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We assume an extreme scenario, in which the arriving cosmic rays are composed of only iron
nuclei at energies above 1019.6 eV ≃ 40 EeV, while allowing a freedom in the scale of the depth
of shower maximum (𝑋max) and preserving the elongation rate and fluctuations of 𝑋max predicted
by models of hadronic interactions. We derive the shift of the 𝑋max scale for QGSJet II-04 and
Sibyll 2.3d models using the public data from the Pierre Auger Observatory. We then propose
a new mass-composition model for the energy evolution of four primary species at the ultra-high
energies by fitting the publicly-available 𝑋max distributions. We discuss the consequences of this
Heavy-metal scenario on the energy spectrum of individual primary species, hadronic interaction
studies, and the effect of the Galactic magnetic field on the arrival directions.
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1. Introduction

A consistent interpretation of all measured properties of ultra-high-energy cosmic rays (above
∼1018 eV) at the Pierre Auger Observatory [1] is difficult to achieve mainly due to the large
uncertainties on the mass composition of cosmic rays. The current models of hadronic interactions,
Epos-LHC [2], QGSJet II-04 [3], Sibyll 2.3d [4], produce different absolute expectation values for
the mass-dependent depth of shower maximum, 𝑋max, with the two extremes given by QGSJet II-04
and Sibyll 2.3d, resulting in the lightest and heaviest mass composition, respectively. Comparing
against expectations from Sibyll 2.3d, the measured ⟨𝑋max⟩ [5, 6] is approximately at the level of
predicted pure nitrogen nuclei at the highest energies, while the measured 𝑋max fluctuations are at
the level of predictions for pure iron nuclei. The 𝑋max fluctuations predicted by Epos-LHC model
for iron nuclei are too low due to an overestimation of nuclear defragmentation in this model, which
is corrected in the new version of this model [7] that will soon be available. Then, the model
differences for 𝜎(𝑋max) of iron nuclei are within ∼1 g/cm2 for all models, and these fluctuations
remain robust (< 2 g/cm2) even when accounting for modifications of hadronic interactions [8].
Recently, the combined measurements of 𝑋max and ground signal were found to be well described
by models of hadronic interactions, only if the predicted 𝑋max scale got deeper for all three models
together with an increase of the hadronic part of the ground signal [9].

In this work, we consider a scenario assuming a global shortcoming of all hadronic interaction
models to produce the correct 𝑋max scale, while predicting correctly the 𝑋max fluctuations and
elongation rate. This assumption is motivated by the fact that no consistent interpretation of
the mass-dependent observables is possible when comparing to any of the current models of
hadronic interactions. Furthermore, examining the raw and uncalibrated results from indirect 𝑋max

estimations, a global shift of 𝑋max is apparent [10, 11]. A straight-forward way to solve these issues
is to shift the expectation values from hadronic interaction models to a common value, assuming a
heavy mass composition. In the following, we outline the assumptions, methods, and consequences
of the heavy-metal scenario for ultra-high-energy cosmic rays.

2. Heavy-Metal Assumptions

In the heavy-metal scenario, we make three simple but strong assumptions:

• The fluctuations of 𝑋max and the elongation rate are correctly described by the QGSJet II-04
and Sibyll 2.3d models of hadronic interactions,

• the absolute 𝑋max scale is not correctly described by any of the models and thus there is a
freedom to gauge it in a way to make the data be consistently interpretable, and

• the cosmic-ray beam consists of pure iron nuclei above energies of 1019.6 eV (∼40 EeV).

The measured 𝑋max fluctuations reported by the Pierre Auger Collaboration above 1019.6 eV [11]
are consistent with the expectations for pure iron nuclei with p(𝜒2 > 0.5) for both models, see the
left panel of Fig. 1. Therefore, with these three assumptions at hand, we examine the data of the
Pierre Auger Observatory in a holistic way. Firstly, we determine the modification of the 𝑋max scale
that is required for each of the models to fit the data in the heavy-metal scenario. Secondly, we

2



P
o
S
(
U
H
E
C
R
2
0
2
4
)
1
2
3

Consequences of a Heavy-Metal Scenario of Ultra-High-Energy Cosmic Rays Jakub Vícha

18 18.5 19 19.5 20

lg( E / eV )

700

750

800

850

900

)
-2

 / 
(g

 c
m

〉 
m

ax
 X〈

p 

He

N 

Fe

QGSJet II-04
Sibyll 2.3d

max X∆QGSJet II-04 + 

max X∆Sibyll 2.3d     + 

Auger DNN

18.0 18.5 19.0 19.5 20.0

lg( E / eV )

10

20

30

40

50

60

)
-2

 )
 / 

(g
 c

m
m

ax
( 

X
σ

PRELIMINARY

18.5 19 19.5 20

lg( E / eV )

0

1

2

3

4

5

〉
 ln

 A
 

〈

p 

He

N 

Fe

PRELIMINARYPRELIMINARY

18.5 19.0 19.5 20.0

lg( E / eV )

2−

0

2

4

( 
ln

 A
 )

2 σ
QGSJet II-04
Sibyll 2.3d

max X∆QGSJet II-04 + 
max X∆Sibyll 2.3d     + 

Figure 1: Left panel: Mean and standard deviation of the depth of the shower maximum from [11],
systematic uncertainty in brackets, alongside (also shifted by Δ𝑋max) expectations from hadronic interaction
models. Right panel: Resulting mean and variance of the logarithmic atomic mass of the cosmic-ray primary
beam interpreted according to [12] from the 𝑋max moments shown in the left panel. Systematic uncertainties
are indicated as lines.

derive the resulting primary fractions as a function of the primary energy, again for both models
individually. Lastly, we discuss the phenomenological aspects of the data in the interpretations of
the cosmic-ray energy spectrum for individual primary species, the muon problem in simulated
air showers, and backtracking the arrival directions of the most energetic cosmic rays in the Pierre
Auger Observatory data; in this context we also discuss the dipolar distribution of cosmic-ray arrival
directions above 8 EeV.

3. Adjustment of 𝑋max scale

We use the 𝑋max moments derived using Deep Neural Network (DNN) applied to the data
recorded by the surface detectors of the Pierre Auger Observatory providing much larger event
statistics than the 𝑋max moments measured by the fluorescence telescopes [11]. The measured
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𝑋max fluctuations are so restrictive that the pure nitrogen nuclei above 1019.6 eV are in tension
with predictions for QGSJet II-04 and Sibyll 2.3d, see the left panel of Fig. 1. We then fit the
energy evolution of ⟨𝑋max⟩ above 1019.6 eV using the prediction of these two models for iron nuclei
allowing a shift of the 𝑋max scale: 𝑋max → 𝑋max + Δ𝑋max. We obtained Δ𝑋max = 52 ± 1+11

−8 g/cm2

and Δ𝑋max = 29 ± 1+12
−7 g/cm2 for QGSJet II-04 and Sibyll 2.3d, respectively. These values are

consistent with the fits of the two-dimensional distributions of 𝑋max and ground signal in the energy
range 3 − 10 EeV [9].

In the right panel of Fig. 1, we plot the interpreted moments of the logarithmic mass number
(ln A), according to [12], for original model predictions and after correcting the model predictions
by applying the Δ𝑋max values. Note that the original model predictions provided negative variance
of ln A (𝜎2(ln A)) for QGSJet II-04 and values consistent with expectations for a pure beam of
nuclei in case of Sibyll 2.3d. At the same time, ⟨ln A⟩ shows an increasing trend. After applying
a shift of Δ𝑋max, the 𝑋max moments can be interpreted in a consistent manner, which is also in
agreement with the results of the model-independent estimation of 𝜎2(ln A) ≈ 0.7 − 2.5 from the
correlation between 𝑋max and ground signal in the energy range 3 − 10 EeV [13].

4. Mass composition

We consider the 𝑋max distributions measured by the Pierre Auger Observatory [5] and apply the
shift Δ𝑋max as derived in the previous section for the two models. Using template distributions for
p, He, N, and Fe nuclei obtained from simulations corrected for the detector effects according to [5]
we then fit the data to receive relative primary fractions as a function of the primary energy, see the
top panels of Fig. 2. We use the Gaussian function multiplied by an exponential function (except for
iron nuclei, where no exponential is applied) to parametrize these energy evolutions simultaneously.
The resulting sum of parameterizations is normalized to 1 during the log-likelihood minimization.

5. Energy Spectrum

In the bottom panels of Fig. 2, we use the parametrized energy evolutions of the primary
fractions from the previous section to derive the flux of individual species from the total energy
spectrum measured by the Pierre Auger Observatory [14].

Interestingly, the instep feature around 15 EeV can be related to the fading of nitrogen nuclei
from the cosmic-ray beam, above which energy the domination of iron nuclei starts to prevail.
The flux suppression at the highest energies is by assumption associated to the iron nuclei. The
suppression of iron and nitrogen nuclei starts approximately at the same rigidity (𝐸/𝑍), which
might suggest a common origin of these nuclei.

6. Hadronic Interactions

The muon problem for QGSJet II-04 identified in direct measurements of the muon signal at
the Pierre Auger Observatory [15, 16] is alleviated from∼50% to∼20% when the model predictions
of 𝑋max are shifted by Δ𝑋max, see the top-left panel of Fig. 3. This alleviation of the muon problem
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Figure 2: Top panels: The energy evolutions of four primary fractions fitted to the 𝑋max distributions from [5]
together with curves corresponding to their parametrizations for QGSJet II-04 (left) and Sibyll 2.3d (right).
Bottom panels: The differential flux measured at the Pierre Auger Observatory [14] and contributions of
individual primaries derived from the parametrizations shown in the respective top panels.

is consistent with the results from [9] with no indication of a non-constant energy evolution of the
discrepancy between the model predictions and measured data.

In the top-right panel of Fig. 3, we show an example of the 𝑋max distribution in the energy
range 1018.1−18.2 eV fitted with the sum of predictions for four primary species generated using
Sibyll 2.3d that were shifted by Δ𝑋max and corrected for the detector effects according to [5]. Very
good description of the 𝑋max distribution has been achieved including the tail of the distribution.
Therefore, there is no indication to modify the elasticity or cross-section of the first interactions to
describe especially the tail of measured 𝑋max distribution on top of the application of Δ𝑋max.
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Figure 3: Top-left panel: The estimations of the muon signal measured directly at the Pierre Auger
Observatory for three different energies [15, 16]. We show also the expectations for QGSJet II-04 between
protons and iron nuclei (dashed lines), and after applying Δ𝑋max (full lines). Top-right panel: An example
of the primary-fraction fit to the 𝑋max distribution measured by the Pierre Auger Observatory [5] using
templates prepared for Sibyll 2.3d after applying the detector effects and Δ𝑋max. Bottom-left panel:
Identified possible extragalactic directions of a dipole that are consistent within 2𝜎 with the amplitude
and direction of the dipole in the arrival directions measured by the Pierre Auger Observatory [17] after
propagation in the GMF using UF23 models. Bottom-right panel: Distribution of the directions of 89
cosmic rays above 78 EeV that were measured by the Pierre Auger Observatory [18] after being backtracked
to the edge of the Galaxy using the UF23 models of the GMF.

7. Backtracking of Arrival Directions

We backtrack the arrival directions of 89 cosmic rays of energy above 78 EeV and zenith angle
within 60◦ measured by the Pierre Auger Observatory [18] in the Galactic magnetic field (GMF)
using the simulation code CRPropa 3 [19] as anti-iron nuclei. For the GMF, we use the recent
UF23 models [20] of the coherent component with the turbulent component from the JF12 model
[21] with the Planck-tuned parameters [22]. We show the distribution of the backtracked directions
at the edge of the Galaxy after re-weighting for the relative exposure of the surface detector of
the Pierre Auger Observatory [23] in the bottom-right panel of Fig. 3. Very similar distribution is
obtained for backtracking of an isotropic distribution of arrival directions on the Earth. The map
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indicates that in the heavy-metal scenario, we are very limited to measure the cosmic rays at the
highest energies from low-longitude directions and most of the cosmic rays are coming from the
directions in the Galactic anti-center region.

We are also adopting the method from [24] to restrict the directions of an extragalactic dipole
at the 2𝜎 level that would be consistent in amplitude and direction, after accounting for the effect
of the GMF, with the dipole in the arrival directions of cosmic rays above 8 EeV observed by the
Pierre Auger Observatory [17], see the bottom-left panel of Fig. 3.

8. Summary

Given the advent of very precise measurements of ⟨𝑋max⟩ and 𝑋max fluctuations above∼40 EeV
by applying DNN methods to the signals from the surface detectors at the Pierre Auger Observa-
tory, we propose an extreme scenario to describe the ultra-high-energy cosmic rays, yet providing
much more consistent interpretation of many measured aspects. Assuming pure iron nuclei above
∼40 EeV and freedom in the predicted 𝑋max scale we use the model predictions of QGSJet II-
04 and Sibyll 2.3d models to derive the shift of the predicted 𝑋max scale providing a consistent
interpretation of the two measured 𝑋max moments using ⟨ln 𝐴⟩ and 𝜎2(ln 𝐴). We then derive
a mass-composition model of cosmic rays for four primary species that we use to derive indi-
vidual contributions to the total energy spectrum, effects on the hadronic-interaction studies, and
backtracking of arrival directions.

Within the heavy-metal scenario, the instep feature in the cosmic-ray energy spectrum can
be explained by an energy threshold for fading of intermediate nuclei from the beam. The flux
suppression at the highest energies is associated to the iron nuclei by assumption, being at the same
rigidity as in the case of nitrogen nuclei suggesting their common origin. The muon problem for
QGSJet II-04 is alleviated for the cost of the assumed problem in the 𝑋max scale, expected to be
approximately the same case for other current models of hadronic interactions within our scenario.
There is no indication to change elasticity or cross-section of the first interactions, on top of the
application of Δ𝑋max, in the model predictions for Sibyll 2.3d to describe better the tail of the
measured 𝑋max distribution at ∼15 EeV. Using backtracking of the cosmic rays above 78 EeV
in the GMF, we show that their sources should be mostly in the directions around the Galactic
anti-center, while the sources at the low galactic-longitude regions are shadowed by the GMF. We
also show that the dipole anisotropy can be reproduced both in direction and amplitude within the
heavy-metal scenario at the 2𝜎 level.
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