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In [1], we laid the groundwork for studying the espresso paradigm [2], a reacceleration mechanism to boost galactic CRs to UHECR levels. Our bottom-up approach uses realistic 3D MHD
simulations of relativistic AGN jets and accounts for all of the crucial ingredients of a universal
acceleration theory: injection, acceleration, and escape in realistic environments. Our results are
consistent with the main features of UHECR spectra, i.e., power-law slopes, chemical composition, and anisotropy. In [3], we refine our model by including sub-grid particle scattering to model
small-scale magnetic turbulence that cannot be resolved by MHD simulations, constraining for
the first time one crucial but hard-to-model ingredient, and allowing us to establish the relative
importance of espresso and stochastic shear acceleration in relativistic jets. Our framework also
enables us to analyze high-energy neutrinos produced from our accelerated UHECRs considering
the effects of external photon fields, and to incorporate nucleus photodisintegration. The spectra
we obtain are consistent with the picture drawn by observations with Auger, Telescope Array, and
IceCube observatory.
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1. Introduction

1. We propagate particles on the grid with a standard Boris pusher [e.g., 7], while prescribing
a finite probability per unit time for particles to change their pitch angle with respect to the
local magnetic field. This determines a sub-grid scattering (SGS) rate that complements the
one due to large-scale MHD fluctuations. Such a recipe enables us to probe the potential role
of stochastic acceleration in AGN jets.
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Ultra-High-Energy Cosmic rays (UHECRs) were first detected decades ago, and recently,
the Pierre Auger Observatory has measured their spectrum in unprecedented detail [4]. Yet, the
production mechanism and astrophysical sources of UHECRs are still much debated. Acceleration
models hardly go beyond back-of-the-envelope estimates of the maximum energy achievable, i.e.
the Hillas limit [e.g. 5], in astrophysical sources. Among such sources, the jets of active galactic
nuclei (AGNs) are regarded as very promising candidates: they easily satisfy the Hillas limit up
to the highest energies for iron nuclei and have luminosities that can sustain the UHECR energy
injection rate.
We examine a promising theoretical framework based on the espresso acceleration mechanism
[1–3], which has the potential to satisfy the requirements of a comprehensive theory of UHECR
acceleration in AGN jets. Such a framework accounts for: i) the specifics of particle injection into
the source; ii) a general acceleration mechanism, independent of poorly-constrained environmental
paramters; and iii) the properties of the released spectra, chemical composition, and anisotropy.
The theoretical basis of the espresso mechanism was outlined in [2] as a one-shot acceleration
mechanism: CR seeds accelerated in supernova remnants up to PeV energies penetrate into AGN
relativistic jets and generally receive a boost in energy of a factor of ∼ Γ2 , where Γ is the Lorentz
factor of the relativistic flow. Unlike stochastic acceleration mechanisms, espresso-accelerated
particles do not undergo multiple energy gain/loss cycles; more importantly, acceleration does not
depend on highly uncertain parameters, such as the diffusion rate in the local magnetic turbulence.
In [1], we used a bottom-up approach for investigating the espresso framework while keeping
parametrizations at a minimum. More precisely, we studied particle injection and acceleration in
high-resolution magnetohyrodynamic (MHD) simulations of relativistic jets run with PLUTO[6]. We
found that particles are accelerated up to the jet’s Hillas limit via one/two espresso shots without any
added diffusion, further reiterating espresso’s generality. In that sense, we concluded that espresso
is a generic acceleration mechanism that can explain the UHECR spectrum without resorting to
particular assumptions.
MHD jet simulations can self-consistently capture the large scale fluctuations in magnetic
fields, but below the grid resolution, the potential role of smaller-scale turbulence is unaccounted
for. On the other hand, stochastic acceleration processes may hinge on pitch-angle scattering
produced by such unresolved scattering and be important in realistic AGN jets.
Moreover, the powerful radiation fields from the AGN broad-line region, dusty torus, or blazar
zone in the environs of the jet could substantially alter the spectra of heavier UHECRs and produce
lighter elements and neutrinos. A UHECR theory should also include nucleus photodisintegration
and possibly come with a prediction for the flux of high-energy neutrinos produced in the source.
To address these matters, we add two main pieces to our self-consistent framework:
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2. We prescribe jet photon fields based on methods presented in [8] and use a Monte Carlo
approach to quantify photodisintegration and its effects on the final UHECR spectrum. In
addition, we calculate the expected fluxes of Ultra-High-Energy (UHE) neutrinos above
1017 eV and of high-energy neutrinos, comparing results with IceCube measurements.

2. Espresso and stochastic acceleration in AGN jets
2.1 Sub-grid scattering prescription
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Figure 1: Top panel: Trajectories of two representative particles with the same initial conditions
(αi ∼ 0.075) with κ = 1 and κ = ∞ overplotted on
a 2D slice of the 4-velocity component Γvz of the
flow. Bottom panel: Time evolution of particle energies, color coded with the instantaneous Lorentz
factor probed, Γpr for the κ = 1 particle. The particle gains a factor of < 4 in energy through stochastic
acceleration and then goes through espresso shots
in the high-Γ jet regions.
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2.2 SGS effect on particle trajectories and energy gain
SGS is expected to enhance the diffusion of injected particles in and out of the highest-Γ
regions. In Figure 1, we show a representative trajectory of a particle experiencing Bohm diffusion
(κ = 1, black) along with a particle injected with the same initial conditions but with a scattering
rate κ = ∞ (grey). The bottom panel shows the energy gain E of the particle with κ = 1 (color
i
coded) as a function of its relativistic gyroperiod T ≡ 2πmγ
qB0 where γi is the initial Lorentz factor,
3
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We propagate particles in a 3D relativistic MHD jet simulation performed with PLUTO (see
[1] for details about the setup), which includes adaptive mesh refinement [9]. We augment our
Boris-pusher-integrated trajectories with a Monte Carlo treatment of pitch-angle scattering, and
span an array of scattering rates across two limiting cases: i) the limit in which diffusion occurs in
the Bohm regime, such that the mean free path for pitch-angle scattering is as small as the particle’s
gyroradius, and ii) the limit of no SGS scattering, as in the simulations of [1]. We introduce
a diffusion coefficient D that depends on the particle rigidity and local magnetic field such that


D R ≡ κ3 cR E, q, B , where κ characterizes the number of gyroradii per sub-grid scattering

and R is the particle gyroradius, a function of the local magnetic field B r (see [3] for details).
We compare a wide range of SGS rates by setting κ = ∞(no SGS), 1000, 100, 10, and 1 (Bohm
regime) and investigate their effects on particle acceleration, energy gains, and anisotropy.
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Figure 2: Final spectrum of reaccelerated particles, assuming a seed spectrum ∝ αi−1 . Colored histograms
show the contribution of particles with initial gyroradii αi , while the thick black line shows the cumulative
spectrum. Particles with αi . 1 can undergo boosts . 100  Γ2eff , while for αi & 1 the energy gain is
smaller. The bottom right plot shows the cumulative distribution of the energy gains.

q the charge, B0 the reference value of the magnetic field, and m the mass; the grey curve shows
the energy evolution of the particle with no SGS. The κ = 1 particle follows an irregular trajectory
before entering the spine (where Γ & 2) and experiencing espresso gyrations, as opposed to the
ordered gyrations we note in [1]. The κ = ∞ particle probes regions with Γ < 2 and exits
the jet/cocoon system with E ∼ 3. We can then conclude that adding SGS enables stochastic
acceleration, which can initially energize seeds, and help them to penetrate in the spine of the jet
and get espresso accelerated.
Then, we propagate ∼ 105 test-particles in this jet with a variety of initial gyroradii R and
positions, for the scattering rates discussed above. Particles are homogeneously and isotropically
initialized in linearly spaced locations as discussed more in detail in [1]. Figure 2 shows the final
spectra of accelerated particles produced with different SGS prescriptions. Here, α is defined as


R E,q

the particle gyroradius normalized to the jet radius such as α E, q ≡ Rjet and we indicate with
αi and αf the initial and final gyroradii; the energy gain is then E ≡ αf /αi . The blue line delineates
the Hillas criterion for the jet considered: it reads α ∼ 8 because the magnetic field equals ∼ 8B0
in the spine region.
4
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Particle
Proton (p)
Nucleus (N)

Process
photomeson (pγ)
proton-proton (pp)
photomeson (pγ)
photodisintegration

Reactions
n+π +

p+γ →
→ n+e+ +νe +νµ +ν̄µ
p+p → p+n+π + → p+n+e+ +νe +νµ +ν̄µ
N+γ → n+π + → n+e+ +νe +νµ +ν̄µ
A
N+γ → A−1N+n → A−1N+p+e− +ν̄e

Neutrino Energy fraction
p:ν ∼ 20:1
p:ν ∼ 20:1
N:ν ∼ 20:1
N:ν ∼ 103 A:1

Table 1: Neutrino production mechanisms along with their associated energy fractions. A represents the
atomic mass of the considered chemical specie.

3. UHECR Photodisintegration and UHE Neutrinos
3.1 Particle Propagation
We consider 5 different seed specie groups s =[H,He,C/N/O,Mg/Al/Si,Fe] with effective atomic
number Zs =[1, 2,7,13,26]
and mass As =[1,4,14,27,56]. We parametrize their energy flux as

−qs

φs E = Ks 1012E eV
, where the normalizations are set based on the abundance ratios at 1012 eV
such that Ks /KH ∼ [1, 0.46, 0.30, 0.07, 0.14]. Note that, since propagation is rigidity dependent,
a single integrated trajectory is representative of several different chemical species.
While propagating our particles, we consider proton-proton (pp), photomeson (pγ), and neutron
decay from photodisintegration interactions as potential neutrino production mechanisms. In table 1,
we show the interaction routes that lead to neutrino production and photodisintegration of heavy
elements. The detailed explanations of particle interaction and attenuation losses will be presented
in our upcoming paper [Mbarek et al.(2021)]. Finally, for studying the effects of photon fields on
propagation, we set the SGS level to Bohm diffusion to maximize the number of injected particles
within the spine of the jet and hence the probability of particle interactions.
Overall, at every time step we: (i) calculate the probability of interaction with the ambient
medium and photon fields; (ii) keep track of each particle’s atomic mass A and charge Z; and (iii)
monitor secondary particle production and propagation.
3.2 Photon Field Prescriptions
On top of the MHD simulation, we prescribe external photon fields based mostly on the methods
presented in [8]. We consider 5 main components for target photons: i) the nonthermal continuum
from the blazar zone; ii) the broad atomic line radiation (BLR) from cold gas clumps photoionized by
UV and X-ray emission from the accretion disk; iii) IR emission from the dusty torus; iv) stellar light
photons [10]; and v) the cosmic microwave (CMB) background. We consider here a photon field
that maximizes particle interactions by choosing a very powerful blazar with bolometric luminosity
Lbol = 1048 erg/s [8]. Therefore, the results we obtain should be regarded as an upper limit for
5
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It is important to stress that, regardless of the SGS rate, spectra are very similar at the highest
energies, which implies that UHECRs are always espresso accelerated. More importantly, SGS
does not boost a larger fraction of the particles at the Hillas limit or to a larger maximum energy.
However, low-energy seeds are considerably more likely to be boosted and energy gains of order
of E & 103 are common for them. All these things considered, with SGS the final spectrum is
significantly flatter than the injected one, by ∼ 0.9 in slope for κ = 1, for instance.
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neutrino production and photodisintegration. We finally note that the nonthermal contribution
dominates particle interactions at all particle energies; this may have important repercussions for
multimessenger astronomy since this component can be greatly enhanced, e.g., in AGN flares.
3.3 Results
3.3.1 Effects of Losses on the UHECR Spectrum:
In the left panel of Figure 3, we plot the UHECR spectrum in a blazar-like jet prescription
along with contributions from the considered chemical species and neutrinos. Here, we note that
the UHECR spectrum is not significantly affected by photodisintegration, which is further reiterated
in the right panel of Figure 3, where we show the average atomic mass of the particles as a function
of energy. The luminosity prescription we have set may magnify the effects of photodisintegration,
however, the spectrum still gets heavier with increasing energy, which is consistent with Auger
observations [4]. Additionally, we note the presence of a light-element bump—more prominent for
flatter injection spectra—from reaccelerated secondary protons coincident with the EeV component,
as also suggested by [11]. Overall, we note that espresso acceleration is still consistent with UHECR
energetics and chemical composition even in extreme blazar-like environments.
3.3.2 Expected Spectrum of UHE Neutrinos from UHECR Interactions
In Figure 4 we compare our expected UHE source neutrino emission with neutrino and UHECR
data from IceCube, Auger, Telescope Array, and KASCADE-Grande based on a scaling of the
relative normalizations of CR and neutrino spectra in the left panel of Figure 3. Namely, we
take the relative UHECR to neutrino fluxes produced by our fiducial AGN source, and scale the
expected neutrino flux with the observed UHECR one. Our expected source UHE neutrino results
are included in dotted and dashed black depending on the slope of seed spectrum, ∝ E −q . We
find that neutrinos from neutron decay could contribute to IceCube’s neutrino flux for rather flat
injection spectra (q = 1). More importantly, these results suggest that the flux of source neutrinos
at the EeV level may be comparable to that of cosmogenic neutrinos modeled based on an AGN
source evolution with different confidence levels [12].
6
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Figure 3: Right Panel: Expected UHECR and UHE neutrino spectra assuming different injection spectral
slopes q. He-like have atomic mass A ∈ [3,8]; CNO-like have A ∈ [9,18]; MgAlSi-like have A ∈ [19,35];
Fe-like have A ∈ [36,56]. Left Panel: Average atomic mass A as a function of energy for different injection
slopes. The atomic masses of the injected chemical species are marked with horizontal solid lines.
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3.3.3 Neutrinos from Interactions of CRs with ECR < 1018 eV

Below . 1017 eV neutrinos can be produced in sources that are not necessarily UHECR
sources, but we can still calculate the contribution of AGN jets to the flux measured by IceCube
within the espresso framework. Initially, for a given seed flux, we calculate the fraction of espressoreaccelerated particles and their corresponding energy gain. This is converted into a total luminosity
in UHECRs for a fiducial AGN jet in a given galaxy; then, from the fraction of energy carried by
the produced neutrinos relative to the overall escaping particle energy, we compute the overall
neutrino power. Finally, we then compare this expected luminosity with the expected neutrino
power associated with FR-I and FR-II jets in the IceCube energy range and find that our calculated
neutrino power is . 10−4 − 10−3 lower than what is expected by IceCube, even for a highluminosity AGN and assuming Bohm diffusion for SGS. Since these prescriptions maximize the
expected neutrino yield, we can thereby conclude that AGN jets cannot be responsible for the the
bulk of the neutrinos observed by IceCube, even if they were the main sources of UHECRs.

4. Conclusions
1. Small-scale scattering, which we implenent as SGS in MHD simulations, may be important
for the acceleration of low-energy UHECRs. Yet, the highest-energy CRs are invariably
espresso-accelerated and they reach the Hillas limit independently of the level of SGS.
2. UHECRs accelerated in AGNs are not heavily affected by photodisintegration in their sources;
since acceleration mainly occurs away from the jet base, even in powerful blazar we expect
the spectrum of the highest-energy particles to get heavier with energy, as observed by Auger.
3. The steady neutrino emission from FR-Is/FR-IIs, the probable sources of UHECRs, cannot
account for IceCube’s astrophysical neutrinos.
4. Source neutrinos with energies > 1017 eV could be associated with AGN jets, the UHECR
acceleration sites, as their flux should be comparable to that of cosmogenic neutrinos.
5. Nevertheless, since the jet nonthermal emission is the dominant photon background for CR
interactions, neutrinos from AGN jets could correlate with γ-ray flares, which suggests that
AGN flares are excellent multimessengers candidates.
7
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Figure 4: Expected source neutrino flux (black)
from UHECR interactions in the espresso framework assuming two different injection slopes q =
2 (solid) and q = 1 (dashed). We compare this
flux to the expected cosmogenic neutrino flux
(blue bands) [12]. UHECR data from Auger,
KASCADE-Grande, and Telescope Array, as well
as, neutrino data from IceCube are included for
reference.

Rostom Mbarek

UHECRs and Neutrinos from AGN Jets

References
[1] Rostom Mbarek and Damiano Caprioli. Bottom-up Acceleration of Ultra-high-energy Cosmic
Rays in the Jets of Active Galactic Nuclei. ApJ, 886(1):8, Nov 2019.
[2] D. Caprioli. ”Espresso” Acceleration of Ultra-high-energy Cosmic Rays. ApJL, 811:L38,
October 2015.

[4] A. Aab and The Pierre Auger Collaboration. Observation of a large-scale anisotropy in the
arrival directions of cosmic rays above 8 ×1018 ev. Science, 357:1266–1270, September 2017.
[5] A. M. Hillas. The Origin of Ultra-High-Energy Cosmic Rays. Ann. Rev. of A&A, 22:425–444,
1984.
[6] A. Mignone, C. Zanni, P. Tzeferacos, B. van Straalen, P. Colella, and G. Bodo. The PLUTO
Code for Adaptive Mesh Computations in Astrophysical Fluid Dynamics. ApJS, 198:7, January
2012.
[7] C. K. Birdsall and A. B. Langdon. Plasma Physics via Computer Simulation. CRC Press,
1991.
[8] Kohta Murase, Yoshiyuki Inoue, and Charles D. Dermer. Diffuse neutrino intensity from the
inner jets of active galactic nuclei: Impacts of external photon fields and the blazar sequence.
Phys. Rev. D, 90:023007, Jul 2014.
[9] A. Mignone, P. Rossi, G. Bodo, A. Ferrari, and S. Massaglia. High-resolution 3D relativistic
MHD simulations of jets. MNRAS, 402:7–12, February 2010.
[10] K. Tanada, J. Kataoka, and Y. Inoue. Inverse compton scattering of starlight in the kiloparsecscale jet in centaurus a: The origin of excess TeV γ-ray emission. ApJ, 878(2):139, jun
2019.
[11] M. Unger, G. R. Farrar, and L. A. Anchordoqui. Origin of the ankle in the ultra-high energy
cosmic ray spectrum and of the extragalactic protons below it. ArXiv e-prints, May 2015.
[12] Rafael Alves Batista, Rogerio M. de Almeida, Bruno Lago, and Kumiko Kotera. Cosmogenic
photon and neutrino fluxes in the auger era. Journal of Cosmology and Astroparticle Physics,
2019(01):002–002, jan 2019.

8

PoS(ICRC2021)481

[3] Rostom Mbarek and Damiano Caprioli. Espresso and Stochastic Acceleration of Ultra-highenergy Cosmic Rays in Relativistic Jets. arXiv e-prints, page arXiv:2105.05262, May 2021.

