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The need for hard spectra sources of nearby heavy
cosmic rays
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Abstract. Using recent Auger energy spectrum and composition analysis results, an investigation is carried
out into the requirements placed on the UHECR sources. The the spatial distribution of these sources is
investigated along with the energy distribution of UHECR they output. These investigations reveal the
need for local UHECR sources which output a hard spectrum of intermediate/heavy UHECR. These results
demand that local (<80 Mpc) UHECR sources exist, placing exciting and difficult requirements on the
local extragalactic candidate sources. None negligible (>0.01 nG) extragalactic magnetic fields are noted to
further strengthen these results.

1. INTRODUCTION

UHECR, above 1019 eV in energy arriving to Earth have been measured for the past several decades.
However, only in relatively recent times has the question as to their composition started to become
accessible to scrutiny with the sudden increase in statistics due to recent detector developments.

Such developments in the field have only been possible through the construction of massive hybrid
ground arrays and fluorescence detectors such as the Pierre Auger Observatory (PAO) in Argentina.
With several thousand square-km of collection area, such experiments are able to raise the dismal rates
of less than 1 km−2yr−1 up to a usable level for all but the highest energy flux.

Since the spectral shape alone allows a degenerate set of nuclear species fits, the provision of further
composition dependent information is of crucial importance. With such information, deeper studies into
the nature and origin of the UHECR can become possible. To this end, the PAO experiment has now
released their first measurements of both 〈Xmax〉 and RMS(Xmax) [1, 2].

As shown in Fig. 1, both the 〈Xmax〉 and RMS(Xmax) measurements by the PAO indicate that the
composition starts to become heavier at high energies above 1018.5 eV. On these plots, we also show
different colour bands for the theoretical predictions of the expected 〈Xmax〉 and RMS(Xmax) values
for different (single composition) nuclear species. The width of these bands are provided to convey
the present uncertainty which exists in the hadronic models used to calculate both the 〈Xmax〉 and
RMS(Xmax) values. Interestingly, the use of the spread in this way has recently been bolstered by
studies following the first LHC results [3]. Furthermore, as is also seen from the relative widths of
these lines, of the 〈Xmax〉 and RMS(Xmax) model measurements, the relative uncertainty associated with
the RMS(Xmax) for different species is smaller than that for 〈Xmax〉.

Curiously, recent corresponding measurements by one of the other leading experiments in the field,
the Telescope Array, do not appear to agree with the Auger results [4]. Though an understanding of this
conflict is crucial for future progress in the field, we here chose to adopt only the Auger results in order
to investigate the consequences that their results naturally imply.
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Figure 1. Plots showing PAO measurements of the composition sensitive quantities 〈Xmax〉 and RMS(Xmax).

2. PROPAGATION PHYSICS AND DESCRIPTION

Before their arrival, UHECRs must propagate across astronomical distances between their source
and Earth. The arriving flux from an ensemble of their sources is naturally expected to contain a
suppression feature just below the highest energies currently observed. Such a feature results as a
consequence of UHECR interactions with background photons. For the case of a proton dominated
UHECR composition, photo-pion production interactions will rapidly start to dominate energy losses at
energies just below 1020 eV, leading to a suppression feature being expected at these energies, referred
to as the Greisen-Zatsepin-Kuz’min (GZK) cutoff [5, 6].

The expectation of a high energy suppression feature, however, is not unique to the proton
composition scenario. Indeed a similar feature is also naturally expected for the case when a significant
fraction of the population consists of nuclei. However, for such a scenario, it is instead photo-
disintegration interactions which lead to the suppression in flux at the highest energies. Subsequently,
the identification of a suppression feature at the highest energies is unable to provide much clue as to
the underlying source composition.

In order to get a more developed understanding to allow the composition measurement results to
be interpreted, the energy loss lengths for different species of UHECR nuclei must be calculated. The
calculation of these loss rates follow the general formula,

RA,� = 1
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where dn�/dε� describes the spectral shape of the target photons being interacted with, �A� dictates
the interaction rate of the UHECR with these photons, and KA� is the fractional energy loss of the
UHECR as a result of the interaction. Example energy loss rate curves for different species are given
in [7].

Using a set of such loss/interaction rate curves for the ensemble of nuclear species, the transmutation
of species as they propagate through extragalactic radiation fields can be calculated. A Monte Carlo
implementation for calculating the temporal evolution of the nuclear state populations was employed
in [7]. For these calculations, all possible decay routes through a whole network of possible alternative
nuclear isotope states was considered.

With one main decay route dominating the decay network, however, a simplified description
employing only a 1D decay chain can be developed. Such a description employs average decay rates
between the dominant states in the full decay network which lie along the 1D chain. Furthermore, in
this simplified description, single nucleon losses dominate the decay chain [8], allowing the nuclear
state evolution to be described by a simple analytic description [9].
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Figure 2. Left-panel: a depiction of the source shells considered. Right panel: a spectral plot showing PAO
measurements, Monte Carlo and analytic derived fluxes arriving from the different source shells.

The functional form of the analytic expression describing the spatial distribution of species A at
distance L from the source is

NA(EA, L)

NAini (E, 0)
=

Aini∑
m=A

l0lAini−1
m e− L

lm

Aini∏
p=0( �=m)

1

lm − lp
(2)

where lA is the loss length of species A. The functional shape of the analytic expression may be brought
into a more recognisable form through the addition of the assumption that the loss lengths for the
different species are comparable (valid at least for neighbouring species). Under this assumption, eqn (2)
may be re-written as

NA(EA, L)

NAini (E, 0)
≈ (L/lA)Aini−A

(Aini − A)!
e
− L

lA , (3)

whose functional form is the familiar Gaisser-Hillas type function [10], consisting of a power-law
rise and an exponential decay. Such an analytic description, built around the dominant nucleon loss
chain, allows secondary effects such multi-nucleon losses and pair losses to be taken into account as
perturbations to the main solution [11].

With a description of the evolution of the nuclear state populations, the arriving flux and composition
from a distribution of sources may be calculated. A comparison of such calculated fluxes for the case of
homogeneously distributed sources, each producing UHECR with spectral index � up to a maximum,
rigidity dependent cutoff EFe,max, for both the analytic description and that of the Monte Carlo, is shown
in Figs. 2 and 3. These example comparison plots demonstrate the ability of the analytic description to
provide an accurate description of both the arriving spectral shape (Fig. 2) and its composition (Fig. 3).
The right-panel of Fig. 2 also shows that the breakdown of the analytic and Monte Carlo arriving fluxes
from a homogeneous distribution of sources into different source shell bands are in good agreement out
to source distances beyond 243 Mpc.

3. RESULTS

In order to keep the situation of the UHECR propagation as simple as possible, the presence of
extragalactic magnetic fields on UHECR propagation are firstly neglected. Furthermore, with no prior
knowledge about the UHECR source population, a “universal” (homogeneous and isotropic) distribution
is generally assumed. We adopt this assumption here as a means of investigating signatures of a departure
from it. In order to quantify the effect of a different source distribution in this paper, we separate out
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Figure 3. Composition dependence 〈Xmax〉 and RMS(Xmax) plots comparing analytic and Monte Carlo based
results. For these results a spectral index � = 1.8 and a maximum source energy of EFe,max = 1021 eV have been
used.
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Figure 4. The 95% C.L. contour plots for silicon and iron only source compositions. These contours indicate the
regions of spectral index/maximum energy parameter space where good-fits can be found to the PAO spectral and
composition results.

the fluxes produced from source regions with shells of radii 0–3 Mpc, 3–9 Mpc, 9–27 Mpc, 27–81 Mpc,
and 81–243 Mpc surrounding the Earth, as depicted in the left-panel of Fig. 2. In this way, the results
obtained may be used to encapsulate the effects introduced by a non-“universal” local void of UHECR
sources.

As was found in [12], the contour plots in Fig. 4 reveal that sources emitting intermediate-heavy
compositions (A > 20) UHECR with hard spectral indices (� � 2) and intermediate energy cutoffs
(EFe,max ∼ 1021 eV) are best able to describe the current data. It should also be noted that for light-nuclei
type sources the contour space was found to be considerably diminished, with no good-fit contours
existing for a proton-only scenario, even at the 99% C.L.

As shown in Fig. 5, the introduction of a minimum distance to the first source can alter the good-
fit contour plots significantly. In particular, for the shell sizes considered, it is seen that for both
silicon and iron sources, the 99% C.L. contours undergo a rapid decrease in size for minimum source
distances in the range 9–27 Mpc and 27–81 Mpc respectively. Furthermore, these plots also indicate that
for minimum source distances beyond these constrained ranges, uncomfortably large cutoff energies,
EFe,max, are required by the source population. This result encapsulates the main finding from our study,
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Figure 5. The effect on the 99% C.L. silicon and iron contour plots by the introduction of a minimum source
distance.
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Figure 6. The effect introduced on the arriving spectrum, 〈Xmax〉 and RMS(Xmax) by the presence of non-negligible
extragalactic magnetic fields and non-zero minimum source distance scale (L > 27 Mpc). For these results a
spectral index � = 1.8 and a maximum source energy of EFe,max = 1021 eV have been used.

that sources of hard spectra UHECR nuclei sources with local distances, ∼40–80 Mpc must exist
in local extragalactic space.

Introducing now the effects of extragalactic magnetic fields, the components of the arriving flux
from the different source shells is altered. Consequently, if one (or several) of the nearest source shells
depicted in the left-panel of Fig. 2 are void of sources, both the arriving spectrum and composition
can be different for different magnetic field strength values. We assume here an extragalactic magnetic
field coherence length of 1 Mpc, with a power law distribution of magnetic turbulence of the form
P (k) ∝ k−q (where k = 2�/�), for which q = 5/3 corresponds to a Kolmogorov-type spectrum, q =
3/2 corresponds to a Kraichnan-type spectrum. The effects introduced by the presence of 0.1 nG and
1 nG fields, containing a Kolmogorov type spectrum of turbulence, on previous results are briefly
considered.

The effect introduced by the presence of non-negligible extragalactic magnetic fields is shown in
Fig. 6. As expected, the presence of non-negligible magnetic fields coupled with a significant distance
to the nearest extragalactic source (here taken to be 27 Mpc) leads to “magnetic horizon” effects [13].
For this scenario, noticeable increase in the amount of photo-disintegration incurred by the UHECR
nuclei before arriving at Earth was found. In this way, the presence of non-negligible extragalactic fields
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is seen to strengthen the case for a need of nearby sources, as suggested for the extreme case of >nG
extragalactic fields in [14].

4. CONCLUSION

We have here briefly described an investigation into the propagation of UHECR nuclei for
intermediate/heavy type composition models. These studies were firstly initiated under the premise that
a homogeneous distribution of sources exists. Perturbations on such a homogeneous distribution for the
case of a local void of sources were then subsequently investigated in order to determine the furthest
distance the nearest sources could be away from Earth and still not violate recent PAO observations. A
more detailed description of this work is given in [15].

Both a Monte Carlo and analytic description developed in [9] and [11] were used to describe the
propagation and transmutation of the nuclear species in the extragalactic radiation fields. The Monte
Carlo and analytic descriptions were demonstrated to agree extremely well for source distance out to
and beyond the maximal distance scale considered in this work (243 Mpc).

Taking advantage of the simplicity and speed of the analytic description, a scan over several source
parameters describing the injection spectrum output by the set of sources was carried out. Good-fit
contours were obtained for the source spectral index, �, and the source’s maximum rigidity-dependent
energy, EFe,max. From the results obtained, the need for an intermediate/heavy type source composition
with relatively hard injection spectra (� � 2) was revealed. Furthermore, the introduction of a local
void distance out to the nearest-by source was shown to severely deplete the good-fit parameter space.
This sudden shrinkage of the good-fit contour size occurred when the void distance scale went beyond
27 Mpc and 81 Mpc for Silicon and Iron type source compositions respectively.

Finally, the introduction of extra-galactic magnetic fields for the case of non-negligible minimum
distance to the first source (27 Mpc) was demonstrated to have a potentially noticeable effect on the
〈Xmax〉 and RMS(Xmax) fits. However, such (<nG strength) fields were unable to alter significantly the
upper bound on the nearest source distance.
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