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Recently, it has been shown that relatively low luminosity Fanaroff-Riley type 0 (FR-0) radio
galaxies are a good candidate source class for a predominant fraction of cosmic rays (CR) acceler-
ated to ultra-high energies (UHE, E>1018 eV). FR-0s can potentially provide a significant fraction
of the UHECR energy density as they are much more numerous in the local universe than more
energetic radio galaxies such as FR-1s or FR-2s (up to a factor of ∼5 with z≤0.05 compared to
FR-1s).
In the present work, UHECR mass composition and energy spectra at the FR-0 sources are
estimated by fitting simulation results to the published Pierre Auger Observatory data. This
fitting is done using a simulated isotropic sky distribution extrapolated from the measured FR-0
galaxy properties and propagating CRs in plausible extragalactic magnetic field configurations
using the CRPropa3 framework. In addition, we present estimates of the fluxes of secondary
photons and neutrinos created in UHECR interactions with cosmic photon backgrounds during
CR propagation. With this approach, we aim to investigate the properties of the sources with the
help of observational multi-messenger data.
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1. Introduction

Lower luminosity Fanaroff-Riley (FR-0) radio galaxies are a good candidate source class for a
predominant fraction of cosmic rays (CR) accelerated to ultra-high energies (UHE, E> 1018 eV).
Using the average FR-0 spectral energy distribution (SED), it was found [1] they can accelerate
UHECR up to the highest observed energies via hybrid acceleration (e.g., combining Fermi-I pre-
acceleration with gradual shear acceleration). FR-0s may thus provide a significant fraction of the
UHECR energy density as they are much more numerous in the local universe than more energetic
FR-1 or FR-2 radio galaxies (by a factor of ∼5 compared to FR-1s) [2].

Further investigation of FR-0 source properties can be done using multi-messenger observa-
tions. In this work, isotropic FR-0 UHECR emission was simulated, extrapolated from measured
FR-0 properties, and propagated to Earth in plausible extragalactic magnetic fields using CR-
Propa3 [3]. Fitting this simulation to Pierre Auger Observatory data [4, 5] estimates UHECR mass
composition and energy spectra emitted at FR-0s. Additionally, we present estimates of secondary
photon and neutrino fluxes created by UHECR interactions with cosmic photon backgrounds.

2. Isotropic FR-0 Simulation

The simulated FR-0 set is upsampled from the FR0CAT catalog [2] well-sampled sky portion
in the supergalactic coordinate spherical rectangle of -45◦to 45◦SGB and 60◦to 120◦SGL, as shown
in Figure 1 on the left. There are 76 out of 104 FR-0s in this 11.79% sky section; this results in 645
upsampled FR-0s distributed isotropically in the simulation (Figure 1 on the right).

Figure 1: The FR-0 catalog FR0CAT [2] in supergalactic coordinates (left) and the simulated FR-0 distribu-
tion (right). Full-sky isotropic FR-0 density is estimated from the well-sampled FR0CAT section.

Isotropic simulated FR-0 have the same redshift distribution as data (Figure 2a) and the relative
flux distribution is proportional to the radio output distribution (Figure 2b). Furthermore, the
simulated set preserves the correlation between radio (a source jet power measure)/UHECR flux
and redshift (Figure 2c) to model the local universe source evolution. The flux of each simulated
source is emitted isotropically (approximating that FR-0 possess relatively slow bulk flows).

3. Propagating UHECRs through the Extragalactic Environment

The CRPropa3 (v3.1.6) framework [3] is used to simulate the propagation of proton, nitrogen,
and iron UHECR primaries through the extragalactic environment. These nuclei are thrown with
an energy spectrum 3#/3� ∝ �−1 with energies from 1018.6 to 1021 eV.
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(a) (b) (c)

Figure 2: (a) Simulated FR-0 redshift generated by Pareto distribution fit to catalog data [2]. Data redshift
isotropy probability is ∼16%. (b) Relative simulated FR-0 UHECR flux is proportional to radio output distri-
bution. Generated by Pareto distribution fit to NVSS data [2]. (c) Local universe source evolution modeled
by preserving redshift/flux correlation (Kendall’s correlation coefficient: -0.28, p-Value: 4.6×10−5) [2].

3.1 UHECR Interactions

Simulated UHECR interactions with the extragalactic radiation backgrounds CMB, IRB
(Gilmore12 model [6]), and URB (Protheroe96 model [7]) include: Photo-pion production and
nuclear photodisintegration (GZK effect), Pair-production (including double and triplet), and In-
verse Compton scattering. Furthermore, adiabatic cooling due to redshift and nuclear decays of
unstable particles are also included.

3.2 Magnetic Fields

Magnetic field deflections are simulated in CRPropa3 using a turbulent magnetic field (via
the initTurbulence module) with a mean field strength of 1 nG and length scales from 60 kpc
to 1 Mpc (or 3 Mpc) on an isotropic Kolmogorov power spectrum with an average 234 kpc (or
647 kpc) correlation length. The magnetic field strength distribution is shown in Figure 3. Particles
are propagated through this field using the PropagationCK module with a propagation step size
minimum of 10 kpc to a maximum of 4 Mpc with a 0.01 iterative calculation error tolerance.

Figure 3: Distribution of simulated magnetic field strengths for an average 〈�〉 = 1 nG and
√
〈�2〉 = 1.1 nG.
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4. Isotropic FR-0 Simulation Output

The particle observer is a 200 kpc sphere at the simulated extragalactic magnetic field center.
Nuclei intersecting this sphere are recorded and are not propagated further. Nuclei below the energy
threshold of 1018.6 eV at any point during propagation are discarded. Particles that have travelled
further than 2000 Mpc, or intersect a sphere 2000 Mpc around the observer, are also discarded.

Secondary photons above an energy of 100 MeV are immediately recorded, if their path
intersects the observer sphere, for post-processing propagation using the DintElecaPropagation
module [8, 9]. The crossover energy from EleCa to DINT is 100 TeV. Secondary neutrinos above an
energy threshold of 100 TeV are immediately recorded if their path intersects the observer sphere.

4.1 Composition Output

Figures of mean log mass number 〈ln�〉 versus detected energy are shown here for thrown
nitrogen (Figure 4) and iron (Figure 5) nuclei. After propagation, the detected mass distributions
of the thrown nitrogen and iron are modified due to spallation against the photon backgrounds and
nuclear decay (proton is of course unchanged). A shift to smaller mass numbers can be seen for
larger maximum coherence scale fields due to the longer average propagation time.

Figure 4: Nitrogen (ln(A) = 2.6) detected 〈ln�〉 vs. energy. (a) 1 Mpc maximum scale magnetic field (b)
3 Mpc maximum scale magnetic field. Larger coherence scale fields result in smaller mass numbers.

Figure 5: Iron (ln(A) = 4.0) detected 〈ln�〉 vs. energy. (a) 1 Mpc maximum scale magnetic field. (b) 3 Mpc
maximum scale magnetic field. Larger coherence scale fields result in smaller mass numbers.

4.2 Energy Spectra Output

The detected relative energy spectra for the thrown three primary nuclei, for each scalemagnetic
field, after propagation are shown in Figure 6 (proton), Figure 7 (nitrogen), and Figure 8 (iron).
The thrown energy spectrum 3#/3� ∝ �W spectral index is W = −1. After propagation, the energy
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Figure 6: Relative energy spectra of proton thrown with 3#/3� ∝ �−1 after propagation. (a) 1 Mpc
maximum scale magnetic field. (b) 3 Mpc maximum scale magnetic field.

Figure 7: Relative energy spectra of nitrogen thrown with 3#/3� ∝ �−1 after propagation. (a) 1 Mpc
maximum scale magnetic field. (b) 3 Mpc maximum scale magnetic field. A small excess at lower energies
can be seen for the larger coherence scale field.

Figure 8: Relative energy spectra of iron thrownwith 3#/3� ∝ �−1 after propagation. (a) 1Mpcmaximum
scale magnetic field. (b) 3 Mpc maximum scale magnetic field. A more pronounced excess at lower energies
can be seen for the larger coherence scale field.

spectra are modified by interactions with the extragalactic environment. A larger excess of lower
energy nuclei can be seen for the larger coherence scale magnetic field (3 Mpc max.) and this
excess increases with increasing initial primary UHECR mass. This shift to lower energies is due
to the longer average propagation time for larger coherence scale fields.

5. FR-0 Source Emission Result

5.1 FR-0 Source Composition Result

The propagation modified 〈ln�〉 and energies are used to calculate the relative proportions of
FR-0 source emitted nuclei by the best fit to Pierre Auger Observatory data [4]. These percentages

5



P
o
S
(
I
C
R
C
2
0
2
1
)
9
8
9

FR-0 Source Properties for Multi-Messenger UHECR Jon Paul Lundquist

are then used to calculate the average percentage of each thrown nuclei in bins of emitted energies,
as shown in Figure 9 and Figure 10 for the two fields considered. The error bars are bootstrapped
1 f uncertainties taking into account data uncertainties and simulation statistics.

Figure 9: 1 Mpc max. scale field result. (a) Pierre Auger Observatory ICRC 2019 QGSJETII-04 data fit [4].
(b) Simulated FR-0 sources emitted primary nuclei percentages versus energy. The last bin is E≥1019.6.

Figure 10: 3Mpcmax. scale field result. (a) Pierre Auger Observatory ICRC 2019QGSJETII-04 data fit [4].
(b) Simulated FR-0 sources emitted primary nuclei percentages versus energy. The last bin is E≥1019.6.

5.2 FR-0 Source Energy Spectrum Result

Using the resulting composition mix, j2 is minimized for the best fit to Pierre Auger Ob-
servatory’s ICRC 2019 energy spectrum (E>1018.6 eV) [5] by re-weighting thrown energies and
flux normalization. The result is an estimated FR-0 source emission energy spectral index, see
Figure 11. The relatively soft emitted spectra result may be connected to the lack of a rigidity
dependent cut-off in the fitting and the inclusion of an IGMF in our simulations, see [10, 11] for
comparison.

Repeating the fitting on a set of simulations with no magnetic field present results in a poor fit
to the energy spectrum due to an excess above data for energies E>1019.7 eV.

5.3 Multi-messenger Spectra

Preliminary secondary multi-messenger particle energy spectra are shown in Figure 12. The
1 Mpc maximum scale magnetic field mixed composition and source spectral index fit results are
used. Photon output shown in Figure 12a is from the DintElecaPropagation module [8, 9].

The resulting cosmogenic all-neutrino spectrum shown in Figure 12b appears similar to other
results with soft spectra sources such as in [12] which used only protons.
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Figure 11: Mixed composition best fit to the Pierre Auger energy spectrum [5]. (a) 1 Mpc max. scale field.
(b) 3 Mpc max. scale field.

(a) (b)

Figure 12: Simulated secondary multi-messenger relative energy spectra: (a) Photons. (b) Neutrinos.

6. Conclusion

Fanaroff-Riley (FR-0) radio galaxies have been shown to be capable of accelerating cosmic rays
to ultra-high energies (E>1018.6 eV) [1, 2]. Fitting isotropic FR-0 simulations extrapolated from
measured FR-0 properties in reasonable extragalactic fields to published Pierre Auger Observatory
UHECR data [4, 5] has been done. The presented comparison of simulated FR-0 source mass
composition and cosmic ray energy spectra to UHECR data results in good fits. This insight
into possible FR-0 emission properties results in a soft source energy spectrum spectral index of
W∼-2.7 along with an increase in the emitted nuclei masses with increasing energy. Additionally,
the estimated shapes of the secondary photon and neutrino fluxes created by UHECR interactions
with cosmic photon backgrounds are reasonable. Future work will include the addition of a rigidity
dependent exponential cutoff, additional magnetic field configurations, and estimates of the required
FR-0 CR luminosity.
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