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A B S T R A C T 

We investigate ultra-fast outflows (UFOs) in active galactic nuclei (AGN) as potential sources of ultra-high-energy cosmic rays 
(UHECRs). We focus on cosmic-ray nuclei, an aspect not explored previously. These large-scale, mildly relativistic outflows, 
characterized by velocities up to half the speed of light, are a common feature of AGN. We study the cosmic-ray spectrum and 

maximum energy attainable in these environments with 3D CRPropa simulations and apply our method to 86 observed UFOs. 
Iron nuclei can be accelerated up to ∼ 10 

20 eV at the wind-termination shock in some UFOs, but the escaping flux is strongly 

attenuated due to photonuclear interactions with intense AGN photon fields. The maximum energy of nuclei escaping a typical 
UFO is limited by photodisintegration to below ∼ 10 

17 eV. However, in the most extreme 5 –10 per cent of UFOs, helium 

(nitrogen) [iron] nuclei can escape with energy exceeding 10 

17 . 4 (10 

17 . 8 ) [10 

18 . 4 ] eV. Protons and neutrons, either primaries 
or by-products of photodisintegration, escape UFOs with little attenuation, with half of the observed UFOs reaching energies 
exceeding 10 

18 eV. Thus, UFOs emerge as viable sources of the diffuse cosmic-ray flux between the end of the Galactic cosmic 
rays and the highest-energy extragalactic flux. For a few UFOs in our sample, nuclei escape without photodisintegration with 

energy up to 10 

19 . 8 eV. This occurs during low-emission states of the AGN, which would make UFOs intermittent sources of 
UHECR nuclei up to the highest observed energies. The role of UFOs as UHECR sources is testable with neutrino telescopes 
due to a substantial accompanying flux of PeV neutrinos. 
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 I N T RO D U C T I O N  

ccreting supermassive black holes in the centres of galaxies, known 
s active galactic nuclei (AGN), are an important source of high- 
nergy radiation and particles in the Univ erse. F ast outflows are a
ommon feature of AGN (see King & Pounds 2015 , for a re vie w),
hich have been extensively studied in the context of high-energy 
eutrinos and gamma rays (e.g. Tamborra, Ando & Murase 2014 ; 
amastra et al. 2016 , 2019 ; Wang & Loeb 2016 ; Liu et al. 2018 ;
 ado vani, Turcati & Resconi 2018 ). Recently, Peretti et al. ( 2023 ;
ereafter P23) proposed that protons can be accelerated up to a few
xa-electronvolt (EeV) at the shocks resulting from the collision 
f ultrafast AGN-driven winds with the interstellar medium (ISM). 
ccording to the conventional model, where cosmic-ray acceleration 
epends on magnetic fields that confine the particles, the maximum 

nergy is proportional to the nuclear charge (cf. ‘Peters’ cycle’ 
eters 1961 ), suggesting that iron-like nuclei could potentially be 
ccelerated to around 100 EeV, if they are not rapidly destroyed due
o photodisintegration in the source region. In this scenario, ultra- 
ast outflows (UFOs) could serve as a source of the observed flux
f ultra-high-energy cosmic rays (UHECRs). A stacking analysis 
f FERMI -LAT data from 11 nearby radio-quiet AGN with UFOs 
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 v w � 0 . 1 c) has revealed gamma-ray emission from these objects
ith energies of up to several hundred GeV (Ajello et al. 2021 ),

uggesting that particles can be accelerated to high energies in these
nvironments. 

Fast ionized outflows from galactic nuclei have long been con- 
idered an important feedback mechanism suppressing the star 
ormation rate of their host galaxy (Silk & Rees 1998 ; Crenshaw,
raemer & George 2003 ; Kormendy & Ho 2013 ; Tombesi et al.
015 ). UFOs constitute a subset of these AGN winds characterized 
y velocities of up to ∼ 0 . 6 c (Gianolli et al. 2024 ), strong ionization,
nd typical distances from the central AGN engine of 10 2 –10 4 

chwarzschild radii ( � 10 pc ; Gofford et al. 2015 ; Laha et al. 2021 ),
uggesting an origin close to the accretion disc. While the mechanism
or powering such extreme outflows is still under debate, common 
nterpretations involve winds driven by the radiation of the accretion 
isc (e.g. Murray et al. 1995 ; Ohsuga & Mineshige 2011 ; Jiang,
tone & Davis 2014 ; Hashizume et al. 2015 ; Sadowski & Narayan
016 ) or by magnetohydrodynamic effects near the central black hole
e.g. Blandford & Payne 1982 ; Fukumura et al. 2010 , 2017 ; Kraemer,
ombesi & Bottorff 2018 ). Magnetic reconnection in a magnetically 
rrested accretion disc and the repeated passage of a compact object
hrough the disc were also proposed (Sukov ́a et al. 2021 ; Sukov ́a,
aja ̌cek & Karas 2023 ). 
The number of AGN with observed UFOs has increased rapidly 

 v er the last years, including both jetted and non-jetted AGN
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Figure 1. Schematic representation of the UFO shocks (top) and AGN 

structure (bottom). Distances are not to scale. The torus can be larger than 
the radius of the wind termination shock in bright AGN. 
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Tombesi et al. 2010a , b , 2015 ; Gofford et al. 2013 ). The fraction
f AGN with observed (ultra-fast) outflows is ∼ 50 ± 20 per cent
or both populations (Tombesi et al. 2010a , see also Reynolds &
 abian 1995 ; Crensha w et al. 2003 ; McKernan, Yaqoob & Re ynolds
007 ; Laha et al. 2014 ), indicating that the presence of a jet and fast
ide-angle outflows are not mutually e xclusiv e (Mestici et al. 2024 ).
The potential role of AGN UFOs as sources of high-energy

osmic rays is linked to one of the mysteries concerning the origin
f UHECRs, namely the transition region between Galactic and
xtragalactic cosmic rays. The identification of an iron ‘knee’ feature
n the cosmic-ray spectrum around energy ∼ 10 16 . 8 eV (Apel et al.
011 ) likely signals the end of the Galactic cosmic-ray flux. At higher
nergies, abo v e the ‘ankle’ feature of the cosmic ray spectrum at
nergy ∼ 10 18 . 7 eV the combined spectrum and composition can be
escribed by a Peters’ cycle, attributed to extragalactic sources. This
eaves a well-known ‘gap’ in flux between Galactic and extragalactic
ontributions to the spectrum (Hillas 2005 ; De Donato & Medina-
anco 2009 ). As we show in what follows, UFOs in AGN are an
xcellent candidate that can account for this spectral component in
erms of energetics, maximum energy, and chemical composition. 

In this paper , we in vestigate for the first time the maximum energy
hat cosmic-ray nuclei can obtain via dif fusi ve shock acceleration in
FOs and the potential contribution of UFOs in AGN to the diffuse
HECR and neutrino flux. The assumed structure of the AGN-
FO system is described in Section 2 , and in Section 3 we present
ur treatment of the rele v ant interaction, escape, and acceleration
rocesses. The results for a representative benchmark UFO and for a
ample of 86 observed UFOs are presented in Section 4 . We discuss
ur findings and possible caveats in Section 5 and conclude in
ection 6 that UFOs are viable sources of the observed UHECR
ux below the ankle of the cosmic-ray spectrum, providing an
strophysical explanation that fills the ‘gap’ region of the cosmic-ray
pectrum between the Galactic and high-energy extragalactic flux
omponents. 

 T H E  AG N-UFO  E N V I RO N M E N T  

.1 Geometry of the shocks 

he collision of a supersonic wind with the ambient medium leads to
he development of two shocks; a forward shock (FS) that propagates
hrough the ISM, and an inward-oriented wind termination shock
SH) that separates the unshock ed f ast and cold wind from the heated
hocked wind (Faucher-Giguere & Quataert 2012 ). The shocked
ind and the shocked ambient medium are separated by a contact
iscontinuity; see Fig. 1 . The cooling time-scale of the shocked wind
s similar to the age of the UFO, and is therefore approximately
diabatic, while the shocked ISM cools rapidly and forms a thin
hell of cold, dense material close to the forward shock ( R cd � R fs ;
aucher-Giguere & Quataert 2012 ; Morlino et al. 2021 ; Peretti et al.
022 , 2023 ). Initially, the wind expands freely into the ISM; ho we ver,
fter the mass of swept-up matter becomes dynamically rele v ant, the
utflow enters the deceleration phase where the radii of the shocks
f the energy-conserving outflow are given by (Weaver et al. 1977 ;
oo & McKee 1992a , b ; Faucher-Giguere & Quataert 2012 ; Morlino
t al. 2021 ; Peretti et al. 2022 , 2023 ) 

 sh ∼ 23 pc 

(
t age 

M yr 

)2 / 5 (
L kin 

10 38 erg −1 

)3 / 10 

×
( n ISM 

cm 

−3 

)−3 / 10 ( v w 

10 3 km s −1 

)−1 / 2 
(1) 
NRAS 539, 2435–2462 (2025) 
nd 

 fs ∼ 76 pc 

(
t age 

M yr 

)3 / 5 (
L kin 

10 38 erg −1 

)1 / 5 ( n ISM 

cm 

−3 

)−1 / 5 
(2) 

espectively, with t age the age of the outflow, L kin = Ṁ w v 
2 
w / 2 the

inetic energy of the wind, Ṁ w the mass outflow rate, n ISM 

the
constant) ambient matter density, and v w the terminal velocity of
he unshocked wind. These expressions are obtained by assuming a
alance between the pressure of the hot, shocked wind in the bubble
nd the ram pressure of the inflowing material at the two shocks. If the
ind is driven by radiation from the accretion disc, a close correlation

s expected between the wind velocity and the AGN accretion rate
Reynolds 2012 ; Giustini & Proga 2019 ). 

Observations of local AGN indicate large opening angles of the
ind of �/ 4 π = 0 . 4 –0 . 6 (Tombesi et al. 2010a ; Gofford et al. 2013 ).
he termination shock provides an attractive site for the acceleration
f cosmic rays up to ultra-high energies since the upstream escape
f the particles is strongly suppressed because of the bubble-like
eometry. The confinement efficiency is reduced for low co v ering
actors of the wind; ho we ver, the pressure of the fast wind generally
revents the cosmic rays from diffusing far upstream. 
Because it is oriented inw ard, tow ard the f ast wind, the termination

hock maintains a large velocity gradient over time (Faucher-
iguere & Quataert 2012 ) whereas the velocity of the forward shock
ith respect to the ISM decreases until it becomes subsonic. This

uggests that the wind termination shock can persist on longer time-
cales in approximate stationary conditions and that the available
nergy budget for particle acceleration is likely larger than for
he forward shock. In the following, we consider only the wind
ermination shock as a site of cosmic-ray acceleration, referring to
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Figure 2. Spectral luminosity of the AGN photon fields for the benchmark 
scenario ( L bol = 10 45 erg s −1 ). The individual components are modelled as 
greybody (dust torus), multicolour greybody (accretion disk), and broken 
power law (corona) emission. They are normalized according to observed 
luminosity scaling factors. We also show the spectrum for an otherwise 
identical AGN with bolometric luminosity of 10 44 erg s −1 (dotted) and 
10 46 erg s −1 (dashed), respectively. 
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1 To obtain agreement with the diffusion time-scale obtained natively with 
CRPROPA ,we multiply the diffusion coefficient in this expression by six to 
account for the 3D nature of the model, cf. Globus, Allard & Parizot ( 2008 ). 
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he inner region filled with the f ast unshock ed wind as the upstream
nd the region between the wind shock and the forward shock as the
ownstream. 

.2 Photon fields 

e use observed correlations of the AGN luminosity in different 
ands, summarized as luminosity scaling factors (Marconi et al. 
004 ; Lusso et al. 2010 ; Mullaney et al. 2011 ; Lusso et al. 2012 ;
uras et al. 2020 ), to normalize the luminosity of the accretion
isc, corona, and dust torus relative to the bolometric luminosity 
f the AGN. The spectrum is modelled as a combination of re-
ormalized blackbody emission from the disc and torus, and a 
roken power law for the corona (see Appendix C ). We assume
 thin spherical shell distribution for the dust ‘torus’. The effects 
f a possible thin ring-like distribution of the dust are discussed in
ppendix D . For each component (disc, corona, torus), we assume 
 1 /R 

2 decrease of the photon density at radii larger than the
orresponding outer radius and a constant density when R < R i 

 i ∈ { disc, corona, torus } ). In Fig. 2 , we show the external photon
elds for the benchmark UFO as discussed in Section 4.1 ; see
ppendix C for details on the deri v ation and the associated photon
ensity. The synchrotron radiation produced by relativistic electrons 
s subdominant to the external photon fields, and the broad-line region 
s negligible compared to the other fields at distances from the AGN
ele v ant for typical UFOs. 

 AC C E L E R AT I O N  A N D  ESCAPE  O F  

I G H - E N E R G Y  COSMIC  R AY S  

e determine the maximum energy of the cosmic-ray nuclei by 
omparing the confinement time in the accelerator to the rele v ant
nteraction time-scales in the A GN en vironment. At ultra-high ener- 
ies, the rele v ant interactions of the cosmic-ray protons and nuclei are
ethe–Heitler (electron–positron) pair production (Bethe & Heitler 
934 ), photopion production, and photodisintegration for cosmic-ray 
uclei only. Proton–proton and nucleus–proton interactions are not 
ele v ant at the assumed matter density in the downstream region. We
mploy an ef fecti ve two-zone model, which distinguishes between 
he acceleration stage near the wind termination shock and the sub-
equent escape towards the outer boundary of the UFO environment, 
ssumed to coincide with the forward shock. Acceleration is treated 
ith a simple semi-analytical model (Section 3.1 ) to obtain the
aximum energy, while suppression of the escaping UHECR flux 

s computed with 3D CRPROPA (Kampert et al. 2013 ; Alves Batista
t al. 2016 , 2022 ) Monte Carlo simulations (Section 3.2 ). 

.1 Acceleration at the termination shock 

e assume that particles are accelerated with an E 

−2 power-law 

pectrum, as predicted by dif fusi ve shock acceleration (see e.g.
landford & Ostriker 1978 ), and an exponential suppression above 

he maximum achie v able energy in agreement with acceleration 
odels at wind termination shocks (Morlino et al. 2021 ; Peretti

t al. 2022 ; Mukhopadhyay et al. 2023 , also P23). We estimate the
aximum energy by comparing the acceleration time-scale to the 

scape and the various energy loss time-scales in the UFO. We treat
he external photon fields as isotropic in the wind frame. 

.1.1 Acceleration and escape at the shock 

he acceleration time-scale is approximately τacc ≈ sD 1 ( p, B 1 ) /v 2 w 

P23), where s = 4 is the spectral index (strong shock), and the
pstream diffusion coefficient D 1 ( p, B 1 ) depends on the upstream
agnetic field B 1 and the cosmic-ray momentum p. The magnetic 
eld can be derived as B 1 ( R) = 

√ 

2 μ0 U B 1 from the upstream
agnetic energy density U B 1 ( R) = εB ρ1 ( R) v 2 w and the mass density

1 = Ṁ w / (4 π R 

2 v w ). The acceleration time-scale depends on the
ind velocity v w , the distance from the central object R, the mass
utflow rate Ṁ w , and the fraction of the total energy that goes into
he magnetic fields εB . The diffusion coefficient is discussed below. 

The advection time-scale can be estimated as 

adv = 

R esc − R sh 

〈 v sw 〉 = 

4 

v w 

R fs 

3 

[ (
R fs 

R sh 

)2 

− R sh 

R fs 

] 

, (3) 

here the final expression is obtained by v olume a veraging 〈 v sw 〉 be-
ween R sh and R fs under the assumption that the contact discontinuity
s a thin shell compared to the size of the entire downstream region,
.e. R esc ≈ R fs . The downstream velocity profile of the shocked wind
s given by v sw ( R) = v sw ( R sh )( R sh /R) 2 for ( R sh ≤ R ≤ R fs ), with
 sw ( R sh ) = v w / 4 for a strong shock. The advection time-scale is
ndependent of the cosmic-ray energy. 

The diffusion time can be written as (P23) 1 

diff ( E ) = 

( R esc − R sh ) 2 

D 2 ( E ) 
, (4) 

gain with R esc ≈ R fs , and D 2 the do wnstream dif fusion coef ficient.
ssuming a Kolmogorov turbulence spectrum ( δ = 5 / 3), the diffu-

ion coefficient can be written as 

( E) = 

c l c 

6 π

[ (
E 

E diff 

)2 −δ

+ 

1 

2 

(
E 

E diff 

)
+ 

2 

3 

(
E 

E diff 

)2 
] 

. (5) 

ere, l c is the coherence length of the magnetic field and E diff is the
haracteristic diffusion energy, i.e. 2 πr L ( E diff , Z, B) = l c (Harari
t al. 2002 ; Globus et al. 2008 ; Muzio, Farrar & Unger 2022 ). The
MNRAS 539, 2435–2462 (2025) 
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Figure 3. Illustration of the 3D CRPROPA simulations performed to estimate 
the suppression of the cosmic-ray flux injected at the wind termination 
shock (black shell) until escape at the forward shock (red shell). We 
show the example of five primary nitrogen nuclei (green) injected with 
10 20 eV . Produced secondaries include helium (grey), protons (red), and 
neutrons (purple, dotted). Intermediate nuclei between nitrogen and helium 

are indicated in blue. 
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iffusion time-scale decreases rapidly for larger energies due to the
bsence of resonant scattering modes, and the particles enter the
egime of ‘small pitch-angle scattering’. Under the assumption of a
onstant magnetic field in the downstream region (see Section 3.2 ),
he diffusion coefficient D 2 and the time-scale τdiff are independent
f the distance from the termination shock. The total escape time
rom the UFO is 

esc ( E) = 

(
1 

τadv 
+ 

1 

τdiff ( E) 

)−1 

+ τfree , (6) 

here τfree ≈ ( R fs − R sh ) /c is the minimum free-streaming escape
ime for cosmic rays that are emitted perpendicular to the wind
ermination shock away from the centre (see Globus et al. 2008 ;

uzio et al. 2022 ). 

.1.2 Pair production 

or (Bethe–Heitler) pair production, we use the analytical approxi-
ation by Chodorowski, Zdziarski & Sikora ( 1992 ), which is based

n the standard solution of Blumenthal ( 1970 ). The energy loss time-
cale of a particle with charge Z and Lorentz factor γ is given by
Chodorowski et al. 1992 ; Dermer & Menon 2009 ) 

−1 
BH 

( γ ) = αf r 
2 
e c Z 

2 m e c 
2 
∫ ∞ 

2 
d ε n ph 

(
ε

2 γ

)
ϕ( ε) 

ε2 
, (7) 

or any isotropic photon field n ph ( ε) with ε = E γ /m e c 
2 , and the

unction ϕ( ε) as in Chodorowski et al. ( 1992 ) (equation 3.12 onward).
 or an y nucleus with an atomic number Z and a mass number
 , τ−1 

BH 

( A, Z)( E) = ( Z 

2 /A ) τ−1 
BH 

( p)( E/A ). Capture of the produced
lectrons by the nucleus can lead to a reduction in the net charge
f the cosmic rays. This effect may become relevant for ultra-heavy
uclei ( Z > 26) in dense photon fields (Esmaeili, Esmaili & Serpico
025 ). 

.1.3 Photopion production 

he energy loss time-scale of protons due to photopion production
s obtained by integrating the cross-section and inelasticity over all
hoton energies (e.g. Stecker 1968 ; Dermer & Menon 2009 ) 

−1 
pγ ( γp ) ∼= 

c 

2 γ 2 
p 

∫ ∞ 

0 
d ε

n ph ( ε) 

ε2 

∫ 2 γp ε

0 
d ε′ ε′ σpγ ( ε′ ) K pγ ( ε′ ) , 

(8) 

here ε′ = γp ε(1 − βp cos θ ) is the photon energy in the proton-
est-frame, γp ≈ E p /m p c 

2 the Lorentz factor of the proton, and
1 ≤ cos θ ≤ 1 corresponds to the angle between the momenta of

he proton and photon in the lab frame. In the ultrarelativistic limit,
here β ≈ 1, the possible values of ε′ for a given photon energy

n the lab frame ε are 0 ≤ ε′ ≤ 2 γp ε. We take the tabulated cross-
ections from CRPROPA (Alves Batista et al. 2016 ), and obtain the
nelasticity K pγ ( ε′ ) from simulations with SOPHIA (Mucke et al.
000 ). The interaction rate of heavier nuclei scales non-trivially with
heir mass A and charge Z; ho we ver, it can be approximated as 

Aγ ( E) ≈ 0 . 85 ×
[
Z 

ζ λpγ

(
E 

A 

)
+ ( A − Z) ζ λnγ

(
E 

A 

)]
, (9) 

here ζ = 2 / 3 for A ≤ 8 and ζ = 1 otherwise (Kampert et al.
013 ). The interaction rates for protons λpγ and neutrons λnγ can be
alculated with equation ( 8 ) by setting the inelasticity to K( εr ) ≡ 1.
NRAS 539, 2435–2462 (2025) 
.1.4 Photodisintegration 

e use CRPROPA to generate the interaction rates and branching
atios for the photodisintegration of cosmic-ray nuclei. For heavy
uclei with A ≥ 12, this is based on precomputed cross-sections from
ALYS 1.8 (Koning, Hilaire & Duijvestijn 2005 ). At lower masses,
he nuclear models included in TALYS are not reliable and the
espective cross-sections were sourced from multiple references,
hich are listed in Kampert et al. ( 2013 ). The energy loss rate due

o photodisintegration is then obtained by convolving the interaction
ate with the ef fecti ve probability of losing the nucleus during an
nteraction, which we take to be proportional to the relative mass-
oss d A/A . For d A/A → 0 this implies that a single interaction
as minimal impact while for d A/A → 1 the nucleus is completely
estroyed during an interaction. The average mass-loss per photo-
isinte gration ev ent is calculated by summing o v er the contributions
f all possible branching ratios and their respective probability. 

.2 Modelling the escape from the UFO environment 

e model the escape of cosmic rays after acceleration at the
ind termination shock with 3D Monte Carlo simulations utilizing
RPROPA (see Fig. 3 ), where the cosmic rays are injected uniformly
n a spherical shell corresponding to the termination shock according
o the power-law spectrum with exponential suppression at the max-
mum energy as obtained from our semi-analytical approximation
see Section 3.1 ). They are propagated in discrete steps with the
oris push method (Boris 1970 ) until they leave the UFO system

hrough the forward shock at R fs , in which case they are recorded
s successfully escaped, or until the y hav e lost enough energy due
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Table 1. Parameters of the AGN/UFO system in our benchmark scenario. 
The properties of the individual photon fields are described in Appendix C . 

Parameter Description Benchmark 

AGN 

L bol [erg s −1 ] Bolometric luminosity 10 45 

L X [erg s −1 ] 2 − 10 k eV luminosity 10 43 . 8 

M [M �] Black-hole mass 10 8 

ηrad Radiation efficiency 0.1 
UFO 

Ṁ w [ M �yr −1 ] Mass outflow rate 0.1 
n ISM 

[1 cm 

−3 ] Ambient matter density 10 4 

v w /c Terminal wind velocity 0.2 
t age [yr] Age of the UFO 1000 
Magnetic 
Field 
εB Magnetic energy fraction 0.05 
B 2 [mG] Downstream field strength 85 
l c [pc] Coherence length 0.01 
δ Turbulence index 5 / 3 
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o interactions to fall below E CR < 10 15 . 5 eV , in which case they
re remo v ed from the simulation. We also remo v e cosmic rays that
eturn to the termination shock to maintain self-consistency of the 
njection spectrum. The weight of the remaining cosmic rays and 
econdary particles is adjusted to account for this leakage at the 
nner boundary. We inject particles in the simulation at a fiducial 
istance from the shock in order to minimize shock re-crossing. 
e assume as a reference one Larmor radius of protons at around

0 18 . 7 eV , which corresponds roughly to 0 . 05 pc . We verified that
he extent of this shift, while making the simulation more efficient, 
oes not modify our result. This can be expected as, in the nearest
eighbourhood of the shock, advection is dominating and the spectral 
hape is unmodified. 

Depending on their energy, the wind velocity, and the magnetic 
eld strength, the transport is dominated by advection with the 
utflow (at low energy), diffusion (at intermediate energy), or quasi- 
allistic free-streaming escape when the Larmor radius significantly 
xceeds the maximum coherence length of the magnetic field. As 
he wind launching region is typically much smaller than the size 
f the system and the wind quickly reaches its terminal wind 
peed, we assume a constant upstream velocity v w . The velocity 
s reduced by a factor of four at the termination shock (strong shock)
nd decreases ∝ 1 /R 

2 in the downstream. This is implemented as
he SphericalAdvectionShock module in CRPROPA. 2 The 
pstream magnetic field is 

( R) = 

√ 

2 μ0 U B = 

(
2 μ0 εB 

Ṁ w 

4 π R 

2 
v w 

)1 / 2 

∝ R 

−1 , (10) 

here εB is the fraction of the wind kinetic energy that is converted
nto magnetic field, and Ṁ w is the mass outflow rate. At the shock,
he field is compressed along two of the three spatial dimensions, 
esulting in an amplification of the average field strength by a factor
f 
√ 

11 (see e.g. P23, Marcowith & Casse 2010 ). For typical UFOs,
he velocity of the shocked wind is less than the Alfv ́en velocity in
he do wnstream, moti v ating the assumption of a constant magnetic
eld in this region. The magnetic field is simulated in CRPROPA on
 3D grid with 5 × 10 −4 pc separation between the grid points. The
ypical field in the shocked wind is O(0 . 1 G), resulting in strong
eflections of the cosmic rays and quasi-dif fusi ve propagation. 
We include energy losses due to Bethe–Heitler pair production, 

hotopion production, and photodisintegration by the photon fields 
f the accretion disc, corona and dust torus, and nuclear decay. We
ave modified the CRPROPA code to simulate a radial scaling of
he energy density of the tabulated photon fields. In addition, we 
av e inte grated the adv ection process into the standard Boris–Push
article propagation algorithm in CRPROPA and included both the 
adial dependence of the advection field and the magnetic field. The 
odified version is available at github.com/ ehlertdo/ CRPropa3 . We 

av e v erified that the escape spectra derived from the simulations
or spatially constant photon fields agree well with simple analytical 
stimates (see Appendix E ). 

Cooling via hadronic interactions with the shocked ambient 
edium (SAM) is not included. If the density of the ISM is similar

o ordinary galaxies ( ∼ 1 / cm 

3 ) then interactions in the SAM are
egligible. If, ho we ver, the density is large ( n ISM 

∼ 10 3 − 10 4 / cm 

3 )
Liu et al. 2018 ; Peretti et al. 2023 ) they may become rele v ant
epending on the magnetic field in the shocked wind. For the 
ducial ISM density and the same coherence length of the magnetic 
 We estimate the shock width as λ = v w /ω p ∼ O( km ), where ω p is the proton 
lasma frequency. This corresponds to a thin shock for typical UFOs. 

o  

o
w
c  
eld as in the shocked wind (see Table 1 ), the time-scale for
roton–proton/nucleus interactions in the SAM is larger than the 
ypical dif fusi ve escape time for B 

SAM 

rms 

√ 

l SAM 

c � 10 G pc 1 / 2 / Z at
 CR � 10 17 eV . If the magnetic field in the shocked ambient medium

s comparable to the field in the shocked wind then this condition is
ulfilled, within our model, for all kno wn UFOs. Ho we ver, while the
osmic-ray flux will not be attenuated substantially when crossing the 
AM, a significant flux of secondary neutrinos may still be produced
see P23). 

 RESULTS  

.1 Benchmark UFO 

.1.1 UFO model definition 

he parameters of our benchmark scenario are summarized in 
able 1 . They were chosen to represent an average UFO with respect

o the population of observed UFOs (see Section 4.2 ). We assume
 black-hole mass M BH = 10 8 M �, bolometric luminosity L bol =
0 45 erg s −1 (8 per cent L Edd ), mass outflow rate Ṁ w = 0 . 1 M � yr −1 ,
nd terminal wind velocity v w = 0 . 2 c. In addition, we assume the
tandard value for the radiation efficiency of the accretion disc of
rad = 0 . 1 (Elvis, Risaliti & Zamorani 2002 ; Yu & Tremaine 2002 ;
arconi et al. 2004 ; Kato, Fukue & Mineshige 2008 ; Dermer &
enon 2009 ), and an ambient matter density of n ISM 

= 10 4 / cm 

3 

P23). The typical lifetime of UFOs is not well constrained at present
Matzeu et al. 2023 ). Here and in the following we consider young
FOs with t age = 10 3 yr , corresponding to the minimum time re-
uired to ensure that the steady state is reached where the evolution of
oth shocks is described by equations ( 1 ) and ( 2 ). The magnetic field
s assumed to be turbulent with a coherence length of l c = 0 . 01 pc ,
s moti v ated by models of the disc wind (e.g. Murray et al. 1995 ),
urbulence cascade spectral index δ = 5 / 3 (Kolmogorov turbulence), 
nd energy fraction relative to the ram pressure of εB = 0 . 05. We
ave confirmed that the maximum energy of the escaping cosmic rays
s not strongly sensitive to the choice of εB . The nominal value results
n a magnetic field strength of B 2 ≈ 85 mG and an energy density
f U B,2 ≈ 3 . 5 × 10 −4 erg / cm 

3 at the wind termination shock. To
btain the desired coherence length in our CRPROPA simulations 
e set the maximum and minimum length-scale of the turbulence 

ascade to 0 . 052 and 0 . 001 pc , respectively (see Harari et al. 2002 ).
MNRAS 539, 2435–2462 (2025) 

https://github.com/ehlertdo/CRPropa3/tree/outflows
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Figur e 4. Top panel: Ener gy loss length and characteristic time-scales of 
nitrogen nuclei in the shocked wind at distance R sh + δR from the central 
engine for our benchmark AGN. Bottom three panels: Individual contribution 
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bottom). See Appendix F for protons, helium, silicon, and iron nuclei. 
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lthough the latter is larger than the Larmor radius of cosmic rays
ith rigidity of E/Z � 0 . 1 EV (for B 2 = 85 mG), the simulation

emains accurate at lower rigidities because of the dominance of
dv ection o v er diffusion in this regime. Our results change only
inimally for a Kraichnan turbulence spectrum ( δ = 3 / 2). 
Based on the abo v e parameters, we obtain an accretion rate

f Ṁ = L disc /ηrad c 
2 ≈ 0 . 21 M � yr −1 , and wind kinetic energy of

 kin ≈ 10 44 erg s −1 . The shocks are located at R sh ≈ 0 . 8 pc and
 fs ≈ 3 . 1 pc , respectively. The spectral luminosity of the external
hoton fields is shown in Fig. 2 ; see Appendix C for details. 
Our model is similar to the benchmark scenario of P23; ho we ver,

e have adjusted several parameters to provide a better representation
f the average UFO/AGN of our sample. We have modified the
olometric luminosity (10 45 . 53 erg s −1 → 10 45 erg s −1 ), the temper-
ture of the dust torus (70 K → 200 K) to impro v e compatibility
ith the template of Mullaney et al. ( 2011 ), and the spectral index
f the magnetic turbulence cascade (3 / 2 → 5 / 3, i.e. Kraichnan →
olmogorov). In addition, we have used updated luminosity scaling

actors of the different AGN components and a more realistic distance
caling of the photon field densities. We have verified that the
redicted time-scales for photopion interactions, acceleration, and
scape of protons are in good agreement with the results of P23
Fig. 2 in their paper) if identical parameters, luminosity scaling
actors, and distance scaling are used. 

.1.2 Maximum energy at acceleration 

e use the semi-analytical approach discussed in Section 3.1 to
stimate the maximum energy cosmic rays can be accelerated to at
he wind termination shock of the benchmark UFO. This is done for
v e representativ e cosmic-ray species ( 1 p , 4 He , 14 N , 28 Si , and 56 Fe )
y comparing the rele v ant time-scales for acceleration, interaction,
nd escape. The time-scales are e v aluated in the shocked wind
ownstream of the wind termination shock at R = R sh + δR where
he particles spend most of their time, since they are quickly advected
ack to the shock whenever they enter the upstream region. 

The maximum energy of cosmic-ray nuclei is limited by photo-
isintegration due to the infrared field of the dust torus (see Fig. 4
or nitrogen). The maximum energy per nucleon is similar for all
uclei at approximately 0 . 1 − 0 . 15 A E eV . This is consistent with the
hreshold energy for photodisintegration scaling with the energy per
ucleon, i.e. E th ∝ A . The maximum energy of protons is 0 . 9 E eV ,
omparable to the O(1 E eV ) found in P23. It is limited by the
haracteristic escape time-scale from the shock region; ho we ver, the
nergy loss time-scale of photopion production due to the infrared
eld of the dust torus is comparable (see Appendix F ). 
Electron–positron and photopion production are generally sub-

ominant at UHE for all species except protons. The energy losses
f nuclei are dominated by photodisintegration on the dust torus
hoton field and the disc field (at lower energies). Abo v e approxi-
ately A (3 − 5) E eV , photopion losses exceed photodisintegration;

o we ver, strong suppression of the flux due to photodisintegration at
ower energies prevents cosmic rays from reaching this regime. 

.1.3 Escaping cosmic-ray flux 

e derive the injected and escaping cosmic-ray spectrum for the
enchmark UFO. The injection spectrum is assumed to follow a E 

−2 

istribution characteristic for dif fusi ve shock acceleration with an
NRAS 539, 2435–2462 (2025) 
xponential cut-off at the previously derived maximum energy, i.e. 

 inj ( E) = Q 0 

(
E 

E 0 

)−2 

exp 

(
− E 

E max ( A, Z) 

)
. (11) 

he normalization factor Q 0 [ eV 

−1 s −1 ] is determined by the total
osmic-ray luminosity of the source 

 CR = 

∫ ∞ 

E min 

d E 

[
E Q inj ( E) 

]
, E min = 1 G eV . (12) 

ollowing P23, we assume that ηCR = 5 per cent of the kinetic
ower of the wind is converted into hadronic cosmic rays. This
epresents a conserv ati ve estimate compared to the ∼ 10 per cent or
ore suggested by observations of supernova remnants (Helder et al.

009 ). 
The escaping flux of all cosmic-ray nuclei is strongly suppressed

bo v e ∼ 10 16 eV by interactions with photons from the disc and
orus fields, as illustrated in Fig. 5 . This includes secondary nuclei
roduced in the interactions; ho we ver, the nuclear cascade results in
 significant flux of sub-EeV secondary protons, which escape the
FO environment because of a reduced interaction probability and

ntermediate conversion through the photopion channel to neutrons,
hich are not constrained to the system by magnetic deflections. A
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Figure 5. Escaping spectrum at the forward shock for injection of primary 
protons (top) and Fe-56 (bottom) at the wind termination shock. The lines 
correspond to the distribution of escaping cosmic rays in the mass range 
[ A min , A max ]. The semi-analytical estimate of the surviving primaries (p/Fe), 
without production of secondaries and for constant photon fields, is indicated 
by the dotted line. 
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3 The existence of outflows in six of these AGN is uncertain 
(1ES 1927 + 654, IRAS 04416 + 1215, NGC 1068, NGC 6240, PG 0844 + 349, 
and PG 1202 + 281). See discussion in Yamada et al. ( 2024 ). 
4 Including 16 low-velocity UFOs with 0 . 03 � v w /c � 0 . 1. 
5 The outflow rates provided in the supplementary material were derived from 

the launching radii inferred via the observed column density, in contrast to 
the approach based on the minimum escape radius discussed in the paper. 
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imilar disintegration of primary nuclei by the external photon fields 
f the AGN is expected in the jets of high-luminosity flat-spectrum 

adio quasars (Rodrigues et al. 2018 , 2021 ). The impact of the
xternal photon fields in the A GN en vironment was also previously
tudied by Murase, Inoue & Dermer ( 2014 ) and Murase, Kimura &

eszaros ( 2020 ) in the context of astrophysical neutrinos. 
For injection of iron at the termination shock, 40 per cent of the

njected luminosity is lost in the form of low-energy cosmic rays,
lectron–positron pairs, and neutrinos. An additional 31 per cent 
scapes the UFO in the form of protons and neutrons, while 
5 per cent escapes as iron-like nuclei ( A ∈ [29 , 56]). The remaining
ntermediate mass groups (helium-, nitrogen-, and silicon-like) carry 
way at most 2 per cent of the injected luminosity , respectively .
rimary protons benefit from a shorter confinement time due to 

heir larger rigidity ( E/Z) at a given energy and are therefore less
ttenuated, typically experiencing only a few interactions. The flux 
f escaping high-energy primary protons carries 73 per cent of the 
riginal injected luminosity. 
We conclude that the benchmark scenario – representing an 
verage UFO – does not provide a suitable environment to produce 
eavy UHECRs with energies abo v e the ankle. Even if the flux
as not strongly attenuated by the intense AGN photon fields, 

he modest maximum energies achie v able through dif fusi ve shock
cceleration at the wind termination shock disfa v our a verage UFOs
s the sources of the observed UHECRs. The case of ‘extreme’
FOs, with properties more conducive to accelerating and releasing 
HECRs, is discussed in the following section. 

.2 Application to obser v ed UFOs 

.2.1 The UFO sample 

e apply the abo v e framework to a sample of 86 observed UFOs,
omposed of 34 UFOs from the SUBWAYS III sample of Gianolli
t al. ( 2024 ) (in the following ‘SW3’), and 52 additional UFOs
rom the XWING sample of Yamada et al. ( 2024 ). The SW3 sample
onsists of three subsamples taken from previous papers; Tombesi 
t al. ( 2010a ; ‘T10’), Chartas et al. ( 2021 ; ‘C21’), and Matzeu et al.
 2023 ; ‘S23’). The XWING data set includes outflows with lower
elocities (‘warm absorbers’ and ‘low-ionization parameter’ UFOs 
r ‘LIPs’). Out of 573 observations of such outflows in 132 unique
GN, we identified 96 objects where at least a single observation
as tagged as an UFO (93 objects) or LIP (28 objects). We include

ll objects in our analysis where all rele v ant parameters are provided
o calculate the mass outflow rate ( M BH , v w ; see Appendix G ). This
ncludes 84 XWING objects 3 of which 52 are not part of the SW3
ample. 4 We have identified some uncertainties in the deri v ation
f the mass outflow rate in SW3. 5 Here, we re-derive the outflow
ates using the outflow velocity, column density, and black-hole 
ass provided in SW3, and the procedure outlined in Appendix G .
his results in a conserv ati ve estimate of the mass outflow rate.
he same procedure is applied to UFOs in the XWING sample.
or XWING UFOs with multiple observations of an UFO, we take

he representati ve outflo w velocity as the average of all individual
bservations, and the launching radius and mass outflow rate as 
he log-average. The list of UFOs used in our study and associated
arameters can be found in Appendix I . The estimated mass outflow
ate Ṁ w is shown for all UFOs in Fig. 6 as a function of the mass of
he AGN. 

For most objects, we find mass-outflow rates corresponding 
o between 1 and 100 per cent of the Eddington luminosity (for
rad = 0 . 1). Ho we ver, the outflo w rate exceeds the mass accretion
ate derived from the bolometric luminosity for around half of the
FOs. These outflows are likely fully or partially accelerated by 
agnetic driving (Fukumura et al. 2010 ; Kraemer et al. 2018 ), and
ay be of an intermittent nature (Belloni et al. 1997 ; Cappi et al.

009 ; Luminari et al. 2021 ; Gianolli et al. 2024 ); see Section 5.5.2 .
lternati vely, the outflo w can extract a significant fraction of the
ass from the accretion flow before it reaches the inner part of the

ccretion disc (Parker et al. 2017 ; H ̈onig 2019 ; Laurenti et al. 2021 ).
he velocities used here and typically quoted for observed UFOs in

he literature refer to the observed outflow velocities along the line of
MNRAS 539, 2435–2462 (2025) 



2442 D. Ehlert, F. Oikonomou and E. Peretti 

M

Figure 6. Inferred mass outflow rates of the sample of observed UFOs. 
The input parameters for objects in the T10 (Tombesi et al. 2010a ), S23 
(Matzeu et al. 2023 ) and C21 (Chartas et al. 2021 ) samples were taken from 

Gianolli et al. ( 2024 ) (SW3), and XWING-sources from Yamada et al. ( 2024 ). 
Uncertainties are omitted for clarity. 
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ight. For reasonable values of the observation angle, the predicted
ass outflow rate is consistent within a factor of a few (Krongold

t al. 2007 ). 

.2.2 Distribution of maximum energy at acceleration 

 or most inv estigated outflows, the maximum cosmic-ray energy
fter acceleration scales approximately with the mass number, similar
o the results for our benchmark UFO model (see Section 4.1 ).
he maximum energy of protons is between a factor of 2 (for
GC 7582 and NGC 4051) and 35 (for IRAS 17020 + 4544) times
igher than the characteristic E max /A of the iron nuclei. The large
ariance is related to the strength of the ambient photon fields as
hese are generally more ef fecti ve in limiting the maximum energy
f heavier cosmic rays. The distribution of maximum energies at
cceleration obtained for the sample of UFOs is shown in Fig. 7
unfilled, top histograms). We confirm that the previously discussed
enchmark scenario represents an average UFO in terms of the ability
o accelerate UHECRs. 

Previous fits to the Auger data have shown that the energy spectrum
an be fitted by sources with a maximum energy of at least ∼ 10 19 eV
Alves Batista et al. 2019 ; Heinze et al. 2019 ; Halim et al. 2023 ;
hlert et al. 2024 ). This is satisfied by 33 per cent (28) of the UFOs

n our sample for iron, 17 per cent (15) for silicon, 7 per cent (6) for
itrogen, and 3 per cent (3) for helium. No outflow reaches 10 19 eV
nergy for protons. The UFOs with the highest maximum energy
t acceleration for iron nuclei are listed in Table 2 . We observe a
trong correlation (Spearman p < 10 −5 ) of the maximum energy
t acceleration (for primary iron) with the terminal wind velocity
Spearman ρ = 0 . 80), mass outflow rate ( ρ = 0 . 67), and mass of the
GN ( ρ = 0 . 51); see Fig. 8 . There is a weak, marginally significant
orrelation with the bolometric luminosity ( ρ = 0 . 18, p = 0 . 09),
nd a spurious correlation with the redshift ( ρ = 0 . 44, p ≈ 10 −5 )
NRAS 539, 2435–2462 (2025) 
ue to the bias introduced by the C21 sample. The results are
ualitatively similar for the other investigated cosmic-ray nuclei. We
ave confirmed that the uncertainty of the observed wind velocity
as a limited impact on the predicted maximum energy. The caveats
f the estimated mass outflow rate are discussed in Section 5.5.2 .
omparable correlations are found for primary protons, although the
aximum energy is most strongly correlated with the mass outflow

ate in this case ( ρ = 0 . 78), and the correlation with the bolometric
uminosity is more pronounced ( ρ = 0 . 35, p = 0 . 001). We conclude
hat protons and cosmic-ray nuclei require similar conditions to allow
cceleration to high energies. The majority of the highest-energy
FOs are part of the C21 sample – a consequence of objects in

his sample exhibiting larger mass outflow rates and higher outflow
elocities than UFOs from other studies. The C21 UFOs also have
ignificantly larger black hole masses and redshift than the UFOs in
he other samples (cf. Fig. 8 and Yamada et al. 2024 , fig. 2). 

.2.3 Escaping cosmic-ray flux for the UFO sample 

or most UFOs in our sample, the escaping flux of cosmic-ray
uclei is strongly suppressed at energies where interactions with
he photon fields of the accretion disc and dust torus are rele v ant.
he optical-UV field of the accretion disc and the IR field of the dust

orus efficiently disintegrate the nuclei and suppress the flux abo v e
pproximately ∼ A × 10 16 eV for the majority of outflows. UFOs
hat are good UHECR accelerators due to their fast outflow velocities
re especially prone to this suppression as a consequence of a strong
orrelation between the outflow rate of the UFO and the bolometric
uminosity and mass of the associated AGN. In more luminous AGN,
he photon fields in the shocked wind are generally much stronger
nd photodisintegration losses are more severe as a result. We define
he maximum energy of the escaping flux as the energy at and beyond
hich the flux is suppressed by a factor of 1 /e ( ≈ 37 per cent ) or
ore compared to the injected F ∼ E 

−2 flux. For most UFOs, with
trong external photon fields, the cutoff is sharp and the precise choice
f the suppression factor is not important as all reasonable choices
esult in a similar estimate for the maximum energy. The spectrum
f the escaping flux can show a bump at high energies for UFOs with
eak photon fields. The distribution of maximum energies at escape

or all cosmic-ray species is shown in Fig. 7 , and the outflows with
he highest energies are listed in Table 3 . 

For the nominal parameters, only the low-luminosity AGN
GC 7582 reaches a maximum energy of 10 19 eV for iron nuclei.
his is due to weak photon fields because of the low o v erall

uminosity and a dust torus radius significantly smaller than the
adius of the wind termination shock, which further reduces the
hoton density in the downstream region. NGC 7582 is the lowest-
uminosity AGN in our sample and at the same time also one of the

ost nearby at a distance of approximately 23 M pc . We observe a
trong correlation between redshift and AGN bolometric luminosity
Spearman ρ = 0 . 79, p < 10 −5 ) in our UFO sample. This reflects a
ystematic bias in the available UFO surv e ys towards AGN with
igher luminosity and suggests the existence of a population of
ndisco v ered, similarly promising UFOs at higher redshift. 
The maximum energy of the escaping iron nuclei is correlated with

he mass outflow rate (Spearman ρ = 0 . 49, p < 10 −5 ), AGN mass
 ρ = 0 . 37, p = 0 . 0004), and wind velocity ( ρ = 0 . 30, p = 0 . 005),
nd marginally anticorrelated with the bolometric luminosity ( ρ =
0 . 19, p = 0 . 09). Similar correlations are found for other cosmic-

ay nuclei ( A > 1). Compared with the correlation of the maximum
nergy at acceleration with these parameters, this represents a
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Figure 7. Distribution of maximum energies o v er the UFO sample for the injection of different primary cosmic-ray species; at acceleration (un-filled bars) and 
after escape (filled bars). The hatched bars in panels 2–5 indicate the maximum energy of secondary protons. The maximum energy of the benchmark UFO for 
each species is marked by the black dashed line (below the considered energy range if no line present). 

Table 2. All investigated UFOs with a maximum energy at acceleration of 
at least 10 19 . 7 eV for iron nuclei. Energies are in electronvolt. See Appendix I 
for the full list. 

Name log E 

acc 
max (p) log E 

acc 
max (N) log E 

acc 
max ( Fe ) 

Mrk-273 18.6 19.1 19.8 
SDSS-J1128 + 2402 18.9 19.1 19.8 
HS-0810 + 2554 18.8 19.2 19.9 
HS-1700 + 6416 18.9 19.2 19.9 
SDSS-J1029 + 2623 18.9 19.3 20.0 
SDSS-J1442 + 4055 18.9 19.4 20.1 

s
a
i
a  

l
t
o
h
v  

a  

c
d  

u
 

o  

i
c  

s  

F  

i  

w  

c
o  

t  

c  

i  

s

p  

I

n  

c  

d
n
l
o  

p  

t
o  

b  

t  

o
 

w
v  

r  

I  

i  

fl  

f
c
c
o
e
d  

e  

c  

a
e  

n  

I

m  

s  

o  

o  

1  

a
c  

(  

w  

s
fl  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/539/3/2435/8087347 by D
ESY-Zentralbibliothek user on 07 M

ay 2025
trong reduction of both correlation strength and significance for 
ll parameters. The UFOs with the highest maximum energy of 
ron nuclei are unremarkable in terms of AGN mass, outflow rate, 
nd wind velocity. Ho we ver, they are associated with some of the
east luminous AGN in our sample. For primary protons, where 
he escaping flux is generally less suppressed, the correlations 
bserved at acceleration are qualitatively preserved at escape at 
igh significance and strong, but reduced, correlation strength; wind 
elocity ( ρ = 0 . 55, p < 10 −5 ), outflow rate ( ρ = 0 . 55, p < 10 −5 ),
nd black-hole mass ( ρ = 0 . 39, p = 10 −4 ). There is no significant
orrelation with the bolometric luminosity. This emphasizes that 
ifferent conditions are required for UFOs to be good sources of
ltra-high-energy protons and nuclei. 
We identify the distance between the dust torus and the two shocks

f the fast wind, particularly the forward shock R fs , as the most
mportant parameter that defines the maximum energy of the escaping 
osmic-ray nuclei ( R fs /R IR : ρ = 0 . 97, p < 10 −5 ); see Fig. 9 . The
ame behaviour is observed for UHE protons ( ρ = 0 . 91, p < 10 −5 ).
or larger separations, the 1 /R 

2 decrease of the photon density results
n weak ambient photon fields in the region between two shocks
here cosmic rays spend the majority of their time. This allows more

osmic rays to escape without interaction and reduces the suppression 
f the escaping flux. The characteristic radii ( R IR , R sh , R fs ) of all
he UFOs in our sample are shown in Fig. 10 . Visual inspection
onfirms NGC 7582 as the most fa v ourable source of UHECRs since
t exhibits the largest distance between the dust torus and the UFO
hocked-wind region. 

In addition to NGC 7582, we find a second population, com- 
rising five objects (NGC 4051, Mrk 231, Mrk 273, NGC 2992, and
RAS 13224 −3809), with a maximum energy of the escaping iron 
uclei of 1 –4 E eV . While there is a significant attenuation of the
osmic-ray nuclei in these UFOs, they form a class of sources clearly
istinct from the main population where the maximum energy does 
ot exceed ∼ 10 17 eV . All of these sources exhibit a comparatively 
arge separation between the dust torus and the characteristic radius 
f the shocks in the outflow (cf. Figs 9 and 10 ), resulting in weak
hoton fields in the downstream region and a mild suppression of
he cosmic-ray flux due to interactions. Here, the maximum energy 
f the iron nuclei is not limited by interactions with the disc field
ut only by the torus field, and the maximum energy per nucleon is
herefore comparable to the maximum energy of the protons in each
utflo w, respecti vely. 
The spectrum of escaping nuclei does not al w ays terminate rapidly

hen interactions with the disc or torus field become energetically 
iable. The interactions with the disc field can suppress the cosmic-
ay flux by more than a factor of 1 /e but not lead to a full attenuation.
n this case, a brief flux reco v ery at higher energies can occur, before
nteractions with the torus field become rele v ant, or the escaping
ux can be consistently non-negligible above E max but below the e-
old suppression threshold. In either case, the escaping spectrum 

annot be understood as a simple power law with (exponential) 
utoff and the nominal maximum energy, estimated as the point 
f e-fold flux suppression, does not capture the true maximum 

nergy of the source. To adequately describe these UFOs, we 
efine the energy of 10-fold flux suppression E sup,10 as a second
stimate of the maximum energy. For UFOs with a sharp spectral
utoff, such as the benchmark scenario, the value will be in close
greement with the nominal maximum energy E max . We identify 
ight outflows with E 

esc 
max < 10 18 eV but E 

esc 
sup,10 ≥ 10 18 eV for iron

uclei; NGC 4151, HS 0810 + 2554, 1ES 1927 + 654, 1H 0707 −495,
C 5063, IRAS 05054 + 1718(W), Mrk 590, and NGC 1068. 

For primary protons, we observe a similar correlation of the 
aximum energy with R fs /R IR (see Fig. 9 , top) but without the

ignificant outliers observed for nuclei. We find that a quarter of
bserved UFOs can emit a proton flux with e-fold maximum energy
f 10 18 eV or more; ho we ver, only four of these can reach up to
0 18 . 4 eV (SDSS J1029 + 2623, HS 0810 + 2554, IRAS 13349 + 2438,
nd Mrk 273). When considering the 10-fold flux suppression, to 
apture protons in the high-energy tail of the flux cutoff, 60 per cent
15 per cent) of outflows can reach an energy of 10 18 eV (10 18 . 6 eV ),
ith a maximum of 10 19 eV found in two outflows (see Table 3 ). This

uggests that the population of UFOs can provide an extragalactic 
ux of protons up to the ankle, especially when including the
MNRAS 539, 2435–2462 (2025) 
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Figure 8. Correlation between the predicted maximum energy of iron nuclei at acceleration (before escape) and key parameters of the UFO/AGN system. 
Concentric contours indicate the 40 and 86 per cent containment interval of the smoothed bi v ariate source density distribution for the nominal choice of 
parameters (corresponding to the 1 σ and 2 σ intervals at 2 dof). 

Table 3. Candidate UFOs with the largest maximum energy after escape for 
primary protons (including the conversion of neutrons after escape) and iron 
nuclei. We also include the energy where the escaping flux is suppressed by 
a factor of 10. Energies are in electronvolt. The escape energies are binned in 
steps of diff log E = 0 . 2 to minimize statistical fluctuations. See Appendix I 
for the full list of all investigated outflows. 

Name Sample log E 

acc 
max log E 

esc 
max log E 

esc 
sup,10 

Protons 
SDSS J0904 + 1512 XWING 18.5 18.2 18.6 
NGC 6240 XWING 18.2 18.2 18.4 
NGC 2992 XWING 18.2 18.2 18.6 
NGC 7582 T10 18.2 18.2 18.4 
MCG 03-58-007 XWING 18.2 18.2 18.4 
SDSS J1128 + 2402 C21 18.9 18.2 18.8 
SDSS J1442 + 4055 C21 18.9 18.2 18.6 
MG J0414 + 0534 C21 18.5 18.2 18.4 
SDSS J1529 + 1038 C21 18.6 18.2 18.8 
SDSS J1029 + 2623 C21 18.9 18.4 19.0 
IRAS 13349 + 2438 XWING 18.4 18.4 18.4 
HS 0810 + 2554 C21 18.8 18.4 19.0 
Mrk 273 XWING 18.6 18.6 18.8 

Iron 
HS 0810 + 2554 C21 19.9 17.4 18.2 
IRAS 13224 −3809 XWING 19.1 18.2 18.4 
Mrk 231 XWING 19.4 18.4 18.4 
Mrk 273 XWING 19.8 18.4 18.4 
NGC 4051 T10 18.5 18.4 18.8 
NGC 2992 XWING 19.5 18.6 19.8 
NGC 7582 T10 19.6 19.0 19.8 
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econdary protons produced during the disintegration of heavier
rimary cosmic rays in the source. 
On average, a significant fraction of the luminosity injected into

igh-energy cosmic rays at the wind termination shock is transferred
o low-energy cosmic rays, electron–positron pairs, and neutrinos.
n addition, a fraction of the remaining luminosity that eventually
scapes the UFO in (ultra-)high-energy cosmic rays is contained
n secondary cosmic rays with lower mass that are produced in
he nuclear cascade; ho we ver, a majority of the luminosity in
scaping cosmic rays is typically carried away by nuclei in the same
ass group as the original primaries and secondary protons. The

ntermediate mass groups are only sparsely populated; see Fig. 11 .
he luminosity contained in secondary protons (incl. neutrons) is

ypically larger than that of the surviving nuclei in the same mass
roup as the injected species. In addition, this flux of light secondaries
ypically extends to higher energies than the heavy primary where
NRAS 539, 2435–2462 (2025) 
ost of the surviving luminosity is concentrated at energies just
bo v e the simulation threshold (10 15 . 5 eV ). The spectral shape of
he secondary protons is generally not a simple power law with an
xponential cutoff. We define the maximum energy of the secondary
rotons analogous to the maximum energy of the primaries as the
nergy beyond which the flux is suppressed by at least an e-fold
ompared to injected, primary, flux (see Fig. 7 , hatched histogram). 

The average UFO gamma-ray spectrum in our model is lower
han derived in a stacking analysis of eight UFOs by Ajello et al.
 2021 ), assuming cascading of the initially high-energy photons
o sub-TeV energies. This suggests that an additional gamma-ray
roduction mechanism, such as leptonic interactions or proton–
roton/nucleus interactions in the shocked ambient medium may be
equired to match the observations, and that the UHECR from UFOs
o not significantly contribute to the observed diffuse gamma-ray
ackground. 

.3 The contribution of UFOs to the diffuse UHECR and 

eutrino flux 

e show the expected cosmic-ray spectrum at Earth in Fig. 12 , for the
nvestigated UFOs and extrapolated to the entire population including
ndisco v ered UFOs. As the composition of the accelerated cosmic
ays is unknown we show the results for injection of protons, helium,
itrogen, and iron separately. A combined spectrum for injection
ractions of f p : f He : f N = 27 : 8 : 65 per cent , which gives a good
escription of the observed flux below the ankle, is shown in Fig. 13 .
We provide two estimates of the completeness of our sample by

omparing the sample emissivity and number density with the total
Compton-thin) AGN luminosity function (Ueda et al. 2014 ). The
xpected flux of UHECRs from UFOs, shown in Fig. 12 , is bracketed
y the limits of these two approaches. We investigate redshift
hells of width diff z = 0 . 05. In the ‘local’ Universe ( z < 0 . 05),
he AGN in our sample capture approximately 7.7 per cent of the
-ray emissivity and 0.3 per cent of the comoving number density of
FO AGN ( ∼ 50 per cent of all AGN). This applies to the interval
f 2 –10 k eV X-ray luminosities co v ered by AGN in our sample,
.e. L X ≈ [10 41 . 5 , 10 46 . 3 ] erg s −1 . We note the bias of our sample
owards medium-/high-luminosity AGN in the local Universe; (cf.
ianolli et al. 2024 ). Because of rapidly decreasing completeness at

arger redshift, we estimate the contribution to the observed UHECR
ux from the population of AGN UFOs by extrapolating from the
bserved local UFOs. In the local redshift shell out to z = 0 . 05 we
onsider the individual contributions of the investigated UFOs (38
t z < 0 . 05) and rescale their predicted flux by the completeness
tated abo v e. F or the more distant redshift shells, we assume that
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Figur e 9. Maximum ener gy of primary protons (top) and iron nuclei (bottom) 
after escape from the UFO environment as function of the ratio of the radius 
of the forward shock to the radius of the dust torus. Discrete levels in E max 

are due to the numerical binning process. Objects with E max < 10 15 . 5 eV , 
the lower limit of our simulations, are omitted. Contours indicate the 40 and 
86 per cent containment interval of the smoothed bivariate source density 
distribution for the nominal choice of parameters (1 σ and 2 σ intervals at 2 
dof). 
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he unobserved UFOs are well represented by the observed local 
ample. For each redshift shell except the local shell, we assume that
he total cosmic-ray spectrum of the existing UFOs can be described 
y the ‘ef fecti ve’ stacked contribution of the local ( z < 0 . 05) sources
ut with the normalization rescaled so that the X-ray emissivity and 
he number density of the associated AGN match the completeness 
bserved in the local Universe. Since both the X-ray emissivity (Ueda 
t al. 2014 ) and comoving volume increase for the more distant
edshift shells this results in an enhancement of the total UHECR
ux produced by more distant sources. 
We model the interactions during extrag alactic propag ation to 

arth with CRPROPA simulations, assuming ballistic transport and 
ncluding the production of secondary cosmic rays and neutrinos. For 
ocal UFOs, we model the propagation individually considering their 
istance based on the observed redshift. For the ef fecti ve population
t larger redshift, we assume, for simplicity, that all of the flux is
roduced by a single source at a distance corresponding to the centre
f the respective redshift shell. The flux at Earth is dominated by
earby sources; ho we ver, the contribution of distant sources to the
ub-ankle protons and nuclei can be significant. Secondary cosmic 
ays from interactions with the cosmic microwave background and 
he extragalactic background light provide a subdominant contribu- 
ion to the sub-ankle protons. 

In Fig. 12 , we compare the predicted cosmic-ray flux at Earth
or the population of UFOs with the diffuse UHECR flux observed
y the Auger Observatory (Aab et al. 2014 ; Bellido 2018 ; Abreu
t al. 2021 ; Tkachenko et al. 2021 ), using EPOS-LHC (Pierog et al.
015 ) to reconstruct the individual mass groups. We illustrate four
eparate scenarios, with an injection of a pure flux of cosmic rays
t the acceleration shock, composed of protons, helium, nitrogen, 
nd iron nuclei, respectively. The population of UFOs can, in 
rinciple, explain the entire observed spectrum of UHECRs within 
he estimated uncertainties. Ho we ver, as we discuss below, providing
 good fit to the observed UHE nuclei above the ankle is challenging
ue to the predicted spectral shape of the flux of nitrogen and iron
uclei. In addition, the expected flux of cosmic-ray nuclei above 
he ankle is significantly lower when excluding NGC 7582 from the
nalysis (see Appendix A ). We highlight that the UHECR spectra
f the UFO population presented here, including the spectra of 
ndividual mass groups, are based on a limited number of investigated
ources. The true spectral shapes may be different. 

.3.1 Protons 

he shape and normalization of the observed proton spectrum is 
eproduced remarkably well by the expected protons from the UFOs. 
nterestingly, the maximum energy of the escaping protons is very 
imilar (a few EeV) for the known UFOs, which provide the largest
ontributions to the total expected flux. Sources with lower maximum 

nergy are typically also less luminous in terms of the escaping proton
ux and do not significantly affect the shape of the high-energy
roton flux at Earth. As a result, UFOs emerge as viable sources of
he observed protons below the ‘ankle’ of the cosmic-ray spectrum 

elatively robust to modelling details and population uncertainties. 
Ho we ver, this requires the injection of primary protons in the

ources, as secondary protons from the disintegration of heavier 
uclei cannot explain the high-energy tail of the observed proton 
pectrum due to the limited maximum energy of the primary nuclei
ithin the sample of studied UFOs. The secondary protons can pro-
ide a significant contribution to the expected flux below ∼ 10 18 . 5 eV ,
imilar to the model of Unger, Farrar & Anchordoqui ( 2015 ), and
an account for all the sub-ankle protons below ∼ 10 18 eV . 

.3.2 Nuclei 

he predicted nitrogen flux from the population of UFOs exhibits 
ood agreement with the diffuse flux of nitrogen-like nuclei derived 
rom observations, both for the normalization and the spectral 
hape. Ho we v er, the observ ed nitrogen abo v e ∼ 10 19 eV is difficult
MNRAS 539, 2435–2462 (2025) 
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Figure 10. Main panel: Characteristic radii of the considered UFOs; R IR : ‘x’ sign. The bar indicates the region between the termination shock R sh (lower 
boundary) and the forward shock R fs (upper boundary), with the colour corresponding to log ( R fs /R IR ) – green–yellow: R fs � R IR , purple–blue: R fs � R IR . 
Top panel: Maximum energy of the escaping flux for primary protons (red) and iron nuclei (blue) for each UFO. Outflows with a larger radial separation between 
the shocked wind bubble and the dust ‘torus’ typically allow the escape of heavy cosmic-ray nuclei with larger energy (cf. Fig. 9 ). 

Figure 11. Average fraction (incl. 68 per cent uncertainty) of the in- 
jected luminosity abo v e 10 15 . 5 eV contained in each escaping mass group 
for a given species of primary cosmic rays. The mass groups corre- 
spond to ([ A min , A max ]), p ∗ = [1 , 1] , He ∗ = [2 , 4] , N 

∗ = [5 , 14] , Si ∗ = 

[15 , 28] , Fe ∗ = [29 , 56]. The amount missing to unity, summing all contri- 
bution for a given primary species, gives the relative luminosity transferred 
to neutrinos, low-energy cosmic rays, and electrons. 

t  

n  

a  

(  

1  

s  

t  

t  

d  

s  

t  

o
 

C  

o  

U  

l  

c  

a  

a  

a  

s  

S  

c  

t  

s  

p
 

d  

(  

a  

N  

fl  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/539/3/2435/8087347 by D
ESY-Zentralbibliothek user on 07 M

ay 2025
o explain because of the limited maximum energy of nitrogen
uclei escaping the UFOs. The sub-ankle nitrogen is more robust
nd does not rely on the outsized contribution of a single source
NRAS 539, 2435–2462 (2025) 
NGC 7582, see Appendix A ). The dip in the observed flux between
0 18 and 10 19 eV – approximately coincident with the ankle of the
pectrum – is well reproduced, even when excluding NGC 7582 from
he analysis. In our model, the dip is caused by the attenuation of
he cosmic-ray flux in the source environment by photodisintegration
ue to the infrared field of the dust torus. The peak energy of this
uppression for nitrogen nuclei coincides nicely with the energy of
he ankle in the UHECR spectrum for the assumed dust temperature
f T IR = 200 K. 
When interpreting the composition of the observed diffuse UHE-

Rs with EPOS-LHC little helium is required up to the ankle. This
bserved flux can easily be explained by the expected flux from AGN
FOs if the injection fraction of helium at the sources is sufficiently

ow. In contrast, the substantial flux of helium nuclei abo v e the ankle
annot be explained by UFOs without overpredicting the helium
bundance at low energies. In addition, as for nitrogen nuclei, UFOs
re challenged as sources of the observed flux of helium nuclei
bo v e ∼ 10 19 eV due to a limited maximum energy. A larger flux of
ub-ankle helium is required when analysing the observed flux with
IBYLL 2.3 (Riehn et al. 2018 ) instead, see Appendix A . This flux
annot be explained easily by helium from UFOs without exceeding
he sub-ankle protons around 0 . 5 E eV due to the production of
econdary protons, which are in addition to the required primary
rotons (see abo v e). 
For iron nuclei, UFOs can supply the observed sub-ankle iron

erived with EPOS-LHC if the injection fraction is suf ficiently lo w
few per cent), although they may exceed the required low iron flux
bo v e the ankle. Better agreement can be reached when excluding
GC 7582, which reduces the high-energy peak of the predicted iron
ux, or when using SIBYLL 2.3 to interpret the observed flux. The
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Figure 12. Expected cosmic-ray flux at Earth for injection of pure primary protons, helium, nitrogen, and iron nuclei; from all investigated sample of UFOs, 
and from the predicted UFO population up to z = 1 . 5. The flux is bracketed by assuming a constant emissi vity (lo wer limit) and number density (upper limit) 
of the UFO-hosting AGN at all redshifts. We also show the observed diffuse all-particle flux (Aab et al. 2014 ; Abreu et al. 2021 ) and the flux per mass group 
from Bellido ( 2018 ) (open circles) and Tkachenko et al. ( 2021 ) (closed circles) assuming EPOS-LHC (Pierog et al. 2015 ) for the hadronic interactions. 
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ux of sub-ankle iron nuclei may instead be provided by a second,
igh-energy Galactic component (Thoudam et al. 2016 ; Halim et al. 
023 ). 

.3.3 Mixed injection 

onsidering the predicted spectra of the different cosmic-ray species 
iscussed abo v e, we conclude that AGN UFOs are an excellent
andidate to explain the transition region between the end of 
he spectrum of Galactic cosmic-ray sources and the high-energy 
omponent of extragalactic sources typically used to explain the 
bserv ed flux abo v e the ankle. A contribution up to the highest
bserved energies may be possible, especially for iron nuclei. See 
ections 5.2 and 5.3 for more discussion. 
In Fig. 13 , we show the combined flux at Earth expected from

he population of UFOs assuming that a fraction of f p : f He :
 N = 27 : 8 : 65 per cent of the total cosmic-ray luminosity of the
FOs is transferred to protons, helium, and nitrogen, respectively. 
hese luminosity injection fractions provide a good description of 

he observed total diffuse UHECR flux and composition below 

he ankle. We indicate the additional, high-energy extragalactic 
omponent of Scenario B from Halim et al. ( 2023 ) at higher energies.
n combination with the flux from the UFOs, we obtain a good
ualitative description of the cosmic-ray spectrum across the ankle. 
MNRAS 539, 2435–2462 (2025) 
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Figure 13. Expected cosmic-ray flux at Earth from the population of UFOs 
for a rescaled, injected composition of f p : f He : f N = 27 : 8 : 65 per cent 
(solid lines). The extragalactic, high-energy component of Scenario B of 
Halim et al. ( 2023 ) is also shown with a purple dot–dashed line. 
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Figure 14. Expected all-fla v our neutrino flux from the UFO population if 
they produce a major fraction of the UHECR diffuse flux below the ankle 
(see Fig. 13 ); for a typical outflow age of 1000 yrs . The bands bracket the 
uncertainty of the UFO redshift evolution; AGN-like (Ueda et al. 2014 ) (upper 
limit) and no redshift evolution (lower limit). We also show the measured 
IceCube diffuse, single power law (SPL) neutrino flux (Naab, Ganster & 

Zhang 2023 ) and the upper limits from the EHE analysis (Abbasi et al. 2023 ). 
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he same mixed-composition scenario but without NGC 7582 and
or SIBYLL 2.3 is discussed in Appendix A . 

.3.4 Neutrinos 

f UHECRs are accelerated in UFOs we expect a significant high-
nergy neutrino flux (see also P23) given their interactions with
he photon fields in the vicinity of the AGN. Additional neutrinos
re produced during the extragalactic propagation of the escaping
osmic rays. Here, we present the neutrinos that must accompany the
HECR signal if UFOs are major sources of the sub-ankle UHECRs.
Fig. 14 shows the all-fla v our neutrino flux from the UFO popu-

ation, estimated in the same way as the cosmic-ray flux in Fig. 13
nd including neutrinos from the extragalactic propagation, which
e calculated with CRPROPA out to z = 1 . 5. 6 Here, we do not

how the entire range of possible UHECR emissivities shown in
ig. 12 . Instead, we choose a UHECR emissivity sufficient to match

he UHECR observations below the ankle as in Fig. 13 . If the
ajority of observed UHECRs in the transition region are produced

y UFOs, there is a guaranteed accompanying neutrino flux that
eaks at ∼ 5 P eV and can, depending on the redshift evolution
f the UFO population, provide a significant contribution to the
bserved, diffuse neutrino flux above 1 P eV . A large flux at ultra-
igh energy ( E ν � 10 17 eV ) is not expected because of the limited
aximum energy of most UFOs. The diffuse UFO neutrino signal

s consistent with the neutrino excess in the direction of non-jetted
GN reported in Abbasi et al. ( 2022a ). In Appendix B , we present an
strophysically moti v ated UHECR composition scenario and discuss
he detectability of neutrino point sources from the UFO population.
n older outflows, where the wind termination shock and the forward
NRAS 539, 2435–2462 (2025) 

 We have checked using the analytical approach of Dermer & Menon ( 2009 ) 
see their equation 4.54 – and assuming that the redshift evolution of UFOs 

ollows the star formation rate of Y ̈uksel et al. ( 2008 ) that integrating out to 
edshift z = 5 increases the neutrino intensity by less than 1 per cent. 

a  

d  

i  

U  

g  

o  
hock are further away from the AGN, the expected neutrino flux
ay be reduced because of a reduction of in-source interactions. 

 DI SCUSSI ON  

.1 Maximum energy of cosmic rays 

e have studied the maximum energy that cosmic-ray nuclei can
each in the termination shocks of mildly relativistic UFOs. Such
FOs are observed in about 50 per cent of AGN. We found that in

ypical UFOs, the energy of escaping cosmic-ray nuclei is limited
y photodisintegration to about E ∼ 10 16 –10 17 eV . This is a result
f confinement by substantial magnetic fields O(0 . 01 − 1 G) in
he vicinity of the AGN, where the nuclei lose energy in repeated
nteractions with strong photon fields. The dominant photon fields
re those of the accretion disc and the dust torus. The most promising
ources, approximately 5 –15 per cent of outflows in the investigated
ample, reach energies exceeding ∼ 10 18 eV for iron, and one source
NGC 7582) reaches 10 19 eV before the flux suppression becomes
f fecti ve; see Table 3 . 

Protons experience lower energy losses than nuclei during the
scape process, in part due to intermediate conversion to neutrons,
hich escape the UFO easily. Approx. 70 per cent of the luminosity

njected in protons at the wind termination shock escapes the
FO environment as high-energy protons, whereas for nuclei only
0 –30 per cent escapes in the form of high-energy cosmic-ray
uclei with mass comparable to the injected primary. In the 86
nvestigated UFOs, protons attain the highest energies after escape
mong the nuclear species studied (p, He, N, Si, Fe) in 81 outflows,
espite the maximum energy at acceleration being larger for iron
n all investigated outflows. Up to 25 per cent of the investigated
FOs can provide a significant flux of protons with an energy
reater than 10 18 eV , with a maximum of 10 18 . 4 –10 18 . 6 eV in four
utflows. The highest-energy protons can reach energies of 10 18 eV
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r more (considering E sup,10 ) in approximately 60 per cent of the
nvestigated UFOs. Due to strong photodisintegration, most UFOs 
re unlikely to be the sources of the observed UHECR nuclei 
bo v e the ankle. Ho we ver, nuclei might escape during low-emission
tates of the AGN, as we demonstrated for NGC 7582 which, 
uring its low-luminosity state, could be allowing cosmic rays with 
nergy up to E ∼ 10 19 . 8 eV to escape. Primary protons, whose flux 
s less suppressed, and secondary protons from the spallation of 
eavier primary nuclei can contribute to the light sub-ankle flux 
omponent. 

.2 Ultra-fast outflows as intermittent sources of 
ltra-high-energy nuclei above the ankle 

e have identified the outflow in NGC 7582, a type 2 Seyfert galaxy,
s the most probable source of UHECR nuclei abo v e the ‘ankle’
energy 10 18 . 7 eV) in the present sample of observed outflows 
ue to the low luminosity of the associated AGN ( L bol [ L X ] ≈
0 42 . 8 [10 41 . 6 ] erg s −1 ) reported in the SUBWAYS-III sample of Gi-
nolli et al. ( 2024 ) and corroborated by the XWING sample of
amada et al. ( 2024 ) ( L X ≈ 10 41 . 7 erg s −1 ). Ho we ver, archi v al data

ndicate a large variability of observed X-ray emission, which could 
e due to a change in intrinsic luminosity of the AGN (Piconcelli
t al. 2007 ), or due to the variable obscuration of the central
egion by a clumpy torus (Rivers et al. 2015 ). The intrinsic X-ray
uminosity of the central source can be as low as ∼ 10 41 . 5 erg s −1 

Piconcelli et al. 2007 ; Rivers et al. 2015 ), our nominal value,
r as high as ∼ 10 42 . 6 –10 43 . 5 erg s −1 (Goulding et al. 2012 ; Ricci
t al. 2015 ). Assuming the latter luminosity, the maximum energy 
er nucleus of the cosmic-ray nuclei at acceleration and escape is
educed to � 10 17 . 3 eV and < 10 15 eV , respectively, and NGC 7582
ecomes unremarkable compared to the bulk of UFOs. The max- 
mum energy of primary protons is affected only marginally. If 
he dimming of NGC 7582 is due to increased obscuration of the
entral region along the line of sight (Rivers et al. 2015 ), the
hoton fields within the UFO are stronger than anticipated in our 
nalysis and prevent the escape of UHE cosmic-ray nuclei at all 
imes. 

Significant luminosity variations were also observed in other AGN 

ith associated UFOs, e.g. PDS 456 (Reeves et al. 2014 ), 1H 0707-
95 (Hagino et al. 2016 ), IRAS 13224-3809 (Jiang et al. 2018 ),
GC 4151 (Williams et al. 2020 ), and PG 1448 + 273 (Laurenti et al.
021 ). This suggests that UFOs could be intermittent sources of
ltra-high-energy nuclei where the escape of nuclei beyond the 
ankle’ energy is only possible when the associated AGN is in a low
tate. 

As shown in Fig. 13 , the contribution of UFOs to the flux beyond
he ankle is relatively limited in our model, unless sources like 
GC 7582 are more abundant in the UFO population than in our

ample. In addition, UFOs could contribute substantially to the 
ighest energies if there is a significant fraction of iron in that
nergy range, as suggested in Abdul Halim et al. ( 2025 ). Furthermore,
ere, we have only explored a specific scenario in which UHECRs
re accelerated at the wind-termination shock, and our study has 
een limited by our incomplete knowledge of the UFO luminosity 
unction. A larger sample of UFOs, and different models of UHECR
cceleration in UFOs, for example including time dependence and 
ossibly the impact of the forward shock in the early phases of
he expansion, are needed to conclusively resolve the possible role 
f UFOs as sources of the highest-energy extragalactic cosmic-ray 
omponent. 
.3 Ultra-fast outflows as the sources of Hillas’ ‘Component B’ 

he KASCADE experiment has identified an iron knee feature 
n the cosmic-ray spectrum at energy ≈ 10 16 . 8 eV (Apel et al.
011 ), which likely marks the maximum energy of the Galactic
osmic-ray component. At higher energies, abo v e the ankle of the
HECR spectrum, the combined spectrum and composition can be 
t with a Peters’ cycle and are attributed to extragalactic sources.
o we ver, in this picture, there is a gap in flux between the Galactic

nd extragalactic components (Hillas 2005 ; De Donato & Medina- 
anco 2009 ). In the ‘gap’ region, the composition consists primarily
f protons and nitrogen (Tkachenko et al. 2021 ). Interpreting the
uger composition measurements with SIBYLL 2.3 also requires a 
on-negligible helium component; ho we ver, this component is not 
ecessary when using EPOS-LHC . The protons that have a soft
pectrum below the ankle have previously been explained to originate 
n an additional unspecified extragalactic source population (Aloisio, 
erezinsk y & Gazizo v 2011 ), as the products of photodisinte gration

n the source environment (Globus et al. 2015 ; Unger et al. 2015 ),
r as protons from FRI-type jetted AGN (Giacinti et al. 2015 ). But
or the ‘sub-ankle’ nitrogen, there exist no astrophysical models 
f extragalactic origin. In Halim et al. ( 2023 ), this component
as interpreted as a second lower-energy extragalactic UHECR 

omponent, without specifying a specific source class. The older 
ork of Hillas ( 2005 ) explained this part of the spectrum as an iron-

ich Galactic ‘Component B’ produced by supernov ae. Ho we ver, 
uch an iron-rich composition is disfa v oured by the latest UHECR
omposition measurements. More recently, Thoudam et al. ( 2016 ) 
ave proposed that the sub-ankle nitrogen could be produced in 
uperno va e xplosions of Galactic Wolf–Rayet stars which hav e a
NO-rich stellar wind. We have shown here that UFOs provide 
n alternative explanation for the cosmic ray flux in the Galactic–
 xtragalactic transition re gion and can account for the sub-ankle
rotons and nitrogen simultaneously. 
Compared to starburst winds, which have also been discussed as 

ossible sources of UHECRs (Anchordoqui 2018 ; Romero, M ̈uller &
oth 2018 ; Condorelli et al. 2023a ), UFOs seem much more likely

o accelerate UHECRs. The former were shown to not have enough
ower to reach the ankle in Peretti et al. ( 2022 ). Ho we ver, this does
ot constrain starburst galaxies as hosts of UHECR accelerators, as 
 substantial fraction of star-forming galaxies is also characterized 
y an AGN (Gruppioni et al. 2013 ). Interestingly, NGC 4945, the
tarburst galaxy responsible for ∼ 40 per cent of the observed 
orrelation of UHECRS with starburst galaxies reported in Aab 
t al. ( 2018 ), hosts a well-known heavily obscured AGN at its core
Puccetti et al. 2014 ). 

.4 The impact of magnetic horizons 

strophysical magnetic fields can lead to a delay of the emitted
osmic rays compared to the electromagnetic emission of the 
GN/UFO, resulting in a possible loss of correlation between the 
ifferent messengers. In the most extreme case, if the time delay
or a giv en UFO e xceeds the Hubble time, the cosmic rays of this
ource will be hidden beyond the magnetic horizon. In addition, the
osmic-ray flux will be suppressed if the ef fecti ve path length of the
osmic rays becomes comparable to or larger than the typical energy
oss length. These effects can result in a hardening of the observed
osmic-ray flux. 

We find that the galactic magnetic fields, both of the typical host
alaxy of the UFO and of the Milky Way, do not induce a significant
uppression of the cosmic ray flux for E CR � 10 17 eV although the
MNRAS 539, 2435–2462 (2025) 



2450 D. Ehlert, F. Oikonomou and E. Peretti 

M

t  

a  

e  

t  

i  

g  

c  

t  

c  

fl  

a  

i  

e  

t  

w  

s  

i  

t  

o  

h  

h

5

5

T  

o  

a  

t  

o  

2  

t
 

g  

r  

d  

I  

a  

a  

f  

m  

m  

a  

u  

o  

n

5

W  

m  

F  

o  

t  

S  

e  

fl  

t  

d  

K  

o  

i  

A  

l  

 

t  

t  

i  

A  

p  

s

6

W  

t  

a  

m  

u  

a  

d  

r  

i
 

a  

e  

o  

1  

b  

t
 

h  

o  

t  

o  

a
p  

s  

1  

i  

s
 

s  

a  

fi  

a  

p  

n  

i  

a  

s  

h  

w  

o  

a  

e
 

t  

i  

i  

a  

r  

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/539/3/2435/8087347 by D
ESY-Zentralbibliothek user on 07 M

ay 2025
ime delay of up to O(100 k yrs ) at sub-ankle energies may lead to
 loss of time correlation between the cosmic rays and a potential
lectromagnetic or neutrino counterpart. The cosmic ray flux below
he ankle can be suppressed significantly if the AGN/UFO is located
n a galaxy cluster; see Condorelli, Biteau & Adam ( 2023b ) for a
eneral discussion. Ho we ver, most galaxies are not located in large
lusters (Bahcall 1995 ). Finally, cosmic rays may be confined by
he extragalactic magnetic field. If the field strength is close to the
urrent upper limit ( ∼ 0 . 01 nG, see Jedamzik & Saveliev 2019 ), the
ux of intermediate and heavy cosmic rays can be suppressed by
pproximately an order of magnitude at 10 17 eV . The suppression
s less significant for lighter nuclei and protons and at higher
nergies where deflections in the magnetic field are reduced. If
he extragalactic magnetic field is significantly weaker, compatible
ith present lower limits (e.g. Ackermann et al. 2018 ), the flux

uppression and time delay become small. The spectral hardening
nduced by the magnetic horizons can limit the viability of UFOs as
he sources of the cosmic ray flux in the transition region, depending
n the strength of the intervening magnetic fields. Ho we ver, the
arder spectrum can make UFOs more attractive sources of the
ighest-energy cosmic rays. 

.5 Uncertainties of the model 

.5.1 Geometry of the dust distribution 

he maximum energy of the cosmic rays is sensitive to the strength
f the infrared field of the hot dust in the AGN, for which we have
ssumed a spherical distribution with all of the dust concentrated in a
hin shell at radius R IR . Ho we ver, recent high-resolution observ ations
f individual AGN indicate a more complex structure (see e.g. H ̈onig
019 ), fa v ouring a small scale height with most of the dust close to
he plane of the accretion disc (GRAVITY Collaboration 2020 ). 

To study the dependence of our results on the assumed dust
eometry, we investigate the opposite limit, namely an equatorial
ing of dust. Our previous conclusions are unchanged when this
ust distribution is adopted instead of our fiducial spherical model.
n the most optimistic case of the dust-ring model (at small polar
ngles), the maximum energy at acceleration is increased by, on
verage, (5 ± 5) per cent for cosmic ray nuclei and by (1 ± 1) per cent
or protons. In some individual UFOs, we observe an increase in
aximum energies of up to 30 and 10 per cent, respectively. The
aximum energy after escape is reduced by 10 –30 per cent on

verage. Ho we ver, it remains invariant within numerical binning
ncertainties for between 15 per cent (helium) to 60 per cent (iron)
f outflows, and increases for up to 10 per cent of outflows both for
uclei and protons; see Appendix D . 

.5.2 Uncertainty of the kinetic luminosity 

e find a median ratio of kinetic luminosity to bolometric lu-
inosity of L kin /L bol ≈ 0 . 1 in our UFO sample, consistent with
iore et al. ( 2017 ). Ho we ver, 25 per cent (15 per cent) [10 per cent]
f investigated outflows have a predicted luminosity ratio greater
han 1 (5) [10], leading to a mean value of 〈 L wind /L bol 〉 = 3 . 7 + 0 . 7 

−3 . 7 .
uch super-bolometric outflows were previously noted by Chartas
t al. ( 2021 ) and Mestici et al. ( 2024 ). For radiation-driven out-
ows, the luminosity ratio cannot exceed the co v ering factor of

he outflow f c ≤ 1 (maximum for spherical outflows). Outflows
riven by magneto-hydrodynamic effects (see Fukumura et al. 2010 ;
raemer et al. 2018 ) can exceed this limit. The large number of
bjects with L kin /L bol > 1 probably suggests that magnetic driving
NRAS 539, 2435–2462 (2025) 
s dominant or at least contributes to the acceleration of UFOs.
nalogous behaviour is well known in AGN jets where the jet

uminosity exceeds the accretion luminosity (Ghisellini et al. 2014 ).
The cosmic ray flux of the UFO population – as extrapolated from

he sample of known outflows – can supply only a small fraction of
he observed UHE nuclei if the kinetic luminosity of the outflows
s limited to at most L bol by reducing the mass outflow rate; see
ppendix H . In contrast, it is still possible to explain the sub-ankle
rotons. This suggests that our conclusions about UFOs as potential
ources of the sub-ankle protons are robust. 

 SUMMARY  A N D  C O N C L U S I O N  

e have explored the potential of ultra-fast outflows (UFOs) in AGN
o produce ultra-high-energy cosmci rays (UHECRs), focusing on
cceleration at the wind-termination shock. We obtained the maxi-
um energies of five representative UHECR species, from protons

p to iron, by comparing the characteristic time-scale for particle
cceleration and the most important loss processes. Subsequently, we
etermined the spectral shape and total normalization of the cosmic-
ay flux escaping the UFO environment using 3D simulations of the
nteractions of UHECRs in these sources. 

We studied 86 observed UFO systems with known velocities
nd mass-outflow rates, and show that the maximum acceleration
nergy is positively correlated with both of these quantities. Of the
bserved UFOs, six objects can accelerate iron nuclei to at least
0 19 . 8 eV . The maximum energy of nuclei at acceleration is limited
y photodisintegration due to the infrared field of the dust torus and
he optical-UV field of the accretion disc. 

Intense AGN photon fields efficiently prevent the escape of the
ighest-energy cosmic-ray nuclei from the majority of outflows. In
ur model, cosmic-ray protons can escape the source with energy up
o ∼ 10 18 eV and nuclei with at most 10 16 –10 17 eV in the majority
f studied UFO. Most of the energy injected into UHE nuclei at
cceleration is typically transferred to secondary protons, electron–
ositron pairs, and neutrinos. In approximately 5 –15 per cent of our
ample, nitrogen and helium nuclei escape with maximum energy of
0 17 . 6 eV or more, making these intriguing candidate sources of the
ntermediate-mass nuclei in the ‘sub-ankle’ region of the UHECR
pectrum. 

The maximum energy of the escaping cosmic rays is most
ignificantly correlated with the separation between the UFO shocks
nd the dust torus. For a few UFOs, with weak external photon
elds, nuclei may escape with comparatively little attenuation, even
t the highest energies. The low-luminosity Seyfert galaxy NGC 7582
rovides the most suitable environment for the production of UHECR
uclei within our sample of UFOs. The weak photon fields are
nsufficient to suppress the flux of escaping cosmic rays, resulting in
n iron flux with energy up to 10 19 . 8 eV . The lack of flux-complete
urv e ys of UFOs implies the existence of a large population of
itherto undisco v ered UFOs, especially in low-luminosity AGN,
hich are disproportionally under-represented in our sample. Some
f these could provide conditions comparable to NGC 7582 for the
cceleration and escape of UHE nuclei up to the highest observed
nergies. 

Protons are less attenuated because of the absence of photodisin-
egration and because of the conversion to neutrons (in photopion
nteractions), which are not confined by the strong magnetic fields
n the UFO. This allows ∼ half of the observed UFOs to produce
 proton flux that reaches 10 18 eV or more. The escaping protons
etain most of the injected luminosity, and the escaping flux inherits
he correlation of the maximum acceleration energy with the wind
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elocity and outflow rate. Primary protons accelerated at the wind 
ermination shock, and secondary protons from the disintegration of 
eavier nuclei can comfortably provide the observed proton flux in 
he transition region below the ankle. 

All in all, we have demonstrated that UFOs are viable sources
f the observed ‘sub-ankle’ UHECRs. As such, they provide an 
 xcellent astrophysical e xplanation for the observ ed diffuse cosmic- 
ay flux between the Galactic iron knee and the extragalactic 
HECRs abo v e the ankle of the cosmic-ray spectrum in terms of

nergetics, spectral shape, and chemical composition. This ‘gap’ in 
he Galactic–extragalactic transition region is a long-standing open 
uestion (Hillas 2005 ; De Donato & Medina-Tanco 2009 ). To our
nowledge, UFOs of AGN are the first extragalactic source class 
hown to be suitable for this component while accounting for the 
NO-type nuclei observed by Auger in this energy range. 
If the observed ‘sub-ankle’ UHECRs are produced by UFOs in 

GN, they must be accompanied by a guaranteed flux of neutrinos at
nergy � few PeV, providing an important multimessenger signature 
or the acceleration of cosmic rays in these objects. The expected neu-
rino signal is independent of the neutrino emission at ∼ 10 –30 T eV
rom the cores of AGN such as NGC 1068 (Abbasi et al. 2022b ) and
hould contribute substantially to the diffuse neutrino flux at � few 

eV energy. 
In this work, we have explored a specific scenario in which 

HECRs are accelerated in the wind-termination shock of the UFO. 
ur study has been limited by our incomplete knowledge of the 
FO population and luminosity function. Better understanding of 

he latter and different models of UHECR acceleration in UFOs, for
 xample, including intermittenc y, time dependence, and the possible 
ole of the forward shock, are needed to elucidate the possible role
f UFOs as sources of the highest-energy extragalactic cosmic-ray 
ux. 

OFTWARE  

art of the interaction rates in the sources and the entire propa-
ation from the sources to Earth were calculated with CRPROPA 3 
Kampert et al. 2013 ; Alves Batista et al. 2016 , 2022 ), which
s publicly available from crpropa.desy.de . The version adapted 
o model the UFO environment with radially dependent photon 
elds, magnetic field, and advection field can be retrieved from 

ithub.com/ ehlertdo/ CRPropa3 . 
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 machine-readable version of Table I1 , as well as the supplementary
ata files, for (1) the predicted cosmic ray and neutrino flux 
f the entire UFO sample and population and (2) the predicted 
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Figure A1. Same as Fig. 13 but without NGC 7582. 

Figure A2. Same as Fig. 13 but using SIBYLL 2.3 instead of EPOS-LHC . 
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PPEN D IX  A :  DIFFUSE  U H E C R  FLUX  

O N T R I BU T I O N S  F RO M  T H E  AG N  UFO  

OPULATION  -  M O D E L  VA R I AT I O N S  

iffuse UHECR flux in the absence of a nearby source of UHE 

uclei 

n the absence of more detailed statistics or physical understanding 
f the pre v alence of UFOs in AGN of different luminosities, the
re v alence of NGC 7582-like systems is difficult to quantify. On
he one hand, such low-luminosity AGN are abundant locally, and 
rom the point of view of the AGN luminosity, NGC 7582, at a
istance of 21.2 Mpc, is not unusually nearby. On the other hand,
he combination of powerful-enough UFO and low-enough AGN 

uminosity is unique in our sample of 86 sources. To demonstrate 
he effect of the presence of NGC 7582 in our sample, in Fig. A1
e show an extreme scenario without this source in the local, z <
 . 05, UFO population. The contribution of NGC 7582-like sources at
arger redshift is still considered as before. The injected fractions are 
he same as those shown in Fig. 13 . In such a case, the contribution
f UFOs to the highest energy part of the spectrum is likely very
imited because increasing the nitrogen or iron contribution would 
ead to o v ershooting the total flux at lower energies even with a
ure nitrogen or iron injection. On the other hand, the sub-ankle 
ontribution of UFOs to the diffuse UHECR flux is largely insensitive 
o the exclusion of NGC 7582. 

ibyll 2.3 

ig. A2 shows the contribution of the UFO population to the observed 
iffuse UHECR flux using the composition fractions obtained with 
IBYLL 2.3 instead of EPOS-LHC . In this case, the predicted flux of
itrogen-like nuclei exhibits better agreement with the observations, 
nd the observed proton flux can already be explained by a slightly
ower proton flux. On the other hand, SIBYLL 2.3 requires a substantial 
elium component, which can only be matched at the expense of the
rimary protons and nitrogen. A significant injection of primary 
elium at the sources results in an o v erprediction of the sub-ankle
roton flux around 0 . 5 E eV due to the associated secondary protons.
o we ver, the injection of primary protons is necessary to explain

he high-energy tail of the observed proton flux, which cannot be 
xplained by secondary protons within our analysis. 
PPENDI X  B:  N E U T R I N O S  F RO M  T H E  UFO  

OPULATI ON  WI TH  A N  ASTROPHYSI CALLY  

OTIVATED  I N J E C T I O N  COMPOSI TI ON  

n this work, we have investigated the acceleration and escape of
rotons and nuclei from UFO environments. The injection of nitrogen 
s moti v ated by the observed UHECR composition, but our model
oes not address the origin of nitrogen in the A GN en vironment.
ne of the interesting sources in our sample is NGC 6240. It is
 merging, dual AGN that exhibits a highly supersolar metallicity 
n its central region Z/Z � ∼ 2 –10, meaning that heavy elements
onstitute 4 –20 per cent of the matter by mass (Puccetti et al. 2016 ).
uch conditions are promising for UHECR production sites with 
espect to the injected composition, but we do not explore this topic
urther here. 

In Fig. B1 we show the expected diffuse neutrino intensity from
he UFO population in an alternate scenario, where the ‘sub-ankle’ 
HE proton flux is entirely supplied by primary protons from UFOs
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M

Figure B1. Same as Fig. 14 except that here we model the expected neutrino 
flux from the UFO population assuming that the UHECRs produced in UFOs 
produce only the protons measured with Auger. 

Figure B2. Predicted all-fla v our neutrino flux from the tentative observations 
of UFOs in NGC 1068 and NGC 6240 (see Yamada et al. 2024 and references 
therein), assuming pure-proton cosmic rays. The differential sensitivity of 
the IceCube throughgoing muon analysis with ef fecti ve area A eff ( E ν , δ) at 
declination δ, which is ∼ 3 E ν/ [ A eff ( E ν , δ) t det ln 10], is shown with a black 
solid line (Aartsen et al. 2017 ). For IceCube-Gen2 (black-dashed line), we 
estimate the sensitivity assuming a six-fold increase in ef fecti ve area with 
respect to that of IceCube. The sensitivity of IceCube towards the UFOs with 
lower neutrino flux (grey lines) is less fa v ourable due to source declinations 
not near the local horizon. 
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Figure C1. Photon field energy density at distance R sh for the benchmark 
scenario ( L bol = 10 45 erg s −1 ), and for bolometric luminosities of 10 44 erg s −1 

(dotted) and 10 46 erg s −1 (dashed). In the latter case, the photon density of the 
IR torus field at the location of the wind termination shock is lower despite 
the larger luminosity due to the larger size of the torus. which results in a 
stronger ‘dilution’ of the field. 
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nd no other nuclear species are accelerated in UFOs. We see that
f the UHECR protons measured by Auger are produced by AGN
FOs, there is a guaranteed accompanying flux of neutrinos with a
eak intensity at energy of a few PeV, similar to the baseline scenario
hown in Fig. 14 . 

We have also investigated the sensitivity of neutrino telescopes
o neutrino point sources from the studied UFO sample. Our most
NRAS 539, 2435–2462 (2025) 
romising neutrino point sources are NGC 1068 and NGC 6240.
oth of these are obscured AGN and the UFO observations should

herefore be considered as uncertain (see section 2.2 of Yamada
t al. 2024 ). These sources are located at declination δ ≈ 0 ◦, 2 ◦,
espectively, and are at an ideal location in the sky for IceCube, and
ceCube-Gen2. We find that if these UFOs are real, the sources would
e detectable with IceCube-Gen2 with peak energy at ∼ 10 16 eV , see
ig. B2 . Such a neutrino signal should be expected in addition to the

ower-energy neutrinos from the core of NGC 1068 (Abbasi et al.
022b ) as, generally, the launching radius of the UFO is thought to
e outside the corona of the AGN. 

PPENDI X  C :  AG N  P H OTO N  FIELDS  

e simulate the AGN photon spectrum as a combination of black-
ody (dust torus), multicolour back-body (disc) and (broken-) power-
aw (corona) emission (see Marconi et al. 2004 ; Ghisellini &
avecchio 2009 ). The individual luminosities are then re-normalized
elative to the bolometric luminosity of the AGN using observational
uminosity scaling factors to connect the different wavelength bands
Mullaney et al. 2011 ; Duras et al. 2020 ). The bolometric luminosity
ere refers to the total intrinsic luminosity, whereas the integral of the
ntire spectral energy distribution corresponds to the total observed
uminosity of the AGN. 

For all photon fields, we assume a 1 /R 

2 decrease of the energy
ensity at radii larger than the outer radius of the emitting structure
disc, corona, torus), and a constant density inside. We consider
he emission to be isotropic in all directions, i.e., not depending
n the viewing angle of the AGN. In Appendix D , we discuss the
ffect of considering a different geometry. The energy density in
he benchmark scenario at the wind termination shock is shown in
ig. C1 . 

1 Accretion disc 

n the standard picture, the black hole is surrounded by an accretion
isc wherein matter mo v es inward while the potential energy is
adiated away and the angular momentum is transported outward
Shakura & Sunyaev 1973 ). The accretion disc exhibits a radial



UHECRs from UFOs in AGN 2455 

t
2

T

H  

f  

e
 

s
e  

T

L

w  

i
l

L

I
d

d

d

W
f  

t
o

C

A
w  

i
l  

1  

f
e
h
o
o  

(  

i
r  

R  

B
D

(

7

r
k
t
8

H
n

c

L

w  

2  

s  

r  

s
s  

a

C

S
w  

w
c
t  

2  

t
d  

g  

c  

u  

i  

a  

2  

e
i
r

i  

T

R

F  

T  

a
f  

e
 

w  

d  

d  

o
l  

2  

2  

t  

a  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/539/3/2435/8087347 by D
ESY-Zentralbibliothek user on 07 M

ay 2025
emperature gradient (Ghisellini & Madau 1996 ; Dermer & Menon 
009 ), 

 

4 = 

3 R S L disc 

16 πησSB R 

3 

[ 

1 −
(

3 R S 

R 

)1 / 2 
] 

. (C1) 

ere, R S is the Schwarzschild radius of the black hole, R the distance
rom the AGN, L disc the luminosity of the disc 7 , η the accretion
fficiency, and σSB the Stefan–Boltzmann constant. 

The total radiation field produced by the disc can be understood as a
uperposition of black-body spectra produced by discrete disc annuli, 
ach with a width d R and the temperature given by equation ( C1 ).
he total monochromatic disc luminosity [ erg s −1 Hz −1 ] is then 

 disc ( ν) = 

∫ R out 

R in 

d R L BB ( ν, R) , (C2) 

here R in = 3 R S (Dermer & Menon 2009 ) ( R out = 500 R S 
8 ) is the

nner (outer) radius of the accretion disc, and the monochromatic 
uminosity of each annulus is 

 BB ( ν, R) = d A d � [ B ν( T ( R)) cos θ ] (C3) 

with B ν = 

2 hν3 

c 2 

[ 
e 

− hν
k B T ( R) 

] −1 
. 

ncluding both hemispheres of the AGN system, the geometry of the 
isc is given by 

 A = 2 
(
2 πd R R − πd R 

2 
)

(C4) 

 � cos θ = 

∫ 2 π
0 d φ

∫ π/ 2 
0 d θ cos θ sin θ = π . (C6) 

e normalize the luminosity of the accretion disc using the scaling 
actor of Duras et al. ( 2020 ) to convert the bolometric luminosity of
he AGN to the monochromatic luminosity at the nominal frequency 
f the B band, i.e. νB L νB 

/L bol = 5 . 13 ± 0 . 10. 

2 Corona 

GN commonly feature a non-thermal spectrum of X-ray photons 
ith energies up to O(100 k eV ). The precise origin of this emission

s poorly understood but is typically associated with a hot ‘corona’ 
ocated abo v e the inner accretion disc (e.g. Haardt & Maraschi 1991 ,
993 ; Merloni, Fabian & Ross 2000 ). The corona reprocesses a
raction of the photons emitted by the accretion disc to higher 
nergies via inverse Compton scattering with a population of hot, 
igh-energy electrons. From this process, a power-law distribution 
f photon energies is expected. In addition, for a significant number 
f AGN a soft X-ray excess below 2 k eV has been observed
Gierlinski & Done 2004 ; Waddell et al. 2024 ), the origin of which
s uncertain but could be associated with a secondary warm corona, 
eflection of corona photons by the disc (Ross, Fabian & Young 1999 ;
oss & Fabian 2005 ; Done et al. 2012 ; Petrucci et al. 2018 , 2020 ;
allantyne et al. 2024 ), or absorption features (e.g. Gierlinski & 

one 2004 ). 
We use a model-independent approach and describe the hard X-ray 

hot) corona emission as a power-law distribution with exponential 
 We encounter a circular dependency since a deri v ation of the temperature 
equires knowledge of the luminosity of the disc which, in turn, requires prior 
nowledge of the temperature. We o v ercome this problem by assuming, for 
his particular calculation only, that L disc = 0 . 5 L bol . 
 The location of the outer edge of the disc is an ongoing matter of discussion. 
o we ver, the luminosity contribution of large radii, R > O(100 R S ), is 
egligible due to the low temperature of the disc at these distances. 

T  

L

e
 

a  

a  

w  

d  
utoff at high energies 

 corona ( ν) ∝ 

⎧ ⎨ 

⎩ 

(
E 

E break 

)−b 

E break ≤ E ≤ E crit , (
E 

E break 

)−b 

e −E/E crit E > E crit , 
(C7) 

ith b = 0 . 9 , E break = 1 k eV , and E crit = 500 k eV (Marconi et al.
004 ). F or a giv en AGN luminosity, we normalize the coronal
pectrum such that the integral in the 2–10 keV band equals the X-
ay luminosity, L 2 −10 k eV , of the AGN. Subsequently, we model the
oft X-ray regime by connecting the normalized disc and hot-corona 
pectra between 25 and 1 k eV with a power law. This provides an
pproximate description of the soft X-ray excess. 

3 Dust torus 

urrounding the inner disc/corona structure is a region containing 
arm dust that is heated by the emission of the accretion disc,
ith a temperature inversely correlated with the distance from the 

entral object. The distribution may be clumpy and extend close 
o the black hole (Nenkova et al. 2008 , 2009 ; Schartmann et al.
008 ; Mullaney et al. 2011 ); ho we ver, the inner edge is bounded by
he dust sublimation temperature ∼ 1500 K (Barvainis 1987 ). The 
istribution of this dust is not well understood; ho we ver, a torus-like
eometry is typically assumed in support of models for AGN unifi-
ation (Antonucci 1993 ). The radial extend of this torus is generally
nconstrained except for a few sources, but it can be large, resulting
n a non-trivial profile of the temperature and surface brightness as
 function of the distance from the central source (Kishimoto et al.
011 ; Burtscher et al. 2013 ). Ho we ver, the common picture of an
xtended dust torus has recently been challenged by high-resolution 
maging of NGC 1068 by GRAVITY/VLTI where a much thinner 
ing of hot dust was identified (GRAVITY Collaboration 2020 ). 

The characteristic distance of the inner boundary of the torus 
s given by the sublimation radius (Barvainis 1987 ; Ghisellini &
avecchio 2009 ; Nenkova et al. 2009 ) 

 IR = 2 . 5 × 10 18 

(
L disc 

10 45 erg s −1 

)1 / 2 

cm . (C8) 

or typical luminosities, this corresponds to a radius of 0 . 1 –10 pc .
he abo v e relation between disc luminosity and torus size represents
n approximation, and the true inner radius can deviate significantly 
rom this simple prescription due to a clumpy structure or other
nvironmental factors (Burtscher et al. 2013 ). 

We model the emission of the dust torus as a black-body spectrum
ith constant temperature. An upper limit on the temperature of the
ust is provided by the dust sublimation temperature of 1000 –2000 K
epending on the dust species (Baskin & Laor 2018 ); ho we ver,
bservations indicate that the true temperature can be significantly 
o wer, do wn to a few hundred Kelvin or less (e.g. Kishimoto et al.
011 ; Burtscher et al. 2013 ; Lopez-Rodriguez et al. 2018 ; Rosas et al.
022 ). We choose T IR = 200 K in our analysis as this corresponds
o the temperature where a pure black-body spectrum is in closest
greement with the parametric template of Mullaney et al. ( 2011 ).
he IR spectrum is normalized relative to the hard X-ray luminosity
 2 –10 k eV by using the appropriate luminosity scaling factor (Mullaney 
t al. 2011 ). 

To a v oid an angular dependence of the infrared photon field, we
ssume, by default, that all the dust is concentrated in a thin shell
t the radius R IR (as in Ghisellini & Tavecchio 2009 ). In addition,
e assume that the torus is uniformly illuminated by the accretion
isc, i.e. there is no angular dependence of the photon field due to
MNRAS 539, 2435–2462 (2025) 
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he disc not being spherically symmetric. If instead a torodial shape
s assumed, cosmic rays with larger polar angle will experience a
eaker photon field relative to those closer to the planar torus. A
ust distribution with a flat ring-like shape is studied in Appendix D .

PPENDIX  D :  G E O M E T RY  O F  T H E  DUST  

ISTR IBU TION  

y default, we have assumed a spherical dust distribution, with all
aterial concentrated in an infinitesimally thin shell at radius R IR ,

nd heated to a constant temperature of T IR = 200 K; see Section 2.2 ).
he exact shape of the dust ‘torus’ is not well understood. Recent
bservations indicate a complex, multicomponent dust geometry (see
.g. H ̈onig 2019 ). A thin (scale height h/r < 0 . 14), disc-like dust
istribution is favoured in the case of NGC 1068 by recent high-
esolution GRAVITY observations (GRAVITY Collaboration 2020 ).

Here we consider, as the opposite limit to our default spherical-
hell scenario, the case where the IR emission is produced by dust
ocated in a thin ring co-planar to the accretion disc, i.e. h/r → 0.

e assume that the luminosity of the dusty ring is described by the
ame scaling factor relative to the bolometric luminosity as before
Mullaney et al. 2011 ). 

For this dust configuration, the position of any point along the
ust ring is specified by the distance from the AGN, R IR , and the
zimuthal angle φ2 in the x − y plane. The distance of an arbitrary
oint p, expressed in terms of the distance R from the AGN, the
zimuthal angle φ, and the polar angle θ relative to the z-axis, is then
iven by 

 

2 = R 

2 + R 

2 
IR − 2 RR IR sin θ cos ( φ − φ2 ) , (D1) 

hich reduces to d 2 = R 

2 + R 

2 
IR for θ = 0 (on the z axis). Assuming

sotropic emission, the contribution to the photon energy density at
ny point p by a particular ring element at distance d( p, R IR , φ2 )
s U IR = L IR / (4 π d 2 c). Noting the symmetry of the problem, we
an redefine φ − φ2 = μ, and integrate the contribution of all ring
lements, as 

 IR = 

∫ −π

0 d μ
(

L IR 
4 πd 2 ( R IR ,μ) c 

)
(D2) 

= −2 tan −1 
[
tan 

(
μ

2 

)
a 
b 

]
1 
b 

∣∣∣∣
−π

μ= 0 

× L IR 
4 π c 

(D3) 

ith a = R 

2 + 2 RR IR sin θ + R 

2 
IR 

and b = 

√ 

R 

4 + 2 R 

2 R 

2 
IR cos (2 θ ) + R 

4 
IR . 

For small radii ( R � R IR ), the photon density in the ring model
atches the photon field of a homogeneously emitting shell. For
NRAS 539, 2435–2462 (2025) 

Figure D1. Same as Fig. 7 but with the infrared-emitting dust
arge radii ( R � R IR ) both scenarios converge to the 1 /R 

2 behaviour
xpected for point sources. Only when both radii are comparable
 R ∼ R IR ) can the geometry of the dust distribution have an appre-
iable impact on the expected photon density. Ho we ver, when the
adius of the dust ‘torus’ is significantly smaller than the radius of
he wind termination shock ( R sh � 2 R IR : ∼ 20 per cent of UFOs),
r when the forward shock is much closer to the AGN than the dust
torus’ ( R fs � 2 R IR : ∼ 6 per cent of UFOs) the expected difference
etween a shell-like and ring-like dust distribution is expected to be
egligible. 
Under the ring model, the photon density is reduced at small polar

ngles and increased at large polar angles near the accretion disc
lane compared to the shell model. For polar angles less than 45 deg,
he photon density predicted by the ring model is smaller compared to
he shell model at all radii (by up to 50 per cent at R IR for θ = 0 deg ),
hile for angles abo v e 60 de g densities are higher (up to a factor
f 2 at R IR for θ = 75 deg ) in the ring model. At θ = 90 deg , the
hoton density diverges as R approaches the radius of the dust ring,
 result of our assumption of infinitesimal thickness. In more realistic
cenarios, where d R IR > 0, the density would reach a constant value
nce the radius becomes comparable to R IR . 
As discussed in Section 3.2 , the O(0 . 1 G) magnetic field in the

hocked wind causes quasi-dif fusi ve motion, leading to long con-
nement times. Consequently, cosmic rays sample the downstream
e gion o v er various polar angles, re gardless of their initial injection
ngle (see Fig. 3 ). Even at higher energies, where the escape is quasi-
allistic, escape trajectories are in general not radial, and cosmic rays
till sample a range of polar angles. Furthermore, since cosmic-ray
uclei have a long path length, a moderate decrease in the IR field
uring their propagation does not alter the escaping flux significantly.
uring the acceleration stage, the cosmic rays also exhibit some
egree of motion. Ho we ver, because of their lower energies, they
re more confined and sample a smaller region compared to the
ubsequent escape stage. The strength of the IR field at acceleration
at R sh ) can therefore, in principle, differ from the average value by a
actor of a few depending on the polar angle. Assuming an isotropic
ind with an opening angle of 90 deg , approx. 13 per cent of cosmic

ays are accelerated at polar angles less than 30 deg , and therefore
ncounter a weaker IR photon field. 

Here, we investigate the maximum energy of cosmic rays injected
t θ = 0 deg when the dust is distributed according to the ring model.
he angular dependence of the dust ring photon field is treated
ccurately in CRPROPA during the escape phase. The maximum ac-
eleration energy is al w ays at least as large as for the shell model due
o the assumption of θ = 0. For nuclei, the maximum energy at accel-
 distributed in a thin ring co-planar to the accretion disc. 

r on 07 M
ay 2025
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Figure E1. Comparison of the analytical predictions for advection, diffusion, 
and free-streaming distance in the UFO environment and the typical distance 
particles propagate in the 3D simulation before escaping from the system 

(without interactions). The free-streaming escape distance is between R fs + 

R sh and R fs − R sh depending on the angle at which the particle was emitted 
at the wind termination shock. The analytical advection distance depends on 
how the radius-dependent velocity of the shocked wind is averaged. 
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ration is increased by, on average, approximately (5 ± 5) per cent 
ompared to the shell model (median: 2 − 3 per cent ); ho we ver, an
ncrease of up to ∼ 30 per cent is possible for individual UFOs. 
he largest increase is found for IRAS 11119 + 3257 for all cosmic-

ay species. For primary protons, the maximum energy remains 
argely unchanged (mean: + 1 per cent , median: + 0 per cent , max: 
 10 per cent ). The maximum energy after escape is, on average, 

arger by a few per cent for all nuclear species ( ∼ 20 per cent
or protons and helium); ho we ver , it remains in variant within the
ncertainty introduced by binning the escaping spectrum for between 
0 per cent (helium) and 80 per cent (iron) of investigated UFOs.
or a small subset of outflows ( ∼ 5 per cent for nuclei and ∼ 1 / 3
or protons) the maximum energy after escape is lower in the ring
odel. The distribution of maximum energies is shown in Fig. D1 .
ur conclusions about the viability of UFOs as the sources of ultra-
igh-energy protons and nuclei, derived for the fiducial dust-shell 
odel, remain unchanged qualitatively. 

PPEN D IX  E:  A NA LY T I C A L  ESCAPE  SPECTRA  

he suppression of the escaping cosmic-ray flux at R fs compared to 
he accelerated spectrum at R sh can be approximated with a simple 
emi-analytical approach by comparing the time-scales rele v ant for 
scape and interactions, analogous to Section 3 . We assume, for
implicity, that the photon fields are constant everywhere, with 
he density fixed to the value calculated at the radius of the wind
ermination shock. As cosmic rays spend the majority of their 
ime in the downstream, the predicted interaction rates represent a 
onserv ati ve upper limit. A more accurate result could be achieved by
aking ef fecti ve photon fields obtained from averaging the densities
 v er the entire UFO. Ho we ver, since we use the semi-analytical
pproach only to verify our numerical results, we adopt the constant 
hoton fields. 
The (ef fecti ve) photon fields can be used to deri v e the av erage

ner gy-dependent ener gy loss length/time of the cosmic rays in the
hocked wind due to photopion production, photodisintegration, and 
ethe–Heitler pair production, and thus the total energy loss time 

rom interactions as 

IA = 

(
1 

τAγ

+ 

1 

τdis 
+ 

1 

τBH 

)−1 

. (E1) 

he escape time-scale is unchanged from equation ( 6 ) since we
ssume a constant magnetic field in the downstream and the diffusion
ime is therefore independent of the distance from the centre, and 
adv and τfree are also constant. The characteristic escape time-scale 
erived with this semi-analytical approach is in good agreement 
ith the characteristic time-scales that are obtained from the 3D 

imulations with CRPROPA as shown in Fig. E1 . 
Our model is different from the typical ‘leaky-box’ approach, as 

.g. used in the UFA model (Unger et al. 2015 ), where the cosmic
ays are uniformly distributed and there is a non-zero probability of
scape at all times. In our model, cosmic rays are injected at R sh 

nd escape is only possible after they have propagated through the 
patially dependent photon fields, advection flow, and magnetic field 
o the forward shock at R fs . Furthermore, since we assume the same
if fusion coef ficient for all cosmic rays with a given energy, they all
scape the system at the same time given by the diffusion time-scale;
ee equation ( 4 ). The number of cosmic rays in the system changes
s a function of time as 

d N ( E) 

d t 
= 

{− N( E) 
t IA ( E) , t ≤ t esc ( E) 

0 , t > t esc ( E) . 
(E2) 
he integration of this expression gives the number of cosmic rays
t any point in time as 

( E, t) = N 0 ( E) exp 

(
− t 

τIA ( E) 

)
H[ τesc ( E) − t] , (E3) 

here H( . . . ) is the Heaviside function. This does not include the
otential production of secondary cosmic rays from the spallation of 
eavier primaries, i.e. interspecies migration. The number of cosmic 
ays that have successfully escaped the system after t → ∞ is 

 esc ( E) = N ( E, t esc ) = N 0 ( E) exp 

(
− τesc ( E) 

τIA ( E) 

)
. (E4) 

he flux suppression in our model is generally stronger than in the
eaky-box approach since the cosmic rays must al w ays cross the
ntire downstream before escaping, and there is no probability of 
scape after only a fraction of that distance/time. 

PPENDI X  F:  B E N C H M A R K  UFO  RESULTS  

O R  A L L  SPECIES  

igs F1 –F4 show the characteristic distances in the environment 
f the benchmark UFO for protons, helium, silicon, and iron, 
espectively. The maximum energy of nuclei is limited by photo- 
isintegration due to the infrared field of the dust torus whereas
rotons are limited by confinement to the shock. 

PPENDI X  G :  MASS  O U T F L OW  R AT E  

or a wind that is launched from the disc at an angle φ with respect
o the equatorial plane in an annular region with distance from the
entral object between R and R + �R, the mass outflow rate can be
xpressed as (Krongold et al. 2007 ) 

˙
 w = ρ

[
v w 

cos ( φ − δ) 

]
A ( R , �R ) , (G1) 
MNRAS 539, 2435–2462 (2025) 
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Figure F1. Same as Fig. 4 but for protons. 

Figure F2. Same as Fig. 4 but for helium. 

Figure F3. Same as Fig. 4 but for silicon. 
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Figure F4. Same as Fig. 4 but for iron. 
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here ρ = n H 

m p μ is the mass density of the wind (with μ =
 H 

/n e = 1 . 2 (Nardini et al. 2015 ; Gianolli et al. 2024 )), v w 
s the observed outflow velocity along the line of sight, δ is
he viewing angle relative to the plane of the disc, and A =[

( R + �R) 2 − R 

2 
]

cos 2 δ sin φ is the area of the disc annulus
here the wind is launched. The thickness of the wind is related

o the observed column density N H 

as �R = μN H 

/n e . Assuming
R/R � 1, the expression can be simplified to (Krongold et al.
NRAS 539, 2435–2462 (2025) 
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˙
 w ≈ πμm p v w N H 

Rf ( δ, φ) , (G2) 

here f ( δ, φ) collects all angular dependencies; with f = 1 . 5 for
= π/ 2 and δ = 30 ◦ – as assumed throughout this paper. The final

xpression is similar to the one proposed by Nardini et al. ( 2015 ),
hich replaces the angular factor with the solid angle co v ered by the
ind. We apply the relativistic correction factor � = (1 + β) / (1 −
) to the column density (Luminari et al. 2020 ). 
Due to a lack of spatial resolution, the launching radius of the

utflow is not observed directly. A lower limit is given by the radius
f gravitational escape as 

 min = 

(
c 

v w 

)2 

R S = 

2 GM BH 

v 2 w 

. (G3) 

 wind launched at a smaller radius has insufficient kinetic energy
o o v ercome the gravitational potential of the central compact object,
eading to an eventual fall-back and a failed wind. 

On the other hand, for a given hydrogen number density n H 

,
he width of the wind required to produce the observed column
ensity cannot be greater than the distance from the source, i.e.
 H 

= n H 

�R < n H 

R. Together with observations of the ionization
arameter, ξ = L ion /n H 

R 

2 , this allows to place an upper limit on
he launching radius (Gofford et al. 2015 ) 

 max = 

L ion 

ξN H 

. (G4) 

The difference between R min and R max can reach several orders of
agnitude and, due to the approximately linear correlation of Ṁ w 

ith the launching radius, can lead to large uncertainties of the wind
inematics. Large outflow rates of Ṁ w / Ṁ Edd � 1 are obtained for
ost UFOs in our sample when using R max . We therefore use the
inimal launching radius R min to derive conservative estimates of

he mass outflow rate of all UFOs in our study. 

PPENDI X  H :  LI MI TI NG  T H E  MASS  OUTFLOW
AT E  

o estimate the effect of the large mass outflow rates, we re-
nalyse all observed UFOs, imposing the constraint that the kinetic
uminosity of the wind cannot exceed the bolometric luminosity of
he AGN. For UFOs where this is the case (approximately 25 per cent
f the sample), we manually reduce the mass outflow rate until
 kin /L bol ≤ 1. The number of UFOs with maximum energy after
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Figure H1. Same as Fig. 9 but with the constraint that L wind /L bol ≤ 1. For primary protons (left) and iron nuclei (right). 
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scape of 10 18 eV or more is reduced from 23 to 16 for protons,
ut remains invariant for iron nuclei (six UFOs), see Fig. H1 . The
aximum energy of the remaining candidate sources is, ho we ver, 

educed. 
With the constrained mass outflow rate, the population of UFOs 

an still marginally supply the observed sub-ankle protons and 
omfortably the UHE iron; ho we ver, it is unable to explain the
bserved flux of UHE helium and nitrogen nuclei abo v e the ankle
Fig. H2 ). This is because, in our standard scenario, the expected
uclei flux at Earth was dominated by a limited number of CR-bright
ources with large L wind /L bol ratios in our fiducial model. The proton
ux expected from our UFO sample is dominated by NGC 1068,
hich shows only tentative evidence for an UFO (see Yamada et al.
024 ). Nevertheless, the predicted proton flux from the population of
FOs is reduced by no more than a factor of a few when this source

s omitted. 
MNRAS 539, 2435–2462 (2025) 
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M

Figure H2. Same as Fig. 12 but with the kinetic luminosity limited to at most the bolometric luminosity. 
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Table I1. List of investigated UFOs and their nominal parameters: (1) AGN name, (2) reference publication, (3) redshift, (4) 2 − 10 keV X-ray and bolometric 
luminosity of the AGN [erg s −1 ], (5) black hole mass [ M �], (6) mass outflow rate [g s −1 ], (7) terminal wind velocity [c], (8 and 9) maximum energy at 
acceleration and after escape for primary protons and iron, respectively, and energy of 10-fold escaping flux suppression where rele v ant (only for iron), all in 
[eV]. The references are S23: Matzeu et al. ( 2023 ), T10: Tombesi et al. ( 2010a ), C21: Chartas et al. ( 2021 ), XW: Yamada et al. ( 2024 ). Parameters for the first 
three samples were taken from the meta-analysis by Gianolli et al. ( 2024 ). The mass outflow rate was calculated for all UFOs based on the observables (see 
Appendix G ). An extended, electronic version of this table is available at Ehlert et al. ( 2025 ). 

Name Ref. z log ( L X | L bol ) log ( M BH ) log ( Ṁ w ) v out log E 

acc | esc 
max (p) log E 

acc | esc 
max ( Fe ) 

PG-1202 + 281 S23 0.165 44.40 | 45.73 8.61 26.43 0.108 18.0 | 16.8 18.8 | 16.2 
PG-0947 + 396 S23 0.205 44.21 | 45.50 8.68 26.07 0.305 18.4 | 17.4 19.2 | 16.4 
LBQS-1338 −0038 S23 0.237 44.52 | 45.87 7.77 24.80 0.152 17.6 | 16.4 18.6 | 15.6 
PG-1114 + 445 S23 0.144 43.98 | 45.24 8.59 26.45 0.071 17.9 | 18.0 18.8 | 16.4 | 16.6 
PG-0804 + 761 S23 0.100 44.45 | 45.78 8.31 26.16 0.130 18.0 | 16.8 18.8 | 16.0 
2MASX-J165315 + 2349 S23 0.103 43.79 | 45.04 6.98 24.71 0.110 17.6 | 16.4 18.7 | 15.6 
2MASX-J105144 + 3539 S23 0.159 43.69 | 44.93 8.40 24.94 0.237 18.1 | 18.0 18.9 | 16.4 
NGC-4151 T10 0.033 42.34 | 43.53 7.36 23.22 0.106 17.2 | 17.0 18.5 | 16.8 | 18.6 
IC-4329A T10 0.016 43.70 | 44.94 7.68 23.57 0.098 17.1 | 16.4 18.1 | 15.8 
NGC-4051 T10 0.002 41.65 | 42.84 5.89 22.58 0.128 17.1 | 17.0 18.5 | 18.4 | 18.8 
PG-1211 + 143 T10 0.081 43.70 | 44.94 7.61 24.38 0.151 17.7 | 16.8 18.7 | 16.0 
MCG-5-23-16 T10 0.009 43.10 | 44.31 7.45 24.01 0.116 17.5 | 17.2 18.6 | 16.2 
NGC-4507 T10 0.012 43.10 | 44.31 6.40 22.15 0.199 17.1 | 16.2 18.2 | < 15 . 5 
NGC-7582 T10 0.005 41.60 | 42.79 7.67 24.76 0.285 18.2 | 18.2 19.6 | 19.0 | 19.8 
Ark-120 T10 0.033 44.00 | 45.27 8.07 23.63 0.306 17.8 | 16.8 18.7 | 15.8 | 16.0 
Mrk-509 T10 0.034 43.97 | 45.23 8.04 24.33 0.182 17.7 | 16.6 18.7 | 16.0 
Mrk-79 T10 0.022 43.40 | 44.62 7.61 24.95 0.091 17.6 | 17.0 18.7 | 16.2 
Mrk-766 T10 0.013 42.73 | 43.93 6.14 22.89 0.085 16.9 | 16.4 18.1 | < 15 . 5 | 15.6 
Mrk-841 T10 0.036 43.50 | 44.72 8.52 24.94 0.034 17.0 | 16.8 18.1 | 16.4 | 16.6 
1H-0419-577 T10 0.104 44.30 | 45.61 8.60 25.95 0.076 17.7 | 16.8 18.6 | 16.0 | 16.2 
Mrk-290 T10 0.030 43.20 | 44.41 7.28 24.58 0.142 17.8 | 17.8 18.8 | 16.2 
Mrk-205 T10 0.071 43.80 | 45.05 8.40 25.57 0.100 17.8 | 17.2 18.7 | 16.4 
APM-08279 + 5255 C21 3.910 46.25 | 48.21 10.00 27.77 0.320 18.4 | 16.2 19.4 | < 15 . 5 
HS-1700 + 6416 C21 2.735 45.36 | 46.95 10.20 28.57 0.380 18.9 | 17.4 19.9 | 16.6 
MG-J0414 + 0534 C21 2.640 44.50 | 45.85 9.00 26.78 0.280 18.5 | 18.2 19.3 | 16.4 
SDSS-J1442 + 4055 C21 2.593 44.77 | 46.17 9.70 27.87 0.470 18.9 | 18.2 20.1 | 16.8 | 17.0 
SDSS-J1029 + 2623 C21 2.197 44.05 | 45.33 8.80 26.70 0.580 18.9 | 18.4 20.0 | 17.0 | 17.2 
SDSS-J1529 + 1038 C21 1.984 44.06 | 45.33 8.90 27.07 0.250 18.6 | 18.2 19.6 | 17.0 
PG-1115 + 080 C21 1.720 44.17 | 45.46 8.80 26.96 0.230 18.6 | 18.0 19.4 | 16.6 | 16.8 
Q-2237 + 0305 C21 1.695 44.14 | 45.42 9.10 27.26 0.180 18.5 | 17.8 19.4 | 16.8 | 17.0 
SDSS-J1353 + 1138 C21 1.627 44.72 | 46.11 9.40 27.43 0.340 18.7 | 17.8 19.6 | 16.6 
SDSS-J1128 + 2402 C21 1.608 44.34 | 45.65 8.70 26.74 0.560 18.9 | 18.2 19.8 | 16.6 
HS-0810 + 2554 C21 1.510 43.65 | 44.88 8.60 26.45 0.430 18.8 | 18.4 19.9 | 17.4 | 18.2 
SDSS-J0921 + 2854 C21 1.410 45.21 | 46.74 8.90 26.89 0.470 18.7 | 16.8 19.5 | 15.8 | 16.0 
1E-0754.6 + 3928 XW 0.096 43.70 | 44.94 8.02 24.89 0.231 18.1 | 17.4 18.8 | 16.2 | 16.4 
1ES-1927 + 654 XW 0.019 42.50 | 43.69 6.00 22.91 0.265 17.6 | 17.4 18.9 | 15.6 | 18.4 
1H-0707-495 XW 0.041 42.66 | 43.86 6.31 22.96 0.139 17.3 | 17.2 18.6 | 15.6 | 18.4 
1H-1934-063 XW 0.010 42.75 | 43.95 6.61 20.54 0.075 16.0 | 15.8 16.5 | 15.6 | 15.8 
2MASS-J1051 + 3539 XW 0.159 44.15 | 45.44 8.40 24.94 0.236 18.0 | 17.0 18.8 | 16.0 | 16.2 
2MASS-J1653 + 2349 XW 0.103 44.06 | 45.33 8.17 25.91 0.111 17.9 | 17.2 18.8 | 16.2 
3C-105 XW 0.089 44.30 | 45.61 8.59 24.66 0.226 17.9 | 16.8 18.7 | 15.8 | 16.0 
3C-111 XW 0.049 44.53 | 45.88 8.45 25.40 0.083 17.5 | 16.6 18.5 | 15.8 
3C-120 XW 0.033 43.98 | 45.24 7.74 23.73 0.101 17.1 | 16.2 18.0 | 15.6 | 15.8 
3C-390.3 XW 0.056 44.52 | 45.87 8.71 25.08 0.146 17.7 | 16.6 18.6 | 15.8 
3C-445 XW 0.056 44.25 | 45.55 7.89 25.58 0.034 17.1 | 16.2 18.0 | 15.8 
4C − + 74.26 XW 0.104 44.87 | 46.30 9.83 26.09 0.114 17.8 | 16.8 18.6 | 16.0 
Ark-564 XW 0.024 43.34 | 44.56 6.27 21.89 0.186 16.7 | 15.8 17.6 | < 15 . 5 
ESO-103-35 XW 0.013 43.36 | 44.58 7.37 23.49 0.057 16.9 | 16.4 17.8 | 15.8 | 16.0 
I-Zw −1 XW 0.061 43.65 | 44.88 6.97 23.70 0.264 17.8 | 16.4 18.9 | 15.6 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/539/3/2435/8087347 by D
ESY-Zentralbibliothek user on 07 M

ay 2025



2462 D. Ehlert, F. Oikonomou and E. Peretti 

MNRAS 539, 2435–2462 (2025) 

Table I1 – continued 

Name Ref. z log ( L X | L bol ) log ( M BH ) log ( Ṁ w ) v out log E 

acc | esc 
max (p) log E 

acc | esc 
max ( Fe ) 

IC-5063 XW 0.011 43.02 | 44.22 7.74 24.53 0.311 18.2 | 18.0 19.1 | 16.8 | 18.0 
IRAS-F00183 −7111 XW 0.327 44.32 | 45.63 8.66 26.49 0.179 18.3 | 17.2 19.0 | 16.4 
IRAS-00521 −7054 XW 0.069 43.40 | 44.62 7.70 23.84 0.401 18.1 | 18.0 18.9 | 16.2 
IRAS-04416 + 1215 XW 0.089 43.41 | 44.63 6.78 22.99 0.100 16.9 | 16.2 17.9 | < 15 . 5 | 15.6 
IRAS-05054 + 1718(W) XW 0.018 42.84 | 44.04 7.27 24.20 0.176 17.8 | 17.6 18.8 | 16.4 | 18.2 
IRAS-05189–2524 XW 0.043 43.40 | 44.62 7.40 24.81 0.111 17.7 | 17.2 18.7 | 16.0 | 16.2 
IRAS-11119 + 3257 XW 0.189 44.24 | 45.54 8.00 26.40 0.253 18.4 | 17.6 19.2 | 16.2 
IRAS-13224 −3809 XW 0.066 42.75 | 43.95 6.82 24.45 0.252 18.0 | 17.8 19.1 | 18.2 | 18.4 
IRAS-13349 + 2438 XW 0.108 43.87 | 45.12 8.62 26.67 0.182 18.4 | 18.4 19.3 | 16.8 | 17.0 
IRAS-17020 + 4544 XW 0.060 43.70 | 44.94 6.77 21.88 0.086 16.2 | 15.8 16.4 | < 15 . 5 
IRAS-18325 −5926 XW 0.020 43.37 | 44.59 7.76 24.06 0.181 17.7 | 17.4 18.7 | 16.2 
MCG-01-24-12 XW 0.020 43.24 | 44.45 7.66 24.79 0.098 17.6 | 17.6 18.7 | 16.2 | 16.4 
MCG-03-58-007 XW 0.032 43.75 | 44.99 8.00 25.70 0.193 18.2 | 18.2 19.0 | 16.4 
MR-2251-178 XW 0.063 44.58 | 45.94 8.19 23.64 0.136 17.0 | 16.2 17.6 | < 15 . 5 
Mrk-1044 XW 0.016 42.46 | 43.65 6.45 21.49 0.113 16.7 | 16.6 17.7 | 15.8 | 16.0 
Mrk-1048( = NGC-985) XW 0.043 43.78 | 45.02 7.33 24.59 0.038 16.9 | 16.4 17.8 | 15.6 | 15.8 
Mrk-231 XW 0.042 42.65 | 43.84 7.87 25.15 0.241 18.2 | 18.0 19.4 | 18.4 
Mrk-273 XW 0.038 43.07 | 44.27 8.35 26.35 0.265 18.6 | 18.6 19.8 | 18.4 
Mrk-279 XW 0.030 43.41 | 44.63 7.43 24.58 0.220 18.0 | 18.0 18.9 | 16.2 
Mrk-335 XW 0.025 43.21 | 44.42 7.23 24.18 0.121 17.5 | 17.4 18.7 | 16.0 
Mrk-590 XW 0.026 42.69 | 43.89 7.57 23.97 0.113 17.5 | 17.4 18.7 | 16.6 | 18.2 
NGC-1068 XW 0.004 43.04 | 44.24 7.23 24.74 0.277 18.2 | 18.0 19.1 | 16.4 | 18.2 
NGC-2992 XW 0.008 42.16 | 43.35 7.48 24.74 0.298 18.2 | 18.2 19.5 | 18.6 | 19.8 
NGC-5506 XW 0.006 43.08 | 44.29 7.24 24.21 0.247 18.0 | 18.0 18.9 | 16.2 | 16.4 
NGC-6240 XW 0.025 43.86 | 45.11 8.53 26.73 0.125 18.2 | 18.2 19.1 | 16.8 
PDS-456 XW 0.184 44.90 | 46.34 8.23 25.40 0.269 18.0 | 16.6 19.0 | 15.6 
PG-0844 + 349 XW 0.064 43.69 | 44.93 7.86 25.25 0.211 18.1 | 18.0 18.9 | 16.2 | 16.4 
PG-1126 − 041 XW 0.060 43.25 | 44.46 8.10 25.91 0.064 17.7 | 17.8 18.8 | 16.8 | 17.2 
PG-1402 + 261 XW 0.164 44.13 | 45.41 7.53 25.20 0.061 17.3 | 16.2 18.4 | 15.6 | 15.8 
PG-1448 + 273 XW 0.065 43.31 | 44.52 7.00 24.63 0.190 17.9 | 17.6 18.9 | 16.0 
PKS-1549-79 XW 0.152 44.72 | 46.11 8.43 25.29 0.354 18.2 | 16.8 19.1 | 15.8 
SWIFT-J2127.4 + 5654 XW 0.015 43.09 | 44.30 7.15 23.69 0.231 17.8 | 17.4 18.8 | 16.0 | 16.2 
Ton-28 XW 0.329 44.23 | 45.53 7.57 24.30 0.277 17.9 | 16.6 18.9 | 15.6 
Ton-S180 XW 0.062 43.65 | 44.88 7.06 21.71 0.196 16.7 | 16.0 17.4 | < 15 . 5 
WKK-4438 XW 0.016 42.74 | 43.94 6.30 23.09 0.319 17.8 | 17.8 19.0 | 15.8 
PID352 XW 1.600 45.43 | 47.04 8.70 25.94 0.139 17.5 | 16.2 18.5 | < 15 . 5 
SDSS-J0904 + 1512 XW 1.826 44.23 | 45.53 9.30 26.64 0.259 18.5 | 18.2 19.3 | 16.8 
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