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Figure 1. Galactic Center analysis results. (a) Significance map obtained using the HAWC neural network energy estimator
(on- and o!-array events) (Abeysekara et al. 2019) and the position of the three main point sources and one extended source
in the GC region as measured by H.E.S.S.. The dashed circle outlines the extension UL at 68% CL. We also include the di!use
region used in the H.E.S.S. analysis (H.E.S.S. Collaboration et al. 2016). (b) Spectra of the two H.E.S.S. sources, along with
the best-fit spectrum of HAWC J1746-2856. The dashed lines for the H.E.S.S. sources show the extrapolation of their best-fit to
the HAWC energy range. The flux points are calculated for each energy bin (Albert et al. 2024) by fixing all the fit parameters
except for the flux normalization. (c) HAWC emission after subtracting the two H.E.S.S. point sources. We also show the
density distribution contours of the ambient gas as traced by CS (J1-0) line emission (Tsuboi et al. 1999). (d) Original best-fit
HAWC spectral energy distribution (SED) and the result after subtracting the two H.E.S.S. point-source spectra. As a reference,
we include the di!use emission measured by H.E.S.S. Collaboration et al. (2016), as their region is almost spatially coincident
with our model. See Section 3 for details.

reported by H.E.S.S. with a photon index of 2.3 (H.E.S.S. Collaboration et al. 2016) is mostly dominated by events
with energies below 10 TeV. HAWC is more sensitive at higher energies and measures an index of 2.9. The change
in the spectral index occurs at low energies where HAWC is not sensitive enough to probe the cause, given the large
zenith angle. However, we find no evidence of significant spectral curvature from 10s of TeV to 114 TeV. Other IACTs
have also measured the di!use emission. However, they use regions with significantly di!erent morphologies: in the
studies by H.E.S.S. (Abdalla et al. 2018) and MAGIC (Acciari et al. 2020) the entire l→ | ± 1→| GC region is included,
while VERITAS Adams et al. (2021) utilized seven circular regions of 0.1° radius outside of the H.E.S.S. (H.E.S.S.
Collaboration et al. 2016) annuli.
In summary, we have shown that the measured flux of HAWC J1746-2856 is significantly higher than that of HESS

J1745-290 and HESS J1746-285. Therefore, even after excluding their contributions, the spectrum extends beyond
100 TeV.
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Figure 1: Significance map of the Cocoon region before and after subtraction of the known sources at

the region. Left: Significance map of the Cocoon region. The significance map is in Galactic coordinates

where b and l refers to latitude and longitude. It is produced as described in 11 with 0.5° extended disk

source assumption and a spectral index of -2.6 using 1343 days of HAWC data. The blue contours are four

annuli centered at the OB2 association as listed in Supplementary Table 2. The green contour is the region

of interest (ROI) used for the study which masks the bright source 2HWC J2019+367. Right: Significance

map of the Cocoon region after subtracting HAWC J2031+415 (PWN) and 2HWC J2020+403 (� Cygni).

The map is made assuming a 0.5° extended disk source and a spectral index of -2.6 with 1343 days of

HAWC data. The lighter and darker blue dashed lines are 0.16, 0.24 and 0.32 photons/(0.1° by 0.1° spatial

bin) contours from Fermi-LAT Cocoon 10.
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Figure 4. Broadband modelling of the SED of Cygnus X-3 with two scenarios: pp + pωUV and pωX + pωUV (see Methods ?? for
details). Solid lines are the sum of individual components with the correction of ωω absorption by the companion UV photon field.
The contributions of individual components without correction for ωω absorption are shown with corresponding dotted and dashed
lines.
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Cyg X-3

Eγ,max = 3.7 x 1015 eV

EN,max ≈ Z × Ep,max ≈ 4 × 1017 eV
EFe,max ≈ 1.3 EeV

Implies:

(similar for Cygnus Cocoon)

Ep,max ≈ 5 × 1016 eV

Galactic Hadronic SuperPeVatrons as Component B candidate sources



Component B Composition & Galactic Source Candidates

Past Activity of Galactic Center/Extreme Microquasars 
WR-Star Supernovae:  Thoudam+ A&A 2016 

Star Clusters: Bhadra+ ApJ 2024 

estimate the power output in CRs as ( )> *L E ECR( ) ( )/ /¥ +*E1.5 10 100 10 GeV erg s40
10

1 0.7 1. For parti-
cles whose gyroradius exceeds the correlation scale of the
local MHD turbulence, the scattering mean free path will
increase as E2. However, this does not imply an equivalent
rapid shortening of escape times due to the anisotropic nature
of transport in the large-scale magnetic feld of the Milky Way.
For example, G. Giacinti et al. (2015) have performed test
particle simulations of CRs in different Galactic magnetic feld
models with superimposed Kolmogorov turbulence and fnd
that the grammage in the 0.1–100 PeV CR energy range is
consistent with energy-dependent escape times with index
δ ≈ 1/3 breaking only above several PeV. Allowing for some
uncertainty in δ, the required CR power from sources above
the knee is ( ) ( )/> = ¥L E A3 PeV 10 100 erg s38

10
1 1,

where A ≈ 1.4 (12) for δ = 1/3 (1/2). Since the kinetic
luminosity in the super-PeVatron sources should be at
least 1039 erg s−1, a few super-PeVatrons may be
suffcient to explain the CR mux around and above the knee
provided that approximately 10% of the outmow’s kinetic
energy is converted to CRs. If the accelerated spectrum of
super-PeVatrons below 1 PeV extends as a power law with an
index α ≈ 2.7 − δ, they could account for the entire CR
population from GeV to tens of PeV energies, but the total
power in CRs should satisfy ( )> ¥L E 3 GeV 0.9CR( )/10 100 erg s41

10
1 1 for δ = 1/2. If the source spectrum

mattens (i.e., α < 2.7 − δ) at lower energies, super-PeVatrons
contribute less below the knee. This is consistent with
the usual paradigm, where SNRs play a dominant role
(V. L. Ginzburg & S. I. Syrovatskii 1964).

2.3. Potential Candidates of Super-PeVatron

Certain individual representatives of select source popula-
tions can satisfy the condition given by Equation (2). The
parameter space [ ]/L E Z, ,K max is shown in Figure 1 for
SNRs; young stellar clusters (YSCs); pulsar winds; the GC,
especially the supermassive black hole (SMBH), Sgr A*; and
the objects of the main interest of this work, superaccreting
XRBs characterized with (trans)relativistic outmows.

2.3.1. Young Stellar Clusters (YSCs)

Clusters of hot massive stars, with powerful winds, have
received considerable attention in recent years. However, even
the most powerful known stellar cluster in the Milky Way,
Westerlund 1, has a kinetic power ≲1039 erg s−1 (H.E.S.S.
Collaboration et al. 2022). Collective cluster winds, should
they exist, must be super-Alfvénic i.e., MA ≫ 1. Since in the
nonrelativistic limit ( )/= M1 2 1A

2 , clusters are not
expected to act as super-PeVatrons (see T. Vieu et al. 2022
for an in-depth discussion).

2.3.2. Supernovae and SNRs

One can similarly estimate the power processed by the outer
shock of a core-collapse SNR. The fast shock produced
following the supernova (SN) explosion will propagate into the
wind of its progenitor. Assuming that prior to exploding the
progenitor had a steady mass-loss rate =M r v4 2

wind,
adopting numerical values typical for a red supergiant, the
total power processed by a quasi-spherical shock is

( )
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erg s . 3
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41
5 1

sh
4 1

3
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1

Note that faster winds, such as those expected from Wolf–
Rayet progenitors, reduce the mass processing rate. Despite the
considerable power, in practice, the ambient magnetic feld of
an isolated core-collapse SNR is expected to be weak since
stellar winds must be super-Alfvénic, i.e., vA� vwind, and
hence σ ≪ 1. Current models of CR-driven magnetic feld
amplifcation optimistically predict the maximum energy at
≳ PeV (V. N. Zirakashvili & V. S. Ptuskin 2008; A. R. Bell
et al. 2013), though see P. Cristofari et al. (2020) for a critical
view. It is always possible that these models have overlooked
some aspect of particle acceleration at SNR shocks, such as
superluminous SNe, hypernovae, or SNe in stellar clusters. It
has been argued that turbulently amplifed magnetic felds in
the cores of compact massive stellar clusters may enhance the
maximum energy in SNRs from dead massive stars therein
(T. Vieu et al. 2022).

2.3.3. Pulsar Wind Nebulae

The detection of PeV photons from the Crab Nebula
confrms that powerful pulsars can accelerate particles to
multi-PeV energies (LHAASO Collaboration et al. 2021).
However, based on the current pulsar catalog (R. N. Manches-
ter et al. 2005; D. A. Smith et al. 2023),5 the total spin-down
power of known pulsars is around 3.6 × 1039 erg s−1, with four
sources having ∼1038 erg s−1. The hadronic fraction of this
power is unknown, and the matter content may in fact be
dominated by electron/positron pairs, making their contrib-
ution to the Galactic CR population above the knee unclear.
We nevertheless include the Crab as an example in Figure 1
and Table 1.

Figure 1. The maximum rigidity of Equation (1) for YSCs, SNe, and SNRs,
pulsar wind nebulae (exemplifed by Crab Nebula), the GC, and superaccreting
XRBs. The corresponding kinetic power, magnetization, and velocity for this
plot are summarized in Table 1. We assume ˜ = 4 for the background shading
area with different values of σ. For microquasar jets, the maximum energy can
be higher than the shaded area because of ˜ = 1.

5 https://www.atnf.csiro.au/people/pulsar/psrcat/

3
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Figure 4: UHECR fractional mass composition derived from
FD [4] and preliminary HEAT data[17]. Estimated using Sibyll
2.3 (HEAT), Sibyll 2.3d, and EPOS-LHC. QGSJet-II.04 has been
omitted as it produces unphysical results (see Fig. 3 for example).
For details on the fits / analysis and fits with new models, see [4].

As can be seen, the first and sec-
ond moments of -max and ln(�) pro-
vide a clear summary of the overall
UHECR composition. However, they
do not offer a clear picture of the indi-
vidual contributions of distinct mass
groups. By generating templates of
the -max distributions for proton, he-
lium, nitrogen, and iron with HIMs,
and then fitting a superposition of
these templates to the measured -max
distributions at each energy, estimates
of the fractional abundances of each
mass group can be extracted [19].
This procedure has been applied to
the Phase I hybrid FD data [4] and
preliminary HEAT data [17] in Fig. 4.

It should be emphasized that the
above results depend on the HIMs
used and that many new models and
model tweaks are under development,
which are expected to modify the
-max scale and its variations mean-
ingfully. These, in turn, are expected
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vidual contributions of distinct mass
groups. By generating templates of
the -max distributions for proton, he-
lium, nitrogen, and iron with HIMs,
and then fitting a superposition of
these templates to the measured -max
distributions at each energy, estimates
of the fractional abundances of each
mass group can be extracted [19].
This procedure has been applied to
the Phase I hybrid FD data [4] and
preliminary HEAT data [17] in Fig. 4.
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above results depend on the HIMs
used and that many new models and
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which are expected to modify the
-max scale and its variations mean-
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the -max distributions for proton, he-
lium, nitrogen, and iron with HIMs,
and then fitting a superposition of
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distributions at each energy, estimates
of the fractional abundances of each
mass group can be extracted [19].
This procedure has been applied to
the Phase I hybrid FD data [4] and
preliminary HEAT data [17] in Fig. 4.

It should be emphasized that the
above results depend on the HIMs
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model tweaks are under development,
which are expected to modify the
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large-scale structure (T. Bister & G. R. Farrar 2024; T. Bister et al. 2024), extended to energies between 0.5EeV and1602

8EeV. In Fig. 8, we show the time evolution of Galactic CRs of di!erent rigidities and sources in the GMF, and in1603

Fig. 9 and Fig. 10 the resulting dipole directions for Cygnus X-1 and Westerlund 1.1604

Figure 6. Model for the relative contributions of the three components: a possible tail of Galactic iron (Component A, orange),
an intermediate component that could be either Galactic or extragalactic (Component B, purple), and an extragalactic mixed
composition following a Peters cycle that dominates above the ankle (extragalactic, green). The dashed (solid) lines are meant
to guide the eye and are oriented on the median values for the Sibyll2.3e (EPOS-LHC-R) hadronic interaction model. The mass
composition fractions as derived by Auger from A. Abdul Halim et al. (2026) for the two hadronic interaction models are shown
as markers. The three energy bins used in the above analysis (guided by the binning used for the dipole in A. Abdul Halim
et al. (2024)) are indicated by the grey boxes.
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Other issues for Galactic Sources

Strong energetic constraints for single sources 

Table 1: Energetic requirements for candidate Galactic sources of Component B.
Source L0.5→4 EeV

UHECR,N LCR,tot ωH ωHe ωFe ωproxy

N Lcomparison Reference
(erg s→1) mass fraction (erg s→1)

Cygnus X-3 7 → 1035 4.3 → 1038 ↑ 0 0.98 – 0.02 ↭ 1039 (jet/outflow) Todt et al. (2015); Zdziarski et al. (2013); Vilhu et al. (2021)
Galactic Center ↓ 1038 6 → 1040 0.7231 0.2434 0.0084 0.0251 ↭ 1041 (past mechanical power) Do et al. (2015); Asplund et al. (2009); Sarkar et al. (2017)
Cygnus X-1 2.6 → 1034 4.3 → 1037 0.7381 0.2485 0.0034 0.0101 (4–14) → 1036 (time-averaged jet power) Asplund et al. (2009); Russell et al. (2007)
Cygnus OB2 / Cocoon 2.6 → 1034a 4.3 → 1037 0.7381 0.2485 0.0034 0.0101 (1.5–3) → 1038 (stellar-wind power) Asplund et al. (2009); Menchiari et al. (2024); Vieu et al. (2024)
Westerlund 1 ↓ 8.2 → 1035b 1.4 → 1039 0.7381 0.2485 0.0034 0.0101 (1.6–2.8) → 1039 (stellar-wind power) Asplund et al. (2009); Haerer et al. (2025)

Notes. The first luminosity is the required nitrogen luminosity in the observed 0.5–4 EeV interval. LCR,tot is the all-species source luminosity after extrapolating each species to Emin = 1 GeV with an E→2
injection

spectrum; this is the quantity that should be compared with the mechanical power in column 8. For Cygnus X-3 it is the sum of the quoted total nitrogen and helium luminosities. The symbol ωproxy
N denotes nitrogen for

Cygnus X-3, but the adopted CNO+Ne mass group (0.75ωmetals) for the other sources; nitrogen is used as the propagation proxy for this intermediate-mass group. The Fe column similarly denotes the adopted iron group

(0.25ωmetals).
a

The Cygnus X-1 propagation result is used as a positional proxy for a source in the Cygnus region.
b
Derived from the three Westerlund 1 hit fractions and the same flux requirements used for the other

candidates; the manuscript quotes only the resulting LCR,tot explicitly. The Cygnus OB2 and Westerlund 1 composition entries are assumptions inherited from the solar composition adopted for Cygnus X-1, rather than

source-specific measurements.

Bister, FO, Fiorillo, arXiv:2608.26933 
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Figure 8. CRPropa3 simulations of particles with R = 0.1EV (top row), R = 0.3EV (second row), R = 1EV (third row), and
R = 10EV (lower row) propagating over time t (columns, see figure titles) in the UF23-base GMF model (field lines shown as
gray spiral) with the JF12+Planck random field. In total, N(t = 0) = 2000 CRs are injected, 500 each from Cygnus X-3, Cygnus
X-1 / Cocoon, Westerlund 1, and the Galactic Center. Over time, CRs spread from the sources and some leave the Galaxy so
that N decreases with time. The purple dotted lines show the edges of the preferred direction of the dipole of Component B,
→45→ ↭ l ↭ 110→ (see Fig. 1).

Time = 545 kyr, lg(R/V)=17

Galactic Centre unfavourable 
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Figure 8. CRPropa3 simulations of particles with R = 0.1EV (top row), R = 0.3EV (second row), R = 1EV (third row), and
R = 10EV (lower row) propagating over time t (columns, see figure titles) in the UF23-base GMF model (field lines shown as
gray spiral) with the JF12+Planck random field. In total, N(t = 0) = 2000 CRs are injected, 500 each from Cygnus X-3, Cygnus
X-1 / Cocoon, Westerlund 1, and the Galactic Center. Over time, CRs spread from the sources and some leave the Galaxy so
that N decreases with time. The purple dotted lines show the edges of the preferred direction of the dipole of Component B,
→45→ ↭ l ↭ 110→ (see Fig. 1).

Time = 545 kyr, lg(R/V)=17
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The Cygnus X-1 propagation result is used as a positional proxy for a source in the Cygnus region.
b
Derived from the three Westerlund 1 hit fractions and the same flux requirements used for the other
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Figure 8. CRPropa3 simulations of particles with R = 0.1EV (top row), R = 0.3EV (second row), R = 1EV (third row), and
R = 10EV (lower row) propagating over time t (columns, see figure titles) in the UF23-base GMF model (field lines shown as
gray spiral) with the JF12+Planck random field. In total, N(t = 0) = 2000 CRs are injected, 500 each from Cygnus X-3, Cygnus
X-1 / Cocoon, Westerlund 1, and the Galactic Center. Over time, CRs spread from the sources and some leave the Galaxy so
that N decreases with time. The purple dotted lines show the edges of the preferred direction of the dipole of Component B,
→45→ ↭ l ↭ 110→ (see Fig. 1).

Time = 545 kyr, lg(R/V)=17
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Extragalactic Component B?

or: 
Radio Galaxies (Matthews & Taylor 2021)  

Galaxy Clusters (Murase et al. 2008; Fang & Murase 2018; B. T. Zhang et al. 2025) 
Filament Accretion Shocks (P. Simeon et al. 2026)
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Figure 13. Expected cosmic-ray flux at Earth from the population of UFOs
for a rescaled, injected composition of 𝐿p : 𝐿N = 25% : 75% (solid lines). The
extragalactic, high-energy component of Scenario B of Halim et al. (2023) is
also shown with a purple dot-dashed line.

5 DISCUSSION

5.1 Maximum energy of cosmic rays

We have studied the maximum energy that cosmic-ray nuclei can
reach in the termination shocks of mildly-relativistic ultra-fast out-
flows. Such UFOs are observed in about 50% of AGN. We found that
in typical UFOs, the energy of escaping cosmic-ray nuclei is limited
by photodisintegration to about 𝐿 → 1016 ↑ 1017 eV. This is a result
of confinement by substantial magnetic fields O(0.01 ↑ 1 G) in the
vicinity of the AGN, where nuclei lose energy in repeated interactions
with strong photon fields. The dominant photon fields are those of the
accretion disk and the dust torus. The most promising sources, ap-
proximately 5↑15% of outflows in the investigated sample, reach en-
ergies exceeding → 1018 eV for iron, and one source reaches 1019 eV
before the flux suppression becomes e!ective; see Table 3. Protons
experience lower energy losses than nuclei during the escape process,
in part due to intermediate conversion to neutrons, which escape the
UFO easily. Approx. 80% of the luminosity injected in protons at the
wind termination shock escapes the UFO environment, whereas for
nuclei less than ↓ 40% (↓ 50% for helium) escapes in the form of
high-energy cosmic-ray nuclei with mass comparable to the injected
primary. In the 87 investigated UFOs, protons attain the highest en-
ergies after escape among the nuclear species studied (p, He, N,
Si, Fe) in 81 outflows, despite the maximum energy at acceleration
being larger for iron in all investigated outflows. Up to 25% of inves-
tigated UFOs can provide a significant flux of protons with energy
greater than 1018 eV, with a maximum of 1018.4 eV in four outflows.
The highest-energy protons can reach energies of 1018 eV or more in
approximately half of the investigated UFOs. Due to strong photodis-
integration, most ultra-fast outflows are unlikely to be the sources of
the observed UHECR nuclei above the ankle. However, nuclei might
escape during low-emission states of the AGN, as we demonstrated
for NGC 7582 which, during its low-luminosity state, could be allow-
ing cosmic rays with energy up to 𝐿 → 1019.8 eV to escape. Primary
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Figure 14. The expected all-flavour neutrino flux from the UFO population
under the assumption that the UHECRs accelerated in UFOs produce a major
fraction of the UHECR di!use flux below the ankle (see Fig.13). The black
band shows the di!use neutrino flux measured with IceCube and associated
1𝑀 uncertainty (Naab et al. 2023). The grey solid line shows the IceCube
upper limits from the EHE analysis (Abbasi et al. 2023). The neutrinos
produced by primary iron nuclei are below the plotting range.

protons, whose flux is less suppressed, and secondary protons from
the spallation of heavier primary nuclei can contribute to the light
sub-ankle flux component.

5.2 Ultra-fast outflows as intermittent sources of
ultra-high-energy nuclei above the ankle

We have identified the outflow in NGC 7582, a type 2 Seyfert
galaxy, as the most probable source of UHECR nuclei above the
“ankle” (energy 1018.7 eV) in the present sample of observed out-
flows due to the low luminosity of the associated AGN (𝑀bol [𝑀𝑁] ↓
1042.8 [1041.6] erg s↑1) reported in the SUBWAYS-III sample of Gi-
anolli et al. (2024) and corroborated by the XWING sample of Ya-
mada et al. (2024) (𝑀𝑁 ↓ 1041.7 erg s↑1). However, archival data
indicate a large variability of the observed X-ray emission which
could be due to a change in the intrinsic luminosity of the AGN (Pi-
concelli et al. 2007), or due to the variable obscuration of the central
region by a clumpy torus (Rivers et al. 2015). The intrinsic X-ray lu-
minosity of the central source can be as low as → 1041.5 erg s↑1 (Pi-
concelli et al. 2007; Rivers et al. 2015), our nominal value, or as
high as → 1042.6 ↑ 1043.5 erg s↑1 (Goulding et al. 2012; Ricci et al.
2015). Assuming the latter luminosity, the maximum energy per nu-
cleus of the cosmic-ray nuclei at acceleration and escape is reduced
to ↭ 1017.3 eV and ↭ 1014.5 eV respectively, and NGC 7582 be-
comes unremarkable compared to the bulk of UFOs. If the dimming
of NGC 7582 is due to increased obscuration of the central region
along the line of sight (Rivers et al. 2015), the photon fields within
the UFO are stronger than anticipated in our analysis and prevent the
escape of UHE cosmic-ray nuclei at all times.

Significant luminosity variations were also observed in other AGN
with associated UFOs, e.g. PDS 456 (Reeves et al. 2014), 1H 0707-
495 (Hagino et al. 2016), IRAS 13224-3809 (Jiang et al. 2018),
NGC 4151 (Williams et al. 2020), and PG 1448+273 (Laurenti et al.

MNRAS 000, 1–28 (2024)

- based on 100 
UFOs with known 

Mdot and v 
- assumes  
5% of  Ek 

channeled to CRs
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Composition at UHE

PoS(ICRC2025)331

Mass Composition at the Pierre Auger Observatory Eric Mayotte
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Auger ICRC25 - Preliminary Figure 3: The first (left)
and second (right) mo-
ments of ln � distributions
derived from the FD [4]
and SD Phase I [6] -max

moments in Fig. 2 using
QGSJet-II.04 (grey) [20],
EPOS-LHC (blue) [21],
and Sibyll 2.3d (red) [22].

5⇢ = (h-maxi�4 � h-maxi?)/ln(56). +
�
ln(�)

�
, in turn, is calculated as

+
�
ln(�)

�
=
f2 (-max) � f2
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�
hln(�)i

�
1 f2

? � 5⇢
2 , (2)

where f2
B⌘

�
hln(�)i

�
is the HIM prediction of the -max variance for the hln(�)i value found at this

energy, and f2
? is the HIM -max variance prediction for proton; 1 is a fit parameter. This procedure

is applied to the FD [4], SD DNN [6], and HEAT [17] results in Fig. 2 using EPOS-LHC, Sibyll 2.3d
and QGSJET-II.04. The resulting moments of ln(�) are shown in Fig. 3.

lg(E/[eV])

]
[

]
[

R
el

at
iv

e 
Fr

ac
tio

n

2.3Sibyll 2.3Sibyll

sysσ± sysσ±
LHC-EPOS LHC-EPOS

Auger ICRC 2025 - Preliminary

19 201817

1

1

0.5

0

1

0.5

0

1

0.5

0

1

0.5

0

10-1

10-2

10-3

10-4

p 
Va

lu
e

iron

CNO

helium

protonFDHEAT 2017 Preliminary

Figure 4: UHECR fractional mass composition derived from
FD [4] and preliminary HEAT data[17]. Estimated using Sibyll
2.3 (HEAT), Sibyll 2.3d, and EPOS-LHC. QGSJet-II.04 has been
omitted as it produces unphysical results (see Fig. 3 for example).
For details on the fits / analysis and fits with new models, see [4].

As can be seen, the first and sec-
ond moments of -max and ln(�) pro-
vide a clear summary of the overall
UHECR composition. However, they
do not offer a clear picture of the indi-
vidual contributions of distinct mass
groups. By generating templates of
the -max distributions for proton, he-
lium, nitrogen, and iron with HIMs,
and then fitting a superposition of
these templates to the measured -max
distributions at each energy, estimates
of the fractional abundances of each
mass group can be extracted [19].
This procedure has been applied to
the Phase I hybrid FD data [4] and
preliminary HEAT data [17] in Fig. 4.

It should be emphasized that the
above results depend on the HIMs
used and that many new models and
model tweaks are under development,
which are expected to modify the
-max scale and its variations mean-
ingfully. These, in turn, are expected

5
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FIG. 19. Top four panels: best-fit fractions of protons, helium, nitrogen, and iron nuclei using air-shower simulations with the S!”#$$ 2.3e and
EPOS LHC-R hadronic interactions models. The error bars denote statistical (thick lines) and total (thin lines) uncertainties. Bottom panel:
𝐿-values of the fit. The error bars denote systematic uncertainties.
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Five component model. Fiducial: SFR evolution and EPOS-LHC-R 6

(a) (b)

(c) (d)

FIG. 2: Spectra and first two moments of the Xmax distribution calculated with our fiducial model (curves) and the
data reported by Auger (circles with error bars for the spectrum and the Xmax moments, squares for the H spectrum,
which is not included in the likelihood for this fit). Panel (a): intensity times the cube of energy of observable cosmic
rays in log-log scale (contributions of di!erent groups of nuclei are shown as coloured lines, see the legend); panel (b):
same as panel (a), but in linear-log scale; panel (c): the mean depth of the EAS maximum vs. energy, eye-guiding
dashed-dotted lines show predictions of EPOS-LHC-R for beams of pure hydrogen and iron nuclei; panel (d): the
standard deviation of the depth of the EAS maximum vs. energy. The upper limits for the all-nuclei spectrum are at
the 90% confidence level, while for the H spectrum — at the 68% confidence level.

and/or using an alternative HIM (see Appendices B and
C), the ankle of UHECRs escaping from sources is dom-
inated by intermediate-mass nuclei of N and Si groups.
This result is qualitatively consistent with previous works
(see, e.g, Refs. [19, 49–55]). Our model with EPOS-LHC-R
allows us to achieve a better e!ective chi-squared, as was
previously shown in Ref. [38]. Below, we place the ob-
tained credible intervals for the fractions of UHECR nu-
clei at a fixed rigidity in the context of some theoretical
models that discuss the composition of UHECRs.

A. UHECR Composition: Too Heavy or Too
Light?

1. Reacceleration from GCRs

The “espresso” mechanism of reacceleration of GCRs
in relativistic jets of active galaxies was suggested in
Ref. [13] (see also [56–58]): CRs entering a jet with bulk
Lorentz factor of ”, on average, should get a boost in en-
ergy of a factor of ”2 if the angles between the jet axis and
the initial and final momenta of the CRs are statistically
independent. The author of [13] managed to describe
J(E) and →Xmax↑ with a Galactic composition at a fixed
rigidity and ω = 1.9↓2.0 in the approximation of negligi-

Podlesnyi, FO, Unger, in prep  
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secondary!
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Rigidity dependent mechanisms: 
Espresso (Caprioli 2015), 

Shear (Rieger & Duffy 2004, 2019, Kimura, Murase, & Zhang, 2018) 

3

FIG. 1: Illustration of H and He CR spectra with a
rigidity-dependent cuto!, boosted from a fixed minimum
rigidity. The dashed lines guide the eye for estimating the
H and He fractons at a fixed energy before and after the
boost.

Conversion between fractions ω at a fixed energy and
fractions ε at a fixed rigidity can be done via the following
equation:

εi =
ωiZ

1→ω
i∑

i

[
ωiZ

1→ω
i

] . (7)

Toy example of a rigidity-dependent boost

Our conclusions can be illustrated with the following
toy example. Let us assume there are two species of
CRs: H and He nuclei following a power law with the
spectral index ϑ1 = 0 with a rigidity-dependent expo-
nential cuto!. Let us also assume that, at a fixed en-
ergy, the fractions of H and He nuclei are ωH,1 = 2/3,
ωHe,1 = 1/3, and some reacceleration process picks up
all CRs above a fixed minimum rigidity and boosts their
energy by a constant factor with probability p(E) → Eε,
ϖ > 0, preserving the rigidity-dependent cuto!. In our
toy model, we demand the conservation of the total num-
ber of CRs above the predefined rigidity threshold ac-
cording to Eq. (4). An example of such a boost of CR
spectra for ϖ = 1 (resulting in ϑ2 = ↑1, mind the extra
minus in Eq. 1) is shown in the upper panel of Fig. 1,
where the solid and dashed-dotted curves denote the

spectra before and after the boost, respectively. Frac-
tions at a fixed rigidity before the boost are, following
Eq. (7), εH,1 = 1/2, εHe,1 = 1/2. The boost conserv-
ing the number of nuclei integrated from a fixed mini-
mum rigidity with a rigidity-dependent cuto! preserves
the fractions at a fixed rigidity for any ϑ1 and ϑ2. In the
upper panel of Fig. 1, it is clearly visible that εH,2 = 1/2,
εHe,2 = 1/2. In the lower panel, however, one, follow-
ing the dashed guiding lines, can see that the fractions
at a fixed energy have changed, namely, ωH,2 = 4/5,
ωHe,2 = 1/5, which is in line with Eq. (6): The boosted
spectrum at a fixed energy became harder and less metal-
lic.

III. METHODS

A. Data

We use two pieces of data obtained by Auger :

• The UHECR spectrum measured with the sur-
face detector of the Pierre Auger Observatory av-
eraged over the observable declinations and based
on events recorded between January 1, 2004, and
December 31, 2022 [16];

• The mean values ↓Xmax↔ and standard deviations
ϱ (Xmax) of the extensive-air-shower maxima mea-
sured with the fluorescence detector of the Pierre
Auger Observatory during the period from Decem-
ber 1, 2004 to December 31, 2021 [17].

We consider data points with energies E ↗ Emin, where
Emin = 1018.7 eV ↘ 5≃ 1018 eV.

B. Intergalactic Propagation of UHECRs

We use the same simulation of the numerical Monte
Carlo framework CRPropa3 [18] as was used in Ref. [19],
see Sect. IIIB therein. The sources of UHECRs are simu-
lated in the continuous-source approximation from a min-
imum cosmological redshift zmin = 0.001 out to a maxi-
mum redshift zmax = 4. The UHECR sources are simu-
lated to emit five types of nuclei: hydrogen H-1, helium
He-4, nitrogen N-14, silicon Si-28, and iron Fe-56. UHE-
CRs are propagated in the intergalactic space, taking into
account adiabatic redshift energy losses, photopion pro-
duction, Bethe-Heitler pair production, and photodisin-
tegration of nuclei on the Cosmic Microwave Background
(CMB) and the Extragalactic Background Light (EBL)
according to the fiducial model of Ref. [20]. The re-
cent work [21] (see their Table 2) shows good agreement
between the EBL model by [20] and the TeV-based infer-
ence of the EBL intensity, as well as the EBL intensity
inferred from galaxy counts. In our CRPropa3 simulation,
secondary cosmic rays with mass numbers 1 ⇐ A ⇐ 56



A Curious Composition

UHECR models from Kimura+2017, 
Zhang+2017, Zhang+2018

E. Podlesnyi, FO, M. Unger, in prep  

22

EPOS-LHC-R no shifts



A Curious Composition

UHECR models from Kimura+2017, 
Zhang+2017, Zhang+2018

E. Podlesnyi, FO, M. Unger, in prep  

22

EPOS-LHC-R no shifts



A Curious Composition

UHECR models from Kimura+2017, 
Zhang+2017, Zhang+2018

E. Podlesnyi, FO, M. Unger, in prep  

22

EPOS-LHC-R no shifts



A Curious Composition

UHECR models from Kimura+2017, 
Zhang+2017, Zhang+2018

E. Podlesnyi, FO, M. Unger, in prep  

22

EPOS-LHC-R no shifts



A Curious Composition

UHECR models from Kimura+2017, 
Zhang+2017, Zhang+2018

E. Podlesnyi, FO, M. Unger, in prep  

22

EPOS-LHC-R no shifts



UHECR Composition Systematics

EPOS-LHC-R Sibyll2.3e

23



Redshift evolution 

primary protons
secondary protons

24



Redshift evolution 

32

8

(a) (b)

(c) (d)

FIG. 4: Panel (a): goodness of fit with various values of the exponent m of the cosmological evolution of UHECR
sources, when no Auger H spectrum is included in the likelihood function, dots show fits with the fiducial Auger
data, and whiskers show the worst and the best fits among the nine perturbations of the Auger data described in
Appendix B; panel (b): same as (a) but with the Auger H spectrum in the energy range between 1017.8 eV and
1018.7 eV included in the likelihood function; panel (c): metallicity Zω → ωN + ωSi + ωFe as a function of m in
comparison with various models of UHECR sources, no Auger H spectrum is fitted, red error bars show the 68%
highest-density credible intervals for the fiducial Auger data, while grey error bars show the spread of the credible
intervals among the nine perturbations of the Auger data; panel (d): same as (c), but for the fits in (b).

an intermediate-mass black hole (M = 102 ↑ 103M→).
They were proposed as sources of UHECRs in Ref. [62]
(see their Sect. III B 3). We use their mass fractions
from Model III-1, representing a helium WD of mass
0.2M→ disrupted by a 103M→ black hole (rotated squares
in Fig. 3), and from Model III-2 representing a carbon-
oxygen WD disrupted by a 500M→ black hole (straight
squares in Fig. 3)8. When taking into account the sys-

8 These fractions were obtained by [62] using the models from [63].

tematic uncertainty, the former model seems to be too
light with respect to the credible intervals on the frac-
tions obtained in our analysis. The latter model is better
compatible but has too much iron. Both models com-
pletely lack hydrogen nuclei and have too much helium.
As we noted above for LLGRBs, taking into account in-
source interactions can bring the fractions of the CO-WD
TDE model closer to our credible intervals, while for He-
WD TDEs this would only worsen the discrepancy. A
more detailed discussion of TDEs as potential sources of
UHECRs is present in Ref. [64].

Zρ = ρN + ρSi + ρFe

25
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Figure 4: UHECR fractional mass composition derived from
FD [4] and preliminary HEAT data[17]. Estimated using Sibyll
2.3 (HEAT), Sibyll 2.3d, and EPOS-LHC. QGSJet-II.04 has been
omitted as it produces unphysical results (see Fig. 3 for example).
For details on the fits / analysis and fits with new models, see [4].

As can be seen, the first and sec-
ond moments of -max and ln(�) pro-
vide a clear summary of the overall
UHECR composition. However, they
do not offer a clear picture of the indi-
vidual contributions of distinct mass
groups. By generating templates of
the -max distributions for proton, he-
lium, nitrogen, and iron with HIMs,
and then fitting a superposition of
these templates to the measured -max
distributions at each energy, estimates
of the fractional abundances of each
mass group can be extracted [19].
This procedure has been applied to
the Phase I hybrid FD data [4] and
preliminary HEAT data [17] in Fig. 4.

It should be emphasized that the
above results depend on the HIMs
used and that many new models and
model tweaks are under development,
which are expected to modify the
-max scale and its variations mean-
ingfully. These, in turn, are expected

5

Auger, Mayotte PoS 331, ICRC 2025 
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Figure 21: Best-fit fraction and quality, comparison of →Xmax↑ and ω(Xmax) as a function of energy for the scenario of a mixture
of proton, helium, nitrogen, and iron.

plained by a model without protons.
In addition, we performed a fit using four components:

proton, helium, CNO group, and iron. Due to the de-
tector resolution of Xmax and the significant overlap in
the Xmax distributions of protons and helium, the frac-

tions of these two components exhibit some correlation.
However, the critical finding is that, even with the inclu-
sion of helium component in the mixture of proton, CNO
group, and iron assumption, the results clearly indicate
the dominant presence of CNO group below E< 1017 eV.

Telescope Array Collaboration 2026, PRD
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Figure 18. Mean Xmax as a function of energy for the re-
constructed TALE events. Shower missing energy correction
estimate using EPOS-LHC is shown in the upper plot, and
using QGSJetII-03 lower plot. A broken line fit is shown for
each plot. Fit parameters are listed in Table 2. Red points
at higher energies come from a hybrid measurement by the
main Telescope Array telescopes (Abbasi et al. 2018b).

at EeV energies (Abbasi et al. 2018b), as can be seen in
Figure 18.
Data Xmax distributions were created for each energy

bin, using a bin width of 0.1 in log10(E) up to an energy
of 1017.4 eV, then 0.2 in logE up to 1018 eV. These dis-
tributions were fit using MC distributions created using
either of two hadronic interaction models, and contain-
ing four di↵erent primaries. Fit results are shown in
Figure 19. The small number of observed events with
energies greater than 1018 eV was not su�cient to ex-
tend the fits beyond 1018 eV.
Figure 19 shows that the proton fraction is dominant

at energies below ⇠ 1016 eV. Only a small contribu-
tion from Iron is seen, and Helium and CNO fractions
are too small to measure. The Helium fraction only
becomes appreciable at an energy ⇠ 1016 eV, and is fol-
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Figure 19. Fit results to the data Xmax distributions (per
energy bin) to a four component MC distributions. Primary
fractions using the EPOS-LHC based simulations are shown
in the top plot. Those using QGSJetII-03, in the bottom
plot.

lowed by contributions from CNO and Iron at higher
energies as expected (Peters 1961). The observed dom-
inance of protons at energies below ⇠ 1016 eV is in con-
trast with recent observations by IceTop (Abbasi et al.
2013) and IceCube (Aartsen et al. 2017), which report a
more even mixture of the four components, (H, He, O,
Fe), as shown in FIG. 15 of (Aartsen et al. 2019). KAS-
CADE (Antoni et al. 2003), on the other hand seems to
favor a dominant role for Helium over protons in this en-
ergy region (Antoni et al. 2005). Extrapolation of lower
energy measurements by CREAM (Yoon et al. 2017),
also lead to the expectation that the Helium contribu-
tion should be comparable to, if not larger than, that of
protons at TALE observed energies below ⇠ 1016 eV.
Due to the significant overlap of the proton and He-

lium Xmax distributions, and the hadronic model de-
pendence of the predicted distributions, it is possible
that some of the Helium contribution to the CR flux is

TA Coll 2020 PRD (Monocular showers) 
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FIG. 25. Comparison of the all-particle and composition spectra of the four elemental groups H, He, O and Fe from this analysis
using Sibyll 2.1 (black) with other experiments. The data set for the all-particle spectra are taken from Tibet [42], Tunka [43],
Yakutsk [44], Tale [45], Hires [46] and Telescope Array [47]. The Kascade [48] results are using a 5 component fit of H, He,
CNO, MgSi and Fe groups using Sibyll 2.1. Therefore only the H and He spectra are compared directly as the other groups are
strongly correlated. Kascade-Grande [49] results are using a 3 component fit of H, HeCNO and Heavy groups using Sibyll 2.3.
Therefore only the H and Heavy spectra are compared, as the HeCNO group cannot be deconvoluted into a He and CNO
part. The Tunka [50] results are using a 4 component fit of H, He, N and Fe groups using QGSJET II-04. The Pierre Auger
Observatory [51] results are calculated by using their published elementary group fraction for H, He, N and Fe using Sibyll 2.3
convoluted with their most recent energy spectrum. Note that differences in how different experiments handle intermediate
elements (not one of the four groups used here) may lead to some small systematic differences in flux measurements between
different experiments.

fect is the uncertainty of the snow coverage over the
tanks. The composition analysis results presented here
are significantly improved from previously published re-
sults, which included only one month of data taken with
a partly completed array [6, 27]; however, the present re-
sults are still limited by the amount of data on hand, the
systematic uncertainty due to detector effects (particu-
larly the light yield in the ice), and the dependence on the
choice of hadronic interaction model used for the simula-
tions. For future analyses, we plan to include more years

of experimental data, to simulate more intermediate el-
ements, to investigate new composition-sensitive param-
eters currently under development, and to incorporate
results from new internal studies to reduce the detector
systematic uncertainties. These updates will improve the
precision of both analyses, and enable the extension of
the analyses to higher and lower energies. Furthermore,
the analyses presented here are well-suited to capitalize
on future extensions to the IceCube Neutrino Observa-
tory [52].
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CNO, MgSi and Fe groups using Sibyll 2.1. Therefore only the H and He spectra are compared directly as the other groups are
strongly correlated. Kascade-Grande [49] results are using a 3 component fit of H, HeCNO and Heavy groups using Sibyll 2.3.
Therefore only the H and Heavy spectra are compared, as the HeCNO group cannot be deconvoluted into a He and CNO
part. The Tunka [50] results are using a 4 component fit of H, He, N and Fe groups using QGSJET II-04. The Pierre Auger
Observatory [51] results are calculated by using their published elementary group fraction for H, He, N and Fe using Sibyll 2.3
convoluted with their most recent energy spectrum. Note that differences in how different experiments handle intermediate
elements (not one of the four groups used here) may lead to some small systematic differences in flux measurements between
different experiments.

fect is the uncertainty of the snow coverage over the
tanks. The composition analysis results presented here
are significantly improved from previously published re-
sults, which included only one month of data taken with
a partly completed array [6, 27]; however, the present re-
sults are still limited by the amount of data on hand, the
systematic uncertainty due to detector effects (particu-
larly the light yield in the ice), and the dependence on the
choice of hadronic interaction model used for the simula-
tions. For future analyses, we plan to include more years

of experimental data, to simulate more intermediate el-
ements, to investigate new composition-sensitive param-
eters currently under development, and to incorporate
results from new internal studies to reduce the detector
systematic uncertainties. These updates will improve the
precision of both analyses, and enable the extension of
the analyses to higher and lower energies. Furthermore,
the analyses presented here are well-suited to capitalize
on future extensions to the IceCube Neutrino Observa-
tory [52].
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