PROCEEDINGS

OF SCIENCE

On gamma rays as predictors of UHECR flux in
AGNs

Caina de Oliveira,"* Rodrigo Guedes Lang’ and Pedro Batista’
“Instituto de Fisica de Sdo Carlos, Universidade de Sdo Paulo,

Av. Trabalhador Sao-carlense 400, Sdo Carlos, Brasil
b Friedrich-Alexander-Universitit Erlangen-Niirnberg, Erlangen Centre for Astroparticle Physics,

Nikolaus-Fiebiger-Str. 2, 91058 Erlangen, Germany

E-mail: caina.oliveira@usp.br, rodrigo.lang@fau.de, pedro.batista@fau.de

Active galactic nuclei (AGNs) are significant candidates for ultra-high-energy cosmic ray
(UHECR) sources, supported by both theoretical and phenomenological motivations. In this
context, AGN catalogs have been employed for quantitative comparisons between predictions and
observations, where the UHECR flux is assumed to be proportional to the very-high-energy y-ray
flux of the objects. However, discrepancies arise in matching the energy spectrum and anisotropy
data. This work proposes a possible solution to these inconsistencies. By using the observed y-ray
flux as a proxy for the UHECR flux, a beamed UHECR emission is implicitly assumed. We show
that assuming isotropic UHECR emission and applying Doppler factor corrections to the observed
v-ray flux can reduce the discrepancies between the predictions derived from AGN catalog-based

models.
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1. Introduction

The origin of ultra-high-energy cosmic rays (UHECR) remains one of the greatest mysteries of
contemporary astrophysics [1]. As charged particles, their trajectories are deflected by extragalactic
and galactic magnetic fields, preventing the direct identification of their astrophysical sources. In
the last years, measurements from the Pierre Auger [2] and Telescope Array [3] Observatories
have significantly advanced our understanding of cosmic rays in the ultra-high-energy range. In
particular, the detection of a dipolar modulation of events with energies exceeding 8 EeV provides
strong evidence for the extragalactic origin of these particles [4]. Furthermore, the observation of
smaller-scale anisotropies in the UHECR sky at higher energies (~ 40 EeV) has enabled correlation
studies between arrival direction data and various catalogs of astrophysical objects [5, 6].

Active Galactic Nuclei (AGN) and Starburst Galaxies (SBGs) have been considered suitable
candidates of UHECR sources. A reported correlation between data from the Pierre Auger Ob-
servatory and a catalog of nearby SBG achieved a confidence level of 4.20 [5], which increased
to 4.70- when combined with data from the Telescope Array [6]. In comparison, the Pierre Auger
Collaboration reported a correlation of 3.30° confidence level for a catalog of nearby AGN [5].

AGNs are considered compelling candidates for UHECR sources, supported by both theoretical
and phenomenological arguments [7]. Different sites have been proposed as UHECR accelerators,
including the vicinity of the supermassive black hole, the jet (on parsec and kiloparsec scales), the
backflow of jet material, the jet termination shock, and the lobes. Among AGNs, radio galaxies
have demonstrated significant potential in explaining the energy spectrum, composition, and arrival
direction data. The three brightest nearby radio galaxies, Centaurus A, M87, and Fornax A, may
account for the highest-energy dipole and hotspots observed [8, 9].

According to the unified model of AGNs, radio galaxies and blazars are jetted AGNs whose
jets are misaligned and aligned, respectively, with our line of sight. Consequently, if radio galaxies
are dominant UHECR sources, blazars must also contribute to the UHECR flux. Nevertheless,
combining radio galaxies and blazars in AGN catalogs results in poor agreement between model
predictions and observational data [10, 11]. The contribution of the blazar Mkn 421 produces a
strong hotspot and dominates the dipole direction, while distant blazars increase the number of
secondary particles. UHECR accelerated by farther sources undergoes more photodisintegration,
increasing the number of secondary particles, which deteriorates the fit quality of the energy
spectrum. When an astrophysical catalog is used to predict the UHECR signal, assumptions must
be made about the individual UHECR luminosity of the sources. In the case described above, the
observed y-ray luminosity is used to weigh the contribution of each source.

In this work, we propose a possible solution to the tension between the data and the combined
predictions for radio galaxies and blazars. UHECRs emitted by AGNs are unlikely to remain
collimated, as is the case for y rays emitted along AGN jets. We show that assuming isotropic
emission for UHECRSs can reduce the discrepancies between UHECR predictions based on AGN
catalogs and the data.
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2. Gamma rays and cosmic rays from jetted AGNs

The detection of y rays from AGNs indicates the presence of regions of particle accelera-
tion [12]. It is typically assumed that electrons/positrons or protons are accelerated in compact
regions moving at relativistic speeds along the jet (blobs). In the blob’s rest frame, the accelerated
particles will emit y rays isotropically. For an external observer, however, the radiation is highly

beamed within an angle 6, =~ 7!, where I', is the bulk Lorentz factor. In this scenario, the

b >
luminosity attributed to the source (observed, Lgbs) is boosted by a factor of D* compared to the
intrinsic luminosity determined in the source’s rest frame (Lg,”’). The Doppler factor D is given by
D=1 =T} (1 = By cos §), where S, is the plasma speed in units of the speed of light, and 6 is the
angle between the jet axis and the observer’s line of sight [13].

Different mechanisms and sites have been proposed for accelerating UHECRs in AGN jets. In
the case of UHECRSs being accelerated in relativistic plasmas, it is expected that they will experience
the same beaming effect observed for y rays. However, as charged particles, UHECRs are likely to
become isotropized within the source region. In a detailed study [14], it was found that the angular
distribution of accelerated UHECRSs along the jet is determined by deflections within the cocoon.
Even in the more anisotropic scenarios proposed in their work, only about half of the particles were
emitted collimated within an angle larger than 6.

After escaping the acceleration site, the UHECRSs should cross the lobes inflated by the AGN’s
jet before reaching the extragalactic medium. The extension of the lobes is about R ~ 100kpc, with
possibly turbulent/filamentary magnetic fields of intensity ~ 1—-10uG [15, 16]. In this environment,
the UHECRs will have a scattering length approximately given by [17] Ay ~ k*€.(r1./€.)®, where
K = B(Z)/(SBZ, {. is the magnetic field coherence length, ¢ is the diffusion coefficient, ry is the
gyroradius of the UHECR. By and 6 B are the large-scale and turbulent components of the magnetic
field, respectively. For €. ~ 0.1R, and the fiducial value « ~ 1, it is possible to estimate that all
particles with energies below E; ~ (Z x 30 EeV)B,c VEoR 100" will suffer at least one scattering
inside the lobe, losing it directional information. For the estimation above, we use the conservative
value § = 2, which is appropriate for the high-energy non-resonant regime [18]. Above 5 EeV, the
UHECR detected on Earth are dominated by He and N, as inferred from the combined fit performed
by the Pierre Auger Collaboration [19]. Taking Z ~ 5, we estimate E; ~ 150 EeV, suggesting that
all UHECRs are likely scattered before leaving the source’s vicinity.

The estimation above assumes that the UHECRs are accelerated in shocks at the first parsec
scales from the jet base. However, scattering may be inefficient if the acceleration primarily takes
place in the termination shocks of the jets. It has been argued that these sites are poor UHECR
accelerators when considering shock acceleration [20], though a cavity behind the termination
shock could serve as an important accelerator site [21].

It is unlikely that the UHECR remains beamed after leaving the source region, as is the case
for y rays. Thus, using the observed y-ray luminosity as a proxy for UHECR luminosity may
overestimate the latter by a factor of D9, where g accounts for the y ray/UHECR association. For
example, if the UHECR luminosity scales with L;’” , then g = 4 [13]. Assuming the UHECR
luminosity scales with the radiative jet power, g = 2 [22]. This effect is particularly important when
AGN:ss of different classes are included in the same analysis. Radio galaxies have a mean Doppler

Lwith l10 = e /10 kpe, Rygp = R/100 kpc, and BMG = By/1 uG.
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Figure 1: Arrival direction maps and reconstructed dipole directions obtained for the best-fit scenario
considering each of the y-ray proxies (rows) for E > 8 EeV (left) and E > 32 EeV (right). The counts are
normalized to the bin with the fewest counts. The lime and cyan stars and contours show the dipole measured
by the Pierre Auger Observatory for E > 8 eV and E > 32 eV. Triangles show the obtained dipoles the Auger
field of view. The data is shown only for the Auger’s field of view.

factor D ~ 2.6, while BL Lac (BLL) blazars have D ~ 10 [23, 24]. As a result, the UHECR flux
from BLL can be overestimated by a factor of ~ 15 — 200 compared to radio galaxies.

3. Effects on the combined fit

To verify the importance of the relativistic beaming effect in AGN scenarios, a combined fit of
the energy spectrum and composition was performed, similar to that of [10]. Two classes of sources
were considered: a homogeneous distribution of identical background sources (without source
evolution) and local point sources. The local sources correspond to the objects in the y AGN catalog
proposed by [10]. The catalog contains jetted AGNs detected by the Fermi-LAT satellite [25], with
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~25~! in the energy range from 10 GeV to 1 TeV. The emissivity

fluxes exceeding 3.3 x 10™''cm
of the local sources is considered proportional to: a) the observed y-ray luminosity (Li;’”), b) the
radiative power of the jet (Z)‘zLi;b *), and c) the intrinsic y-ray luminosity (D‘4L;b *). The sources
and their properties are described in Table 1. The relative contribution of the local and background

sources is given by the parameter @, which is the ratio of their fluxes at 10! eV.

The sources are assumed to emit an effective energy spectrum given by

j—Z(E) = NyFiE™ four(E, Zi, Rmax), )
for a normalization Ny, spectral index I', and maximum rigidity at the source R,,x. F; =
fi(ZiRmax)" ~! is the total contribution of a primary i with charge Z; between 1 EeV and Z;R,,.x.

The unidimensional propagation of five representative primaries (\H, *He, N, 28Si, °Fe) with
energies between 10'® and 10?2 eV (10 bins per decade) was simulated using CRPropa3 [26]. The
particles were emitted from distances ranging from 3 to 3342 Mpc (118 bins in log). All interactions
and energy losses were considered for the CMB and EBL model of [27]. The simulations do not
account for magnetic field effects. A smearing in the arrival directions was considered by applying
a rigidity-dependent von Mises-Fisher distribution with Ag = 5° and Ry = 10 EV?. The simulated
results were fitted to the spectral data[28] (> 10'87 eV), and to the first and second moments of the
Xmax distribution[29]. The EPOS-LHC hadronic model [30] was considered. By minimizing the
/\/2 distance between the model and the data, the values of the free parameters F;, Ng, a, I', and
Rax were obtained. To address the systematic uncertainties in the spectrum and X,,,,, additional
fits were performed with the energy and X, data shifted by +14% and 1o, respectively. The best
fit for cases a), b), and ¢) was obtained for energy shifts of —14%, 0%, and +14%, respectively, with
no X4y shift.

The values of )(2 /NDF obtained for the models are 4.6, 3.1, and 3.9 for cases a), b), and
¢), respectively. This indicates an improvement in the fit quality for the new proposed proxies
compared to Lg’,hs (case a).

Figure 1 shows the arrival direction maps and the reconstructed dipole for £ > 8 EeV and
E > 32 EeV. The dipole directions obtained in each case for the field of view of the Pierre Auger
Observatory are also shown. The angular distance between the reconstructed and measured dipoles
by the Pierre Auger Observatory [4] above 8 EeV (32 EeV) is: a) 5.90 (2.10), b) 4.90 (2.00),
and c¢) 3.50 (1.10). The tension between the Auger dipole and the modeled dipole direction is
reduced for the new proxies. The amplitude of the dipole in the model (> 8 EeV) is: a) 14 + 1%,
b) 7.5 £ 0.2%, and c) 4.1 = 0.5%. When compared to the amplitude of 7.42)'_%% reported by the
Pierre Auger Collaboration[4], the new proxies significantly improve the agreement between the
model and the data.

The hotspots also vary in the different scenarios considered. For Lg’,b § (case a), Mkn 421 is the
dominant source, producing a spurious hotspot and dominating the dipole direction. For Z)‘ng,bS
and Z)“‘Lg,b § (cases b and ¢), the nearby radio galaxies Cen A, M87, and Fornax A dominate within
the Auger field of view.

2See eq. 2.14 of [10]
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4. Summary

In this work, we propose using intrinsic source properties, such as intrinsic y-ray luminosity
or radiative jet power, rather than observed y-ray luminosity as a proxy for the UHECR luminosity
in AGNs. These new proxies are based on the relativistic beaming that the y-rays are subject.
On the other hand, even if emitted beamed, the UHECR must be isotropized within the source
region. This effect is particularly important when populations of radio galaxies and blazars are
considered in the same analysis. Since blazars have higher Doppler factors compared to radio
galaxies, the UHECR flux from them is significantly overestimated relative to radio galaxies. This
overestimation increases the contribution of distant sources to the energy spectrum, which worsens
the fit. In particular, the high Doppler factor of Mkn 421 causes this blazar to dominate the UHECR
sky in models considering the LS proxy.

When comparing the combined fit results for models based on L%, D=2L9%%, and D~*LIP,
the new proxies improve the fit quality from y?/NDF = 4.6 to y?/NDF = 3.1. The dipole
amplitude decreases from 14% to 4.1 — 7.5%, reducing the tension with the data (7.4%). The
predicted dipole direction tension is reduced from 5.9 (2.1)o to 3.5 (1.1)0 when compared to the
one measured by the Pierre Auger Observatory above 8 EeV (32 EeV). Note that we did not consider
extragalactic and galactic magnetic fields in this study.

Finally, this work strengthens the hypothesis of AGNs as candidates for UHECR sources,
providing a more robust connection between UHECR and y-ray luminosities. These assumptions
could be applied in future studies to further test AGN scenarios for the origin of UHECR.
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