
Neutrino - γ-ray - UHECR connection   
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High-energy messengers 
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Neutrinos 
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Neutrinos 
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Neutrinos: Stacking limits 
FO PoS ICRC2021 (2022) 030 (see for list of references) 

2.6σ
Fν ≠ FX
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Neutrinos 
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Neutrinos 
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FIG. 1: Left panel: All-flavor neutrino (thick blue lines) and isotropic diffuse γ-ray (thin red lines) fluxes for pp and minimal
pγ scenarios of Eqs. (4) and (5) that account for the latest IceCube data from ∼ 10 TeV to ∼ 2 PeV energies [5], where
s′ = sob = 2.5 is used. While pp scenarios require εbν = 25 TeV with a strong tension with the Fermi IGRB [13], minimal pγ
scenarios allow the range εbν of 6–25 TeV (shaded regions) as long as the sources are transparent to γ rays (see the main text
for details). Right panel: Same as the left panel, but now showing neutrino fluxes of AGN core and choked jet models from
Refs. [21, 24]. To illustrate the strength of diffuse γ-ray constraints, we pretend that the sources were transparent to γ rays.

may not be directly observable. First, γ rays above TeV
energies initiate electromagnetic cascades in the extra-
galactic background light (EBL) and cosmic microwave
background (CMB) as they propagate over cosmic dis-
tances. As a result, high-energy γ rays are regenerated
at sub-TeV energies [27]. Second, intrasource cascades
via two-photon annihilation, inverse-Compton scattering,
and synchrotron radiation processes can prevent direct γ-
ray escape [28]. To see their importance, we temporarily
assume that the sources are γ-ray transparent. We will
see in the following that this hypothesis leads to strong
tensions with the IGRB, disfavored by the Fermi data.
In pp scenarios, neutrino and generated γ-ray spectra

follow the CR spectrum, assumed to be a power law. In
CR reservoirs such as galaxies and clusters, a spectral
break due to CR diffusion is naturally expected [14, 15].
Thus, the neutrino spectrum is approximately given by

ενQεν ∝

{

ε2−s
ν (εν ≤ εbν)

ε2−s′
ν (εbν < εν)

(pp) , (4)

where εbν is the break energy and the softening of the
spectrum, δ ≡ s′ − s, is expected from the energy depen-
dence of the diffusion tensor [99]. In pp scenarios, the
corresponding generated γ-ray spectrum is also a power
law ε−s

γ into the sub-TeV region [see Eq. (3)], where it
directly contributes to the IGRB [100] and Ref. [12] ob-
tained a limit s ! 2.1–2.2 for generic pp scenarios that
explain the " 100 TeV neutrino data. The limit is tighter
(s ∼ 2.0) if one relaxes this condition by shifting εbν to
! 30 TeV to account for the lower-energy data [29].
Motivated by results of Ref. [5], we calculate the dif-

fuse neutrino spectrum using Eq. (4) with s = 2 and
s′ = 2.5 and the corresponding γ-ray spectrum using

Eq. (3). Following Ref. [25], we numerically solve Boltz-
mann equations to calculate intergalactic cascades, in-
cluding two-photon annihilation, inverse-Compton scat-
tering, and adiabatic losses. In the left panel of Fig. 1 we
show the resulting all-flavor neutrino and γ-ray fluxes as
thick blue and thin red lines, respectively, in comparison
to the Fermi IGRB and IceCube neutrino data [5]. To
explain the ! 100 TeV neutrino data, the contribution to
the IGRB should be at the level of 100% in the 3 GeV to
1 TeV range and softer fluxes with s " 2.0 clearly over-
shoot the data. As pointed out by Ref. [12], this argu-
ment is conservative: the total extragalactic γ-ray back-
ground is dominated by a subclass of AGN, blazars (e.g.,
Refs. [30, 31]), and their main emission is typically vari-
able and unlikely to be of pp origin [32, 33]. Most of the
high-energy IGRB is believed to be accounted for by un-
resolved blazars [34–36]. Although the IGRB should be
decomposed with caution, if this blazar interpretation is
correct, there is little room for CR reservoirs [12].
In pγ scenarios, neutrino and γ-ray spectra depend on

a target photon spectrum. The effective optical depth
to photomeson production (fpγ) typically increases with
CR energy, so that the neutrino spectrum is harder than
the CR spectrum. However, it cannot be too hard since
the decay kinematics of pions gives ενQεν ∝ ε2ν as a low-
energy neutrino spectrum [37]. In minimal pγ scenarios,
where neutrinos with εν ! εbν ! 25 TeV are produced
by CRs at the pion production threshold, the neutrino
spectrum is approximately given by

ενQεν ∝

{

ε2ν (εν ≤ εbν)

ε2−s′
ν (εbν < εν)

(minimal pγ) . (5)

In the left panel of Fig. 1, we show the resulting neu-

Murase, Guetta, Ahlers 2015 
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UHECR origin: Combined-fit search approach 

Figure 1. Scenario 1. Left: The generation rate at the extragalactic sources for each representative
mass; the LE and HE contributions are shown as dashed and solid lines, respectively. Right: The
corresponding best-fit results for the all-particle energy spectrum at Earth, given by the superposition
of three components.

Figure 2. Scenario 1. Left: the Galactic contribution (dot-dashed line) and the extragalactic
contributions (grouped according to mass number) to the energy spectrum at the top of atmosphere.
Right: the corresponding relative abundances as a function of the energy.
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Figure 3. Scenario 1. First two moments of the Xmax distributions as predicted by the best-fit
results, along with the measured values and the predictions for pure compositions of various nuclear
species according to Epos-LHC (dashed lines).
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Cen A: 

PoS(ICRC2019)482

Mass composition from hybrid data of Auger Alexey Yushkov

Figure 1: Measurements of hXmaxi (left) and s(Xmax) (right) at the Pierre Auger Observatory compared to
the predictions for proton and iron nuclei of the hadronic models EPOS-LHC, Sibyll 2.3c and QGSJetII-04.

Figure 2: Moments of lnA distributions from the conversion of the moments of Xmax distributions with
EPOS-LHC, QGSJetII-04, Sibyll 2.3c.

sitions are close to ⇠ 60 gcm�2/decade independently of the interaction model used. Thus the
mean mass of the UHECRs as a function of energy decreases until E0 and increases afterwards.
The narrowing of the Xmax distributions for energies above E0 (right panel in Fig. 1) is as well in
agreement with the MC predictions for s(Xmax) of heavier nuclei.

Using the method described in [10] the moments of the Xmax distributions can be converted to
the moments of lnA distributions. From Fig. 2 one can see that hlnAi reaches the minimum around
E0. Depending on the interaction model, the values at the minimum vary from ⇠ 0 for QGSJetII-
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A. Yushkov for the Auger Coll, ICRC 2019
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Combined fit with a population of non-identical sources  
D. Ehlert, FO, M. Unger, PRD 107 (2023) 10 
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A curious maximum rigidity distribution 
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A curious maximum rigidity distribution 

1,

(Long)

short GRB

Lmin ∼ 1044.5 erg/s ⋅ Γ2 ⋅ ( E
100 EeV )

2

Emax ∼ 100 EeV ⋅
1
Γ

⋅ ( L
1045.5 erg/s )

1/2

Lovelace 1976, Waxman 1995, 2001, Blandford 2000, 
Lemoine & Waxman 2009, Farrar & Gruzinov 2009   

L ≳ LB ∼
UB ⋅ Volume

t
∼ B2R2Γ4c

β2 ≥ 3 (3σ)
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Jetted AGN? 4

FIG. 2: Description of UHECR spectrum and composition as well as predicted neutrino fluxes. Top left: Simulated UHECR
spectrum from the entire AGN population (dominated by low-luminosity BL Lacs), compared to data from the Pierre Auger
Observatory (Auger, [32]). Top right: maximum (all-flavor) di↵use neutrino flux (dominated by FSRQs) that can be obtained
self-consistently without violating current IceCube observations, namely the flux of HESE events (black, [50]), the stacking limit
for blazars assuming a spectral index of 2.2 (green band, [7]), and the upper limits up to extremely high energies (blue curve,
[13]). Also shown are the sensitivity of Auger (magenta, [51]), of the future radio array of IceCube-Gen2 (olive green, [33]) and of
the planned radio neutrino detector GRAND [34]. The two bottom panels show the average (bottom left) and standard deviation
(bottom right) of the depth of the cosmic-ray shower maximum, Xmax, compared to Auger measurements [52]. The colored lines
correspond to the values expected for di↵erent isotopes according to the Epos-LHC air-shower model [52].

neutrinos could actually be the background and not the
foreground at EeV neutrino energies. Since source neutri-
nos can be identified and disentangled with di↵erent tech-
niques, such as stacking searches, flare analyses, or multi-
messenger follow-ups, this result has profound implications
for the planning and analysis of future radio-detection ex-
periments in the EeV range, and will potentially open a
new field of research. An example are point-source or mul-
tiplet analyses, which may lead to the discovery of sources
by finding anisotropies in the neutrino sky at the highest
energies. Note that the source neutrino flux spans over

many orders of magnitude in energy, and combined anal-
ysis between TeV-PeV and EeV neutrino experiments will
also be of great interest.
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neutrinos could actually be the background and not the
foreground at EeV neutrino energies. Since source neutri-
nos can be identified and disentangled with di↵erent tech-
niques, such as stacking searches, flare analyses, or multi-
messenger follow-ups, this result has profound implications
for the planning and analysis of future radio-detection ex-
periments in the EeV range, and will potentially open a
new field of research. An example are point-source or mul-
tiplet analyses, which may lead to the discovery of sources
by finding anisotropies in the neutrino sky at the highest
energies. Note that the source neutrino flux spans over

many orders of magnitude in energy, and combined anal-
ysis between TeV-PeV and EeV neutrino experiments will
also be of great interest.
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Figure 9. Post-dicted single-flavor prompt (left panel) and all-flabor cosmogenic (right panel) neutrino fluxes from the model fit to
UHECR data. The shaded regions correspond to the range derived from the UHECR fit (3�-contour in Fig. 4), the di↵erent curves to
the di↵erent setups defined in Fig. 1 as indicated in the plot legend. For comparison, the current IceCube GRB stacking limit for the
prompt phase (Aartsen et al. 2017, 2020) as well as the projected limit for IceCube-Gen2 (for 5000 bursts) (Aartsen et al. 2020) are
shown in the left panel, and the current cosmogenic neutrino flux limit (Aartsen et al. 2018) and selected future limits (Alvarez-Muniz
et al. 2020; Aartsen et al. 2020) in the right panel. In the right panel, the expectation for a generic rigidity-dependent UHECR fit is
shown for comparison, see Heinze et al. (2019, Fig.11).

The deterministic engine (SR-0S) produces the lowest
neutrino flux since the typical collision radius is large, and
it is outside of the shaded range, since it is not within the
3� contours. The neutrino flux increases with stochasticity,
as there are more collisions at low collision radii (but above
the photosphere), see Fig. 2 and Fig. 3.

The post-dicted prompt neutrino fluxes (left panel of
Fig. 9) are well below the GRB stacking limits from the Ice-
Cube Observatory (Aartsen et al. 2017). One way to inter-
pret this result is that even with generous variations among
individual GRBs, the absence of neutrino associations in the
present detectors does not exclude GRBs as the origin of
UHECRs. Our model does not impose exotic fireball param-
eters, high baryonic loading or excessive Lorentz factors. The
computed neutrino fluxes are derived in a post-dictive way
from the UHECR fit without imposing any additional bias
from the non-observation of neutrinos by IceCube, and it is
somewhat surprising that no model within the 3� UHECR
fit produces a detectable prompt neutrino flux. The fluxes
are compatible with earlier estimates in Bustamante et al.
(2015, 2017); Rudolph et al. (2020) for a fixed baryonic
loading, whereas in this work these are obtained from the
UHECR fit (see Tab. 1) by integrating over the entire source
population. This result demonstrates that the initial inter-
pretation of IceCube’s non-observation (Abbasi et al. 2012)
can be regarded as too strong, and that the UHECR origin
from GRBs cannot be ruled out based on neutrino observa-
tions, yet.

The next generation detectors, such as KM3Net-ARCA
in the Mediterranean Sea (Aiello et al. 2019), demonstrate
promising full sky sensitivity estimates for point-source de-
tection and hence may detect some of the GRBs. The
planned IceCube-Gen2 detector at the South Pole will also
have an enhanced sensitivity to GRBs because of the signif-
icantly larger e↵ective area and because the stacking search

should be still statistics-limited. It is therefore conceivable
that the exposure next-generation of neutrino experiments,
in particular that of IceCube-Gen2 as shown in Fig. 9, will
be su�cient to probe the UHECR paradigm. It is expected
that these future detectors can at least exclude the cases
with high source stochasticity.

Concerning cosmogenic neutrinos, Heinze et al. (2019)
and Alves Batista et al. (2019) demonstrated that for alike,
homogeneously distributed UHECR sources that accelerate
nuclei up to a maximal rigidity, the detection of cosmo-
genic neutrinos from UHECR nuclei is out of reach for the
next generation detectors. This statement is valid consider-
ing model systematics of the propagation and the air-shower
model (Heinze et al. 2019). The present model captures
some of the variety of observed light curves by scanning
over engine properties. The neutrino fluxes in right panel
of Fig. 9, therefore, include some non-trivial scenarios with
(for example) a high-energy proton component at energies
higher than in simple rigidity-dependent sources models.
This sub-leading proton contribution increases with the level
of stochasticity in our model, see Fig. 6. Since these protons
reach the threshold for CMB interactions, the cosmogenic
neutrino flux is significantly enhanced, see van Vliet et al.
(2019) for a detailed discussion. This is prominently visible
in the right panel of Fig. 9 that indicates the possibility to
observe a di↵use component from GRB with the next gen-
eration radio detectors.

We notice here that the use of the �(Xmax) in the fit
would reduce those cases in which protons/neutrons reach
very high energies in the escape spectra, with the conse-
quence of suppressing the production of neutrinos in the
extragalactic space. In this case, the 3� range of the cosmo-
genic neutrino flux would be barely detectable with ten years
of IceCube-Gen2 or GRAND exposure. Since the production
of prompt neutrinos is mostly dependent on the e�ciency of

MNRAS 000, 1–16 (2020)
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Figure 6. Observed UHECR spectrum (large panels) for two moments of Xmax (small panels) for the four example cases for the best-fit
composition (see Tab. 1). Only the spectrum and mean hXmaxi are included in the fitting procedure. The gray shaded area indicates the
range below 6 · 1010 GeV which is excluded from the fit.

ments is not well compensated through disintegration during
propagation. The high maximal energies at the source for
WR-MS and WR-HS (visible in the lower panels of Fig. 5)
a↵ect the spectrum at and beyond the cuto↵ energies in the
lower panels of Fig. 6 that show an onset of recovery above
2 · 1011 GeV.

Interestingly, the SR-0S case does not require any (pri-
mary) helium to be injected into the source. Therefore, all
helium is secondary, i.e. a product of photo-disintegration in
the source or the propagation. However, we notice that this
might also be an e↵ect of the disintegration model (Talys)
used in the computation. The production of helium, and its
subsequent disintegration, is strongly a↵ected by the uncer-
tainties in the disintegration cascade, due to absence of data
and models (Alves Batista et al. 2015; Boncioli et al. 2017).

For the stochastic cases the origin of helium in UHECR at
Earth is both primary and secondary.

In simpler models, the succession of increasingly heav-
ier mass spectra toward higher energies is often assumed to
be caused by a maximal rigidity reached by the accelerator
or one acceleration zone. As we show with these stochastic
multi-collision models, this assumption is not essential to de-
scribe the spectrum and the hXmaxi. In SR-LS and WR-MS
the heaviest mass group at the cuto↵ is mostly silicon and
not iron. For WR-MS and WR-HS the cuto↵ for the proton
spectrum at Earth reaches or exceeds that of the helium or
the nitrogen group, confirming that the data do not require
that the maximal energy at ejection follows the Peters cy-
cle, as already found for example in Biehl et al. (2018). This
is already visible in the source spectra and is enhanced at
Earth since protons are abundantly produced during prop-

MNRAS 000, 1–16 (2020)
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Heavy injected composition:      

High UHECR luminosity:    

f>He > 70 %

LUHECR/Lγ ∼ 100

GRBs? 

See also Globus+ 2015, Zhang+ 2018, Biehl+ 2018, Boncioli+ 2018, 
Rudolph+ 2019, Zhang+ 2024 
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Figure 1.1: Standard unification scheme of AGN. The emission of an AGN can be explained by
matter accreting onto a SMBH. The matter is arranged as an accretion disc around the central
engine. This structure is enclosed by an obscuring molecular torus. Rapid AGN variability
overall wavelengths suggest that this whole structure is only a few parsecs in radius. Around
the central engine of AGN, there are zones of gas and dust. The clouds located closer to the
SMBH have larger velocity, thus they emit broader emission lines, and are referred to as the
broad line region (BLR). Further away clouds have lower velocities, hence their emission lines
are narrower, therefore the name narrow-line region (NLR). Different classes of AGN can be
explained by different orientations of the disc and obscuring torus with respect to the line of
sight. In the case of radio-loud AGN, more anisotropy is introduced by the relativistic beaming
in the radio jet. Deviations from this model are described in Section 1.2.1. (Image adapted from
Urry & Padovani (1995) and produced with Inkscape)
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Figure 1.3: Structure of an AGN showing which feature of the X-ray spectrum is produced in
which region. The accretion disc emits photons at optical and UV wavelengths. These disc
photons are then inverse Compton scattered by a corona of hot electrons surrounding the SMBH.
The inverse Compton scattered photons from the primary X-ray continuum with the shape of a
power-law. Part of this emission shines over the accretion disc and the molecular torus and gets
reflected and reprocessed. The reflection component presents two main features. A prominent
fluorescent iron K↵ line and, when the reprocessing material is Compton thick (NH > 1024cm�2),
a Compton hump, in the harder X-ray spectrum (>10 keV) peaking around 20 keV. The power-
law continuum shows a high energy rollover located at a few hundred of keV depending on the
temperature and optical depth of the hot electron plasma composing the corona. Many AGN
often show an excess in the softer X-ray (< 2 keV). Attenuation of the X-rays is due to two
different mechanisms: photoelectric absorption and Compton scattering. (Image produced with
Inkscape.)
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Figure 1.3: Structure of an AGN showing which feature of the X-ray spectrum is produced in
which region. The accretion disc emits photons at optical and UV wavelengths. These disc
photons are then inverse Compton scattered by a corona of hot electrons surrounding the SMBH.
The inverse Compton scattered photons from the primary X-ray continuum with the shape of a
power-law. Part of this emission shines over the accretion disc and the molecular torus and gets
reflected and reprocessed. The reflection component presents two main features. A prominent
fluorescent iron K↵ line and, when the reprocessing material is Compton thick (NH > 1024cm�2),
a Compton hump, in the harder X-ray spectrum (>10 keV) peaking around 20 keV. The power-
law continuum shows a high energy rollover located at a few hundred of keV depending on the
temperature and optical depth of the hot electron plasma composing the corona. Many AGN
often show an excess in the softer X-ray (< 2 keV). Attenuation of the X-rays is due to two
different mechanisms: photoelectric absorption and Compton scattering. (Image produced with
Inkscape.)

Figure 1: Left: Simultaneous 150 ks XMM-Newton & NuSTAR spectra of the quasar PDS 456 showing hints of a
highly ionized outflow with two relativistic velocity components in absorption (Reeves et al. 2018). Right: Simulated
100 ks Athena X-IFU spectrum of the same source. A series of absorption lines from an outflow with two velocity
components at vout=0.20–0.24c and a turbulent velocity broadening of 3,000 km s−1 would be clearly detectable
thanks to the unprecedented high-energy resolution and throughput provided by the Athena X-IFU (Credits: X-IFU
Consortium).

Pounds 2003; Proga, Stone & Kallman 2000; Fukumura et al. 2010). However, what determines
the dominant mechanism is not yet understood.

Blue-shifted narrow absorption lines in the UV and soft X-rays suggest outflows with moderate

velocities of hundreds to few thousands km/s. These “warm absorbers” are detected in >50% of
AGN (Crenshaw & Kraemer 2012), and may have an origin in the swept-up interstellar medium

(ISM) or thermally driven winds from the outer accretion disk. In the UV band, broad absorption
lines are seen in ∼30% of AGN, and may be present outside the line of sight in most quasars
(Ganguly & Brotherton 2008). These absorbers can be outflowing with velocities as high as ∼20%

of the speed of light, and so they carry considerable kinetic power, defined as Ek = (1/2)Ṁoutv2out,
where Ṁ is the mass outflow rate.

The most powerful observed outflows appear to be so highly ionized that only the bound tran-
sitions of hydrogen- and helium-like iron are left, making them detectable only at hard X-ray
energies. These X-ray winds are observed in >30% of local AGN, and even in some higher red-

shift quasars (Chartas et al. 2002; Lanzuisi et al. 2012), with outflow velocities of up to ∼30%
of the speed of light (Tombesi et al. 2010). These “ultra-fast outflows” (or UFOs) have velocities
that point to an origin very close to the SMBH, but the launching and acceleration mechanism(s)

remain unclear.
The key to progress on this investigation is a detailed characterization of the physical properties

of these winds (column density, ionization state, outflow velocity, location, geometry, covering
factor, etc.). The upcoming X-ray Imaging and Spectroscopy Mission (XRISM) will provide high
spectral resolution observations but, due to the relatively low collecting area and spatial resolution,

these will be limited to the nearby brightest AGNs (e.g., Kaastra et al. 2014). Only the high-energy
resolution and high throughput offered by the proposed Athena (e.g., Cappi et al. 2013) and Lynx

(e.g., Özel 2018) X-ray observatories will allow the study of such outflows on a large enough

3

0.4c 

0.25c 

Nardini et al 2015  

O(100) known so far  

Observed in ~40% of jetted and non-jetted AGN 
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Acceleration and transport model
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~ 1 parsec

Ep,max ∼ 1 EeV (
·M

0.1 M⊙ yr−1

1 pc
Rshock )

1/2
vUFO

0.2c

IR torus

RIR ∼ 1 pc ⋅ ( Ldisk

1045 erg/s )
1/2

LIR ∼ 0.5Ldisk
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Abstract
Introduction: Ultra-fast out�ows (UFOs) are potential sources of ultra-high-energy cosmic
rays (UHECRs). These large-scale, mildly-relativistic out�ows are a common feature of AGN.
We have studied the maximum energy and escaping �ux of cosmic rays with �D CRPropa
simulations for �� observed UFOs.
Results: Nuclei can be accelerated up to ��� EeV in some UFOs but the escaping �ux is
strongly suppressed by photodisintegration via the AGN photon �elds. An intermittent es-
cape during low-emission states of the AGN may be possible. Protons typically encounter
fewer interactions and escape the UFO with only mild attenuation. We show that UFOs can
supply the sub-ankle protons of the cosmic-ray spectrum.

Acceleration and Escape of UHECRs

External Photon Fields in the AGN

Relevant Photon Fields:
• Blackbody IR dust torus, T=���K
•Multi-colour blackbody accretion disc
• broken-powerlaw X-ray corona
Fields normalised via observed luminosity
scaling factors with bolometric luminosity.

Semi-analytical Acceleration

Estimate maximum energy via comparison
of characteristic timescales. Assumephoton
density andmag. �eld corresponding to Rsh.

�D Simulation of the Escape

Example for injection of �ve nitrogen nuclei
with ��� EeV. Cosmic rays are con�ned by
the O(�.�G) mag. �eld in the out�ow. Track
particles until escape at forward shock.

Numerical Escape Spectra

Propagation in UFO with CRPropa; include
photodisintegration, photopion production
& electron-positron pair production.

Disintegration of Nuclei in the UFO

Left: Average fraction of the injected luminosity above �� PeV contained in each escaping
mass group for a given species of primary cosmic rays. Right: Correlation of the maximum
energy after escape of iron nuclei with the distance between forward shock and dust torus.
• Primary protons (includes neutrons) retain most of the injected luminosity
• Primary nuclei are disintegrated; most of luminosity converted to secondaries
•Nuclei �ux strongly suppressed above ��-��� PeV unless photon �elds of AGN weak

Ultra-Fast Out�ows
Physics of UFOs

•Wind driven by radiation or MHD
• Termination shock and forward shock [�]
• Term. shock can persist for > ���� yrs; ac-
celeration of protons up to few EeV? [�]

• Particles con�ned by geometry and wind
Rsh Ã t2/5

age Ė3/10 n≠3/10
ISM v≠1/2

wind | Rfs Ã t3/5
age Ė1/5 n≠1/5

ISM

Observed UFOs

•Up to ��%+ speed of light
• large opening angle �/4fi ≥ 0.5
• Relative abundance: ��% of AGN;

O(���) known UFOs
• here: use �� observed UFOs (�� from [�],
�� from [�], � from [�], �� from [�])

Maximum Energies for the UFO sample

Correlation of the maximum acceleration energy of iron nuclei with UFO/AGN properties.

Distribution ofmaximumenergies over the UFO sample for the injection of di�erent primary
cosmic-ray species; at acceleration (un-�lled bars) and after escape (�lled bars). The red
hatched bars indicate the secondary protons.

The contribution of UFOs to the di�use UHECR �ux

Expected �ux at Earth for primary protons (left) and iron nuclei (right), from all studied UFOs
(black, solid), and from the entire local population (black, dashed). Red band: population
spectrum for primary iron without NGC ����.

D. Ehlert, FO, E. Peretti, to appear in MNRAS,  arXiv:2411.05667 
Spectrum at acceleration

https://arxiv.org/abs/2411.05667
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CRPropa 3D simulations 

𝑟2𝑢 𝑟 𝜕𝑟𝑓 = 𝜕𝑟 𝑟2𝐷 𝑟, 𝑝 𝜕𝑟𝑓 + 1
3𝜕𝑟 𝑟

2𝑢 𝑟 𝑝𝜕𝑝𝑓 + 𝑟2𝑄 𝑟, 𝑝 − 𝑟2Λ(𝑟, 𝑝)

Acceleration and transport model

5
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D. Ehlert, FO, E. Peretti, to appear in MNRAS,  arXiv:2411.05667 Spectrum at acceleration [~10% of our sample] 
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𝑟2𝑢 𝑟 𝜕𝑟𝑓 = 𝜕𝑟 𝑟2𝐷 𝑟, 𝑝 𝜕𝑟𝑓 + 1
3𝜕𝑟 𝑟

2𝑢 𝑟 𝑝𝜕𝑝𝑓 + 𝑟2𝑄 𝑟, 𝑝 − 𝑟2Λ(𝑟, 𝑝)

Acceleration and transport model

5
Website: http://www.astro.wisc.edu/~gvance/index.html

IR torus

Spectrum at escape [~5% of our sample] 
Extreme UFOs: Intermittent sources at the highest energies 
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AGN population 
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Fe from UFOs or different source class  

Ex. gal HE from Pierre Auger Coll JCAP 05 (2023) 024 

https://arxiv.org/abs/2411.05667
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Figure 1: The mass composition fit for four elemental mass groups (top four panels). The error bars denote
statistical (inner cap) and total (outer cap) uncertainties. The bottom panel shows the p-values of the fit.

allows sampling the posterior probability density function of the estimated fractions making it easy
to marginalize over the mass composition for derived quantities, e.g., the first moments of the -max
distribution. Furthermore, MCMC can deal with many highly correlated parameters, numerically
impossible with standard gradient minimizers. This can be very useful for composition studies if,
in addition to the nuclear fractions, one also wishes to fit properties of hadronic interactions.

In Fig.1, the mass composition fit is shown for a combination of four particle species: proton,
H; Helium, He; Nitrogen, N, and Iron, Fe, representing four elemental groups, approximately
equally spaced in ln �. The total uncertainty on the composition fractions includes the statistical
uncertainty from the MCMC posterior distributions and the impact of the systematic uncertainty on
the -max scale, evaluated by fitting the data with a consistently varied shift in the -max within the
scale uncertainty. The trends observed in the evolution of the cosmic ray composition with energy
agree with our previous results presented in [1, 8]. Minor differences from the previous results in
the individual mass groups are likely attributed to the larger dataset (more observation years) and the
usage of the most recent version of the Sibyll interaction model, which predicts slightly shallower
showers than the previous one [5]. Though the qualitative behavior is the same, one can also see
the significant dependence of the choice of the interaction model on the individual fractions. On
average, the Sibyll 2.3d interaction model results in a He fraction that is ⇡ 20% larger at lower
energies and in an increase of the fraction of N nuclei at higher energies compared to EPOS-LHC.

3

Tkachenko et al, Auger Coll, ICRC 2023  
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Blazars: Rodrigues+ 2021 PRL  
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UHECR common origin?                                                               
Possible for AGN — otherwise several source 
populations 

Origin of “Component B”                                            
AGN UFOs can fill the transition region - 
testable with neutrinos 

The sources are complex..                                                             
e.g. Starburst activity correlated with transients 
and AGN activity! 
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AGN population 
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AGN population 
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UFO population: Point-source fluxes
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UFO population: Magnetic Horizon
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UFO population: Magnetic Horizon
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UFOs: What limits the maximum energy
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AGN population 

17.0 17.5 18.0 18.5 19.0 19.5 20.0 20.5
log10(E/eV)

10°1

100

101

102

103

E
3
dN dE

[G
eV

2
cm

°
2

s°
1

sr
°

1
]

N

UFO sample

UFO pop. total

UFO pop. - p

UFO pop. - He

UFO pop. - N

Auger all-part.

Auger N

Auger p

Auger He

17.0 17.5 18.0 18.5 19.0 19.5 20.0 20.5
log10(E/eV)

10°1

100

101

102

103

E
3
dN dE

[G
eV

2
cm

°
2

s°
1

sr
°

1
]

Fe

UFO sample

UFO pop. total

UFO pop. - p

UFO pop. - He

UFO pop. - N

UFO pop. - Si

UFO pop. - Fe

Auger all-part.

Auger Fe

Auger p

Auger He

17.0 17.5 18.0 18.5 19.0 19.5 20.0 20.5
log10(E/eV)

10°1

100

101

102

103

E
3
dN dE

[G
eV

2
cm

°
2

s°
1

sr
°

1
]

p UFO sample

UFO pop. - p

Auger all-part.

Auger p

87 studied UFOs  87 studied UFOs  

https://arxiv.org/abs/2411.05667


17.0 17.5 18.0 18.5 19.0 19.5 20.0 20.5
log10(E/eV)

10°1

100

101

102

103

E
3
dN dE

[G
eV

2
cm

°
2

s°
1

sr
°

1
]

p NGC 7582

Mrk 273

NGC 1068§
NGC 2992

NGC 6240

UFO sample

UFO pop. - p

Auger all-part.

Auger p

37

D. Ehlert, FO, E. Peretti, arXiv:2411.05667 

AGN population 
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AGN population 
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(Long)

A curious maximum rigidity distribution 
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A comment on hard spectra 

Acceleration process  

Shock acceleration with synchrotron losses                  
Zirakashvili  & Aharonian 2006 

Relativistic turbulence                                                               
Comisso, Farrar, Muzio 2024 

Interactions/confinement in the sources 
Globus, Allard, Mochkowitch, Parizot 2014  
Unger, Farrar, Anchordoqui 2014 

Extragalactic magnetic horizon  
Pierre Auger Coll JCAP 07 094 2024 

DSA 


