU RU S  A  

.1 Physical model 

n this section, we apply the abo v e method to the nearest radio
alaxy, Cen A. Moti v ated by the possible connection between Cen
 and the observed UHECRs (e.g. Biteau et al. 2021 ), the hadronic
rigin of the VHE γ -rays from Cen A has been explored by various
uthors based on the inner core model (e.g. Fraija 2014 ; Petropoulou
t al. 2014 ; Fraija et al. 2018 ; Joshi et al. 2018 ; Banik, Bhadra &
hattacharyya 2020 ). Ho we ver, due to the smaller distance of the

nner core to the central black hole, these models contradict the
NRAS 524, 76–89 (2023) 
bserved morphology of VHE γ -rays, which is consistent with the
rigin from the kiloparsec-scale jet (H.E.S.S. Collaboration 2020 ). 
It is natural to expect that charged particles, including electrons

nd nuclei, could accelerate in the kiloparsec-scale jet via stochastic
cceleration or shear acceleration. The accelerated high-energy elec-
rons could up-scatter the surrounding target photon fields to the VHE
nergy range, such as infrared photons from dust torus (Liu, Rieger &
haronian 2017 ; H.E.S.S. Collaboration 2020 ; Wang et al. 2021 ),
ptical and ultraviolet emission from disc starlight (Hardcastle &
roston 2011 ; Tanada, Kataoka & Inoue 2019 ), and broad-band
on-thermal emission from the inner core or ‘hidden’ core (Bednarek
019 , 2020 ). 
Shear acceleration could operate when charged particles are

cattered off the magnetic field inhomogeneities from different
ayers of the shearing flow (e.g. Rieger & Duffy 2019 ). In the
teady state, the energy spectrum of accelerated particles typically
ay follow a power-law distribution with an exponential cut-off
 N 

A / d ε ∝ ε −s acc exp ( ε/ε max ), where s acc is the spectral index. The
pectral index s acc of accelerated particles without radiation energy
osses could be much steeper for non-relativistic flow speeds because
f the efficient diffusive escape process (Rieger & Duffy 2022 ). On
he other hand, the spectral index is harder for trans-relativistic and
elati vistic flo ws and the shear acceleration has been proposed as an
f fecti ve mechanism to accelerate charged nuclei to the ultra-high
nergy range in the large-scale jet (e.g. Kimura, Murase & Zhang
018 ; Rieger 2022 ; Wang et al. 2022 ; Seo, Ryu & Kang 2023 ).
or large-scale relativistic jets, not only the shear reacceleration
ut also the one-shot reacceleration can be efficient, especially
or inner jets and powerful FR II jets (Mbarek & Caprioli 2021 ;

barek, Caprioli & Murase 2023 ). The maximum available energy
f the accelerated CR nuclei can be estimated under the Hillas-type
onfinement condition (Hillas 1984 ), 

 max ≈ 1 

η
� kpc ZeB βl b 

� 110( Z/ 26) � kpc 

(η

7 

)−1 
(

B 

10 −4 G 

)(
β

0 . 3 

)

×
(

l b 

1 kpc 

)
EeV , (18) 

here η represents a prefactor, which is approximately a few in the
ohm limit (e.g. Drury 1983 ), B is the magnetic field strength, and
is the shock velocity. From equation ( 18 ), we can see that the

equired magnetic luminosity is (Pe’Er, Murase & M ́esz ́aros 2009 ;
urase et al. 2012 ) 

 B ∼ 4 × 10 44 ( Z/ 26) −2 
(η

7 

)2 
(

E max 

100 EeV 

)2 (
β

0 . 3 

)−1 

erg s −1 . 

(19) 

he equation ( 19 ) gives the condition for a source capable of
ccelerating particles to 100 EeV. Note that the composition of
he accelerated UHECR nuclei could be different from the typical
omposition of the interstellar medium (e.g. Kimura et al. 2018 ).
n this work, for the demonstration, we only consider two typical
lements of heavier nuclei, oxygen and iron nuclei, to study the
etectability of de-excitation VHE γ -rays. 
For simplicity, we assume that the emission region in the

iloparsec-scale jet is modelled as a spherical blob moving at sub-
elativistic speed towards us with the same inclination angle θob as
he inner core (H.E.S.S. Collaboration 2020 ). The viewing angle of
he jet is θob ∼ 20 ◦–50 ◦ (Tingay et al. 1998 ; Hardcastle et al. 2003 ).
he jet velocity can be derived from observed apparent velocity
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Figure 2. Different time-scales of various energy loss processes in the 
kiloparsec-scale jet, with the light crossing time-scale indicated as a dotted 
line, the advection time-scale represented by the black dashed line, and the 
diffusion escape time-scales shown in grey lines. 
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app combining with the viewing angle θob , β = βapp /( βapp cos θob 

 sin θob ). Similar to Bednarek ( 2019 , 2020 ), we consider the
road-band non-thermal emission originating from the inner core 
s the dominant target photon field in the kiloparsec-scale jet. The 
omoving frame photon energy density of the inner core emission 
observed’ in the kiloparsec-scale jet is 

 
2 d n 

d ε 
= 

d 2 L 

R 
2 c 

δ4 
D , core , kpc 

δ4 
D , core , ob 

δ4 
D , deboost EF E , (20) 

here d L is the luminosity distance to the observer at Earth, 
 = 1 kpc is the distance of the kiloparsec-scale jet to the inner core,

D , core , ob = 1 / ( � core (1 − βcore cos θob )) is the Doppler factor of the
nner core when observed at Earth, δD , core , kpc = 1 / ( � core (1 − βcore ))
s the Doppler factor of the inner core when observed at the distance
f kiloparsec-scale jet in the black hole rest frame, δD , deboost = 

 / ( � kpc (1 + βkpc )) is the deboosting factor when converting the inner
ore emission from black hole rest frame to the comoving frame, 
nd EF E is the observed SED of the inner core. In this work, we
dopt � core = 5 and � kpc = 1.05. If we adopt the jet viewing angle
s θob = 40 ◦, the corresponding Doppler factors are δD , core , ob � 1, 
D , core , kpc � 8, and δD , deboost � 0 . 7. We fit the observed SED of inner
ore emission with the following formula: 

F E = Ax −α1 

(
1 + x 1 /α3 

2 

)( α1 −α2 ) α3 

, (21) 

here x = E / E b . The adopted values for the low-energy bump are
 = 1 . 5 × 10 −10 erg cm 

−2 s −1 , E b = 1 eV, α1 = −0.8, α2 = 3.2,
nd α3 = 1. The values for the high-energy bump are A = 4 . 5 ×
0 −10 erg cm 

−2 s −1 , E b = 10 6 eV, α1 = −0.6, α2 = 1, and α3 = 3. 

.2 Time-scales 

n Fig. 2 , we show various time-scales in the kiloparsec-scale jet. We
odel the kiloparsec-scale jet as a spherical blob located at a distance

 kpc = 1 kpc from the inner core. The blob has a comoving radius of
 b = 0 . 5 kpc and mo v es with a velocity of V = βkpc c = 0.3 towards
he observer with a viewing angle of θob ∼ 40 ◦. The Doppler factor
s δD , kpc . To simplify calculations, we assume that isotropic target 
hoton fields are uniformly distributed throughout the kiloparsec- 
cale jet region. Ho we ver, in reality, the emission from the inner
ore is highly beamed and concentrated along the jet axis, varying
epending on the activity of the central supermassive black holes. 
he mean-field magnetic field strength is set to B = 1 × 10 −4 G. 
The black dashed line represents the advection time-scale t adv = 

 b / V for charged particles. We also consider the dif fusi ve escape
rocess for oxygen nuclei (grey dashed line) and iron nuclei (grey
ot–dashed line). The dif fusi ve escape time-scales can be estimated
y t diff ≈ l 2 b / 6 D assuming spherical geometry, where D is the
if fusion coef ficient. We adopt the follo wing form of the dif fusion
oefficient 

( E) ≈ cl coh 

3 

[ 

4 

(
E 

E c 

)2 

+ a I 

(
E 

E c 

)
+ a L 

(
E 

E c 

)1 / 3 
] 

, (22) 

here a I = 0.9 and a L = 0.23 for a Kolmogorov spectrum with m =
/3 (Harari, Mollerach & Roulet 2014 ). The critical energy E c is
iven by 

 c ≈ ZeBl coh � 9 . 6 Z 

B 

10 −4 G 

l coh 

0 . 1 kpc 
EeV , (23) 

here l coh = 0 . 1 kpc is the coherence length. Note that the escape
ime-scale should be larger than the light crossing time-scale in order
o a v oid the superluminal escape. For charged particles, we use the
f fecti ve confinement time t conf = max[ t diff , t lc ], while for neutral
articles, the escape time-scale is equi v alent to t lc = l b / c , where t lc 
epresents the light crossing time-scale. 

We also show the Bethe–Heitler pair production energy loss rate, 
hotomeson production energy loss rate, and photodisintegration 
nergy loss rate for UHECR oxygen and iron nuclei, respectively. 
he fate of CR nuclei inside the kiloparsec-scale jet can be charac-

erized by the ef fecti ve optical depth, f dis ≈ t esc / t dis , gi ven that the
hotonuclear reaction is dominated by photodisintegration process. 
s indicated in Fig. 2 , both oxygen and iron nuclei could survive up

o the highest energy. We calculate the de-excitation energy loss rate
or UHECR oxygen and iron nuclei, respectively. The ratio between 
he ef fecti v e optical depth of the de-e xcitation process and the Bethe–
eitler pair production process abo v e energies of nuclei interacting
ith photons at ε b is (e.g. Aharonian & Taylor 2010 ; Murase &
eacom 2010b ) 

 deex /f BH ∼ 1(0 . 1) α−1 

(
Z 

8 

)−2 (
A 

16 

)0 . 21 α+ 1 

. (24) 

his is consistent with the numerical values displayed in Fig. 2
onsidering α ∼ 1, where f deex / f BH ∼ 1 for oxygen nuclei and f deex / f BH 

0.4 for iron nuclei. Our results reveal the feasibility of detecting
e-excitation γ -rays emitted by light- and intermediate-mass nuclei 
roups, despite the low-energy loss efficiency. 
By examining the blue dot–dashed line, which signifies the two- 

hoton annihilation time-scale, and comparing it to the light crossing 
ime-scale, as shown in equation ( 17 ), it is apparent that γ -rays with
igh energy levels of up to approximately 100 TeV may be able to
ee from the source. 

.3 Results 

n Fig. 3 , we show the results from the injection of UHECR oxygen
nd iron nuclei, respectively. The relevant physical parameters are 
ummarized in Table 1 . We note that both oxygen and iron nuclei
equire a minimum injection energy of 10 17 eV. In this study, we
ssume that the energy spectrum of CRs accelerated in the kiloparsec- 
cale jet undergoes a break at ∼10 17 eV, where the spectral index
 acc may be harder below this energy compared to the value of
MNRAS 524, 76–89 (2023) 
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M

Figure 3. Predicted multiwavelength SED from the kiloparsec-scale jet after 
the injection of primary high-energy electrons (solid blue lines) and UHECR 

nuclei (solid red lines). The solid black lines represent the inner core’s SED. 
The upper panel displays the results from the injection of UHECR oxygen 
nuclei, while the lower panel shows the results from the injection of UHECR 

iron nuclei. The green squares and red circles represent data points from the 
inner core obtained from H.E.S.S. Collaboration ( 2018 ) and co v er a range 
from low-energy radio to optical and high-energy X-ray to GeV bands. The 
cyan circles represent observed data points from the radio to X-ray band, 
which correspond to the total flux in the inner region of the large-scale jet 
and were taken from Hardcastle, Kraft & Worrall ( 2006 ). The cyan triangles 
represent the total X-ray flux, which includes an even larger region of the 
large-scale jet, as reported by Kataoka et al. ( 2006 ). The cyan ‘butterfly’ 
represents the observed VHE γ -ray flux by H.E.S.S. (H.E.S.S. Collaboration 
2020 ). In addition, this figure displays the expected VHE γ -ray sensitivities 
of CTA (50 h, grey solid lines; The CTA Consortium 2019 ), LHAASO (1 yr, 
grey dashed lines; Addazi et al. 2022 ), and SWGO (5 yr, grey dotted lines; 
Albert et al. 2019 ). 
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Table 1. Physical parameters in the comoving frame used in the lepto- 
hadronic model for the kiloparsec-scale jet. 

Parameter Value 

Viewing angle [ θob (deg)] 40 
Lorentz factor ( � kpc ) 1.05 
Radius [ l b (kpc)] 0.5 
Magnetic field strength [ B (G)] 1 × 10 −4 

Primary electron index 2.3 
Primary electron minimum energy [ ε e , min (eV)] 2.5 × 10 7 

Primary electron maximum energy [ ε e , max (eV)] 2 × 10 12 

Electron injection energy density [ u inj , e (eV s −1 )] 3 

Oxygen minimum energy [ ε O,min (eV)] 1 × 10 17 

Oxygen maximum energy [ ε O,max (eV)] 4 × 10 18 

Oxygen spectral index ( s acc ) 2.6 
Oxygen injection energy density [ u inj , O (eV cm 

−3 )] 300 

Iron minimum energy [ ε Fe,min (eV)] 1 × 10 17 

Iron maximum energy [ ε Fe,max (eV)] 13 × 10 18 

Iron spectral index ( s acc ) 2.6 
Iron injection energy density [ u inj , Fe (eV cm 

−3 )] 100 
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.6 adopted in this work. This change in the spectral index could
e attributed to different acceleration mechanisms. In this study,
e assume that UHECRs are more likely to be accelerated via

he shear acceleration mechanism, while the low-energy CRs are
redominantly contributed by the dif fusi ve shock acceleration or
tochastic acceleration mechanism. Introducing a low-energy cut-off
t ∼10 17 eV is crucial to ensure that the total CR energy does not
xceed the jet power. 

The solid black lines represent the inner core’s SED fitted with
quation ( 21 ), while the solid blue and red lines represent the results
f the injection of primary electrons and UHECR nuclei, respectively.
e can see that there are four distinct peaks on the predicted
NRAS 524, 76–89 (2023) 
ultiwavelength SED from the injection of UHECR nuclei. These
eaks will be thoroughly discussed in the following paragraphs. 

(i) The first peak observed in the keV energy range is attributed
o the synchrotron emission generated by electron–positron pairs
roduced through the Bethe–Heitler pair production process. The
eak frequency of the synchrotron emission can be roughly es-
imated using the formula E syn , pk ≈ δD , kpc γ

2 
e � e B/ ( m e c ) � 1 . 1 ×

0 2 δD , kpc ( B/ 10 −4 G )( γe / 10 7 ) 2 eV for electrons with typical energy
 e ∼ 5 δD , kpc TeV. 
(ii) The second peak observed in the GeV energy range is

ominated by the synchrotron emission from electron–positron pairs
roduced through the photomeson production process. These elec-
rons have higher energies, leading to a peak synchrotron frequency
stimated to be E syn , pk � 0 . 1 δD , kpc ( B/ 10 −4 G )( γe / 10 10 ) 2 GeV, as-
uming typical electron energies of around E e ∼ 5 δD , kpc PeV. As
een in Fig. 3 , the leptonic component dominates the flux observed
n the GeV band, compared to the hadronic component. 

(iii) The third peak, located in the TeV energy range, is dominated
y the IC emission via electron–positron pairs produced from
he Bethe–Heitler pair production process. The typical energy of
C scattered photons can be estimated to be E IC , pk ∼ δD , kpc γ

2 
e ε �

0 δD , kpc ( γe / 10 7 ) 2 ( ε/ 0 . 1 eV ) TeV, where ε is the typical energy of
he seed photons in the comoving frame. As seen in the figure,
he hadronic component can contribute to, and in some cases even
ominate, the observed VHE γ -ray flux above ∼1 TeV. 
(iv) The last peak in the energy range ∼100 TeV is predominantly

aused by the de-excitation γ -rays produced during the photodis-
ntegration process of UHECR nuclei. These de-excitation γ -rays
an be estimated to have an energy of E γ, deex ≈ δD , kpc γA ̄ε γ, deex ∼
00 δD , kpc ( γA / 10 8 )( ̄ε γ, deex / 2 MeV) TeV, where γ A = 10 8 is the
orentz factor of nuclei. The uncertainty in the flux of de-excitation
-rays, as discussed in Section 2 , is represented by the shaded area
etween the two curves at energies beyond ∼10 TeV. The light-
haded region represents the spectrum without extra-background
ight (EBL) absorption, while the dark-shaded region accounts for
bsorption by EBL (Gilmore et al. 2012 ). Our results indicate that
espite strong absorption by the EBL, the detection of de-excitation
-rays by current and future ground-based VHE γ -ray telescopes,

uch as Cherenkov Telescope Array (CTA; The CTA Consortium
019 ), the Southern Wide-field γ -ray Observatory (SWGO; Albert
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t al. 2019 ), and Large High Altitude Air Sho wer Observ atory
LHAASO; Addazi et al. 2022 ), is possible. Note that LHAASO 

s included just for comparison because Cen A is not located in its
eld of view. 

 DISCUSSION  A N D  IMPLICATIONS  

.1 Impact of target photon fields 

ote that the detectability of the de-excitation γ -rays is sensitive to 
oth the target photon energy density and magnetic field strength. 
he observed flux in the X-ray band, dominated by the synchrotron 
mission from pair-induced electrons, increases with a stronger 
agnetic field. Ho we ver, suppose the magnetic field energy density 

s much lower than the target photon energy density. In that case,
he IC emission from pair-induced electrons can surpass the de- 
xcitation γ -ray flux near its peak energy . Similarly , a low target
hoton energy density reduces the energy loss efficiency of the 
hotodisintegration process. When the target photon field is dense, 
he escape of de-excitation γ -rays becomes impossible due to two- 
hoton annihilation. According to equations ( 10 ) and ( 17 ), the ratio
etween the optical depth of the two-photon annihilation process and 
he photodisintegration process is 

γ γ /τdis ∼ 2 

(
V 

0 . 5 c 

)
2 . 7 α−1 

(
A 

16 

)0 . 79 α−2 (
E γ

E A 

)α−1 

. (25) 

e can see that τ γ γ / τ dis ∼ 2 for α ∼ 1. As pointed out by Murase
t al. ( 2008 ), the sources where UHECR nuclei can survive would
e optically thin to high-energy γ -rays (e.g. Murase et al. 2008 ).
n conclusion, the parameter space allowing for the detection of de- 
xcitation γ -rays is rather limited, and further study of the available 
arameter space is necessary. 
In our calculations, we initially assume an isotropic distribution of 

arget photons in the comoving frame of the emission region. How- 
 ver, we no w consider the impact of the anisotropically distributed
eamed target photon fields on the observed IC spectrum (e.g. 
ednarek 2019 , 2020 ). When viewing an approaching jet, the IC

adiation is reduced compared to the isotropic case due to the small
cattering angle between the line of sight and the target photon beam
irection. Conversely, the large scattering angle between the line of 
ight and the target photon beam direction enhances the IC radiation 
rom the counter jet. Ho we ver, the Doppler beaming effect causes the
mission from the counter jet to be reduced by a few factors compared 
o the emission from the approaching jet. One significant outcome 
f the anisotropic IC scattering effect is that the radiation flux from
ethe–Heitler electron–positron pairs can be significantly lower than 

he flux of de-excitation γ -rays when viewing an approaching jet, 
aking it easier to identify de-excitation γ -rays. 
To perform our calculations within the framework of the one- 

one model, we assume that the photons from the inner core are
niformly distributed in the comoving frame of the kiloparsec-scale 
et. Ho we ver, future research should be conducted to study the non-
niform distribution of target photons and the diffusion of UHECR 

uclei inside the kiloparsec-scale jet, potentially through Monte 
arlo simulations. 

.2 Implications for UHECRs 

he injection luminosity of UHECR nuclei can be estimated as (e.g. 
ermer, Murase & Takami 2012 ) 

 
UHECR 
inj ≈ 2 	j βkpc cR 

2 � 
2 
kpc u inj , (26) 
here 	j ≈ πl 2 b /R 
2 is the opening solid angle and u inj is the

omoving frame UHECR injection energy density. The injection 
uminosity of UHECR nuclei is L 

O 
inj ∼ 7 . 2 × 10 43 erg s −1 oxygen

uclei component and L 
Fe 
inj ∼ 2 . 4 × 10 43 erg s −1 iron nuclei compo-

ent, respectively. The total jet power should be larger than the value
stimated in equation ( 26 ), considering additional contributions from 

hermal particles, low-energy CRs, radiation fields, and magnetic 
elds. The mean jet power of Cen A inferred from the observed
nthalpy and age of the southern inner blob is L jet ∼ 10 43 erg s −1 (e.g.
roston et al. 2009 ; Wykes et al. 2013 ). It is apparent that the total

et power estimated in this work is larger than the mean jet power of
en A. Ho we ver, higher jet po wer is still allo wed if the jet activity
f Cen A has been intermittent. An upper limit of the jet power is
he Eddington luminosity L Edd = 4 πGm p M •/σT ∼ 7 × 10 45 erg s −1 

ith a black hole mass M • ∼ 5.5 × 10 7 M � (e.g. Neumayer et al.
007 ; Cappellari et al. 2009 ). If we assume that the energy densities in
hermal particles and low-energy CRs are not far away from magnetic
nergy density, we find that the total jet power is still less than the
ddington luminosity. 
Cen A, along with other radio galaxies, has been proposed as

 candidate source of UHECRs detected on Earth (e.g. Eichmann 
t al. 2018 ; Kimura et al. 2018 ; Matthews et al. 2018 ; Bell &
atthe ws 2022 ; Taylor, Matthe ws & Bell 2023 ). Ho we ver, recent

tudies by Eichmann, Kachelrieß & Oikonomou ( 2022 ) indicate that 
he CR power of Cen A is about an order of magnitude smaller than
ts jet power, i.e. ∼10 42 erg s −1 , which reduces its likelihood as the
ain source of UHECRs. Moreo v er, this value is about two orders

f magnitude smaller than the amount of CR nuclei required in this
ork. Nevertheless, if a heavy composition of UHECR nuclei is 

onsidered, Cen A could still contribute significantly to the observed 
HECRs, as heavy nuclei are less likely to violate the strong
uadruple anisotropy constraint (Eichmann et al. 2022 ). To account 
or the intermediate-scale anisotropies observed in UHECRs, it has 
een suggested that the scattering of UHECRs emitted from Cen A
y the local structure may be a contributing factor (Bell & Matthews
022 ; Taylor et al. 2023 ). 
The escaped flux of charged particles from sources depends on the

etails of magnetic fields. The confinement time-scale of charged 
articles could be estimated as t conf ≈ max[ t diff , t lc ]. Assuming that
HECRs are isotropized in lobes and/or large-scale structures, the 

uminosities of escaping CRs are 

 
A 
esc ≈

1 

t conf 
ε 2 A 

d n A 

d ε A 
� 

2 
kpc 2 πl 3 b , (27) 

here d n A /d ε A is the steady-state differential energy density of
harged particles. In Fig. 4 , we show the predicted fluxes of CRs
nd neutrinos that have reached Earth after escaping from their 
ources. Our calculations, assuming the rectilinear propagation of 
Rs without energy losses during propagation, indicated that the 
xpected UHECR flux can be below the observed values, as indicated
y black lines. Ho we ver, the propagation of UHECRs is strongly
mpacted by the strength of the intergalactic magnetic field, leading 
o the magnetic horizon effect, which limits the arri v al of CRs at the
arth to only the highest energy particles. 
Neglecting energy losses during propagation and the effect of 

alactic magnetic fields, the observed flux of CRs at Earth can be
xpressed by 

 A F E A = 

L 
A 
esc 

4 πd 2 L 

ξ ( E A , d L , t act ) , (28) 

here d L is the source luminosity distance and t act is the activity
ime. The emission from Cen A is assumed to have been continuous
MNRAS 524, 76–89 (2023) 



84 B. T. Zhang and K. Murase 

M

Figure 4. Predicted fluxes of high-energy γ -rays, neutrinos, and CRs at 
Earth from Cen A from the kiloparsec-scale jet after the injection of UHECR 

oxygen nuclei (solid lines) and iron nuclei (dashed lines). For high-energy 
γ -rays, we also show the unattenuated spectrum without considering EBL 

absorption (thin lines). 
The grey triangles are the diffuse flux of UHECRs measured by the Pierre 
Auger Collaboration (Aab et al. 2020 ). 
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ut with a recent burst of activity, with t act = 1 Myr, where t act is
he burst lifetime. The enhancement factor ξ ( E A , d L , t act ) can be
stimated as (e.g. Harari, Mollerach & Roulet 2021 ; Eichmann et al.
022 ) 

( E A , d L , t act ) ≈ 1 

C( E A , d L ) 
exp 

[ 

−
(

d 2 L 

0 . 6 l D ( ct act + d L ) 

)0 . 8 
] 

, (29) 

here 

( E A , d L ) = 

l D 

3 d L 

[ 

1 − exp 

( 

−3 

(
d L 

l D 

)
− 3 . 5 

(
d L 

l D 

)2 
) ] 

, (30) 

 D ≡ 3 D / c is the diffusion length and D is the dif fusion coef ficient (see
quation 22 ). Note ct act + d L corresponding to the maximum distance
ravelled by the observed CRs, where the distance for rectilinear
ropagation is d L . Our expected UHECR flux is in agreement with the
bserved results when taking into account the average intergalactic
agnetic field strength of B = 10 −9 G and the typical coherence

ength of l coh = 100 kpc (e.g. Harari et al. 2021 ). Note that the burst
ifetime is much smaller than the typical source lifetime of Cen A,
 act 
 t source ∼ 100 Myr (e.g. Taylor et al. 2023 ). The typical time
elay t delay between the arri v al time of UHECRs and photons that
re emitted from sources simultaneously is (e.g. Miralda-Escud ́e &
axman 1996 ; Murase & Takami 2009 ) 

 delay ( E A ) ∼ 10 

(
E A /Z 

10 18 eV 

)−2 (
d L 

3 Mpc 

)2 (
B 

10 −8 G 

)2 

×
(

l coh 

0 . 1 Mpc 

)
Myr. (31) 

he time-profile spread is comparable to time delay, σ d ( E A ) ∼
 delay ( E A ) (Takami & Murase 2012 ). 

.3 Implications for neutrinos 

n Fig. 4 , we also show the predicted all-fla v our energy spectrum of
igh-energy neutrinos from pion decay and neutron β-decay during
he photodisintegration process. Although we adopt the numerical
pproach, the observed all-fla v our energy spectrum of high-energy
NRAS 524, 76–89 (2023) 
eutrinos produced from the pion decay process can be analytically
stimated with the following formula: 

 νF 

(mes) 
E ν

≈ δ4 
D , kpc 

1 
4 πd 2 

L 

3 
8 f mes ( ε A ) ε A L 

′ 
ε A 

, (32) 

here ε A L 
′ 
ε A 

is the comoving frame CR injection luminosity and
 ν ≈ δD , kpc 0 . 05( ε A /A ) ∼ δD , kpc 10 16 eV is the typical neutrino en-

rgy in the observer frame for ε A ∼ 3 × 10 18 eV and A = 16.
ote that both direct neutrino contribution by the photomeson
roduction process on nuclei and indirect neutrino contribution by the
hotomeson production process on secondary neutrons and protons
re included (Murase & Beacom 2010a ; Zhang & Murase 2019 ). The
bserved energy spectrum of anti-electron neutrinos from neutron β-
ecay can be written as 

 νF 

( βdec ) 
E ν

≈ δ4 
D , kpc 

1 
4 πd 2 

L 

κβdec 
t n esc 
γn τn 

ξn f dis ( ε A ) ε A L 
′ 
ε A 

, (33) 

here γ n is the Lorentz factor of neutrons, τn � 879 . 6 s is the mean
ifetime of free neutrons (Workman et al. 2022 ), κβdec ≈ 〈 ε ν〉 /m n c 

2 

s the inelasticity, m n is the neutron mass in the neutron rest frame,
nd ξ n ∼ 1/2 is the fraction of neutrons in the emitted nucleons.
he average electron kinetic energy in the neutron rest frame is
 ε e 〉 − m e c 

2 ≈ 0 . 30 MeV. The typical neutrino energy in the neutron
est frame can be estimated as 〈 ε ν〉 ≈ Q β − ( 〈 ε e 〉 − m e c 

2 ) − ( 〈 ε p 〉 −
 p c 

2 ) � 0 . 48 MeV, when measured in the neutron rest frame,
here Q β ≈ 0 . 78 MeV is the Q -value representing the difference
etween the initial and final mass energies, 〈 ε p 〉 − m p c 

2 ∼ 0 . 3 keV,
s the proton recoil kinetic energy. The typical neutrino energy in
he observer frame is E ν ≈ δD , kpc 〈 ε ν〉 γn ∼ δD , kpc 3 × 10 13 eV for
 A ∼ 1 × 10 18 eV and A = 16. Note that β-decay from nuclei is
ot included in this study. 
We can see that the neutrino flux lies in the ∼10 PeV energy

ange dominated by the pion decay process, while the neutron β-
ecay process dominates the neutrino flux in the lower energy range,
0 . 01 PeV. High-energy neutrino emission from Cen A can be

earched for by the next-generation neutrino telescopes, such as
M3Net (Adrian-Martinez et al. 2016 ) and IceCube-Gen2 (Aartsen

t al. 2021 ). As Cen A is located in the Southern sky, KM3Net is more
ensitive than IceCube-Gen2 for detecting high-energy neutrinos
rom Cen A. Ho we ver, the flux of high-energy neutrinos predicted in
his work is approximately one to two orders of magnitude smaller
han the prediction of the magnetically powered corona model for
en A (Kheirandish, Murase & Kimura 2021 ), and the detection of
igh-energy neutrinos seems challenging. 

 SUMMARY  

n this study, we e v aluated the feasibility of detecting de-excitation
HE γ -rays through our numerical code that self-consistently con-

iders both nuclear and EM cascades. The accuracy of the code has
een validated through comparisons with Monte Carlo simulations
sing a modified version of CRPROPA 3 . Our code can be used to
xplore the behaviour of UHECR nuclei in astrophysical sources
nder the assumption of a one-zone model. 
We then applied our numerical code to the closest radio galaxy, Cen

, which we considered a potential accelerator of UHECR nuclei in
ts kiloparsec-scale jet. In our model, the primary target photons are
he beamed inner core emission that illuminates the jet when viewed
long its axis, but this emission is greatly reduced when viewed from
arth due to the Doppler beaming effect. 
Our results, assuming the dominant injection of UHECR nuclei

onsisting of oxygen and/or iron, indicate that the de-excitation VHE
-rays will be the dominant contributor to the multiwavelength
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pectrum at � 10–100 TeV if the UHECR nuclei are dominated 
y oxygen-group components. The de-excitation VHE γ -rays from 

en A could be detected by current and future ground-based VHE 

-ray telescopes. The results obtained in this work provide valuable 
nsight into the composition of UHECR nuclei in nearby extragalactic 
ources. 
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PPENDIX  A :  N U M E R I C A L  M E T H O D  A N D  

ELATED  P HYSICAL  PROCESSES  

he coupled transport equation given by equation ( 3 ) can be
iscretized as 

d 

d t 
n a,i = −n a,i A a,i + 

∑ 

j� i 

n a,j B a,j→ i 

+ 

∑ 

b 

∑ 

j� i 

n b,j C b,j→ a,i + ṅ 
inj 
a,i , (A1) 

here the indices i and j represent different energy bins. The abo v e
quations can be numerically solved with the first-order implicit
cheme (e.g. Lee 1998 ), 

n m + 1 
a,i − n m 

a,i 

�t 
= −n m + 1 

a,i A a,i + 

∑ 

j� i 

n m + 1 
a,j B a,j→ i 

+ 

∑ 

b 

∑ 

j� i 

n m + 1 
b,j b,j→ a,i + ṅ 

inj ,m 

a,i , (A2) 

nd we have 

 
m + 1 
a,i = 

n m 
a,i 

�t 
+ 

∑ 

j>i n 
m + 1 
a,j B a,j→ i + 

∑ 

b 

∑ 

j� i n 
m + 1 
b,j C b,j→ a,i + ̇n 

inj ,m 

a,i 

1 
�t 

+ A a,i − B a,i→ i 

, 

(A3)

here � t is the time-step, the index m represents the current particle
umber density at time t , and the index m + 1 represents the particle
NRAS 524, 76–89 (2023) 
umber density at time t + � t . In order to keep the accuracy, we adopt
he method used in Murase ( 2009 , 2012 ) and Murase & Beacom
 2012 ), where at each time-step the solution of equation ( A3 ) is
ound when the number density of each species converges. 

To check the availability of our transport code, which is a part of the
MES , we compared our results with Monte Carlo simulations with
 modified version of CRPROPA 3 . For the Monte Carlo simulations,
nstead of implementing the injection term ṅ inj 

a , we choose ṅ inj 
a = 0

hen solving equation ( 3 ) just for the comparison purpose. We also
eglect the escape term. We consider a spherical blob with a radius
f l b = 1 pc moving towards the observer with a Lorentz factor of
 = 10. The target photon fields in the comoving frame of the blob
an be described by equation ( 7 ), which are isotropically distributed
nside the blob with ε b = 1 eV, αl = 1, αh = 2.5, and u ph = 10 7 eV
s the comoving frame target photon energy density. The injected
nergy spectrum of oxygen nuclei follows a power-law distribution
ith an exponential cut-off, where ε max = 8 × 10 17 eV and s acc =
. The dynamical time-scale of the system is given by t dyn = l b / V ,
here V is the characteristic velocity (e.g. shock crossing time during
hich photons are generated). 
In Fig. A1 , we compare the output from our kinetic code with that

erived from Monte Carlo simulations using a modified version of
RPROPA 3 (Batista et al. 2016 ; Zhang et al. 2020 ). We compare the
pectrum of surviving nuclei and generated photons, electrons, and
eutrinos, considering three main hadronic processes including the
ethe–Heitler pair production process (upper panel), the photomeson
roduction process (middle panel), and the photodisintegration
rocess (lower panel). The results from the two calculation methods
re consistent with each other, except for stochastic fluctuations.
ndeed, the difference in the high-energy part of Bethe–Heilter pairs
s due to the limited sampling of target photons for CRPROPA 3 in
andling the Bethe–Heilter process. 
The details of the values of the coefficients A , B, and C for various

articles are discussed below. Note that all the quantities are in the
omoving frame. 

1 Photon 

he kinetic equation for γ -rays is (see also supplemental material of
urase 2018 ) 

∂n γε γ

∂t 
= −n γε γ

(
1 

t 
γ
esc 

+ 

1 

t γ γ

)

+ 

∂ 

∂t 

(
n syn 

ε γ
+ n IC ε γ

+ n phmes 
ε γ

+ n deex 
ε γ

)
+ ṅ inj 

ε γ
, (A4) 

here t γesc is the photon escape time-scale, t γ γ is the interaction
ime-scale of high-energy γ -rays with ambient target photon fields,
 n syn 

ε γ
/∂ t is the γ -ray generation rate from synchrotron emission

rocess of all the charged particles, ∂ n IC ε γ
/∂ t is the γ -ray generation

ate from the IC process of electrons, ∂ n phmes 
ε γ

/∂ t is the γ -ray
eneration rate from the photomeson production process of both
ucleons and nuclei, ∂ n phdis 

ε γ
/∂ t is the γ -ray generation rate from the

hotodisintegration process via de-excitation process, and ṅ inj 
ε γ

is the
rimary γ -ray injection rate (e.g. from external regions). 
Based on equation ( A4 ), the coefficient A in equation ( 3 ) corre-

ponds to 

 γ = 

1 

t 
γ
esc 

+ 

1 

t γ γ

. (A5) 

he coefficient B is set to be zero 

 γ→ γ = 0 , (A6) 
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Figure A1. SEDs of primary nuclei and secondary particles, including 
daughter nuclei and other particles, which are calculated with our kinetic code 
(solid curves) and Monte Carlo code (dots), where we consider the Bethe–
Heitler pair production process (upper panel), photomeson production process 
(middle panel), and photodisintegration process (lower panel), respectively. 
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hich means that incident high-energy γ -rays disappear once they 
nnihilate with target photons. The coefficient C is 

 γ = 

∂ 

∂t 

(
n syn 

ε γ
+ n IC ε γ

+ n phmes 
ε γ

+ n phdis 
ε γ

)
. (A7) 

he escape time-scale for photons is set to t γesc = t lc = R/c, where
 lc is the light crossing time-scale and R is the radius of the emission
egion. 

2 Electron 

he kinetic equation for high-energy electrons (and positrons) is 

∂n e ε e 
∂t 

= −n e ε e 
t e esc 

− ∂ 

∂ε e 

[ 
( P ad + P 

e 
syn + P 

e 
IC ) n 

e 
ε e 

] 

+ 

∂ 

∂t 

(
n γ γ

ε e 
+ n BH 

ε e 
+ n phmes 

ε e 
+ n βdec 

ε e 

)+ ṅ inj 
ε e 

, (A8) 

here t e esc is the electron escape time-scale, P ad is the adiabatic energy
oss rate, P 

e 
syn is the synchrotron energy loss rate, P 

e 
IC is the IC energy

oss rate, ∂ n BH 
ε e 

/∂ t is the electron–positron generation rate from the
ethe–Heitler pair production process, ∂ n phmes 

ε e 
/∂ t is the electron–

ositron generation rate from the photomeson production process, 
 
βdec 
ε e 

is the electron generation rate from β-decay, and ṅ inj 
ε e 

is the
rimary electron injection rate. 
For EM cascades inside the source, we adopt the continuous 

nergy loss approximation, as in Murase et al. ( 2015 ), where the
econd term in the right-hand side of equation ( A8 ) can be rewrit-

en as ∂ 
∂ε e 

[ 
( P ad + P 

e 
syn + P 

e 
IC ) n 

e 
ε e 

] 
= 

∂ 
∂ε e 

[ 
P ad + P 

e 
syn + P 

e 
IC 

] 
n e ε e + 

∂ 
∂ε e 

[
n e ε e 

]
( P ad + P 

e 
syn + P 

e 
IC ). We can express the coefficient A as 

 e = 

1 

t e esc 

+ 

∂ 

∂ε e 

[ 
P ad + P 

e 
syn + P 

e 
IC 

] 
, (A9) 

here the discretization formula is 

 e ,i = 

1 

t e esc 

∣∣∣∣
ε= ε i 

+ 

1 

ε i+ 1 / 2 − ε i−1 / 2 

(
P ad + P 

e 
syn + P 

e 
IC 

)
| ε= ε i . (A10) 

he coefficient B can be written as 

 e ,j→ e ,i = δi+ 1 
j 

1 

ε j+ 1 / 2 − ε j−1 / 2 

(
P ad + P 

e 
syn + P 

e 
IC 

)
| ε= ε j , (A11) 

here δ is the Kronecker delta function and the indices i and
 represent electron energy index (e.g. Murase & Beacom 2012 ;
alashev & Kido 2015 ). The coefficient C can be written as 

 e = 

∂ 

∂t 

(
n γ γ

ε γ
+ n BH 

ε γ
+ n phmes 

ε γ
+ n βdec 

ε γ

)
. (A12) 

In general, the escape time depends on the diffusion coefficient or
etails of magnetic fields. In the limit that the magnetic confinement
s sufficiently long, which is valid for electrons in the energy range
f interest, one may approximate the escape time-scale by 

 
e 
esc ≈ t adv = 

l b 

V 

, (A13) 

here t adv is the advection time-scale and V is the expansion speed
f the emission region. The adiabatic energy loss time-scale can be
stimated as 

 
−1 
ad ≡ 1 

ε e 

d ε e 
d t 

≈
(

l b 

V adv 

)−1 

, (A14) 

here the adiabatic energy loss rate is P ad = ε e t 
−1 
ad , l b is the comoving

ize of the blob, and V adv ∼ V is the advection velocity at the
issipation region. 
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3 Neutrino 

he kinetic equation for neutrinos is 

∂n νε ν
∂t 

= −n νε ν
t esc 

+ 

∂ 

∂t 

(
n phmes 

ε ν
+ n βdec 

ε ν

)
, (A15) 

here t νesc = t lc is the neutrino escape time-scale, ∂ n phmes 
ε ν

/∂ t is the
eutrino generation rate from the photomeson production process,
nd ∂ n βdec 

ε ν
/∂ t is the (anti-)electron neutrino generation rate from

-decay. 
The coefficient A is 

 ν = 

1 

t νesc 

. (A16) 

he coefficient B is 

 ν = 0 . (A17) 

he coefficient C is 
 ν = 

∂ 

∂t 

(
n phmes 

ε ν
+ n βdec 

ε ν

)
. (A18) 

4 Neutron 

he kinetic equation for neutrons is 

∂n n ε n 
∂t 

= −n n ε n 
t n esc 

− n n ε n 
t phmes 

− n n ε n 
t βdec 

+ 

∂ 

∂t 

(
n phmes 

ε n 
+ n phdis 

ε n 

)
, (A19) 

here t n esc = t lc is the neutron escape time-scale, t phmes is the
hotomeson production time-scale, t βdec is the neutron lifetime,
 n phmes 

ε n 
/∂ t is the neutron generation rate from the photomeson

roduction process, and ∂ n phdis 
ε n 

/∂ t is the neutron generation rate
rom nuclear photodisintegration. 

The coefficient A for neutron is 

 n = 

1 

t n esc 

+ 

1 

t phmes 
+ 

1 

t βdec 

. (A20) 

he coefficient B is 

 n = 

∂n phmes 
ε n 

∂t 
, (A21) 

here ∂ n phmes 
ε n 

/∂ t is the generation rate of the neutron from the
hotomeson production process when the primary particle is a
eutron. The coefficient C is 
 n = 

∂ 

∂t 

(
n phmes 

ε n 
+ n phdis 

ε n 

)
, (A22) 

here ∂ n phmes 
ε n 

/∂ t is the generation rate of neutrons from the pho-
omeson production process when the primary particle is a proton or
 nucleus. 

5 Proton 

he kinetic equation for protons is 

∂n p ε p 

∂t 
= −

n p ε p 

t esc 
−

n p ε p 

t phmes 
+ 

∂ 

∂ε p 

[ 
( P ad + P 

p 
BH + P 

p 
syn ) n 

p 
ε p 

] 

+ 

∂ 

∂t 

(
n phmes 

ε p 
+ n βdec 

ε p 
+ n phdis 

ε p 

)
+ ṅ inj 

ε p 
, (A23) 

here t p esc is the proton escape time-scale, t phmes is the photomeson
roduction interaction time-scale, P BH is the energy loss rate due
o the Bethe–Heitler pair production process, P 

p 
syn is the proton

ynchrotron energy loss rate, ∂ n phmes 
ε p 

/∂ t is the proton generation

ate from the photomeson production process, n βdec 
ε p 

is the proton
NRAS 524, 76–89 (2023) 
eneration rate from β-decay, ∂ n phdis 
ε p 

/∂ t is the proton generation

ate from nuclear photodisintegration, and ṅ inj 
ε p 

is the primary proton
njection rate. 

For the Bethe–Heitler pair production process, we adopt the
ontinuous energy loss approximation. The coefficient A is 

 p = 

1 

t 
p 
esc 

+ 

1 

t phmes 
+ 

∂ 

∂ε p 
( P ad + P 

p 
BH + P 

p 
syn ) , (A24) 

here the discretization form is 

 p ,i = 

1 

t 
p 
esc 

∣∣∣∣
i 

+ 

1 

t phmes 

∣∣∣∣
i 

+ 

1 

ε i+ 1 / 2 − ε i−1 / 2 
( P ad + P 

p 
BH + P 

p 
syn ) | ε= ε i . 

(A25)

he coefficient B is 

 p ,j→ p ,i = 

∂n phmes 
ε p 

∂t 
+ δi+ 1 

j 

1 

ε j+ 1 / 2 − ε j−1 / 2 
( P ad + P 

p 
BH + P 

p 
syn ) | ε= ε j , 

(A26

here ∂ n phmes 
ε p 

/∂ t is the generation rate of protons from the photome-
on production process when the primary particle is a proton. The
oefficient C is written as 

 p = 

∂ 

∂t 

(
n βdec 

ε p 
+ n phmes 

ε p 
+ n phdis 

ε p 

)
. (A27) 

or the escape processes, we consider both diffusion and advection.
he confinement time-scale is given by 

 conf = max [ t diff , t lc ] , (A28) 

here 

 diff ≈ l 2 b 

6 D 

(A29) 

s the diffusion time-scale for a spherical blob geometry and D is the
if fusion coef ficient (see equation 22 ). The escape time-scale can be
stimated as 

 
p 
esc = min [ t conf , t adv ] , (A30) 

here t adv = l b / V is the advection escape time-scale. 

6 Nuclei 

he kinetic equation for nuclei is 

∂n A ε A 

∂t 
= −n A ε A 

t A esc 

− n A ε A 

t phmes 
− n A ε A 

t phdis 
+ 

∂ 

∂ε A 

[ 
( P ad + P 

A 
BH + P 

A 
syn ) n 

A 
ε A 

] 

+ 

∂ 

∂t 

(
n phmes 

ε p 
+ n phdis 

ε A 

)
+ ṅ inj 

ε A 
, (A31) 

here t A esc is the nuclear escape time-scale, t phmes is the photomeson
roduction interaction time-scale, t phdis is the photodisintegration
roduction interaction time-scale, P BH is the energy loss rate due
o the Bethe–Heitler pair production process, P 

A 
syn is the nuclei

ynchrotron energy loss rate, ∂ n phmes 
ε A 

/∂ t is the nuclear generation rate
rom the photomeson production process, ∂ n phdis 

ε A 
/∂ t is the nuclear

eneration rate from nuclear photodisintegration process, and ṅ inj 
ε A 

is
he injection rate of primary nuclei. 

For the Bethe–Heitler pair production process, we adopt the
ontinuous energy loss approximation similar to the proton case.
he coefficient A for high-energy nuclei is 

 A = 

1 

t A esc 

+ 

1 

t phmes 
+ 

1 

t phdis 
+ 

∂( P ad + P 
A 
BH + P 

A 
syn ) 

∂ε p 
, (A32) 
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here the discretization form is 

 A,i = 

1 

t A esc 

∣∣∣∣
i 

+ 

1 

t phmes 

∣∣∣∣
i 

+ 

1 

t phdis 

∣∣∣∣
i 

+ 

1 

ε i+ 1 / 2 − ε i−1 / 2 
( P ad + P 

A 
BH + P 

A 
syn ) | ε= ε i . (A33) 

he coefficient B is 

 A,j→ A,i = δi+ 1 
j 

1 

ε j+ 1 / 2 − ε j−1 / 2 
( P ad + P 

A 
BH + P 

A 
syn ) | ε= ε j . (A34) 
2023 The Author(s) 
ublished by Oxford University Press on behalf of Royal Astronomical Society 
he coefficient C is written as 

 A = 

∂ 

∂t 

(
n phmes 

ε A 
+ n phdis 

ε A 

)
. (A35) 

imilar to protons, the escape time-scale of nuclei depends on both
iffusion and advection. 
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