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a b s t r a c t 

Fanaroff-Riley (FR) 0 radio galaxies compose a new class of radio galaxies, which are usually weaker but 

much more numerous than the well-established class of FR 1 and FR 2 galaxies. The latter classes have 

been proposed as sources of the ultra-high-energy cosmic rays (UHECRs) with energies reaching up to 

∼10 20 eV. Based on this conjecture, the possibility of UHECR acceleration and survival in an FR 0 source 

environment is examined in this work. 

In doing so, an average spectral energy distribution (SED) based on data from the FR 0 catalog (FR0 CAT ) is 

compiled. The resulting photon fields are used as targets for UHECRs, which suffer from electromagnetic 

pair production, photo-disintegration, photo-meson production losses, and synchrotron radiation. Multi- 

ple mechanisms are discussed to assess the UHECR acceleration probability, including Fermi-I order and 

gradual shear accelerations, and particle escape from the source region. 

This work shows that in a hybrid scenario, combining Fermi and shear accelerations, FR 0 galaxies can 

contribute to the observed UHECR flux, as long as �j � 1 . 6 , where shear acceleration starts to dominate 

over escape. Even in less optimistic scenarios, FR 0s can be expected to contribute to the cosmic-ray flux 

between the knee and the ankle. Our results are relatively robust with respect to the realized magnetic 

turbulence model and the speed of the accelerating shocks. 

© 2021 The Authors. Published by Elsevier B.V. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

The idea of radio galaxies (RGs) contributing to the overall flux 

f ultra-high-energy cosmic rays (UHECRs), as measured on Earth, 

s several decades old and has been revisited many times in the 

ast (e.g., [1–5] ). Indeed, radio galaxies are among those source 

opulations that are considered capable of accelerating charged 

uclei to energies up to ∼10 20 eV, and hence, they fulfill the fa- 

ous Hillas criterion [6] as well as energetics criteria [7,8] — as do 

heir beamed counterparts, blazars. In this latter case, a few pow- 

rful sources are considered as the origin of detected UHECRs, and 
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 correspondingly anisotropic cosmic ray (CR) arrival distribution 

s expected (e.g., [9] ). Indeed, recently the Pierre Auger Observatory 

PAO) collaboration reported a ∼5 σ dipole signal above 8 EeV [10] . 

Another search strategy for UHECR sources considers instead 

 sufficiently numerous class of (comparatively) low-luminosity 

ources more isotropically distributed in the nearby universe, such 

s starburst galaxies (see, e.g., [11,12] ) or radio galaxies. The cru- 

ial influence of diffuse CR transport in the intergalactic magnetic 

eld on the expected arrival distribution has been examined, e.g., 

n [5,13,14] . Studies of either scenario have typically focused on 

R transport between the source distribution and Earth, thereby 

roviding constraints on the required spectra and composition of 

HECRs that have escaped the sources (e.g., [15,16] ). Only a few 

rovide a study of acceleration and energy losses of CRs in the pu- 

ative CR source environments (e.g., [17,18] ), which is required to 

nswer questions regarding the energization and survival probabil- 

ty of charged particles in a particular source class. 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Radio galaxies belong to the radio-loud jetted class of Ac- 

ive Galactic Nuclei (AGN) and have been historically divided into 

anaroff-Riley (FR) 1 and FR 2 radio galaxies depending on their 

orphology in the radio band [19] . While FR 2s display prominent 

ot spots at the end of their powerful radio lobes and bright outer 

dges, FR 1 jets are more diffuse and weaker. Low power FR 1-type 

ets are usually linked with radiatively inefficient accretion flows, 

hile radiatively efficient accreting objects produce FR 2-type jets. 

Thanks to the ever-increasing sensitivity of large-area radio 

nd optical surveys, a new population of very weak radio galax- 

es emerged by cross-matching the SDSS with the NVSS sam- 

le [20] and has been named FR 0 RGs [21] . 

So far FR 0s have never been proposed as contributing to the 

bserved UHECR flux 1 Their core radio properties turned out to be 

imilar to typical FR 1 sources (see, e.g., [23–27] for radio prop- 

rties of FR 1/2), as well as their optical classification as low- 

xcitation RGs (LERGs); however, their extended radio emission 

hows a pronounced deficit (by a factor on the order of 100) of 

adio power (e.g., Baldi and Capetti [20] ). Indeed, in FIRST and 

LA radio images, they appear rather compact down to a scale 

f ≤ 1 kpc [28] ; only on the pc-scale VLBI images could radio 

ets be resolved in most cases [29] , and Doppler boostings in 

he range 1.7 to 6 were inferred. Their Eddington-ratios, L bol /L edd , 

f ∼10 −3 
. . . 10 −5 indicate radiatively very inefficient accretion tak- 

ng place in FR 0s, compared to FR 1/2 (see, [27,30] ). Their spectral

nformation in the X-ray band suggests a circum-nuclear environ- 

ent depleted of a dusty torus [31] . Their host galaxies are clas- 

ified as (slightly less) massive ellipticals ( � 10 8 · · · 10 9 M �), i.e., 

ontain a rather old stellar population with a higher than solar 

etallicity. 

FR 0s seem to prefer a lower galaxy density environment than 

hat of FR 1s [32] . Additionally, their intrinsic space density is 

bout a factor of ∼5 times higher than that of FR 1s in the local

niverse, n FR 0 ∼ 5 n FR 1 [20,33] , which seems to feed into the ex- 

ectations of the cosmic down-sizing scenario (e.g., [34] ). 

A sample of FR 0 RGs (“FR0 CAT ”), limited to a small frac- 

ion of the sky, has been published in [35] , which is used in the

resent study. 2 The population of FR 0s qualifies as a contributor 

o the observed UHECR flux from an energetics perspective. The 

equired per source CR-power of U obs , UHECR /n FR 0 ∼ 10 40 . 5 erg s −1 

with U obs , UHECR being the measured energy density of the UHECRs 

t Earth; see, e.g., [37] ) lies well below their typically available jet 

ower of ∼10 42 ... 43 . 5 erg s −1 (as estimated from their radio power 

ollowing [30] ). Hence, FR 0s seem sufficiently numerous within 

he cosmic-ray horizon to account for an appreciable part of the 

bserved UHECR flux measured on Earth. 

In this work, we scrutinize this class of RGs as a contributor 

o the observed UHECR flux with a particular focus on their envi- 

onment. For this purpose, we first ( Section 2 ) study various ac- 

eleration mechanisms for CR nuclei — Fermi-I/II, gradual shear, 

nd relativistic blast wave acceleration — in tandem with all rel- 

vant particle losses in the radiative environment of AGN jets —

ethe-Heitler pair production, photo-disintegration, photo-meson 

roduction synchrotron losses, and diffusive particle escape. This 

s then applied to the average radiative environments of FR 0 RGs 

n Section 3 . Here, we assess the potential of these sources to ac- 

elerate nuclei to the highest energies observed so far; while at the 

ame time surviving intact in this environment. We conclude this 

ork by summarizing our results in Section 4 . 
1 FR 0 Tol 1326-379 had previously been proposed as a neutrino emitter [18] due 

o its possible association with a Fermi-LAT source, which implies the presence of 

Rs. However, a recent refined LAT-analysis [22] now questions this association, and 

ence this scenario. 
2 The sample is probably not complete at low radio fluxes (see, e.g., [36] ). How- 

ver, this does not influence the prerequisites of this work as long as the missing 

ources’ SEDs are not significantly different from the observed ones. 

τ

w

t

o

g

t

2 
. Particle energy losses and gains in jets 

To assess whether a class of astrophysical objects can be consid- 

red a cosmic-ray accelerator — the total energetics (as discussed 

n Section 1 ) and the source environment must be evaluated. Mod- 

ls of the relevant processes that influence the maximal accelera- 

ion capability of a source are summarized here. These processes 

an be divided into three different competing groups: (1) Parti- 

le acceleration, (2) Energy losses of CRs, and (3) Particle transport 

ut of the region of interest. Whichever process happens on the 

hortest time scale will dominate the cosmic-rays’ energy gains or 

osses. Comparing the three associated time scales ( τacc , τloss , τesc ) 

ill allow the assessment of the maximum energies that can be 

eached in the sources. Accordingly, the first part of Section 2 deals 

ith established particle acceleration models for jetted AGN. In the 

econd part, the loss time scales are discussed, where the focus is 

n losses due to electromagnetic pair production (Bethe-Heitler), 

hoto-disintegration, and photo-meson production. Finally, a pa- 

ameter scan of the loss length is provided for reasonable target 

eld energies, ε, and nuclei energies, E N . The corresponding look- 

p plots will allow quick evaluation of approximate values for the 

cceleration chances by comparison with the derived acceleration 

ime scales. 

In this paper, we refrain from detailed modeling of cosmic-ray 

nergy spectra and secondary spectral energy distributions (SEDs) 

n the source region but rather attempt to answer whether FR 0 

an potentially reach the required energies to contribute to the 

HECR flux. 

.1. Acceleration time scales 

In this section, we will briefly discuss possible acceleration sce- 

arios for the core region of FR 0 radio galaxies. We focus on the 

ime scales and refer interested readers to the original publica- 

ions for the proposed acceleration mechanisms’ technical details. 

n general, the acceleration time scale is given by 

acc ( E ) = η( E ) 
λ( E ) 

c 
, (1) 

here η ≥ 1 is a model-dependent scaling factor, and λ is the 

cattering length. In general, this scaling factor’s dependencies can 

omplex, e.g., the scattering center speed (see Section 2.1.2 ) or the 

hock, which is neglected in this work. The shortest acceleration 

ime scale is given by η = 1 and λ = r Larmor (see, e.g., [38] ). 

.1.1. Fermi 2nd order 

More than 70 years ago, Fermi proposed a model for cosmic 

ay acceleration in turbulent magnetized clouds [39] . The stochas- 

ic nature of this process allows for energy gains and losses due 

o the randomly moving scattering centers. This fact makes the 

econd-order process relatively slow. On the other hand, it is eas- 

ly realized since no large-scale shock structure is needed, only a 

urbulent magnetic field. 

Second-order Fermi acceleration can be described by a 

orresponding (momentum diffusion) transport equation (see, 

.g., Rieger et al. [40] ). From this equation, the acceleration time 

cale can be derived to be 

acc = p 3 
(

∂ 

∂ p 

(
p 2 κp 

))−1 

, (2) 

here the momentum diffusion coefficient is given by κp , and p is 

he absolute value of the momentum. This time scale now depends 

n the specific diffusion model that is applicable in the source re- 

ion. 

In the turbulent cascading regime, where a power law describes 

he power spectrum, the following relation between the spatial 
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nd momentum diffusion coefficient holds (see, e.g., Drury and 

trong [41] , Sigl [42] ): 

p κx ∝ 

v 2 A p 
2 

α( 4 − α) 
(
4 − α2 

) , (3) 

here the Alfvén speed is v A = B/ 
√ 

4 π ρ, with ρ being the 

lasma density, and B the magnetic field strength, while α is 

he power-law index of the spatial diffusion coefficient D x (p) ∝ 

p α . The relevant time scale can then be calculated by insert- 

ng Eq. (3) into Eq. (2) and assuming a proportionality constant 

f 4/3 [42] , which yields: 

acc = 

3 α
(
4 − α2 

)
4 

1 

v 2 
A 

κx ( p ) . (4) 

.1.2. Fermi 1st order 

The concept of Fermi acceleration was later extended to include 

 more efficient acceleration mechanism, which can be seen as the 

redecessor of diffusive shock acceleration [43] , and is often the 

referred acceleration model. An updated description of diffusive 

hock acceleration can be found, e.g., in [44] . 

The first-order Fermi acceleration time-scale is determined by 

he conditions on both sides of the shock. When the shock is ex- 

anding with velocity u s in the laboratory frame, the time scale is 

iven by (see, e.g., [45,46] ): 

acc ( p ) = 

3 

u 1 − u 2 

∫ p 

0 

d p ′ 
p ′ 

( 

κ1 

(
p ′ 

)
u 1 

+ 

κ2 

(
p ′ 

)
u 2 

) 

. (5) 

ere, u 1 = −u s and u 1 = s u 2 are the upstream and downstream ve-

ocity components parallel to the shock normal measured in the 

hock frame, respectively, and s is the compression ratio. The spa- 

ial diffusion coefficients describing the transport on either side of 

he shock are denoted with κi . 

Given that the FR 0 source class environment is not well known, 

e choose to consider the most optimistic scenario. This includes 

he assumptions of a strong non-relativistic shock with s = 4 and 

ohm diffusion, which lead to the shortest acceleration time scales. 

his ansatz then yields: 

Fermi −Bohm 

= 

20 

3 

E 

u 

2 
s q B 

≈ 7 . 4 × 10 

7 Z −1 
(

E 

EeV 

)(
B 

G 

)−1 ( u s 

0 . 1 c 

)−2 

s , (6) 

here q = Ze is the particle charge, and Z is the charge number. 

ere, the ultra-relativistic approximation for particle speeds ( γN 	
 , v ≈ c) is applied throughout this paper, which implies E ≈ pc . 

Comparing the time scales of first- and second-order Fermi ac- 

eleration, it becomes clear that the Fermi-II process is slower by 

pproximately a factor of ∼ (v A /u s ) 
2 

since the Alfvén speed is usu- 

lly much lower than typical shock speeds. 

In general, the acceleration efficiency can hence be expressed 

y ηFermi −I = 20 / (3 α) β−2 
s , where α is the diffusion coefficient 

ower law index and βs = u s /c. 

.1.3. Gradual shear acceleration 

Gradual shear acceleration can be interpreted as a stochastic ac- 

eleration with scattering centers moving in an ordered direction. 

herefore, the acceleration time scale can be calculated based on 

q. (2) , when the corresponding effective diffusion coefficient is 

nown. In Rieger and Duffy [47] , this is quantified for flows with a

ylindrical profile as 

p, shear = 

1 

15 

(
∂u z 

∂r 

)2 

τ0 p 
2+ α, (7) 
t

3 
hich yields an acceleration time scale 

acc ( p, r ) = 

1 

4 + α

1 ˜ �τ0 p α
with 

˜ � = 

1 

15 

(
∂u z ( r ) 

∂r 

)2 

�4 
j . (8) 

ere, ∂ u z /∂ r is the gradient of the flow profile, τ0 is the energy-

ndependent scattering time, and �j is the jet’s Lorentz factor. The 

cattering time is related to the mean free path λ of the transport 

ia λ = τ0 p 
α c. This time scale corresponds to an acceleration ef- 

ciency of ηshear = (c/λ) 2 / ( ̃  �(4 + α)) . More details, and the fully 

elativistic derivation, including other flow profiles, can be found 

n [48] . Rieger and Duffy [48] assume that the particle’s Larmor- 

adius is smaller than the width of the shear layer r Larmor < �r, 

ntroducing an upper limit on the applicable energy range. When 

he gyroradius of the CR is larger, the shear layer can be approx- 

mated by a discontinuity; numerical results for the acceleration 

ate, in that case, can be found, e.g., in [49] . 

Assuming a linear flow profile ( ∂ u z /∂ r = �u/ �r), where u z is

he flow speed along the jet axis, and Bohm diffusion for the scat- 

ering time, Eq. (8) becomes 

Bohm 

acc = 

3 ( �r ) 
2 c 

�4 
j ( �u ) 

2 r g 
= 3 

1 

�4 
j 

(
�r 

�u 

)2 
B q c 2 

E 
. (9) 

ne interesting fact to notice is the energy dependency of shear 

cceleration: The acceleration time scale decreases with increasing 

R energy — the inverse of Fermi-type acceleration. This change in 

nergy dependence behavior opens the possibility that the dom- 

nant acceleration mechanism changes with energy if the envi- 

onment allows. Depending on the exact jet properties ( �u, �r, 

nd �j ), this could lead to unphysically fast acceleration, corre- 

ponding to η(E) < 1 at high energies. Therefore, this description 

f gradual shear acceleration can only be applied up to a max- 

mum energy E shear 
max , making sure that r Larmor (E shear 

max ) < �r, and 

(E shear 
max ) > 1 . Comparing results from Rieger and Duffy [48] to 

49,50] suggests a transition of the acceleration time-scale energy- 

ependence, from ∝ E −1 to ∝ E +1 , around r Larmor ≈ �r. Since the 

cceleration process in the transition is poorly known, we will ap- 

ly the most optimistic scenario there: η = 1 for energies above 

he threshold E > E shear 
max . As shown in Section 3.1 , larger values for

≈ 10 , as estimated in [50] , would not significantly change the re- 

ulting maximum energy. 

In the following calculations it will be assumed that the central 

et speed is given by u z (r = 0) = c 

√ 

1 − �−2 
j 

and vanishes at the

dge of the jet, u z (r = �r) = 0 . 

.1.4. Relativistic blast wave 

The relativistic blast wave scenario [51] , similar to the Espresso 

hot acceleration [52,53] , differs from the other scenarios as it in- 

orporates a drastic change of the energy gain per encounter over 

ime. While the CRs’ first crossing of the ultra-relativistic shock 

ront can give an energy boost on the order of �2 
b 

( �b is the 

orentz factor of the blast wave), all other crossings will give only 

n increase of a factor ∼2. 

The downstream residence time t d approximately gives the 

ime needed for the first boosting. In all subsequent cycles, the 

ime scale is given by the sum of the up- and downstream res- 

dence time, which is mainly dominated by the upstream time 

cale t u [51] : 

 d ≈
pv A 

qc �b B 

, t u ≈ p 

q �b B 

max 

(
1 , 

r g 

�b l c 

)
. (10) 

ere, l c is the correlation length of the turbulent magnetic field, 

nd r g is the gyro-radius. 

Therefore, this acceleration scenario is especially interesting 

hen an already pre-accelerated particle distribution is available at 

he source site. This population can then be significantly boosted in 
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(

nergy on a very short time scale. However, it is not much more 

fficient as a sole acceleration mechanism than ordinary Fermi-I- 

ype acceleration. Furthermore, the boosting factors are relatively 

ow for FR 0 jets. Therefore, this mechanism is not further investi- 

ated in this work. 

.2. Loss time scales 

In this section, the principle loss processes relevant to the 

ource region are discussed. Since abundant literature already ex- 

sts on this topic (see, e.g., [54,55] in application to AGN models 

r [56–58] for a general description), we refrain from detailed dis- 

ussions and only present the necessary information to reproduce 

ur results. 

The most relevant loss processes in the radiatively dominated 

ource region are: (1) Electromagnetic Bethe-Heitler pair produc- 

ion, (2) Photo-disintegration of the primary nucleus, (3) Photo- 

eson production, and (4) Synchrotron losses when the magnetic 

eld is relatively high ( ∼1 G ). In this section, the losses are dis-

ussed for mono-energetic target fields to estimate the resulting 

ime scales independently of the target photon field shape. In 

ection 3 , the loss time scales are evaluated for a concrete target 

hoton field based on the average SEDs of FR 0 radio galaxies. 

The energy loss length for photo-meson produc- 

ion ( Section 2.2.2 ) and photo-disintegration ( Section 2.2.1 ) is 

alculated based on the interaction rate τ−1 
N γ , weighted with the 

ean energy loss per interaction. For Bethe-Heitler pair pro- 

uction [59] and synchrotron losses, a direct (semi-) analytical 

escription is possible and given in Section 2.2.3 and Section 2.2.4 , 

espectively. 

In general, the interaction rate for particle-photon processes is 

escribed by 

−1 
N γ = c 

∫ 
d�

∫ 
d εn γ

(
ε, �γ

)
( 1 − βN cos ( θ ) ) σN γ ( s ) . (11) 

ere, 
√ 

s is the center-of-mass energy for the interaction be- 

ween a photon with energy ε and a nucleus with mass m N 

nd energy E: s = m 

2 
N 

c 4 + 2 εE(1 − βN cos (θ )) = m 

2 
N 

c 4 + 2 m N c 
2 εr ,

here εr is the photon energy in the nucleus rest frame. The in- 

eraction angle is denoted with θ, and βN = v N /c is the normalized 

ucleus velocity. Quantities observed in the rest frame of the nu- 

leus are denoted with a subscripted ’ r ’. 

Assuming an isotropic 3 photon distribution n γ (ε, �γ ) = 

 γ (ε) / 4 π allows integration over the azimuthal component, 

hich results in 

−1 
N γ = 

c 

2 γ 2 
N 

βN 

∫ ∞ 

0 

d ε
n γ ( ε) 

ε2 

∫ 
εr , thr 

d εr εr σN γ ( εr ) , (12) 

here εr , thr is the process threshold, which will be discussed in 

he following sections. For a monoenergetic photon field, n γ (ε) = 

 0 δ(ε − ε0 ) , one gets 

−1 
Nγ = 

cn 0 

2 βN 

1 

γ 2 
N 

ε2 
0 

∫ γN ε0 ( 1+ βN ) 

εr , thr 

d εr εr σN γ ( εr ) . (13) 

The energy loss length for photo-disintegration and photo-pion 

roduction is calculated as: 

 loss ( E ) = τN ,γ c 
E 

〈 �E 〉 , (14) 

here the interaction rate τ−1 is defined according to Eq. (12) , and 

 �E 〉 is the mean energy loss per interaction. For Bethe-Heitler 

air production, only Eq. (16) is used. 
3 The anisotropy introduced by boosting can shift the threshold energy εr , thr 

ut does not change the results at high εr , thr , e.g., in the multi-pion production 

egime (see Reimer et al. 2020 in prep.). Since our results, especially at the max- 

mum energies, are not dominated by the thresholds’ processes, we neglect the 

nisotropy’s influence. 

u

m

a

4 
.2.1. Photo-disintegration 

In this work, we refer to the photo-disintegration regime when 

he target photon’s nucleus rest-frame energy is in the range 

f 10 −2 ≤ εr / GeV ≤ 0 . 14 , where the upper boundary is approxi- 

ately the pion production threshold. The left plot in Fig. 1 shows 

he total cross-sections used for the four relevant tracer elements 4 , 

elium, nitrogen, silicon, and iron. 

The cross-sections are taken from tabulated values, as pub- 

ished in the CRPropa data repository 5 . The elements with A > 12 

re based on the TALYS 1.8 Monte-Carlo simulations of the photo- 

adronic cross-section [61] . The cross-section for lower mass num- 

ers A ≤ 12 are taken from various references, including [62–65] . 6 

he energy loss length is calculated as a weighted average over all 

ossible disintegration channels 

 

�E 〉 ( E ) = 

∑ 

i 

b i ( E ) �E i ( E ) . (15) 

ere, b i is the branching ratio, which is the normalized exclusive 

nteraction rate of the specific process: b i = τi (E) / 
∑ 

j τ j (E) . The 

elative energy loss is proportional to the mass ratio of the frag- 

ent(s) and primary particle �E/E = m sec /m N , where �E is the 

nergy loss and m sec is the mass of the fragment(s). As an exam- 

le, we show the exclusive cross-sections for iron in the right plot 

f Fig. 1 . 

.2.2. Photo-meson production 

For interaction energies above εr , thr ≈ 140 MeV photo-meson 

roduction sets in. The cross-section, see Fig. 2 , is first dominated 

y several hadronic resonances before multi-pion-production dom- 

nates at higher center-of-mass energies. The neutron cross-section 

eviates from that of protons, mainly in the secondary resonance 

egion. In this work, the cross-section for more massive particles 

s approximated using the superposition model: σN = A 

α(N p σp γ + 

 n σn γ ) . The variable A 

α describes a shielding factor, determining 

hich portion of the nucleons are shielded and not available for 

nteractions. The exponent α can vary from unity to 2 / 3 , depend- 

ng on the mass number A of the nucleus. 

In this simple superposition model, exactly one nucleon takes 

art in the interaction, making the energy loss calculation a sim- 

le scaling with the mass number: �E = E/A . The energy loss 

or protons and neutrons is approximated as occurring in the �- 

esonance regime, leading to a decrease by a factor of �E p/n = 

(1 − m p/n /m �) ≈ 0 . 24 E. 

.2.3. Bethe-Heitler pair production 

The calculation of the electron-positron pair production loss 

ength is based on the semi-analytical approach described 

n Chodorowski et al. [69] . The assumptions made there — γN 	 1 

nd εr 	 m e c 
2 — are usually very well justified for UHECR. Assum- 

ng isotropy of the target field, the energy loss is then described 

y: 

d γN 

d t 
= αS r 

2 
0 c Z 

2 m e 

m N 

∫ ∞ 

2 

d κ n γ

(
κ

2 γN 

)
φ( κ) 

κ2 
. (16) 

ere, αS ≈ 1 / 137 is Sommerfeld’s fine-structure constant, r 0 is the 

lassical electron radius, and Z is the nucleus charge number. The 

uclear rest frame photon energy is parameterized in units of the 

lectron momentum as κ = 2 γN ε/ (m e c) . The function φ(κ) is a 

emi-analytical description of the cross-section integral (see Eq. 

3.12) of the original paper [69] ). 
4 The tracer elements — protons, helium, nitrogen, silicon, and iron — are usually 

sed to model the cosmic-ray chemical composition since they approximate their 

ass group’s interactions sufficiently (see, e.g., [60] and references therein for this 

pproach). 
5 https://github.com/CRPropa/CRPropa3-data 
6 See [66,67] , for an explanation and the data repository for the exact listings. 
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Fig. 1. The left figure shows the total photo-disintegration cross-sections σtot for the tracer elements — the maximum increases and shifts to lower photon energies εr for 

increasing masses of the nuclei. The right figure shows the exclusive cross-section for iron. The legend gives the spallation products. 

Fig. 2. The photo-pion production cross-section for protons, neutrons, and iron 

is shown. In this work, we used a simple superposition model to construct the 

cross-section of heavier elements. The cross-section data comes from the CR- 

Propa [68] implementation of the SOPHIA code [56] . 
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7 For a Bohm turbulence spectrum advection might dominate the escape pro- 

cess at energies � 0.1 EeV. However, at these energies Fermi-I acceleration is much 

faster than any escape process, leaving only a diffusion dominated escape scenario 

at relevant energies. 
.2.4. Synchrotron radiation 

The average energy loss of an isotropic nuclei ensemble due to 

ynchrotron radiation can be written as: 〈
d E 

d t 

〉
= 

4 

3 

σT c u mag 

(v 
c 

)2 

γ 2 
(

m e 

m N 

)2 

Z 4 . (17) 

ere, σT is the Thomson cross-section, and u mag is the magnetic 

nergy density. Furthermore, v is the nucleus speed, γ its Lorentz 

actor, Z the charge number, m e is the electron mass, and m N the 

ucleus mass. 

.2.5. Combined loss length 

The total energy loss length is the combination of all four pro- 

esses given by L −1 
loss , tot 

= 

∑ 

i L 
−1 
loss ,i 

. Fig. 3 shows the individual loss 

engths for the four loss processes and the total loss length de- 

ending on the nucleus energy E N for iron; all other elements can 

e found in Fig. A.9 . Here, an exemplary mono-energetic target 

hoton field with an energy of ε0 = 1 meV and a number den- 

ity of n 0 = 400 cm 

−3 , close to the CMB monochromatic approx- 

mation, was chosen. The magnetic field strength ( B = 4 μG ) was

hosen such that equipartition between the magnetic and the tar- 

et photon field energies is reached. Depending on the nucleus en- 

rgy, different processes dominate, with photo-disintegration lead- 

ng to the highest losses at a given energy above its threshold. The 
5 
osition of the minimum changes, of course, with changing energy 

f the target photon field. 

As an initial step, a parameter scan for reasonable target field 

nergies was performed in the range 10 −3 ≤ ε0 / eV ≤ 10 2 . These 

cans are shown in Figs. 4 and A.10 for a monochromatic target 

eld number density of n 0 = 1 cm 

−3 as an example. Note, that 

ynchrotron radiation has not been included in these plots. How- 

ver, the simple inverse scaling with energy for any given nucleus 

llows adding this loss to the combined loss rate of the other pro- 

esses. 

The gradient is found along the major diagonal, which corre- 

ponds to an increasing nuclear rest frame photon energy εr . 

The target field energies in the optical regime ( ∼eV) have the 

argest influence on nuclei with energies around the ankle ( ∼10 18 

V). For higher nuclei energies, the most important target field en- 

rgies are in the range of the CMB. Furthermore, at least for a 

onochromatic target field, only a relatively narrow range in nu- 

lei energies will suffer from the highest losses. A broader target 

hoton field, such as the SEDs discussed in Section 3 , will smooth 

he relatively peaked loss rate. 

.3. Escape time scale 

Cosmic-ray escape from the acceleration region is not yet com- 

letely understood. Ideally, a transport equation (including advec- 

ion, streaming, and diffusion) should be solved — though this 

s beyond this paper’s scope. With a velocity profile along the 

et axis, perpendicular escape is only possible by diffusion ( τ⊥ = 

 

2 / (2 κ) ). In the parallel direction, escape could be dominated by 

dvection ( τ‖ = L/u ). 

However, for the modeled jet structures (see Section 3 ), perpen- 

icular diffusive escape is the more relevant loss process, when the 

et is longer than L � 10 pc. 7 Additionally, at the highest energies, 

here gradual shear acceleration dominates the energy gains (see 

ection 3.2 ), perpendicular diffusion is the most likely escape pro- 

ess (see, e.g., [70,71] ). Therefore, we focus here only on diffusive 

scape with a time scale of 

esc = 

R 

2 

2 κ
, (18) 

here R is the size of the acceleration region, and κ is the dif- 

usion coefficient. Assuming again Bohm diffusion, which gives a 
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Fig. 3. Combined losses for the tracer elements are shown. The blue dotted line (BH) indicates Bethe-Heitler pair production, which is combined with photo- 

disintegration (PDI, orange-dashed), photo-pion-production (PPP, green-dash-dotted), and synchrotron radiation (synch., red-dash-dot-dotted) to give the total loss length 

scale L loss (violet-solid). 

Fig. 4. The combined loss length for iron (see Fig. A.10 for the other tracer elements) is shown. The loss length is color-coded, where bright yellow corresponds to large and 

dark blue to short loss lengths. The nuclear rest frame photon energy, εr , increases along the main diagonal. Note that the results have to be scaled to the concrete total 

target field density n 0 . 

l

τ
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e
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e
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c

τ

ower limit on the escape time scale, Eq. (18) yields 

Bohm 

esc = 

3 

2 

R 

2 Bq 

E 
. (19) 

.4. Maximum energy 

The maximum energy for any multiplicative acceleration pro- 

ess is given by the Hillas criterion, which yields for the maximum 

nergy: 

 

Hillas 
max = q B R βc ≈ 10 

21 Zβ
(

B 

G 

)(
R 

pc 

)
eV . (20) 

ere, R is the size and B the magnetic field strength of the accel- 

ration region. The speed of the scattering centers is βc . 
6 
However, in most cases, the maximum energy will be smaller 

han defined by the Hillas criterion. Neglecting losses — which is 

 valid assumption in some cases (see Section 3 ) — the maximum 

nergy can be calculated by comparing the escape time scale with 

he acceleration time scale. 

For Fermi-I acceleration — assuming a strong shock and the 

ame diffusion coefficient κ on both sides of the shock (see Eq. (5) ) 

and an escape process driven by the same diffusion pro- 

ess (see Eq. (18) ), the maximum energy becomes 

Fermi −I = 

20 

α

κ

u 

2 
= 

R 

2 

2 κ
= τesc , (21) 
s 
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Fig. 5. Distribution of the FR 0 sample over the sky, in equatorial coordinates. 
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8 Nine FR 0s in this study were already included in the original FR0 CAT . 
9 https://ned.ipac.caltech.edu/ 

10 https://tools.ssdc.asi.it/ 
hich yields 

 max = Z E 0 

(
R u s 

√ 

α

2 

√ 

10 κ0 

)1 /α

(22) 

or the maximal particle energy. Here, κ0 is the diffusion coeffi- 

ient normalization with κ(E 0 ) = κ0 . In the case of Bohm diffusion 

q. (22) can be approximated by 

 

Bohm 

max = 4 . 4 × 10 

19 Z 

(
R 

pc 

)(
B 

G 

)(
u s 

0 . 1 c 

)
eV . (23) 

Since shear acceleration has the same energy dependence as 

he escape process, a general condition for efficient acceleration is 

iven by �j � 1 . 6 , where τ shear 
acc < τesc . 

The gradual shear acceleration breaking point is given by 

(E shear 
max ) = 1 . For Bohm diffusion and a linear shear pro- 

le (see Section 2.1.3 ) the maximal shear acceleration energy 

s E shear 
max = 

√ 

3 / (�2 − 1) ( qBc ) / � �r. Above this energy the acceler- 

tion process cannot be described by Eq. (8) , therefore we assume 

he most optimistic case ( τacc = λ/c) for higher energies. 

Comparing the acceleration length scale with the scales of 

osses and escape leads to a convenient definition for the maxi- 

um energy E acc 
max by 

 

i 

τ−1 
acc ,i ( E 

acc 
max ) = τ−1 

esc ( E 
acc 
max ) + 

∑ 

j 

τ−1 
loss , j ( E 

acc 
max ) . (24) 

ere, i and j are wildcards for all possible acceleration and loss 

rocesses, respectively. 

Based on Eq. (24) we define the acceleration probability: 

 acc ( E ) = 

∑ 

i L acc ,i 
−1 

( E ) ∑ 

i L acc ,i 
−1 

( E ) + L esc ,i 
−1 

( E ) + 

∑ 

j L loss ,i 
−1 

( E ) 
(25) 

hich describes the chances for acceleration, with P acc (E acc 
max ) = 0 . 5 .

. FR 0 source environment 

In this section we aim to find a reasonable description of the 

arget-photon field expected for CR-interactions in the environ- 

ent of FR 0s. For this purpose we derive the average source 

ED in the relevant target field energy range. This includes in- 

ernal (jet) and external photon fields, where both particle accel- 

ration and energy losses take place. We note that a complete 

nd self-consistent description of the source physics is beyond the 

cope of this work which focuses only on the nuclei and their ac- 

eleration chances, which are examined in Section 3.2 . 
7 
.1. Average source SEDs 

The FR 0s sample used here consists of the FR0 CAT [35] (in its

evised version, containing 104 sources, more details can be found 

n the appendix of [28] ) to which were added 10 of the FR 0s stud-

ed in [31] 8 for their X-rays properties. In total, there are then 114 

R 0s (see Figure 5 for their distribution on the sky) for which 

e collected SED data from the NASA Extra-galactic Database 9 and 

SDC Sky Explorer 10 . The selection criteria for the 104 sources in- 

luded in FR0 CAT are the following [35] : 

• Redshift z ≤ 0 . 05 . 

• FIRST flux ≥ 5 mJy and no extended emission. 

• Observed major-axis in FIRST images ≤ 6 . 7 ′′ , at redshift z = 

0 . 05 , this corresponds to a radius of ∼2.5 kpc. 

• Radio sources with a maximum offset of 2” from the optical 

center. 

Similar criteria (less constrained to enlarge the sample) were 

pplied to select the other ten sources [31] : 

• Redshift z ≤ 0 . 15 . 

• FIRST flux ≥ 30 mJy (to ensure X-ray emission) and no ex- 

tended emission. 

• Radio size ≤ 10 kpc. 

While collecting data for the 114 sources, cuts were made on 

ome of the available data points. First, spectral data points with- 

ut corrections from other bright sources in the instruments’ beam 

ere excluded. Further, a comparison between the sources’ posi- 

ion ellipses and the IRAS observations’ targeted positions led us to 

ot consider these IRAS data points, as the ellipses did not overlap 

or the sources concerned. 

Due to the low spatial resolution of the UV images provided 

y Galaxy Evolution Explorer ( Galex ) [72] , we follow [73] and treat

hese data points as upper limits. 

As mentioned before, the case of Tol 1326-379 (which was 

laimed to be the first FR 0 associated with a γ -ray counterpart) 

s uncertain since it is no longer associated with a γ -ray emission 

n the last version of the Fermi catalog 4LAC [22] . For this reason,

nd because they are not relevant as target photon fields for this 

ork, the γ -ray data obtained for Tol 1326-379 are not included in 

he global SED. 

Based on all the source sample data described above, we con- 

truct an average SED, from which we derive the average target 

https://ned.ipac.caltech.edu/
https://tools.ssdc.asi.it/
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Table 1 

Parameters of the SSC models. The following parameters are the same for all models: γ ′ 
min 

= 100 , p 1 = 2 , p 2 = 3 , and θ = 20 ◦ . The luminosity is given in logarithmic 

units log 10 (L i / ( erg s −1 )) , where a luminosity ratio between protons and electrons of ξ = 10 is assumed. 

r ′ em / cm B ′ / G � γ ′ 
cut γ ′ 

max u ′ e / ( erg cm 

−3 ) u ′ γ / ( erg cm 

−3 ) L equ L CR 

Model A 1 × 10 18 1 2 2 × 10 3 5 × 10 3 1 . 29 × 10 −7 7 . 32 × 10 −6 46.8 46.5 

Model B 5 × 10 17 0.1 2 1 × 10 4 2 × 10 4 3 . 05 × 10 −5 3 . 09 × 10 −5 44.2 44.16 

Model C ∗ 5 × 10 16 0.2 2 1 × 10 4 3 × 10 4 3 . 81 × 10 −2 1 . 80 × 10 −2 –∗∗ 44.92 

Model D 1 . 7 × 10 17 0.06 1.2 1 × 10 4 3 × 10 4 2 . 67 × 10 −3 2 . 26 × 10 −3 –∗∗ 43.94 

Model E 5 × 10 17 0.04 2 1 × 10 4 3 × 10 4 1 . 90 × 10 −5 3 . 39 × 10 −6 43.39 43.72 

Model F 5 × 10 17 0.04 1.26 1 × 10 4 3 × 10 4 6 . 09 × 10 −5 1 . 11 × 10 −5 43.02 43.75 

∗ For model C the second index is set to p 2 = 4 . 8 . 
∗∗ The equipartition scenario is only shown for u ′ B � u ′ e . 
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hoton field in the jet frame. We note that the FIR to UV band is

ikely dominated by the host galaxy, whereas the rest of the multi- 

avelength data is associated with the jet. Hence, two different 

hoton fields, one external and one internal to the jet, need to 

e considered. From now on, the unprimed quantities refer to the 

nes in the galaxy frame. In this frame, each source’s luminosity 

s L ν = (4 πd 2 L ) / (1 + z) F ν, obs = 4 πd 2 L F ν , where d L is the luminosity

istance, and z is the redshift. The mean value for the luminos- 

ty distance of all the sources in our sample is d L ≈ 5 . 6 × 10 26 cm

nd z ≈ 0 . 04 . 

.1.1. Jet component 

The Synchrotron-Self-Compton (SSC) model can be considered a 

inimal model to describe the jet component as synchrotron radia- 

ion and Inverse Compton scattering inevitably occurs in any mag- 

etized region that hosts relativistic particles. This motivates us to 

se a simple steady-state SSC model, in the following, to describe 

he typical jet component of FR 0s at low energies. The apparent 

ositive slope in the X-ray SED of FR 0s may indicate the high- 

nergy component’s onset. Different parameters were investigated, 

ocusing on those that impact the maximum energy particles may 

each (see Section 2.4 ). Specifically, the product of the emission re- 

ion size and the magnetic field strength r ′ em 

B ′ was maximized in 

rder to optimize the maximal energy limited by the Hillas crite- 

ion. All other parameters have been tuned in order not to over- 

stimate the observed fluxes. In doing so, it was considered that 

ome of the parameters, e.g., the maximal electron Lorentz factor 
′ 

max , might be limited; the theoretical upper limit for γ ′ 
max can 

e estimated by comparing acceleration and synchrotron losses for 

lectrons. 

Here we present six different models, computed using the 

SC/EC Simulator by ASI. 11 These models are able to repre- 

ent the synchrotron component of the jet and do not violate 

he X-ray data. The models use a broken power-law for the 

lectron differential density n ′ (γ ′ ) , described with the parame- 

ers γ ′ 
min 

, γ ′ 
max , γ

′ 
cut , p 1 and p 2 , such that: 

 

′ (γ ′ ) ∝ 

{
γ ′−p 1 if γ ′ 

min 
≤ γ ′ < γ ′ 

cut 

γ ′−p 2 if γ ′ 
cut ≤ γ ′ ≤ γ ′ 

max 

here γ ’ is the electrons’ Lorentz factor. The parameters for each 

odel can be found in Table 1 . 

In Fig. 6 , the model SEDs are shown together with the data. All 

odels agree well on the description of the low energy data ν � 

0 16 Hz. Given the different sizes of the emission region — and 

herefore different photon-energy densities — the second bump is 

uite different for each of the models. Especially, models A, B, E, 

nd F need an additional (possibly hadronic) component to explain 

he observed flux above ∼10 16 Hz. 

A Lorentz transformation is used to evaluate the jet radiation 

eld in the comoving frame. For an internal photon field, if the 
11 http://www.isdc.unige.ch/sedtool/PROD/SED.html 

w

g

8 
mission is isotropic in the comoving frame (denoted with primed 

uantities), the jet frame specific energy density is [74] : 

 

′ 
ν ′ = 

3 d 2 L F ν

δ3 
D 

r ′ 2 em 

c 
(26) 

here F ν is the spectral flux density, δD = (�j (1 − βμ)) −1 
is the 

oppler factor, μ is the cosine of the angle between the line 

f sight and jet direction, �j is the jet’s Lorentz factor, β = 

1 − �−2 
j 

) 
1 / 2 

is the normalized velocity, and r ′ em 

is the emission 

egion comoving size. 

For all models, the energy densities of the three major con- 

tituents are listed in Table 1 : (1) The magnetic field energy 

ensity (where a homogeneous turbulent field strength is as- 

umed), (2) The total radiation energy density u ′ γ , and lastly, (3) 

he CR energy densities u ′ CR = u ′ e + u ′ p , with contributions from 

lectrons u ′ e and protons u ′ p . 
We estimate the protons’ contribution in two ways: (1) As- 

uming equipartition of the magnetic field energy density and 

he cosmic-ray energy density u ′ 
B 

= u ′ 
CR 

(which makes sense only 

f the former is larger than the electron energy density u ′ 
B 

> u ′ e )
nd, (2) Assuming a constant energy density ratio of protons and 

lectrons u ′ p = ξu ′ e . Additionally, assuming charge neutrality for 

he non-thermal proton and electron distribution and the same 

ower-law index α ≈ 2 . 2 for their spectra, the luminosity ratio 

ecomes ξ ≈ 10 − 100 . The ratio ξ can change significantly when 

oth populations follow different spectral slopes (see, e.g., [75,76] ). 

owever, in this work, we fix the ratio to ξ = 10 for our calcula- 

ions. 

The total jet luminosity is given by 

 tot = 2 π c r ′ 2 em 

�2 
j 

∑ 

i 

u 

′ 
i , (27) 

here u ′ 
i 

are all relevant energy densities, and is calculated for all 

odels (see Table 1 ). 

Comparing the derived values with the jet’s average mechanical 

ower, L jet � 10 43 . 5 erg s −1 (cf. Section 1 ), shows that only mod- 

ls E and F comply with that boundary. However, the underlying 

orrelation is not well restricted [30] ; therefore, it is plausible that 

ome of the FR 0s will have enough jet power to support mod- 

ls B, C, and D, and only model A will be neglected for the rest of

his work. 

.1.2. Host galaxy component 

Following the treatment of [77] , the spectral and radial de- 

endencies are separated to express the energy density provided 

y the host galaxy inside a given region of radius R: u (E, R ) =
 (E) u (R ) . A Sersic profile can adequately reproduce the radial de-

endence of the surface brightness from elliptical galaxies [78] : 

 ( R ) = I 0 exp 

(
−bη1 /m 

)
, (28) 

here η = R/R e and R e is the half-light radius of the elliptical 

alaxy that encloses half of the total luminosity. For elliptical 

http://www.isdc.unige.ch/sedtool/PROD/SED.html
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Fig. 6. The combined flux spectrum of the 114 FR 0s (black dots) with the different models is shown. The models are mainly distinguished by their prediction of the high 

energy flux, which increases with decreasing emission region size, r ′ em . 
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alaxies, R e ∼ 1 kpc, and with m = 4 , we recover the De Vau-

ouleur’s profile [79] . The advantage of this formulation is that it 

an be solved analytically [80] to give the projected monochro- 

atic luminosity inside a given radius R: 

 ( R ) = I 0 R 

2 
e 

8 π

b 8 
γ
(
8 , bη1 / 4 

)
(29) 

ith b ≈ 7 . 669 . Here γ (α, x ) is the incomplete gamma function.

he total luminosity can then be calculated as 

 tot = I 0 R 

2 
e 

2 πm 

b 2 m 

�( 2 m ) , (30) 

hich gives its normalization 

 0 = 

L tot b 
2 m 

R 

2 
e 2 πm �( 2 m ) 

(31) 

ith the complete gamma function �(α) = γ (α, ∞ ) . 

For the spectral part, we used a diluted black-body spectrum 

o reproduce the FIR to UV component, for which the normalized 

nergy density is: 

 ( E ) = εdil 

8 π

h 

3 c 3 
E 3 

e 
E 

k B T − 1 

, 

ith R = 

r ′ em 

δD 
being the size of the emitting region in the host 

alaxy frame. The luminosity is related to the energy density by 

 ( E ) = 4 πR 

2 cu ( E ) . (32) 

e then determine the dilution factor εdil by adjust- 

ng 
∫ ∞ 

0 L (E, R )d R = L tot u (E) to match the data with L (E, R ) =
 (E) L (R ) . 
9 
Finally the energy density for a region of size R is then given 

y: 

 ( E, R ) = 

L ( E, R ) 

4 πR 

2 c 
= u ( E ) 

L ( R ) 

4 πR 

2 c 
= u ( E ) u ( R ) . (33) 

We use the invariance of u (E , �) /E 3 for the transformation 

f this external photon field energy density into the jet’s frame: 

 

′ (E ′ , μ′ , r ′ em 

) = 

u (E,R ) 

2�3 
j 
(1+ βμ′ ) 3 

for an isotropic photon field in the 

alaxy frame. Replacing u (E, R ) by Eq. (33) and integrating over μ′ 
ne gets: 

u 

′ (E ′ , r ′ em 

)
= 

8 πk B T 

2 h 

3 c 3 �j β
εdil E 

′ 2 u ( R ) 

[
ln 

(
exp ( x max ) − 1 

exp ( x min ) − 1 

)
− ( x max − x min ) 

]
(34)

ith x min = 

�j E 
′ 

k B T 
(1 − β) and x max = 

�j E 
′ 

k B T 
(1 + β) . All relevant

aramters of the host galaxy contribution are summarized in 

able 2 . 

.2. CR Acceleration in loss environment 

Based on our estimates above for the typical target photon 

elds expected in FR 0 environments, it is now possible to eval- 

ate their role as potential cosmic-ray sources. The target photon 

eld’s modeling fixes many parameters of the overall source region 

odel, as explained above. It should be noted that some of the pa- 

ameters are degenerate in the sense that other combinations of 

he fitting parameters might have led to equally good approxima- 

ions of the observed photon fluxes. However, the FR 0 SEDs spread 
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Fig. 7. A summary of all relevant length scales for iron nuclei is shown. The parameters for the target photon field, magnetic field strength, and size of the emission region 

used here are that of model E . It is clear that the interplay between losses, escape, and acceleration can become complex. The total loss length L loss (blue line) combines pair 

production (BH), photo-pion production (PPP), photo-disintegration (PDI), and synchrotron losses. The same is done for gradual shear and Fermi-I acceleration (orange lines). 

The escape length scale is shown in green, and the minimum acceleration length, corresponding to η = 1 , is depicted in red. The gray shaded area shows the region above 

the Hillas energy calculated for β = 1 . 
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s much larger than the changes introduced by varying some of the 

egenerated parameters. 

In the following, two scenarios will be tested based on Bohm 

nd Kolmogorov diffusion. Bohm diffusion is the limiting case with 

he shortest time scale of all Fermi-I acceleration processes and 

oes not need the introduction of parameters in addition to those 

iven by the SSC model. However, at least on Galactic scales, ob- 

ervational evidence points towards a Kolmogorov diffusion κ(E) = 

0 (E/ (ZE 0 )) 
1 / 3 

(see, e.g., [81] ). We fix the normalization by requir- 

ng that a particle with an energy according to the Hillas crite- 

ion E Hillas 
max has a mean free path smaller than the emission region 

ize. 12 This will lead by construction to comparable time scales for 

he Bohm and Kolmogorov case and any difference will be mainly 

ue to the different spectral indices. If another turbulence model 

r normalization were realized, the time scales will change signifi- 

antly. However, the currently available observations are not able 

o discriminate such speculations from each other. Furthermore, 

e are assuming a wide shear layer which is given by the size 

f the emission region r em 

= �r and constant gradient ∂ u z /∂ r =
jet c/ �r (see Eq. (9) ). 

In addition, we will focus on Fermi-I and gradual shear ac- 

eleration for the rest of this work. These two cases are among 

he most promising processes considering FR 0s as sources of CRs. 

lassical Fermi-II acceleration can be neglected since it is not fast 

nough compared with the former two. Blast wave acceleration 

nly provides a fast energy increase for the acceleration cycle’s 

rst encounter. For this reason, it provides a better mechanism for 

e-acceleration than for the full acceleration cycle. One of the ne- 

lected scenarios could, however, still play some role in the accel- 

ration. 

Therefore, two acceleration scenarios are considered. For the 

rst acceleration scenario, we consider pure diffusive shock accel- 

ration, whereas the second scenario assumes a hybrid approach 
12 This gives comparable values to the isotropic turbulence case described in [82] , 

ssuming that the maximum wavelength of the turbulence spectrum l max = 5 l c , iso 

ts into the emission region r em 

w

t

o

10 
hat models the energy gain by a combination of Fermi-I and grad- 

al shear acceleration. 

Fig. 7 shows all relevant length scales for iron in a single plot. 13 

xemplarily, the Bohm diffusion scenario is presented here using 

odel E . The complexity of the processes involved makes it hard 

o draw quantitative conclusions about the maximum energy that 

ight be reached in the underlying model E from a plot like this 

lone. Due to the rather broad-banded target photon field, all four 

oss processes are no longer sharply distinguished but smoothed 

nto one another over several orders of magnitude in energy. As ex- 

ected from the results presented in Section 2.2 , the most relevant 

rocess for heavy nuclei is photo-disintegration. In contrast to the 

onochromatic target fields discussed above, photo-disintegration 

as a non negligible — sometimes dominant — influence on the 

otal loss length even at the highest nuclei energies E > 10 0 0 EeV . 

Gradual shear acceleration can become the dominant acceler- 

tion mechanism at high energies, as reported in, e.g., [70] . The 

ransition energy can be derived as 

 shear −Fermi = Z E 0 

( √ 

α

4 ( 4 + α) 

1 √ 

b j �
2 
j 

u s r em 

κ0 

) 1 /α

. (35) 

Figure 8 shows ten models for the acceleration probability of 

ron (B-1 to F-2) for comparison (see Figure B15 and B16 for plots 

f the other tracer elements and the Kolmogorov diffusion model). 

or the models based on pure Fermi-I acceleration, the probability 

ill drop below P acc < 0 . 5 at some point. This statement holds in-

ependently of the chosen target field mode, as was already shown 

n Section 2.1 . The maximum energy might be even smaller when 

he losses become significant. 

In contrast, the hybrid scenario could lead to a saturation of 

he acceleration probability at larger energies lim E→∞ 

P acc (E) > 0 . 5 , 

hen E shear ≥ E Hillas . This saturation is because the loss length 
max max 

13 Similar plots for all other tracer elements and target field models are shown in 

he appendix Figs. A.11 and A.12 . Figures A.13 and A.14 show the same plots based 

n Kolmogorov diffusion. 
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Fig. 8. Acceleration probability for iron, based on all investigated models, is shown. The lines are cut-off at the Hillas criterion. The sharp break, e.g., in model B-2 occurs at 

the maximum shear acceleration energy E shear 
max . For most acceleration models, the jet frame’s actual maximum energy is lower: E acc 

max = E(P acc = 0 . 5) . 

Table 2 

Parameters of the host galaxy model. 

L tot / ( erg s −1 ) T / K εdil / ( cm 

3 erg −1 ) R e / kpc m 

blackbody 6 . 4 × 10 44 4801 0.29 1 4 

Table 3 

Maximum Energy in the jet frame. Here the Bohm diffusion scenario 

is shown where the X-1 models are based on pure Fermi-I, and the X- 

2 models use the hybrid approach. The shock speed was fixed at u s = 

0 . 1 c. 

model log 10 (E ′ max / eV ) 〈 log 10 (ζ
′ 
max / V) 〉 a 

p He N Si Fe 

B-1 17.9 18.0 18.4 18.8 19.1 17 . 70 ± 0 . 11 

C-1 17.1 17.3 17.6 17.9 18.3 16 . 90 ± 0 . 14 

D-1 17.2 17.4 17.7 18.1 18.4 17 . 02 ± 0 . 12 

E-1 17.4 17.8 18.3 18.6 18.8 17 . 44 ± 0 . 04 

F-1 17.4 17.7 18.2 18.5 18.8 17 . 38 ± 0 . 02 

B-2 19.2 19.5 20.0 20.3 20.6 19 . 18 ± 0 . 02 

C-2 18.5 18.7 17.8 19.4 19.7 18 . 08 ± 0 . 57 

D-2 17.2 17.4 17.8 18.1 18.4 17 . 04 ± 0 . 10 

E-2 18.8 19.1 19.6 19.9 20.2 18 . 78 ± 0 . 02 

F-2 17.6 17.9 18.3 18.7 18.9 17 . 54 ± 0 . 06 

a ζ = E/q is the rigidity of the particle in units of volt. 
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epends only weakly on energy at the highest energies, and the 

scape and gradual shear acceleration rates have the same energy 

ependence ∝ E −α (and are stronger compared with the losses). 

hen shear acceleration is cut off by the maximum acceleration 

ate ( E shear 
max < E Hillas 

max ) a steep decrease of the acceleration probabil- 

ty can be observed for E > E shear 
max . This is due to the fact that the

ign of the power-law index α of energy dependence of the accel- 

ration time scale flips at that energy. 

The maximum energy in the jet frame for all the models has 

een derived by calculating the upper limit of the Hillas en- 

rgy E Hillas 
max assuming β = 1 and the maximum acceleration energy 

iven by P acc (E acc 
max ) = 0 . 5 ; the smaller of the two defines the max-

mum energy. The results for all models, and the five tracer el- 

ments, are given in Table 3 for the Bohm diffusion ansatz and 

n Table C.4 for Kolmogorov diffusion. From these five tracer el- 

ments, the average maximal rigidity ζ was also calculated. The 

hock speed u s , has of course, some influence on the time scale of 
11 
he Fermi-I acceleration. However, the effect on the maximum en- 

rgy is almost negligible for 0 . 03 < u s /c < 0 . 1 . Therefore, all num-

ers shown in this work are calculated for u s = 0 . 1 c. 

Models based on the hybrid ansatz lead, on average, to an in- 

rease of the maximum rigidity 〈 ζmax 〉 (which can be as large as 

 factor of ∼20). Furthermore, a higher charge number Z generally 

eads to a higher maximum energy as expected from the accel- 

ration mechanism. However, when the target photon field den- 

ity is high, and the FR 0 SED shows a larger second bump (e.g., 

n model C ), a clear proportionality with Z cannot be found. This 

on-proportionality effect is more pronounced in the hybrid sce- 

ario than Fermi-type acceleration alone. In general, it can be ob- 

erved that only in a hybrid scenario, energies above the ankle can 

e reached. Fermi-type acceleration alone is only efficient enough 

o reach energies below the ankle. 

Looking at the magnetic turbulence model’s influence, it is in- 

eresting that pure Fermi-1 order acceleration in a Kolmogorov tur- 

ulence spectrum does not generate UHECR at all. In this case, the 

aximum energy is determined by balancing escape and acceler- 

tion and is, therefore, independent of the SED. However, grad- 

al shear acceleration leads to the highest maximum energies that 

e have found within our model; see model B-2 and model E-2 

n Table C.4 . 

In terms of the maximal energy reachable, model B and model E 

re the most promising ones. 

. Summary & conclusions 

In this work, the relatively recently discovered class of FR 0 

adio galaxies has been discussed as a potential source class for 

HECRs. FR 0s are much more numerous than more energetic ra- 

io galaxies such as FR 1s or FR 2s (see Section 1 ). In this case,

ach source does not need to provide a high CR flux, which can be 

dvantageous when modeling the rather isotropic CR arrival direc- 

ions. In doing so, a brief summary of the most relevant processes 

as been given in Section 2 , where different acceleration, energy 

oss, and escape models have been explained. 

To answer the question of whether UHECRs can be accelerated, 

nd survive, in the source region of FR 0s the available multi- 

avelength data was compiled into an average SED to describe 

he expected target field for CR-photon interactions. This SED was 
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ecomposed into a jet component (based on six different SSC mod- 

ls) and a host galaxy component. The host galaxy was assumed to 

e a typical elliptical galaxy and represented by a de-Vaucouleurs’- 

adial-luminosity-profile combined with a diluted blackbody en- 

rgy spectrum. Based on the Doppler and Lorentz factor constraints 

f the jetted regions the jet frame’s expected photon target field 

as been derived. This modeling allowed a reasonable estimation 

f the time scales, of all relevant particle-photon interactions, to 

e expected in the environment of FR 0s, in tandem with acceler- 

tion and escape. 

We define the probability P acc as a measure for the acceleration 

otential to derive the expected maximal energy for all different 

arget field models. Since the nature of the magnetic field is not 

nown, two turbulence models (Bohm or Kolmogorov) have been 

ested, as well as different shock speeds u s . From our calculations, 

e can draw the following main conclusions: 

1. Acceleration of UHECR, up to the highest measured energies, 

in FR 0s, is possible under certain conditions: (a) Acceleration 

due to the hybrid scenario, where HECR are predominantly ac- 

celerated by Fermi-I acceleration and the most energetic parti- 

cles are driven by gradual shear acceleration. (b) A jet Lorentz 

factor �j � 1 . 6 , so gradual shear acceleration happens on faster 

time scales than the escape (given a linear flow profile). (c) Ac- 

cording to our models an emission and acceleration region size 

of ∼5 × 10 17 cm (as described in, e.g., model E ) is the most 

promising size scale. 

2. Less optimistic scenarios, based on pure Fermi-I acceleration 

with Bohm diffusion, still reach energies large enough to con- 

tribute to the CR flux, between the knee and the ankle. Mod- 

els based on pure Fermi-I acceleration within Kolmogorov tur- 

bulence are not able to reach energies significantly above the 

knee. 

3. The influence of the realized turbulence model — Bohm or Kol- 

mogorov — is found to be relatively weak. This is partly due 

to the similar normalization of the two turbulence models. In 

reality, the diffusion coefficient might be different and may be 

incapable of keeping the most energetic particles confined in 

the acceleration region. 

4. Within the hybrid scenario, the shock speed’s u s influence on 

the maximum energy is weak as well. However, it has an im- 

pact on the transition energy between the two acceleration 

modes. 

5. A scenario based on gradual shear acceleration alone is not re- 

alistic, as the acceleration time scales at the lowest energies are 
12 
too large due to the small boosting factors of FR 0 jets. In the 

hybrid approach, this problem is overcome by Fermi-I acceler- 

ation but could also be realized by other mechanisms such as, 

e.g., magnetic reconnection [83] . 

6. Despite the fact that FR 0s are radiatively weak sources, radia- 

tive losses not only play an important role for the maximum 

CR energy of FR 0s but they will have a significant impact on 

the expected cosmic-ray spectrum at the source (see Figs. A.11 –

A.14 ). However, we find that synchrotron losses of nuclei are 

largely negligible. This suggests that a simple unbroken power- 

law with a cut off is probably insufficient to describe the 

cosmic-ray energy distribution escaping the source region. 

We can summarize that FR 0s make an interesting candidate 

ource class for UHECRs that deserves further investigations. 

The code developed for this work is available upon request in 

 repository for reference. This work benefited from the follow- 

ng software: CRPropa [68,84] , NumPy [85] , Matplotlib [86] , pandas 

87] , SOPHIA [56] , jupyter notebooks [88] , AGN SED tool [89–91] . 
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A

F on is shown. It is clearly visible that pair production (blue dotted line) can almost be 

n strength, yielding equipartition between the magnetic and the target photon field u mag = 

u  loss length is due to photo-disintegration (orange dashed line), while at the very highest 

e e). 
ppendix A. Loss, escape, and acceleration lengths 

ig. A9. Loss lengths for the tracer elements hydrogen, helium, nitrogen, and silic

eglected for a CMB-like monoenergetic target field. For the chosen magnetic field 

 target , synchrotron losses (red dash-dash-dotted) can be neglected as well. The short

nergies, the losses are dominated by photo-pion production (green dash-dotted lin
13 
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Fig. A10. Parameter scan for different monochromatic target fields (vertical axis) and varying nuclei energies E N (horizontal axis) is shown. The logarithm of the loss length 

( log 10 L ) is color-coded with the same scaling for all four plots. The nuclear rest frame photon energy εr increases from the lower left to the upper right along the major 

diagonal. The number density was fixed to n 0 = 1 cm 

−3 , but the results can be easily re-scaled due to the linear dependence L ∝ n 0 . 

14 
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Fig. A11. Comparison of the lengths scales for all relevant processes based on Bohm diffusion is shown. From left to right the columns show models B, C, and D respectively. 

From top to bottom the tracer elements hydrogen, helium, nitrogen, silicon, and iron are shown. 

15 
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Fig. A12. Comparison of the lengths scales for all relevant processes based on Bohm diffusion is shown. From left to right the columns show models E and F, respectively. 

From top to bottom the tracer elements hydrogen, helium, nitrogen, silicon, and iron are shown. 

16 
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Fig. A13. Comparison of the lengths scales for all relevant processes based on Kolmogorov diffusion is shown. From left to right the columns show models B, C, and D 

respectively. From top to bottom the tracer elements hydrogen, helium, nitrogen, silicon, and iron are shown. 

17 
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Fig. A14. Comparison of the lengths scales for all relevant processes based on Kolmogorov diffusion is shown. From left to right the columns show model E and model F , 

respectively. From top to bottom the tracer elements hydrogen, helium, nitrogen, silicon, and iron are shown. 

18 
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A

F d on Bohm diffusion is shown. Apart from a shift approximately corresponding to the 

n he photo-disintegration resonances the more pronounced the local minimum is for the 

a

ppendix B. Acceleration probability 

ig. B15. Acceleration probability for hydrogen, helium, nitrogen, and silicon base

uclei’s charge, the curves are similar to each other. The higher the influence of t

cceleration probability; see, e.g., the model C-2 for nitrogen. 
19 
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Fig. B16. Acceleration probability for hydrogen, helium, nitrogen, silicon, and iron for Kolmogorov diffusion is shown. Compared with the Bohm diffusion approach the 

acceleration probability is much smoother. 

20 



L. Merten, M. Boughelilba, A. Reimer et al. Astroparticle Physics 128 (2021) 102564 

A

T

M

n

F

s

R

 

 

 

[

[

[

[

[

[

[

[

[

[

 

[

[

[

[  

[

[

[

[

[

[

[

[

[

[

[

[

[

ppendix C. Maximum energy for Kolmogorov diffusion 

able C4 

aximum energy in the jet frame. Here the Kolmogorov diffusion sce- 

ario ( α = 1 / 3 ) is considered where the X-1 models are based on pure 

ermi-I acceleration, and the X-2 models use the hybrid approach. The 

hock speed was fixed at u s = 0 . 1 c. 

model log 10 (E ′ max / eV ) 〈 log 10 (ζ
′ / V) 〉 

p He N Si Fe 

model B-1 14.5 14.8 15.3 15.6 15.9 14 . 48 ± 0 . 02 

model C-1 13.8 14.1 14.6 14.9 15.2 13 . 78 ± 0 . 02 

model D-1 13.8 14.1 14.7 15.0 15.2 13 . 82 ± 0 . 03 

model E-1 14.1 14.4 14.9 15.2 15.5 14 . 08 ± 0 . 02 

model F-1 14.1 14.4 14.9 15.6 15.5 14 . 16 ± 0 . 15 

model B-2 19.2 19.5 19.9 20.3 20.6 19 . 16 ± 0 . 05 

model C-2 18.5 18.7 18.7 19.2 19.5 18 . 18 ± 0 . 24 

model D-2 14.0 14.3 14.9 15.2 15.4 14 . 01 ± 0 . 03 

model E-2 18.8 19.1 19.6 19.9 20.2 18 . 78 ± 0 . 02 

model F-2 14.4 14.7 15.3 15.6 15.8 14 . 42 ± 0 . 03 
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