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A B S T R A C T 

The origin of ultra-high-energy cosmic rays (UHECRs) remains a puzzle more than 50 yr after their discovery. Yet, the well- 
established excess of events toward the radio galaxy Centaurus A (Cen A) raises the possibility that it is the first identifiable 
UHECR source. Although Cen A has been considered as a UHECR source, its present jet activity seems unable to explain 

the most energetic events. Recently, the lobes of radio galaxies have been proposed as potential reservoirs of UHECRs, from 

which particles accelerated in previous episodes of higher activity slowly escape. In this work, we investigated whether the past 
activity episodes of Cen A could be related to the UHECR excess observed in the Centaurus region . By modelling the UHECR 

propagation in the Giant Lobes of Cen A, we tested the reservoir hypothesis and its connection with the activity history of Cen 

A. By analysing the energies of the events and the overall mass composition of UHECRs, we find that activity within the last 
∼ 30 Myr is required to explain the excess. This period aligns closely with the time-scale where the transition regions and the 
Giant Lobes must be energized, as revealed by radio and γ ray observations. 

Key words: acceleration of particles – astroparticle physics – diffusion – magnetic fields – quasars: individual: Centaurus A. 
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 I N T RO D U C T I O N  

he origin of ultra-high-energy cosmic rays (UHECR) has remained 
nknown for more than half a century (J. Linsley 1963 ). Charged par-
icles are deflected by the Galactic and extragalactic magnetic fields, 

aking it difficult to trace them back to their sources. Deflections are
maller for higher-energy particles from nearby sources. Moreover, 
he most energetic particles likely originate within ∼100 Mpc, as 
nergy losses from interactions with the cosmic microwave and 
xtragalactic background light limit their travel distance (K. Greisen 
966 ; G. T. Zatsepin & V. A. Kuzmin 1966 ; R. G. Lang et al. 2020 ).
his supports the prospect of conducting UHECR astronomy focused 
n nearby sources (J. W. Cronin 1999 ). 
The possibility of UHECR acceleration in radio galaxies and 

articularly Centaurus A (Cen A) has been discussed over the years 
e.g. G. E. Romero et al. 1996 ; J. H. Matthews et al. 2018a ; F. M.
ieger 2022 ; S. Mollerach & E. Roulet 2024 ). Cen A is the nearby
GN, at 3 . 8 ± 0 . 1 Mpc (G. L. Harris, M. Rejkuba & W. E. Harris
010 ), making it an ideal target for UHECR astronomy. In addition,
ts proximity, angular size ( ∼ 9◦), and relative orientation enable 
igh-quality multiwavelength observations, revealing its history and 
patial structures (F. Israel 1998 ; J. H. Croston et al. 2009 ; Sun,
iao-na et al. 2016 ; The H.E.S.S. Collaboration 2020 ; B. McKinley

t al. 2022 ). 
The hypothesis of Cen A as a UHECR source was reinforced with

he detection of an excess of UHECR events pointing only 2◦ away 
rom it, the Centaurus excess (A. Abdul Halim et al. 2023a ). Cen A
s the obvious candidate for the source (R.-Y. Liu et al. 2012 ; C. a.
liveira & V. Souza 2022 , 2023 ), despite alternative scenarios also
 E-mail: olivcaina@gmail.com 
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eing discussed (C. a. Oliveira & V. Souza 2023 ; H.-N. He et al.
024 ). Detailed analyses (e.g. J. H. Matthews et al. 2018a , b ) suggest
hat the current activity of Cen A satisfies the power constraints
ecessary to accelerate the more energetic UHECRs only for highly 
deal scenarios. Acceleration to ultra-high energies in the lobes is 
lso subject to controversy (M. J. Hardcastle et al. 2009 ; R.-Y. Liu
t al. 2012 ). However, a powerful past activity cannot be ruled out,
nd in this case, the radio lobes would be UHECR reservoirs (J. H.
atthews et al. 2018a , b ). 
In this work, we identify the time window during which UHECRs

ccelerated on the inner structure of Cen A remain confined within
he lobe for long enough to be detected. This is the first time
to our knowledge) that the history of an astrophysical object, 
btained from actual observations, is potentially connected with the 
cceleration of UHECRs. We investigate the previously proposed 
eservoir hypothesis through a detailed study of UHECR propagation 
ithin the Giant Lobes of Cen A. The analysis enables us to constrain

he past activity likely to be responsible for the currently observed
vents. In Section 2 , we identify the time window during which
HECRs remain confined in the lobes. In Section 3 , we demonstrate

hat the energization time-scale of the Giant Lobes of Cen A is
onsistent with the production of UHECRs that contribute to the 
entaurus excess observed by the Pierre Auger Observatory, taking 

nto account both composition and energetic requirements. The main 
esults and implications are summarized in Section 4 . 

 TIME  C O N S T R A I N T S  O F  AC C E L E R AT I O N  

F  PA RTI CLES  IN  C E N  A  

n this section, we calculate the residence time of UHECRs in Cen
’s Outer lobes. This time is compared to the history of events and
is is an Open Access article distributed under the terms of the Creative
h permits unrestricted reuse, distribution, and reproduction in any medium,
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he age of structures in Cen A, as well as the data measured by the
ierre Auger Observatory. 
The radio structure of Cen A reveals three extended regions around

he central galaxy, known as Giant/Outer lobes, Northern Middle
obe, and Inner Lobes (F. Israel 1998 ). Giant Lobes (Northern and
outhern) have a size larger than 480 kpc and a dynamic age of

1 . 6 Gyr, probably resulting from past activity events (B. McKinley
t al. 2022 ). The jet of Cen A is currently active, being responsible
or the formation of the Inner Lobes. Each Inner Lobe is ∼ 5 kpc
ong and ∼ 1–2 Myr old (S. G. Neff, J. A. Eilek & F. N. Owen
015a ). The Northern Middle Lobe (referred to as Middle Lobe in
his study) is the northern transition region connecting the Inner and
iant Lobes. It is characterized by aligned radio and X-ray knots and
laments resembling a large-scale jet. Its origin has been proposed
s the interaction of a broad, large-scale outflow (from the AGN or
tarburst activity) boosted by an AGN jet outburst, with cold and
arm gas clouds, producing a region of turbulence and inducing star

ormation (S. G. Neff, J. A. Eilek & F. N. Owen 2015b ; B. McKinley
t al. 2022 ). Ongoing starburst activity is also observed in Cen A. It
as an age � 50 Myr, with recent star formation occurring over the
ast 2–50 Myr (S. G. Neff et al. 2015b ). These time-scales and spatial
xtents will be compared with the expected escape of UHECR from
he lobes. 

The estimated power of the current jet activity, ∼ 2 × 1043 erg s −1 

S. G. Neff et al. 2015a ), is sufficient to produce the most energetic
HECRs only under ideal scenarios (J. H. Matthews et al. 2018a ,
 ). However, Cen A shows evidence for episodes of higher activity
n the past, leading to the hypothesis that its lobes act as UHECR
eservoirs (J. H. Matthews et al. 2018a , b ). Recent observations from
. McKinley et al. ( 2022 ) revealed a clear gap between the Inner
obe and the first radio knot in the Middle Lobe, which disfavours

he existence of a currently operating large-scale jet. Nevertheless,
 previous jet likely carved a cocoon in the medium, channelling
he current outflow (B. McKinley et al. 2022 ). As argued by S.
. Neff et al. ( 2015a ) and S. G. Neff et al. ( 2015b ), Cen A’s jet

ikely undergoes reactivation cycles every few Myr. This supports the
dea of intermittent AGN activity, with potentially intensive phases
riven by cold accretion modes. Variability near the jet base has
lso been reported [see B. McKinley et al. ( 2022 ) and references
herein]. 

To estimate a time-scale of higher activity, potentially relevant for
HECR acceleration, we examine the lifetimes of structures in the
uter and Middle Lobes. Radio and γ -ray emissions observed in

he Outer Lobes limit the energy supply to no longer than ∼ 30 Myr
go (M. J. Hardcastle et al. 2009 ; J. A. Eilek 2014 ). Energy flows
hrough the transition regions is necessary to energize the Giant
obes. The presence of short-lived structures in the Middle Lobe

equires re-energization within � 10 Myr (S. G. Neff et al. 2015a ,
 ). We will refer to the period ∼ 10–30 Myr as the re-energization 
hase. 
To connect the history of activity in Cen A with the UHECR

ignal currently measured at Earth, it is necessary to account for
he time delays to which UHECRs are subject. We assume that any
f the internal structures in Cen A (jet, Inner Lobes, or transition
egions) could accelerate UHECRs. After being injected from the
cceleration site, the time necessary to detect the particles is the
um of the time to escape the source ( τesc ) and time delays from
he extragalactic and Galactic propagation ( δtprop ). Given the age
nd size of the Giant Lobes, UHECRs possibly accelerated in any
f the internal structures will need to cross them before escaping
o the interstellar medium. In the case where acceleration occurs in
he Giant Lobes, the constraints derived below can be seen as upper
NRAS 545, 1–8 (2026)
imits, since particles do not necessarily need to cross the entire lobe
xtension to escape. 

Radio galaxy lobes are filamentary and magnetized environments
S. O’Sullivan, B. Reville & A. M. Taylor 2009 ; S. Wykes et al.
014 ). In these circumstances, the escape time can be estimated
rom a combination of microscopic propagation regimes and ad-
ection of particles in the ambient plasma. During the propagation
ithin the Giant Lobes, energy losses could modulate the energy

pectrum. However, as shown in Appendix A , energy losses inside
he Giant Lobes can be neglected for the energy range we are
onsidering. 

Microscopic propagation involves the transition between recti-
inear and diffusive regimes. We model the lobes of Cen A as a
urbulent, approximately spherical medium. As shown by R. Aloisio,
. Berezinsky & A. Gazizov ( 2009 ), for isotropic turbulence and

njection, these regimes can be fully described by the generalized
ropagator 

J ( r, t, E) = � ( ct − r) 

4 π ( ct)3 

α( t, E) 

K1 ( α( t, E)) 

e−α/
√ 

1 −( r/ct)2 

[1 − ( r/ct)2 ]2 
, (1) 

here K1 is the Bessel function and α( t, E) = c2 t/ 2 D( E), in the
bsence of energy losses. 

For rectilinear propagation, particles take τrect = L/c to escape
 region of size L . The same distance is travelled in a time-scale
dif = L2 / 6 D( E) in the diffusive regime. Considering equation ( 1 ),
 general time-scale to cross L can be obtained by writing 

esc ( E ) = L2 

〈 r2 〉 ( L/c, E ) 

L 

c 
, (2) 

here 〈 r2 〉 ( t, E) = ∫ 
r2 PJ ( r, t, E) d3 r , and we use the definition

 = 〈 r2 〉 / 6 t . Along this work, we adopt the diffusion coefficient
ound by D. Harari, S. Mollerach & E. Roulet ( 2014 ) 

( E) = c 

3 
	c 

[ 

4

(
E 

Ec 

)2 

+ 0 . 9
E 

Ec 
+ 0 . 23

(
E 

Ec 

)1 / 3 
] 

(3) 

here Ec = 0 . 9 Z ( Brms /μG) ( 	c /kpc ) EeV, Brms is the root mean
quare of the magnetic field intensity, and 	c its coherence length.
e assume a Kolmogorov spectrum for the magnetic field turbulence.
adio and γ -ray measurements from the Giant Lobes indicate Brms ≈
μG (M. J. Hardcastle et al. 2009 ; I. I. Stefan et al. 2013 ; J. A. Eilek
014 ; Sun, Xiao-na et al. 2016 ). Observations of radio filaments
n the southern Giant Lobe suggest the scale 	max ∼ 50 kpc (J. A.
ilek 2014 ; S. Wykes, M. J. Hardcastle & J. H. Croston 2015 ),

mplying 	c ∼ 10 kpc for a Kolmogorov turbulence (D. Harari et al. 
002 ). 
Advection can play an important role in the escape from lobes.

s discussed by J. H. Matthews & A. M. Taylor ( 2021 ), a reliable
stimation for the advection time-scale τadv = L/vadv is hard to
btain. For Cen A, a large-scale outflow with speed of ∼ 1100 km s −1 

s measured (B. McKinley et al. 2022 ). Despite the outflow should
hermalize at a radius ∼ 75 kpc (B. McKinley et al. 2022 ), we take
he pragmatic approach of using its speed to estimate the advection
ime-scale. 

The exact value of L depends on the exact structure and
ime at which the acceleration happened. Based on the size of
he Giant Lobes and the spherical approximation, we consider
 ∼ 200 kpc. 
Fig. 1 shows the time necessary for UHECRs to escape the

iant Lobes of Cen A for different UHECR species. UHECRs
f higher energies follow rectilinear trajectories, and escape the
obes after ∼ 0 . 6 Myr. However, diffusion starts to be important for
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Figure 1. Time necessary for UHECRs to escape the Giant Lobes of Cen A 

for different UHECR species. The age and time-scales for different structures 
in Cen A (continuous black lines) and the advection time-scale inside the 
lobes (black dashed line indicated by Adv) are also shown. The Middle Lobe 
time-scale is taken as 30 Myr. 
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ower energies ( � 10 EeV for protons and � 100 EeV for nitrogen),
ausing a significant delay in the escape time. In general, advection 
s only important below ∼ 1 EeV and can be neglected for our
urposes. Considering the age of the current activity, only UHECRs 
ith energies above ∼ 10–100 EeV have enough time to escape 

he Giant Lobes. For particles possibly accelerated during the 
iddle/Giant-Lobes re-energization time-scale, only protons with 

nergies � 1 EeV and iron with energies � 20 EeV would have
scaped. 

After escaping the Giant Lobes, particles will propagate through 
he extragalactic environment before hitting Earth. Extragalactic 

agnetic fields delay the arrival time of UHECRs compared to a 
ectilinear propagation. S. Mollerach & E. Roulet ( 2024 ) estimate an
ncrease δtprop ∼ θ2 

rms d/ 6 c. To estimate δtprop for UHECRs within the 
entaurus excess , we adopt d = 3 . 8 Mpc (G. L. Harris et al. 2010 )
nd the scattering angle as the excess radius θ ∼ 27◦ (A. Abdul 
alim et al. 2025b ). This results in a time delay δtprop ∼ 0 . 5 Myr for
HECRs populating the excess . Despite that, larger time delays were 
roposed by R. Mbarek & D. Caprioli ( 2025 ), depending on particles’
igidity and the coherence length of the extragalactic magnetic field. 
n this case, we expect larger deflection angles. 

The time-scales obtained proved that UHECRs injected by Cen 
 are likely to remain imprisoned inside the Giant Lobes. The 

esidence time depends on the energy and charge of the parti-
les, varying from ∼ 0 . 6 Myr for particles performing a rectilinear
ropagation to ∼ 100 Myr for less energetic diffusing particles. 
hese time-scales likely dominate the time delay caused by the 
xtragalactic propagation ( ∼ 0 . 5 Myr) in the limit of small scattering.
nly light (proton, helium) particles with energies above ∼ 10 
eV accelerated from the current activity of Cen A had time to
scape from the Giant Lobes. UHECRs accelerated during the 
eriod of re-energization are more likely to contribute to an in-
ermediate/heavy composition measured at Earth for energies above 

10 EeV. 
In the next section, the confinement of UHECRs within the 
iant Lobes will be used to constrain the episodes of activity

hat could be contributing to the UHECRs currently measured at 
arth. 

 W H E N  W E R E  T H E  U H E C R S  O F  T H E  

E N TAU RU S  EXCESS  G E N E R AT E D ?  

he imprisoning of particles in the Lobes will result in composition-
ependent flux suppression according to the particle acceleration 
ge. Considering a point source, the density at a position r is given
y the convolution of PJ with the injection rate Q ( t), 

 ( r, t, E) =
∫ ∞ 

−∞ 

d τ Q ( τ ) PJ ( r, t − τ, E) . (4) 

To constrain the episode of high activity during which particles 
hould be accelerated in Cen A, consider that the UHECR injection
tarts or ceases at a time t0 . It can be modelled as Heaviside
tep functions, � ( t − t0 ). In these cases, the particle density is
iven by 

 ( r, t, E) =
∫ ∞ 

t0 

d τPJ ( r, t − τ, E) =
∫ t−t0 

−∞ 

d τPJ ( r, τ, E) . (5) 

The flux leaving the source can be obtained via the continuity
quation, ∇ · j = −∂ t n , which can be integrated for spherical sym-
etry, 

 ( R, t, E) = 4 πR2 j = 4 π
∫ ct 

R 

d r r2 ∂ t n ( r, t, E) , (6) 

hich represents the total flux of particles with energy E leaving
he source region of radius R at time t . Using equation ( 5 ), the flux
eaving the source is given by 1 

J ( R, t, E) = 4 π
∫ ct 

R 

d r r2 PJ ( r, t − t0 , E) . (7) 

Fig. 2 presents the flux escaping the Giant Lobes, considering that
cceleration occurred for �t = 2 , 30 , 100 Myr (top panel) or ceased
or these periods (lower panel). A strong cutoff, resulting from the
iffusion time, is observed in the flux according to the source activity
ge and UHECR rigidity. For UHECR injection starting recently, the 
ightest particles are the first to escape, imposing a lower limit on
he source activity age. Only protons can escape the Giant Lobes for
he current AGN activity ( ∼ 2 Myr). Nitrogen nuclei with energies

20 EeV take at least 30 Myr to escape, while the situation is more
ramatic for iron nuclei, where a significant fraction of events above

20 EeV can escape only for an acceleration longer than ∼ 100
yr. The conclusion is reversed if the UHECR injection stopped 

ears ago. Heavier particles are the last to escape, imposing an upper
imit on the source activity age. 

The excess in the Centaurus region extends from high energies 
 > 60 EeV) down to ∼ 20 EeV. In this energy range, there are
ndications of an intermediate composition, probably Nitrogen-like 
A. Abdul Halim et al. 2023b ). Composition-dependent anisotropies 
oint to an intermediate composition as well (E. Mayotte & T.
itoussi 2023 ). Based on Fig. 2 , Nitrogen nuclei with energies above

10 EeV require the source to have been active for the last ∼ 30
yr. For iron nuclei of ∼ 20 EeV to escape the source, the injection
ust not cease earlier than ∼ 30 Myr. Note that if UHECRs are
MNRAS 545, 1–8 (2026)
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M

Figure 2. UHECR flux fraction escaping from the Giant Lobes for different 
injection scenarios. Proton, N, and Fe species are considered. Top panel: 
Injection starting at 2 Myr, 30 Myr, and 100 Myr. Bottom panel: Injection 
ceasing 2 Myr, 30 Myr, and 100 Myr ago. The energy range where the excess 
in the Centaurus region is reported (A. Abdul Halim et al. 2025b ) is shown 
as a grey band. 
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Figure 3. Upper limit for neutrino flux from photohadronic (dashed lines) 
and hadronic (continuous lines) interactions of UHECR within the Giant 
Lobes of Cen A. Different colours indicate different species. Predicted 
sensitivity for 10 yr observations (black lines) by KM3NeT (S. Aiello et al. 
2024 ), POEMMA (T. M. Venters et al. 2020 ), GRAND (J. Álvarez-Mu˜ niz 
et al. 2020 ), and IceCube-gen2 (R. Abbasi et al. 2021 ) are also showed. 
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ot injected in the Lobes for more than ∼ 100 Myr, the UHECR
ux above 10 EeV will be highly suppressed. These time-scales

ndicate that an activity for a period � 2 Myr and not ceased more
han ∼ 30 Myr ago is necessary to accelerate UHECRs, if the
entral engine of Cen A is responsible for the observed UHECRs
xcess. 

The results above suggest that a past activity ∼ 2–30 Myr ago may
ave accelerated UHECRs that are now being detected. This time-
cale agrees with the re-energization time-scale of the Middle and
iant Lobes. The scenario of a recent � 30 Myr activity combined
ith a short period of low activity is expected for Cen A. However,
 long ∼ 50–100 Myr quiet period is highly unlike (S. G. Neff et al.
015b ). 
NRAS 545, 1–8 (2026)
.1 Constraints from energy spectrum and composition 

ased on the previous discussion, propagation through the lobes
hould significantly modify the energy spectrum and composition of
HECRs from Cen A. To illustrate this effect, consider a commonly

dopted power-law energy spectrum with an exponential cutoff at
nergy Zj Rmax and spectral index s, 

d N 

d E 

∝
∑ 

j 

fj E
−s e−E/Zj Rmax . (8) 

onsidering the power estimates for Cen A jet of ∼ 2–6 ×
043 erg s −1 (S. G. Neff et al. 2015a ) and equation (19) of J.
. Matthews et al. ( 2018b ), we estimate Rmax ∼ 5–10 EeV. For

llustrative purposes, we take s = 2 and assume rectilinear ex-
ragalactic propagation from Cen A. As shown in Appendix A
Fig. A1 ), in this case, extragalactic propagation causes significant
hanges in the spectrum only for helium and nitrogen nuclei with
nergies above ∼ 100 EeV, where the energy spectrum is suppressed
y the exponential cutoff ( Emax = 20 and 70 EeV, for He and N
uclei, respectively). Therefore, the extragalactic propagation will
e ignored in the following analysis. This allows the effects of
ropagation inside the lobes to be seen more clearly. 
For comparison with the energy range of events in the Centaurus

xcess , we consider an intermediate composition. As stated in the
revious section, a pure nitrogen composition will be considered.
ig. 4 shows the energy spectrum escaping the lobes for the emission
tarting or ceasing at 2 , 30 , 100 Myr. For a qualitative discussion,
he energy spectrum reported by the Pierre Auger Collaboration for
vents within the Centaurus excess is also presented. In this case,
he high-energy events in the Centaurus region cannot be explained
f the acceleration has ceased for ∼ 30 Myr under a nitrogen-like
omposition. 

The results in Fig. 2 point to a composition strongly dependent
n the age of the acceleration process. To illustrate the evolution
f mass composition with energy as a function of injection time,
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[b]

Figure 4. Energy spectrum of Nitrogen nuclei escaping the lobes of Cen A for several temporal injections. Injection starting (left) or ceasing (right) in 2, 30, 
and 100 Myr are shown. Two maximum rigidities, 5 (blues) and 10 EeV (reds), are considered. For comparison, the energy spectrum measured in a window 20◦
around Cen A is also shown (A. Abdul Halim et al. 2024 ). The energy spectrum of continuous infinity injection ( ∞ ) is arbitrary normalized, and corrected by 
the fraction of escaping flux (equation 7 ). 

Figure 5. Evolution of the mean composition with the energy escaping the Giant Lobes for several time injections, considering a Wolf–Rayet-like composition. 
The mean logarithm of the composition obtained by the Pierre Auger Collaboration (A. Abdul Halim et al. 2025a ) for the EPOS–LHC hadronic model is shown 
for comparison. 
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e assume a composition inspired by Wolf–Rayet stars (R.-Y. Liu 
t al. 2012 ) ( fH = 0, fHe = 0 . 62, fN = 0 . 37, fSi = 0 . 01, fFe = 0),
s suggested by A. L. Müller & A. Araudo ( 2025 ). Fig. 5 shows
he evolution of 〈ln A 〉 with energy for different injection onset and
essation times for Cen A, using the two Emax values estimated 
bove. The mean mass evolution reconstructed by the Pierre Auger 
bservatory (A. Abdul Halim et al. 2025a ), considering the EPOS-
HC hadronic model, is also shown. In the absence of energy losses,
ln A 〉 is independent of the assumed spectral index s. If the source
topped the injection for a period � 2 Myr, the composition measured
n Earth would be mainly heavy, in disagreement with the data. 
or the composition trend to be compatible with the data, it is
ecessary that an injection starting less than 100 Myr, with better 
greement for time-scales � 30 Myr. This result is consistent with our
revious discussion about the time-scales for particle acceleration 
n Cen A. 

.2 Upper limit for neutrino emission from UHECR 

lthough rare, interactions within the lobes can produce secondary 
eutrinos and γ rays, and have been addressed by several authors (see
. a. Oliveira & V. Souza 2025 for a review). The detailed calculations 
erformed here allow us to calculate upper limits on the neutrino
ux from interactions of UHECR with the Cosmic Microwave 
ackground, the Extragalactic Background Light (R. C. Gilmore 
t al. 2012 ), and hadronic interactions inside the Giant Lobes. The
ux was computed via Monte Carlo propagations using CRPropa 
.2 (R. Alves Batista et al. 2022 ). Proton–proton interactions were
MNRAS 545, 1–8 (2026)
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omputed with the plugin of J. Dörner et al. ( 2025 ), assuming an
mbient medium of HI gas. For UHECR nuclei of mass A , the
eutrino flux was estimated by rescaling the proton flux by A3 / 4 

nd shifting the neutrino energy by 1 /A (N. Fraija et al. 2018 ). We
ropagated protons with energies between 0.1 and 1000 EeV up to
he distances in Fig. 1 , effectively mimicking proton, He, N, and Fe
uclei. A total of 104 primaries were simulated per energy bin, with
0 logarithmically spaced bins across the energy range. For simplic-
ty, the injection spectrum was taken as E−2 exp ( −E/ 20 EeV ). To
stablish upper limits, we normalized to the energy spectrum to the
otal UHECR spectrum measured by the Pierre Auger Observatory
P. Abreu et al. 2021 ), assume the injection reached steady state, and
dopt an ambient gas density of 10−4 cm 

−3 . 
Fig. 3 shows the resulting neutrino flux. The flux of photohadronic

eutrinos agrees with the estimate of R. Mbarek, D. Caprioli &
. Murase ( 2025 ), reaching ∼ 10−16 erg cm 

−2 s−1 . Neutrinos from
adronic interactions are likely to dominate the spectra reaching

10−14 erg cm 

−2 s−1 . However, note that the assumed ambient gas
ensity is an upper limit. More realistic values of ∼ 10−5 cm 

−3 (B.
cKinley et al. 2022 ) must reduce the hadronic neutrino flux by a fac-

or of ∼ 10. Densities as lower as 10−8 cm 

−3 have also been proposed
S. Wykes et al. 2013 ). In all cases, the predicted flux remains below
he detection threshold of future experiments. Unlike neutrinos, high-
nergy γ -rays have been detected from the lobes of Cen A, and a
adronic origin cannot be ruled out (Sun, Xiao-na et al. 2016 ). 

 C O N C L U S I O N  

n this paper, we place stringent constraints on the time window
uring which the acceleration of ultra-high-energy cosmic rays
UHECRs), currently observed at Earth and potentially originat-
ng from Cen A, must have occurred. Based on the generalized
elativistic propagator of R. Aloisio et al. ( 2009 ), we developed
 general expression for the escape of UHECRs from magnetized
egions. By comparing the energy dependency of the Centaurus
xcess , we obtained that UHECR acceleration in Cen A must have
appened ∼ 2–30 Myr ago. Acceleration during the recent ( ∼ 2 Myr)
eactivation of the AGN that produced the current jet and Inner
obes cannot explain the energy spectrum measured in the Centaurus
xcess region when an intermediate, nitrogen-like composition is
ssumed. Likewise, injection in a distant past activity, � 100 Myr, is
onstrained by energetic and composition arguments. This indicates
hat the formation of the Giant Lobes ( ∼ Gyr) cannot account for the
etected high-energy events. 

If Cen A were the dominant source of ultra-high-energy cosmic
ays (UHECRs) at extreme energies, injecting primarily light or
ntermediate-mass nuclei (P. L. Biermann & V. Souza 2012 ; S.

ollerach & E. Roulet 2024 ), one would expect a detectable
lustering of events at � 100 EeV in its direction. However, the
scape time for UHECRs from the Giant Lobes at these energies
s ballistic, taking ∼ 0 . 6 Myr (see Fig. A1 ). A temporary reduction
n the source’s activity over this time-scale would be sufficient to
uppress the ongoing detection of such extreme events from Cen A.
n this scenario, only heavier nuclei – potentially confined within
he lobes for extended periods ( ∼ 2 Myr) – could escape. These
uclei experience greater deflections in Galactic and extragalactic
agnetic fields due to their higher charge, which can lead to the

bserved isotropy at the highest energies. Consequently, the lack of
 significant excess of events at � 100 EeV in the direction of Cen A
an be explained by a relatively short ( ∼ 0 . 6–2 Myr) quiescent phase
consistent with the episodic nature of Cen A’s activity (S. G. Neff

t al. 2015b ) – or by limitations in its ability to accelerate particles
NRAS 545, 1–8 (2026)
eyond this energy. In both cases, the particles escaping the lobes at
he highest energies are expected to be predominantly heavy nuclei. 

In this work, we assume that Cen A is the source of the excess
f events in the Centaurus region . For this purpose, we adopt the
onservative assumption that extragalactic and Galactic magnetic
elds are not strong enough to cause more than intermediate-scale
eflections. The potential impact of both structured and turbulent
agnetic fields on the arrival directions and energy spectrum of
HECRs from Cen A has been addressed in previous studies (C.

. Oliveira & V. de Souza 2022 , 2023 ; S. Mollerach & E. Roulet
024 ; R. Mbarek & D. Caprioli 2025 ). As we have shown in a
revious work (C. a. Oliveira & V. de Souza 2022 ), heavy iron-like
pecies can suffer strong deflections due to the EGMF and GMF.
n particular, S. Mollerach & E. Roulet ( 2024 ) showed that Cen A
ould be the dominant contributor to the total UHECR spectrum
hen both extragalactic magnetic fields and the finite source lifetime

re considered. The maximum rigidity obtained in their combined
t ( ∼ 5–10 EeV) is compatible with the values adopted in this work.
lthough only diffusive scattering is considered in S. Mollerach & E.
oulet ( 2024 ), additional intermediate-scale excesses in the arrival
irections could arise from deflections in the magnetic structures of
tarburst Galaxies (A. R. Bell & J. H. Matthews 2022 ) and in the
ouncil of Giants (A. M. Taylor, J. H. Matthews & A. R. Bell 2023 ).
 scenario in which Cen A is the only dominant source is consistent
ith a small variance in maximum rigidity required to reproduce

he UHECR spectrum and composition, as reported by D. Ehlert, F.
ikonomou & M. Unger ( 2023 ). 
The quantitative framework developed in this work opens the

enue for future studies considering individual properties of other
ocal radio galaxies. In addition to Cen A, other radio galaxies have
een explored as potential sources of UHECRs (J. H. Matthews et al.
018a ; B. Eichmann, M. Kachelrieß & F. Oikonomou 2022 ; C. a.
liveira & V. de Souza 2022 ; C. a. Oliveira, R. G. Lang & P. Batista
025 ). As argued by J. H. Matthews et al. ( 2018b ), nearby powerful
adio galaxies are rare, making it challenging to account for the
bserved UHECR luminosity density based solely on their current
et power. The authors also point out that the reservoirs of UHECRs
ould mitigate this issue if the jets undergo periods of enhanced
ctivity. K. Ehlert et al. ( 2022 ) demonstrated that, in general, AGNs
an be highly intermittent depending on the accretion mode, while
he inferred cavity luminosity is dependent on the average jet power.
aken together with our results, this indicates that the AGN activity
ust be integrated over time-scales of many Myr. This not only

lleviates the luminosity density constraint but also favours a heavier
omposition for UHECR, which takes longer to escape. 

In this work, we have shown that the current activity of Cen A
s unlikely to produce the events detected in the Centaurus excess .
he observed energy and composition of the UHECR excess suggest
cceleration time-scales on the order of ∼ 2–30 Myr, aligning well
ith the recent re-energization episodes of the Middle and Giant
obes of Cen A. This temporal consistency strongly supports the
ypothesis that these structures are responsible for the observed
xcess. Given the established evidence of past activity in Cen A,
ttributing the Centaurus excess to this source is both plausible and
ell supported by current observational data. 
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PPENDI X  A :  E N E R G Y  LOSSES  I NSI DE  T H E  

OBES  

uring propagation, the energy spectrum can be modified by 
adronic and photohadronic interactions. Modulations of the spec- 
rum will be relevant if the interaction and escape time-scales are
omparable, τint � τesc . We consider photohadronic interactions with 
he cosmic microwave background and extragalactic background 
ight (R. C. Gilmore et al. 2012 ) for redshift z = 0, obtained using
he CRPropa code (R. A. Batista et al. 2016 ). 

Hadronic (proton–proton or nucleus–proton) interactions can 
ccur with the thermal material of the lobes of density nth . Since
he proton–proton cross section is weakly dependent on energy, 
e follow previous works writing τpp ≈ 1 . 7 × 106 n−1 

−4 Myr, where 
th = 10−4 n−4 cm 

−3 (F. A. Aharonian 2002 ; M. J. Hardcastle et al.
009 ; N. Fraija et al. 2018 ). Taking n−4 ∼ 0 . 1–1 (B. McKinley et al.
022 ) results in τpp ∼ 106 –107 Myr. For a nucleus of mass A , the
ross section increases by A3 / 4 , leading to a decrease by a factor

20 for 56 Fe in the time-scale. 
Fig. A1 presents τesc , τint , and τadv for different species (proton, 

 He, 14 N, 56 Fe), compared with the ages of different structures in 
en A (left panel). To determine the importance of interactions 
ver the energy spectrum, the ratio τesc /τint is also shown (right 
anel). In general, τesc /τint � 1, indicating that modulations of 
he energy spectrum by interactions inside the Giant Lobes are 
nlike. 
Hadronic interactions take place on time-scales much longer 

han needed for escape, and are not shown. UHECR of high
nergy realize rectilinear trajectories, and escape the lobes after 

0 . 6 Myr. However, diffusion starts to be important for lower
nergies ( � 10 EeV for protons and � 100 EeV for Nitrogen),
ausing a significant delay in the escape time. In general, advection
s only important below ∼ 1 EeV and can be neglected for our
urposes. 
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Figure A1. Time-scales for Cen A. Left panel: Time-scales for propagation of different UHECR species (continuous coloured line) in the Giant Lobes are 
shown together with time-scales for different structures in Cen A (continuous black lines). Interaction time-scales for the CMB and EBL are shown in dashed 
lines. Black dashed lines are estimations for the extragalactic time interval necessary UHECR to reach Earth, considering a rectilinear trajectory (Extragal), and 
the advection time-scale inside the lobes (Adv). Together with the propagation time, thin continuous lines represent the propagation time-scale for rectilinear 
and diffusive regimes. Right panel: Ratio between propagation and interaction time-scales for different UHECR species. Continuous lines indicate the fraction 
of UHECR expected to escape from the Giant Lobes, both if generated in the re-energization (NML, ∼ 30 Myr) or the current jet time-scale ( ∼ 2 Myr). Dashed 
lines indicate escape if accelerated on Middle Lobe re-energization, but not if injected during the current activity. Dotted lines indicate the fraction that remains 
imprisoned. The grey band represents the transition between a regime escape- or interaction-dominated. 
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