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We investigate the degree to which current ultrahigh-energy cosmic ray observations above the ankle
support a common maximum rigidity for all nuclei, often called a Peters cycle, over alternative scenarios
for the cosmic ray spectra escaping sources. We show that a Peters cycle is not generally supported by the
data when compared with these alternatives for the scenarios studied. We explore the observational
signatures of non-Peters cycle scenarios, and the opportunities to explore both ultrahigh-energy cosmic ray
source conditions, as well as physics beyond the Standard Model they present.
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I. INTRODUCTION

One of the most challenging open questions regarding
the origin of ultrahigh-energy cosmic rays (UHECRs) deals
with the relative maximum energies of the spectra escaping
the source for different nuclei. A commonly used simplify-
ing assumption is that the cosmic ray source spectra trace a
Peters cycle, in which the maximum cosmic ray energy
scales linearly with Z, i.e., with the charge of the UHECR
in units of the proton charge [1] (see e.g., [2–4] for fits
of UHECR data with a Peters cycle at the source). A Peters
cycle arises naturally for acceleration processes which
depend on magnetic fields to confine cosmic rays to the
acceleration region. This limits the maximum rigidity of the
accelerator to Rmax ≲ BL, where B and L are the magnetic
field strength and size of the accelerating region. This
condition, often called the Hillas criterion [5], results in a
common maximum rigidity among all nuclei which are
accelerated.
Current UHECR data, though, are not compatible with a

pure Peters cycle from a single source population across the
entire spectrum [6,7] above 1018 eV. In particular, current
spectrum and composition data require at least one of two
possibilities in order to be reconciled. The first possibility
is that the UHECR flux below the ankle is dominantly
produced by a second class of extragalactic sources (see

Ref. [7]). However, the number of different source pop-
ulations and their relative variance cannot be too large [8].
Another possibility is that an alternative scaling of maxi-
mum energies is required to explain the full UHECR
spectrum and composition data (see, e.g., [9–12]). Such
alternative scalings are a natural assumption for models
which consider the possibility that UHECRs escape their
source only after suffering significant energy losses.
A specific illustration of this in the context of gamma-
ray bursts (GRBs) is presented in [13].
However, since the CR escape time naturally decreases

with rigidity, it is possible that the highest-energy CRs
suffer minimal energy losses and escape their sources with
a Peters cycle intact. Therefore, here we consider whether
the UHECR data above the ankle, in particular above
1018.8 eV, can still be reconciled with a pure Peters cycle,
rather than one modified by energy losses.
Energy losses are typically parametrized in terms

of Z and the UHECR baryon number A. For example,
the energy loss rate of synchrotron and curvature radiative
processes scales as Z4=A2 and Z2, respectively (see
e.g., [14]), leading to different scalings for the maximum
energy [15–17]. For instance, when considering a diffusive
acceleration mechanism, synchrotron radiation limits the
cosmic ray maximum energy so that it scales as Emax ∝
A4=Z4. On the other hand, for one-shot acceleration
processes, synchrotron radiation constrains the maximum
energy to scale as Emax ∝ A2=Z3=2, whereas curvature*msm6428@psu.edu
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radiation yields Emax ∝ A=Z1=4. Photonuclear interactions
with the thermal radiation fields and hadronic interactions
with the ambient gas are driven by the scattering cross
section, which scales with A. Even consideration of a single
particle species at injection can provide a complex multi-
species source spectra after propagation through the source
environment [9,12,18].
The maximum energy of cosmic rays may even be

independent of both Z and A. A specific example of this is a
beyond the Standard Model (BSM) dark dimension sce-
nario, which naturally addresses the cosmological hier-
archy problem by adding one mesoscopic dimension of
micron scale [19]. Since within this scenario physics
becomes strongly coupled to gravity around 1010 GeV,
it was recently conjectured that new universal energy losses
deep-rooted within the dark dimension could control the
cosmic ray maximum energy [19–21].
In this paper we take a pragmatic approach to investigate

whether existing data favor any of the abovementioned
scenarios over a pure Peters cycle above the ankle. Using
data from the Pierre Auger Observatory, we carry out a
statistical analysis to study the degree to which the
observed spectrum and nuclear composition constrain
the source emission spectra.
The layout of the paper is as follows. In Sec. II we

provide an overview of the data and we introduce the
framework for a data-driven analysis to model the maxi-
mum cosmic ray energy and constrain the source spectra.
In Sec. III we discuss the results for benchmark models.
We find that a Peters cycle is not the most favorable model.
In Sec. IV we provide an astrophysical interpretation of our
results and we discuss possible multimessenger connec-
tions and implications. Our conclusions are collected
in Sec. V.

II. MODEL

We adopt the working assumption that the all source
spectra can be described by

dNðAÞ
dE

∝ E−γe−E=E
A
max ; ð1Þ

with

EA
max ¼ E0ZαAβ; ð2Þ

where E0 is the proton maximum energy of the system, and
the spectral index is common to all nuclei. Note that the
case with α ¼ 1 and β ¼ 0 corresponds to the Peters cycle,
whereas the case with α ¼ 0 and β ¼ 0 stands for the case
in which the spectrum is dominated by some universal
energy loss which is independent of the cosmic ray
Lorentz boost.
With this model for the spectra escaping the source we

consider five mass groups representing p, He, CNO, Si, and

Fe, whose relative abundances are adjusted to obtain the
best fit. The mass groups are propagated through the
cosmic microwave background (CMB) and extragalactic
background light (EBL) [22] using propagation matrices
built from CRPropa3 [23] (which assumes TALYSv1.8 [24]
for photodisintegration cross sections). We consider
sources to a maximum comoving distance of 4.2 Gpc
and assume they follow a star-formation rate evolution [25].
Additionally, we use the observed spectrum of CRs to fit
the spectrum of CRs is fit to the spectrum [26] and
composition [27] of the Pierre Auger Observatory
(Auger) by minimizing the value of a combined χ2,

χ2¼
X
i

ðJi− ĴiÞ2
σ2J;i

þ
X
i

ðμi− μ̂iÞ2
σ2μ;i

þ
X
i

ðVi− V̂iÞ2
σ2V;i

; ð3Þ

where J is the UHECR flux and μ and V are the mean and
variance of the distribution of the logarithm of cosmic ray
mass number, lnA. Quantities with a hat are the model
prediction and the subscript i denotes the energy. In
particular, to interpret the air shower data provided by
Auger we must adopt a hadronic interaction model. We
consider two hadronic interaction models, SIBYLL2.3D [28]
and EPOS-LHC [29], to interpret the depth of shower
maximum Xmax data in terms of lnA. It is worthwhile
noting that in general the first two moments of the Xmax
distribution do not contain its full information (unless the
distribution is Gaussian). We accept this loss of information
in the fit due to (a) the simplicity of fitting just the moments
and (b) the larger dataset for which data on the moments are
available in comparison to the full distribution (20% more
statistics and one additional energy bin above 1018.8 eV).
We perform a fit to the Auger data [26,27] above

1018.8 eV so as to directly address the question of whether
a pure Peters cycle is preferred above the ankle. At lower
energies, we assume either an additional source population
contributes to the spectrum or that energy loss processes
have significantly distorted the original Peters cycle. Given
our free parameters (the proton maximum energy E0,
spectral index γ, and four parameters controlling five mass
group fractions) this choice of fit range leaves Ndof ¼ 29.
Here we focus on a benchmark set of systematic data shifts,
which provide the best fit to the Auger data overall: shifting
the energy scale by dlgE ¼ þ0.1 and shifting the hXmaxi
by −1σX, since these gave the best overall fit of the shifts
explored. We consider the sensitivity of our results to other
systematic shifts of the data in Appendix A.

III. RESULTS

After optimizing the model parameters for a particular
ðα; βÞ combination we calculate the relative goodness of
fit, Nσ , compared to a Peters cycle in units of sigma. To
calculate Nσ we apply Wilks’s theorem to convert the Δχ2
between an alternative scenario and a Peters cycle to a
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p-value, given that alternative scenarios have ΔNdof ¼ 2.
We calculate Δχ2 as

Δχ2 ≡ S−1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jχ2α;β − χ2Petersj

q
ð4Þ

where S ¼ ðminðχ2α;β; χ2PetersÞ=NdofÞÞ1=2 is a scale factor
introduced to enlarge the uncertainties to account for a
χ2min=Ndof > 1 [30]. Additionally, we assign Nσ a sign
equal to sgnðχ2α;β − χ2PetersÞ to encode whether the fit
has improved or worsened compared to a Peters cycle.
In other words, negative values of Nσ represent the
statistical significance at which one can reject the null
hypothesis of a pure Peters cycle in favor of the alternative
scenario ðα; βÞ.
Figure 1 shows Nσ for SIBYLL2.3D and EPOS-LHC using

our benchmark systematic shifts for the data. For reference,
the Peters cycle (PC, α ¼ 1, β ¼ 0) and a number of
alternative scenarios discussed in the Sec. I are highlighted:
a photodisintegration-limited spectrum (PD, α ¼ 0, β ¼ 1),
a synchrotron-limited diffusion accelerated spectrum
(SDA, α ¼ −4, β ¼ 4), a synchrotron-limited one-shot
accelerated spectrum (S1A, α ¼ −3=2, β ¼ 2), a curvature
radiation-limited one-shot accelerated spectrum (C1A,
α ¼ −1=4, β ¼ 1), and a universal energy loss spectrum
(UEL, α ¼ 0, β ¼ 0) as would be predicted for a BSM dark
dimension scenario.
The value of α and β change the relative position of

nuclei in the spectrum emerging from the source (as
illustrated in Appendix B). This in turn changes the relative
position of mass groups at Earth which affects the quality of
fit to the CR composition data. Therefore, one expects that

points in the α − β plane with similar ratios of maximum
energy between nuclei to produce similar quality fits. In
practice this is realized due to the approximate degeneracy
between A and Z, since A ≃ 2Z for stable nuclei with the
exception of protons where A ¼ Z (though these fall below
our fit range in some cases, including the standard Peters
cycle scenario). In particular, the ratio between maximum
energies for two nuclei A and A0 will be constant along lines
of constant αþ β, since

EA
max

EA0
max

¼
�
A
A0

�
αþβ

: ð5Þ

By contrast, the ratio between the maximum energies of a
nucleus A and protons will be constant along lines of
constant ð1 − logA 2Þαþ β, since

EA
max

Ep
max

¼ 2−αAαþβ: ð6Þ

Equations (5) and (6) have two important consequences.
First, in the case that the escaping proton flux is not
significant relative to other mass groups, different accel-
eration scenarios fall into families which have a common
αþ β. Within these families, one can expect that the
observed UHECR spectrum and composition are nearly
indistinguishable despite the fundamentally different proc-
esses responsible for them. Second, in the case that a
substantial proton population escapes the source, the proton
spectrum can peak at arbitrarily high energies compared to
the peak energies of nuclei irrespective of the sign of αþ β.
As an example, this means that even for scenarios in the

(a) (b)

FIG. 1. Change in quality of fit to the UHECR spectrum and composition relative to a Peters cycle. We consider (a) SIBYLL2.3D and
(b) EPOS-LHC with data shifted by dlgE ¼ 0.1 and −1σX. The family of scenarios with αþ β ¼ 0 are indicated by the white dashed line.
The Peters cycle (PC) and a number of alternative scenarios (green dots) are highlighted: a photodisintegration-limited spectrum (PD),
a synchrotron-limited diffusion accelerated spectrum (SDA), a synchrotron-limited one-shot accelerated spectrum (S1A), a curvature
radiation-limited one-shot accelerated spectrum (C1A), and a universal energy loss spectrum (UEL).
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Peters cycle family αþ β ¼ 1, nuclei remain ordered in
terms of their peak energy but protons can peak below
helium, above iron, or between the two.
As can be seen from Fig. 1, alternative scenarios are

favored over a simple Peters cycle. For EPOS-LHC alter-
native scenarios can achieveNσ < −4, indicating that these
scenarios could be used to reject the Peters cycle hypothesis
with strong statistical significance. In particular, among
the highlighted alternative scenarios the UEL case achieves
more than 3σ improvement over a Peters cycle. This
directly demonstrates the potential for UHECR data to
probe BSM processes if additional statistical significance is
added by future data. Notably the region with the most
negative value of Nσ has a slope deviating from −1,
indicating that the position of protons relative to heavier
nuclei is responsible for the improvement in fit quality. In
particular, this region satisfies β ≃ 0.4–0.8α and we can
infer that it is the ratio of the maximum proton energy to the
maximum energy of A ≃ 32 which drives the fit.
It is clear from Fig. 1 that the global minimum is outside

the plotted range (which was driven by the range of α and β
values of the alternative scenarios we considered). To
explore how far outside of this range the global minimum
lies, we performed a 1D scan along the line giving the best
fit for EPOS-LHC: β ≃ 0.4–0.8α. The results of this scan are
shown in Fig. 2. Independent of the hadronic interaction
model, the best fit is found for α ≃ 6.75 and β ≃ −5.
Currently, we are unaware of any scenarios which could
produce such an exotic dependence on mass and charge.
Figure 3 shows the best-fit spectrum and composition-

related observables under the Peters cycle and alternative
scenarios highlighted in Fig. 1. The global best-fit (BF)
scenario found from the 1D scan discussed above is also
plotted in Fig. 3. While predictions for the UHECR

spectrum are very similar among all the scenarios considered,
there are differences in their predictions for the UHECR
composition. It is worthwhile noting that the models pre-
sented here explain nearly all the flux in the two data points
below our fit range, requiring a fine-tuned transition to a
second, extragalactic source population. This may hint that
the UHECR spectrum is best explained by a energy-loss-
modified spectrum, because the nucleons created during
energy losses in the source environment can populate the
flux just below the ankle; see Ref. [9].
As is hinted at by Fig. 1 and (5), the best-fit spectrum

and composition for models with similar αþ β are nearly
indistinguishable from each other if no significant proton
component exists in the escaping spectrum. This explains
the stark similarity both between a Peters cycle and
photodisintegration-limited scenario (αþ β ¼ 1), as well
as between a synchrotron-limited diffusion accelerated
scenario and a universal energy loss scenario (αþ β ¼ 0).
Owing to it having αþ β ¼ 0.75, the curvature radiation-
limited one-shot accelerated scenario falls between the
Peters cycle/photodisintegration-limited scenario and
the synchrotron-limited one-shot accelerated scenario
(αþ β ¼ 0.5). While some of these alternative scenarios
give slightly better or worse fits compared to the Peters
cycle, Fig. 3 makes clear the difficulty in distinguishing
among these scenarios in a statistically significant way.
This pattern is clearly broken by the best-fit scenario,

which is most similar to the αþ β ¼ 0 family of scenarios
despite its having αþ β ≃ 1.75. This is due to its signifi-
cant escaping proton flux and large value of α, so that this
proton flux is at high energies relative to nuclei. This can
be seen explicitly in Figs. 6(f) and 7(f). While this feature
may not be easily accessible through the high-level
information provided by the UHECR spectrum, hXmaxi,
and σðXmaxÞ data, its other signatures will be discussed in
the following section.
We note that the results discussed here may depend

significantly on the assumed EBL model, photodisintegra-
tion cross sections, and source evolution. Further study is
needed to assess the size of these effects and the generality
of our results beyond the scenarios we have studied.
However, we leave this to future work as our purpose here
is to assess whether there is clear evidence for a Peters cycle
under a typical set of reasonable assumptions.

IV. SIGNATURES OF ALTERNATIVE SCENARIOS

Given the difficulty of distinguishing a Peters cycle from
alternative scenarios using high-level information like the
UHECR spectrum and composition it is worthwhile to
explore other signatures which might provide a smoking
gun to the dominant process in the Universe. In principle,
accurate measurements of the spectra of each mass group in
the UHECR spectrum would directly access information
about α and β, but this level of mass separation is difficult
above the ankle since it would require separation between

FIG. 2. Reduced χ2 along the line β ¼ 0.4–0.8α for SIBYLL2.3D
and EPOS-LHC. In both cases the minimum appears around
α ≃ 6.75 and β≃ ¼ −5.
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nuclei of a single mass group. If data below the ankle are
also included, such a mass separation is possible [31] but it
is not possible to distinguish whether the resulting maxi-
mum energy scalings are due to an alternative scenario or a
superposition of source populations. However, other sig-
nals may provide different means to distinguish between a
Peters cycle and alternative scenarios.

First, let us consider the case where there is a substantial
proton flux escaping the source. For small values of α, this
component will peak at low energies relative to nucleia
factor of 2−α below the energy per nucleon of nuclei for the
Peters cycle family of scenarios. At such low energies, this
proton component likely will be deep into the spectrum’s
Galactic to extragalactic transition. While this lower energy

(a)

(b)

FIG. 3. Best-fit spectra (top panels) and composition-related observables (bottom panels) assuming a Peters cycle and other alternative
scenarios (colored lines). Data points are theAuger 2021 spectrum [26] and 2019 composition data [27] shifted by dlgE ¼ þ0.1 and−1σX.
Predictions for hXmaxi and σðXmaxÞ are made assuming (a) SIBYLL2.3D and (b) EPOS-LHC. Precitions for pure proton and iron compositions
for each hadronic interaction model are shown for reference (solid gray lines). Models were fit to the data above 1018.8 eV (solid points).
Data points below the fit range are shown for reference (open points). The different models are PC, PD, SDA, S1A, C1A, and UEL.
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than expected proton component compared to a Peters
cycle would be an indication that an alternative scenario is
at work, such a signal may be difficult to distinguish from
both the protons from photodisintegrated nuclei or a second
source population below the ankle.
For large values of α, the proton component will peak at

higher-than-expected energies—a factor of 2α above the
energy per nucleon of nuclei for the Peters cycle family
of scenarios. This would imply that a significant proton
component exists in the spectrum at peaking above heavier
nuclei, which can result in an increase in σðXmaxÞ at high
energies (see Fig. 3). Additionally, for large enough values
of α, this proton component will extend beyond the GZK
threshold and, therefore, produce a flux of cosmogenic
neutrinos at ∼EeV energies. Good measurements of the
proton fraction throughout the spectrum or observation of
cosmogenic neutrinos will probe whether such a compo-
nent exists and measurement of its peak energy will
constrain the value of α.
Second, let us consider the case where there is no

substantial proton flux escaping the source. In this case,
a proton flux will still arrive at Earth due to UHECR
photodisintegration interactions with the CMB and EBL.1

These interactions preserve the energy per nucleon of the
primary CR, so that

Ep
APD ¼ EA

A
: ð7Þ

This implies that the peak in the spectrum of photo-
disintegrated protons from primary CRs of mass A will
be given by

Ep
APD;max ¼ 2−αE0Aαþβ−1: ð8Þ

In the case of the Peters cycle family of scenarios, where
αþ β ¼ 1, this implies that the spectra of photodisinte-
grated proton peak at an energy 2−αE0 irrespective of
their parent CR’s mass A. Moreover, the peak energy of
any primary proton spectrum will be the same as the
photodisintegrated spectrum’s up to a factor of 2−α.
Distinguishing a Peters cycle from alternative scenarios
in its family is very difficult and can only be probed by
through this factor of 2−α difference in the peak energies
of the primary proton component and photodisintegrated
proton component.
However, this is not true for alternative families of

scenarios where αþ β ≠ 1, and the ratio between the peaks

in the spectra of photodisintegrated protons from CRs of
mass A and mass A0 will be given by

Ep
APD;max

Ep
A0PD;max

¼
�
A
A0

�
αþβ−1

: ð9Þ

Therefore, a signature of alternative scenarios outside the
Peters cycle family is a multipeaked proton component in
the UHECR spectrum. While it may be difficult to resolve
these separate peaks, this signature also implies an
extended proton spectrum throughout the entire UHECR
spectrum, which is unexpected for scenarios in the Peters
cycle family. This extended proton component may be
more easily detected than resolve the peak energy of
spectrum of each mass group, and can result in larger-
than-expected values of σðXmaxÞ at high energies.
An important caveat, however, is that an alternative

scenario to a Peters cycle may be difficult to distinguish
from a second UHECR source population which produces a
substantial high-energy proton flux (this possibility has been
explored in a number of studies, including [12,33–35]). Such
a source population could mimic alternative scenarios by
producing cosmogenic neutrinos or a larger-than-expected
proton fraction through the spectrum. If the fluxes of heavier
nuclei produced by this source population are not large
enough to be detected, it may be impossible to distinguish
between the two.

V. CONCLUSIONS

In this study we explored the degree to which observa-
tions of the ultrahigh-energy cosmic ray spectrum and
composition above the ankle favor a Peters cycle over
alternative scenarios for spectra escaping sources. Such
alternatives are motivated by energy loss and beyond the
Standard Model processes which imprint particular scal-
ings between the maximum energy of nuclei and their mass
and charge. We found that alternative scenarios explain the
UHECR data above the ankle better than a Peters cycle,
regardless of the hadronic interaction model or systematic
data shifts assumed, for the scenarios we explored. This
result raises the possibility that a Peters cycle is not realized
in any energy range of the observed UHECR spectrum.
We investigated the observational signatures which

might be used to further discriminate alternative scenarios
from a Peters cycle. These include unexpected scalings
of the peak energy of different mass groups at Earth, a
substantial GZK neutrino flux, an extended proton com-
ponent across the spectrum’s full energy range, or an
unexpected proton component at the highest energies
[which could result in a large σðXmaxÞ and therefore
may be constrained by deep neural-network-based Xmax
measurements [36] ]. However, some of these signatures
are difficult to distinguish from an additional UHECR

1We assume an approximately continuous distribution of
sources with a separation between them which is much smaller
than all characteristic propagation lengths, and so the observed
spectrum of UHECRs has a universal form, independent of the
mode of propagation [32]. This implies that photodisintegrated
protons are still guaranteed to arrive at Earth, despite deflections
in the Galactic magnetic field.
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source population below the ankle or one producing a
substantial high-energy proton flux above it.
We emphasize that alternative scenarios to a Peters cycle

represent an exciting observational opportunity. In particu-
lar, further constraints on these scenarios will not only
significantly reduce the theoretical uncertainties in UHECR
modeling and open a window to the conditions inside
UHECR sources, but they will also enable UHECR data to
directly constrain new physics processes.
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APPENDIX A: RESULTS FOR SYSTEMATIC
SHIFTS OF DATA

Figures 4 and 5 show the effect of systematically
shifting the spectrum and composition data under both
hadronic interaction models considered. We consider
all combinations shifting the energy scale by dlgE ¼
−0.1=0=þ0.1 and shifting the hXmaxi by −1=0=þ1σX.
As can be seen, these shifts have a nontrivial impact on
the particular regions of parameter space which best

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

FIG. 4. Change in quality of fit to the UHECR spectrum and composition relative to a Peters cycle when considering different systematic
shifts of the data. We consider SIBYLL2.3D shifting the data by dlgE ¼ −0.1=0=þ0.1 (left/middle/right columns, i.e., a, d, g/b, e, h/c, f , i)
and −1=0=þ1σX (top/middle/bottom rows i.e., a, b, c/d, e, f/g, h, i). The PC and a number of alternative scenarios (green dots) are
highlighted: PD, SDA, S1A, C1A, UEL.
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describe the data. However, generically it is the case that, no matter the systematic shifts on data considered, alternative
scenarios describe the data as well or better than a Peters cycle.
If one has a strong theoretical prior toward a Peters cycle or a particular alternative scenario, this will strongly affect the

systematic data shifts one favors. Importantly, we note that the overall quality of fit (i.e. the value of the χ2) depends strongly
on the systematic shifts chosen regardless of the ðα; βÞ value one considers.

APPENDIX B: ALTERNATIVE SCENARIO ESCAPING SPECTRA

Figures 6 and 7 show the best-fit escaping spectra for alternative scenarios compared to a Peters cycle for our benchmark
systematic data shifts. These plots underscore the similarity of scenarios belonging to the same αþ β family: Peters cycle and
photodisintegration (αþ β ¼ 1), and synchrotron-limited diffusion acceleration and universal energy losses (αþ β ¼ 0).
The best-fit scenario (α ≃ 6.75, β ≃ −5) also demonstrates how scenarios with a significant proton component and large α

result in a proton component which does not obey the normal mass ordering expected in a Peters cycle. In this case, the
proton component peaks at similar energies to the CNO component, resulting in a peak in the σðXmaxÞ at high energies
(see Fig. 3).

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

FIG. 5. Same as Fig. 4 for EPOS-LHC.
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(a) (b) (c)

(d) (e) (f)

FIG. 6. Best-fit escaping spectra for non-Peters cycle scenarios (solid lines) compared to those for a Peters cycle (dashed lines).
Spectra are broken down by mass group (colored lines). All plots are for SIBYLL2.3D with data shifted by dlgE ¼ þ0.1 and −1σX . The
different panels correspond to (a) PD, (b) SDA, (c) S1A, (d) C1A, (e) UEL, and (f) BF.

(a) (b) (c)

(d) (e) (f)

FIG. 7. Same as Fig. 6 but for EPOS-LHC.

PETERS CYCLE AT THE END OF THE COSMIC RAY … PHYS. REV. D 109, 023006 (2024)

023006-9



[1] B. Peters, Nuovo Cimento 22, 800 (1961).
[2] D. Allard, E. Parizot, and A. V. Olinto, Astropart. Phys. 27,

61 (2007).
[3] A. M. Taylor, Astropart. Phys. 54, 48 (2014).
[4] A. Aab et al. (Pierre Auger Collaboration), J. Cosmol.

Astropart. Phys. 04 (2017) 038; 03 (2018) E02.
[5] A. M. Hillas, Annu. Rev. Astron. Astrophys. 22, 425 (1984).
[6] Q. Luce, S. Marafico, J. Biteau, A. Condorelli, and O.

Deligny, Astrophys. J. 936, 62 (2022).
[7] A. A. Halim et al. (Pierre Auger Collaboration), J. Cosmol.

Astropart. Phys. 05 (2023) 024.
[8] D. Ehlert, F. Oikonomou, and M. Unger, Phys. Rev. D 107,

103045 (2023).
[9] M. Unger, G. R. Farrar, and L. A. Anchordoqui, Phys. Rev.

D 92, 123001 (2015).
[10] N. Globus, D. Allard, and E. Parizot, Phys. Rev. D 92,

021302 (2015).
[11] M. Kachelrieß, O. Kalashev, S. Ostapchenko, and D. V.

Semikoz, Phys. Rev. D 96, 083006 (2017).
[12] M. S. Muzio, M. Unger, and G. R. Farrar, Phys. Rev. D 100,

103008 (2019).
[13] D. Biehl, D. Boncioli, A. Fedynitch, and W. Winter, Astron.

Astrophys. 611, A101 (2018).
[14] L. A. Anchordoqui, Phys. Rep. 801, 1 (2019).
[15] M. V. Medvedev, Phys. Rev. E 67, 045401 (2003).
[16] K. V. Ptitsyna and S. V. Troitsky, Phys. Usp. 53, 691 (2010).
[17] F. M. Rieger, Int. J. Mod. Phys. D 20, 1547 (2011).
[18] M. S. Muzio, G. R. Farrar, and M. Unger, Phys. Rev. D 105,

023022 (2022).
[19] M. Montero, C. Vafa, and I. Valenzuela, J. High Energy

Phys. 02 (2023) 022.
[20] L. A. Anchordoqui, Phys. Rev. D 106, 116022 (2022).

[21] N. T. Noble, J. F. Soriano, and L. A. Anchordoqui, Phys.
Dark Universe 42, 101278 (2023).

[22] R. C. Gilmore, R. S. Somerville, J. R. Primack, and
A. Dominguez, Mon. Not. R. Astron. Soc. 422, 3189
(2012).

[23] R. Alves Batista, A. Dundovic, M. Erdmann, K.-H. Kampert,
D. Kuempel, G. Müller, G. Sigl, A. van Vliet, D. Walz, and
T. Winchen, J. Cosmol. Astropart. Phys. 05 (2016) 038.

[24] A. J. Koning, S. Hilaire, and M. C. Duijvestijn, AIP Conf.
Proc. 769, 1154 (2005).

[25] B. E. Robertson, R. S. Ellis, S. R. Furlanetto, and J. S.
Dunlop, Astrophys. J. Lett. 802, L19 (2015).

[26] P. Abreu et al. (Pierre Auger Collaboration), Eur. Phys. J. C
81, 966 (2021).

[27] A. Yushkov (Auger Collaboration), Proc. Sci., ICRC2019
(2020) 482.

[28] F. Riehn, R. Engel, A. Fedynitch, T. K. Gaisser, and T.
Stanev, Phys. Rev. D 102, 063002 (2020).

[29] T. Pierog, I. Karpenko, J. M. Katzy, E. Yatsenko, and
K. Werner, Phys. Rev. C 92, 034906 (2015).

[30] A. H. Rosenfeld, Annu. Rev. Nucl. Part. Sci. 25, 555 (1975).
[31] A. Abdul Halim et al. (Pierre Auger Collaboration),

Proc. Sci., ICRC2023 (2023) 438.
[32] R. Aloisio and V. Berezinsky, Astrophys. J. 612, 900 (2004).
[33] A. van Vliet, R. Alves Batista, and J. R. Hörandel, Phys.

Rev. D 100, 021302 (2019).
[34] M. S. Muzio, M. Unger, and S. Wissel, Phys. Rev. D 107,

103030 (2023).
[35] D. Ehlert, A. van Vliet, F. Oikonomou, and W. Winter,

arXiv:2304.07321.
[36] A. Abdul Halim et al. (Pierre Auger Collaboration), Proc.

Sci., ICRC2023 (2023) 278.

MUZIO, ANCHORDOQUI, and UNGER PHYS. REV. D 109, 023006 (2024)

023006-10

https://doi.org/10.1007/BF02783106
https://doi.org/10.1016/j.astropartphys.2006.09.006
https://doi.org/10.1016/j.astropartphys.2006.09.006
https://doi.org/10.1016/j.astropartphys.2013.11.006
https://doi.org/10.1088/1475-7516/2017/04/038
https://doi.org/10.1088/1475-7516/2017/04/038
https://doi.org/10.1088/1475-7516/2018/03/E02
https://doi.org/10.1146/annurev.aa.22.090184.002233
https://doi.org/10.3847/1538-4357/ac81cc
https://doi.org/10.1088/1475-7516/2023/05/024
https://doi.org/10.1088/1475-7516/2023/05/024
https://doi.org/10.1103/PhysRevD.107.103045
https://doi.org/10.1103/PhysRevD.107.103045
https://doi.org/10.1103/PhysRevD.92.123001
https://doi.org/10.1103/PhysRevD.92.123001
https://doi.org/10.1103/PhysRevD.92.021302
https://doi.org/10.1103/PhysRevD.92.021302
https://doi.org/10.1103/PhysRevD.96.083006
https://doi.org/10.1103/PhysRevD.100.103008
https://doi.org/10.1103/PhysRevD.100.103008
https://doi.org/10.1051/0004-6361/201731337
https://doi.org/10.1051/0004-6361/201731337
https://doi.org/10.1016/j.physrep.2019.01.002
https://doi.org/10.1103/PhysRevE.67.045401
https://doi.org/10.3367/UFNe.0180.201007c.0723
https://doi.org/10.1142/S0218271811019712
https://doi.org/10.1103/PhysRevD.105.023022
https://doi.org/10.1103/PhysRevD.105.023022
https://doi.org/10.1007/JHEP02(2023)022
https://doi.org/10.1007/JHEP02(2023)022
https://doi.org/10.1103/PhysRevD.106.116022
https://doi.org/10.1016/j.dark.2023.101278
https://doi.org/10.1016/j.dark.2023.101278
https://doi.org/10.1111/j.1365-2966.2012.20841.x
https://doi.org/10.1111/j.1365-2966.2012.20841.x
https://doi.org/10.1088/1475-7516/2016/05/038
https://doi.org/10.1063/1.1945212
https://doi.org/10.1063/1.1945212
https://doi.org/10.1088/2041-8205/802/2/L19
https://doi.org/10.1140/epjc/s10052-021-09700-w
https://doi.org/10.1140/epjc/s10052-021-09700-w
https://doi.org/10.22323/1.358.0482
https://doi.org/10.22323/1.358.0482
https://doi.org/10.1103/PhysRevD.102.063002
https://doi.org/10.1103/PhysRevC.92.034906
https://doi.org/10.1146/annurev.ns.25.120175.003011
https://doi.org/10.22323/1.444.0438
https://doi.org/10.1086/421869
https://doi.org/10.1103/PhysRevD.100.021302
https://doi.org/10.1103/PhysRevD.100.021302
https://doi.org/10.1103/PhysRevD.107.103030
https://doi.org/10.1103/PhysRevD.107.103030
https://arXiv.org/abs/2304.07321
https://doi.org/10.22323/1.444.0278
https://doi.org/10.22323/1.444.0278

