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Fanaroff-Riley (FR) O radio galaxies form a low-luminosity extension to the well-established ultra-
high-energy cosmic-ray (UHECR) candidate accelerators FR-1 and FR-2 galaxies. Their much
higher number density — up to a factor five times more numerous than FR-1 with z < 0.05 —
makes them good candidate sources for an isotropic contribution to the observed UHECR flux.
Here, the acceleration and survival of UHECR in prevailing conditions of the FR-0 environment
are discussed.

First, an average spectral energy distribution (SED) is compiled based on the FROCAT. These
photon fields, composed of a jet and a host galaxy component, form a minimal target photon field
for the UHECR, which will suffer from electromagnetic pair production, photo-disintegration,
photo-meson production losses, and synchrotron radiation. The two most promising acceleration
scenarios based on Fermi-I order and gradual shear acceleration are discussed as well as different
escape scenarios.

When an efficient acceleration mechanism precedes gradual shear acceleration, e.g., Fermi-I or
others, FR-0 galaxies are likely UHECR accelerators. Gradual shear acceleration requires a jet
Lorentz factor of Gamma>1.6, to be faster than the corresponding escape. In less optimistic
models, a contribution to the cosmic-ray flux between the knee and ankle is expected to be

relatively independent of the realized turbulence and acceleration.
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1. Introduction

The UHECRs flux, despite the observation of, e.g., a dipole in Auger data, is quite isotropic
and can be explained in two ways: 1) UHECRs from a few luminous sources are isotropized during
propagation in the intergalactic magnetic field (IGMF) or 2) many less luminous sources contribute
to the flux, lowering the requirements on IGMF deflection. The latter ansatz has received more
attention in recent years, e.g., in work on starburst galaxy contributions to the UHECR flux (see,
e.g., [1]).

The relatively new class of low-luminous Fanaroff-Riley 0 radio galaxies (FR-0s) (see, e.g.,
[3, 4]) could, in principle, contribute to the second scenario. They are about five times more
numerous compared with their more luminous relatives, the well-established UHECR source class
of FR 1 and FR 2 radio galaxies. Furthermore, their average jet luminosity of about Lje =
10%2 — 103 erg s~! is well above the energetically required mean luminosity of ~ 10%%-> ergs™! to
explain the UHECR energy density (see [11] for details).

To contribute to the observed UHECR flux, FR-Os must accelerate particles — including
heavy nuclei up to iron — to energies above ~ 100 EeV. To examine their potential to reach these
energies, we take a sample of 114 observed FR-0 galaxies from the FROCAT to estimate their
source environment. These estimates include descriptions of the target photon fields, the magnetic
field strength, emission region size, and the jet’s Lorentz factor. These parameters are combined
to derive time scales for acceleration, escape, and losses (see Section 2) and finally determine the
maximal energy.

2. Acceleration, Escape, and Losses

2.1 Acceleration

The nature of cosmic-ray acceleration in FR-0 galaxies is unclear, and the knowledge about the
exact condition in the source region is quite limited. Therefore, we pick two promising acceleration
mechanisms, namely Fermi-1 order and gradual shear acceleration. Observations and modeling
of FR-1/2 galaxies have shown that some type of shock acceleration is likely taking place in their
jets. The similarities between the different types of FR galaxies justifies the assumption of the first
mechanism. Furthermore, improved observations have revealed deviations between simple one-
zone models and the data. A possible solution is to extend the source region model to a structured
jet by including a velocity profile gradient (see, e.g., [6, 17]). This extension allows (gradual) shear
acceleration to some extent.

Shock Acceleration: The acceleration time scale for Fermi-1 order acceleration is

;2
TFerInl — —OK(E) , (1)

acc auz
where k(E) o« E“ is the diffusion coefficient with spectral index @ and ug is the shock velocity.
Here, we assume a strong shock u, = 4ugq with a constant diffusion coefficient «, = x4, where
quantities with subscript d and u are in the down- and upstream regime, respectively.
Gradual Shear Acceleration: Gradual shear acceleration is driven by consecutive scatterings in
a flow with a velocity gradient. In contrast to shear acceleration (see, e.g., [13]), the width of
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the shear profile is larger than the particle’s gyroradius. Rieger and Duffy have shown that the
acceleration time scale is given by [15, 16]:

5 (ou\Pcr

Tace(E) = 4+a (5) FJ4K(E) . ()
In this work, we assumed a linear flow profile du/dr = Au/Ar over the full width of the jet. Here, the
flow speed at the jet’s edge vanishes (u(rem) = 0) and the central speed uj = u(r =0) = ¢/1 - Fj‘z
is given by the estimated jet Lorentz factor I'j.

2.2 Escape

In this work, we take into account the two most relevant escape mechanisms — advection and
diffusion.

Advection: The escape time scale due to advection is given by:

: L
o = , 3)

esc
Vadv

where L is the relevant length scale and v,qy is the advection speed. Here, the length scale is given
by the jet extension, which we assume to be at least L > rey, and the advection speed is given by
the jet speed vaqy = u;

Diffusion: Escape by diffusion is a quite common scenario, especially for gradual shear acceleration.
The characteristic diffusion escape time is given by

N
dif
Teslc = 7 . (4)
For the jet geometry discussed here, perpendicular diffusion with respect to the jet axis is the most
efficient; therefore, the length scale is assumed to be L = rep,.

2.3 Losses

The FR-0 environment is radiation-dominated, meaning losses due to particle-particle interac-
tions are negligible. In such a source region, charged nuclei will suffer from synchrotron radiation,
electromagnetic pair production, photo-disintegration, and photo-meson production. Here, we
briefly report the loss time scales and refer the interested reader to [11] and references therein for
more details.

Synchrotron: The average loss time scale for an isotropic ultra-relativistic (v = ¢) nuclei ensemble
due to synchrotron radiation is

3
synch _ 3¢ my 1

loss 4 o7 Umag mg 247

&)

Here, ot is the Thomson cross-section, umag is the magnetic energy density, Z the charge number,
m, the electron mass, my the nucleus mass, and v is the particle’s Lorentz factor.
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Bethe-Heitler pair production: Assuming an isotropic photon target photon field, (see Section
3.1) the electromagnetic loss time scale is given by

-1 o
(ng) =y_1a's r%cZZZ—; 5 dk n,y (ﬁ) ¢/§§) . (6)
Here, asg is the fine-structure constant, rg is the classical electron radius, and Z is the nucleus charge
number. The function ¢ (k) is a semi-analytical description of the cross-section integral (see Eq.
3.12 of [5]) where the photon energy in the nucleus rest frame is parametrized as k = 2yNe/(m.c).
Photo-disintegration (PDI) and Photo-pion Production (PPP): The loss time scale for the two
photo-hadronic losses is given by

(TIIZIS)SI/PPP) _ Lz / de 7(2 ) dex exorny () (E) ’ .
2’yN 0 € €r, thr E

where o, is the cross-section, €, and € are the photon energy in the nucleus and laboratory rest
frame, respectively, and & g is the production threshold. The inelasticity is calculated as the
weighted mean over the photo-disintegration decay channels. The photo-pion production of heavy
CR nuclei (A > 1) is approximated by simple superposition (see [11] for the details).

Figure 1 shows the exemplary loss length for iron nuclei in a mono-energetic (¢ = 0.1eV)
photon field with a target density of n = 8 x 107 cm™ and a magnetic field strength of B = 0.04 G.

Lot Z=26, A=56, £g=0.1eV, B=0.04 G, np=8 x 10’ cm™3
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Figure 1: Shown are loss time scales for iron. The blue dotted line (BH) indicates Bethe-Heitler pair pro-
duction, which is combined with photo-disintegration (PDI, orange-dashed), photo-pion-production (PPP,
green-dash-dotted), and synchrotron radiation (synch., red-sparse-dotted) to give the total loss length
scale Liyss (violet-solid). The parameters approximate the source environment in FR Os.

3. FR-0 source environment

Detailed observations of FR-0 source regions are not yet available. Based on the premise of
assessing the UHECR acceleration in FR-0 jets, we assume a spherical acceleration region with
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Table 1: Parameters of the SSC model. The following additional parameters are set: y’ . = 100, p; =
2, p2 = 3, and @ = 20°. The luminosity is given in logarithmic units log,,(L;/(ergs™')), where a luminosity
ratio between protons and electrons of & = 10 is assumed.

m/em  B'/G Ty, Yiax u,/(ergem™) u;/(ergcm‘3) Lequ Lcr
5107 004 2 1x10* 3x10* 1.90 x 1073 3.39x 107 4339 43.72

radius r.y, and a magnetic field strength B, where the product of the two parameters should be
maximal without violating the maximal jet luminosity. The available information on the SED is
compiled into a semi-analytical description for the target photon field, allowing to fix additional
parameters, such as the jet Lorentz factor I'j.

3.1 Target Photon Field

We use a simple approach based on a single zone synchrotron-self-Compton model and a host
galaxy contribution to describe the target photon field. As the data is sparse, the SED was not fitted
but only checked to not overshoot any observational constraints. Several different SED models were
tested, but here only the most promising is shown (see [11] for other models). The parameters of
the SSC model are given in Table 1. The host galaxy contribution is modeled with a blackbody
spectrum and de-Vaucouleur radial profile, as shown in Table 2.

Table 2: Parameters of the host galaxy model. The radial profile follows the de Vaucoleur model with
half-light radius R. and scaling exponent m. The spectral distribution is given by a diluted blackbody with
temperature 7' and energy density €g; resulting in a total luminosity L.

Li/(ergs™) T/K em/(cm’erg™’)  Re/kpc m
Blackbody 6.4 x 10* 4801 0.29 1 4

Figure 2 shows the observed SED data of all 114 FR-0s and the target photon field that leads
to the most promising UHECR results. The high-energy data are not fully explained by this SSC
model leaving room for hadronic contributions.

Based on this target photon field, the time scale of all relevant processes (acceleration, escape,
and loss) are shown in Figure 3 for an iron nucleus. From this figure, it is immediately apparent
that losses (blue lines) are not expected to dominate the particle transport. Furthermore, a scenario
solely based on pure Fermi acceleration (orange dashed line) cannot reach the highest energies, as
the escape process (solid green line) becomes more efficient around ~ 10 EeV (Bohm diffusion-left
panel), or even at ~PeV for Kolmogorov diffusion (right panel).

3.2 Acceleration Probability and Maximal energy

We define the acceleration probability, to determine the maximal energy for each tracer element
and source configuration, as:

Zi Tacc,i_1 (E)

Pace(E) =
o Zi Tacc,i_1 (E) + Zj Tesc,j_1 (E) + Zk Tloss,k_l(E)

®)
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Figure 2: The combined flux spectrum of the 114 FR Os (gray dots) and the derived target photon field
approximation are shown. The host galaxy contribution (orange) is limited to a small frequency band.
Furthermore, the SSC jet component (cyan) leaves room for a hadronic contribution at higher energies.
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Figure 3: Shown are the relevant time scales for iron. The left panel shows Bohm diffusion and the right panel
shows Kolmogorov diffusion. Losses are shown in blue (compare to Figure 1), diffusive (advective) escape is
shown in dashed (and dashed-dotted) green, and acceleration is shown as dashed (and dashed-dotted) orange
lines for Fermi and gradual shear acceleration. The maximal acceleration scenario is shown as a solid red
line, and the gray shaded area refers to energies above the Hillas criterion.

Based on Equation 8 we define the maximum energy as the energy where the acceleration probability
is halved Pycc(Emax) = 0.5. Afterward, this value is compared to the maximal energy given by the
Hillas criterion, and the smaller of the two is reported.

Figure 4 shows the acceleration probability for all elements calculated for both Bohm (left panel)
and Kolmogorov diffusion scenarios. The maximal energies for the examined source model are
shown in the legend of in Figure 4. The mean rigidity over all tracer elements in case of pure Fermi-
1 acceleration and Bohm (Kolmogorov) diffusion is RBohm’permi = 101691003y (RKO]m_,permi =
10'4-98+0-02 v/ is much smaller than for the hybrid scenario with RHybr. = 108812003 v ' where the

maximal energy is independent of the turbulence model.
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Figure 4: Acceleration probability assuming Bohm (Kolmogorov) diffusion is shown in left (right) panel. A
pure Fermi-1 order scenario is indicated by (a), whereas the more optimistic hybrid scenario is indicated with
(b). The hard break in the hybrid scenario refers to the upper limit of efficient gradual shear acceleration.

4. Conclusions

The acceleration, escape, and loss time scales of an average FR-0 radio galaxy were examined
by compiling the available SED into a two-component target photon field consisting of an internal
jet component (SSC model) and an external host galaxy contribution. Combining all relevant
timescales into the acceleration probability P,.. allowed a realistic assessment of the chances for
UHECRSs acceleration in these numerous sources. We conclude:

1. Independent of the turbulence model, acceleration up to the highest observed energies is
possible if a hybrid acceleration — the combination of pre-acceleration, e.g., Fermi-1 order,
with gradual shear acceleration — is realized. These acceleration scenarios on their own
cannot contribute to the UHECR flux.

2. The exact shock speed ug does not have a significant influence on the maximal energy,
however, it determines the transition between Fermi-1 and gradual shear acceleration.

3. Although FR-0 galaxies are comparatively radiatively weak sources, we expect significant
deviations from an unbroken power law for the ejected cosmic-ray spectra due to energy-
dependent losses.

In summary, FR-0 radio galaxies represent an interesting source class for UHECR acceleration
especially because of their large number density and rather isotropic distribution.

Acknowledgements

This work acknowledges financial support from the Austrian Science Fund (FWF) under grant
agreement number I 4144-N27 and from the Slovenian Research Agency - ARRS (project no. N1-
0111). M.B. has for this project received funding from the European Union’s Horizon 2020 research
and innovation program under the Marie Sklodowska-Curie grant agreement No 847476. The views
and opinions expressed herein do not necessarily reflect those of the European Commission. G.B.



UHECRs from FROs Lukas Merten

acknowledges financial support from the State Agency for Research of the Spanish MCIU through
the "Center of Excellence Severo Ochoa" award to the Instituto de Astrofisica de Andalucia (SEV-
2017-0709) and from the Spanish "Ministerio de Ciencia e Innovacion” (MICINN) through grant
PID2019-107847RB-C44.

This research has made use of the NASA/IPAC Extragalactic Database (NED), which is funded
by the National Aeronautics and Space Administration (NASA) and operated by the California
Institute of Technology (CIT). Furthermore, part of this work is based on archival data, software,
or online services provided by the Space Science Data Center (SSDC) via ASI.

This work benefited from the following software: CRPropa [2, 10], NumPy [20], Matplotlib
[7], pandas [9], SOPHIA [12], jupyter notebooks [14], AGN SED tool [8, 18, 19].

References
[1] Aab, A., Abreu, P., Aglietta, M., et al. APJL 853 (2018) L29.
[2] Alves Batista, R. et al. JCAP 4 (2016) 038.
[3] Baldi, R. D. and Capetti, A. A&A 508 (2009) 603-614.
[4] Baldi, R. D., Capetti, A. and Massaro, F. MNRAS 609 (2018) 5535-5547.
[5] Chodorowsk, M. J., Zdziarski, A. A., and Sikora, M. Astrophys. Journal 400 (1992) 181.
[6] Ghisellini, G., Tavecchio, F., and Chiaberge, M A& A 432 (2005) 401-410.
[7] Hunter, D. Computing In Science & Engineering 9 (2007).
[8] Massaro, E., Tramacere, A., Perri, M., Giommi, G., and Tosti, G. A&A 448 (2006) 861-871.
[9] McKinney, W. Python for Data Analysis O’Reilly (2012).
[10] Merten, L., Becker Tjus, J., Fichtner, H., Eichmann, B., and Sigl, G. JCAP 6 (2017) 046.
[11] Merten, L. et al. Astroparticle Physics 128 (2021) 102564.

[12] Miicke, M., Engel, R., Rachen, J. P., Protheroe, R. J., and Stanev, T. Computer Physics
Communications 124 (2000) 290-314.

[13] Ostrowski, M. A&A 238 (1990) 435-438.

[14] Perez, F. and Granger, B. E. Computing in Science & Engineering 9 (2007) 21-29

[15] Rieger,F. M. and Duff, P. Astrophys. J. Lett. 886 (2019) L26.

[16] Rieger,F. M. Galaxies 7 (2019) 78.

[17] Tavecchio, F. MNRAS 501 (2021) 6199.

[18] Tramacere, A., Giommi, P., Perri, M., Verrecchia, F., and Tosti, G. A&A 501 (2009) 879-898.
[19] Tramacere, A., Massaro, E., and Taylor, A. M. Astrophys. Journal 739 (2011) 66.

[20] van der Walt, S., Colbert, C. S., and Varoquaux, G. Computing in Science & Engineering 13
(2011) 22-30.



	Introduction
	Acceleration, Escape, and Losses
	Acceleration
	Escape
	Losses

	FR-0 source environment
	Target Photon Field
	Acceleration Probability and Maximal energy

	Conclusions

