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Abstract: We have examined a variety of models for the origin of Extragalactic Cosmic Rays in order to
see if it is possible to explain the ankle in the observed highenergy spectrum as a property of EG protons
alone. We find that it is not, a variety of effects smearing outthe ankle due to thee+

e
− transition. We

see no evidence to doubt our original contention that the ankle marks the cross-over from mainly Galactic
to mainly EG sources. For ‘exotic’ EG sources such as AGN and quasars, the energy requirements are
very severe and we wonder now if more normal galaxies are responsible in the sense that many galaxies
generate particles of energy to1020 eV but our own does not, at present.

Introduction

Uncertainty about the important ‘demarkation en-
ergy,Ec’ - the value at which the Galactic (G) and
Extragalactic (EG) intensities are equal - comes
from a variety of factors.

Firstly, although we have argued [1] that G-
particles persist up to at least3.1018 eV from a de-
tailed analysis of directional anisotropies, favour-
ing the Galactic Plane (which would indicate
Galactic particles), we have to admit that these ar-
guments rest, inevitably, on rather imprecise obser-
vations.

Secondly, a similar situation arises for the primary
mass composition. The observations of the depth
of shower maximum, the usual indicator of aver-
age primary mass, have been analysed by us [2],
and others, to show that a significant fraction of
heavy nuclei persist, even up to the highest ener-
gies. If so, then, as we have demonstrated [3], the
ankle would not be explainable in EG terms alone,
because of various smearing effects. However, not
only do experimental problems arise but, impor-
tantly, the high energy interaction models are im-
precise because of the inevitable need to extrapo-
late accelerator results to higher energies. Thus,
in principle at least, the particles could be protons
alone, right up through the ankle in energy.

The above is not to say that the EG-p scenario (i.e.
all EG particles are protons and the ankle is a prop-
erty of EG particles alone ,e.g. [4]) is likely. Nev-
ertheless, it needs taking seriously. In passing, it
can be remarked that, if true, the effect on the two
factors described above would be serious, and in-
teresting.

Analysis for EG-protons

The method is to adopt a variety of extragalactic
source models, with their different spatial distribu-
tions and follow the CR protons through the CMB
to their destination at earth. The ensuing energy
spectrum is then compared with observation and
conclusions drawn.

As is well known, there is no concensus as to
the nature of the source(s) of EGCR. Even in the
Galaxy itself, at least above the ‘knee’ - where
supernova remnants (SNR) probably ‘give out’ -
there is uncertainty. Thus, it is necessary to con-
sider a number of possibilities.

The models are as follows:

1. Uniform density of identical sources. This
unphysical situation is adopted as a datum,
against which the more physically accept-
able models can be compared.
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2. Non-uniformity of the density of sources.
Here we adopt as an indication the surveys
of galaxy ‘densities’ by Dudarewicz et al.
[5] and Medina-Tanco [6].

3. Colliding galaxies. A promising model has
been put forward by Al Dargazelli et al.
[7], based on an apparent coincidence of
the arrival directions of some UHECR with
‘nearby’ colliding galaxies. Unfortunately,
identifications of the galaxies are only secure
to about 40 Mpc.

4. Galaxy clusters. In some senses this distri-
bution can be taken as a proxy indicator of
strong Active Galactic Nuclei (AGN). There
are, however, some subtleties with regard to
CR from Clusters [8], and these will be taken
separately.

5. Quasars. Two distributions have been
adopted here, but both are derived from the
same basic data [9]. In one, Q1, only quasars
intrinsically brighter than a particular value
(MB = −24) are assumed relevant. In
the other, Q2, the integrated quasar luminos-
ity is computed for each distance range (i.e.
z-range) and adopted. Insofar as we need
a mean magnitude and a density we adopt
MB = −22 for the former.

6. CDM. A ‘long-shot’ is the spatial distribu-
tion of dark matter estimated by us from a
variety of sources. Inevitably, with its strong
z-dependence its outcome is not very differ-
ent from that for quasars.

Table 1 gives the basic data for the various models.

The calculations are made, as usual, using a contin-
uum of sources with the appropriate source density
versus radial distance. However, sources are not
discrete and, when the mean density is low (but
mean energy output high), an important phenom-
ena appears, related to the distance to the nearest
sources: there is an increasing loss of low energy
particles the greater this distance is. This is illus-
trated in Figure 1a, for the datum situation of a con-
stant density of sources, with a minimum distance
of 50 Mpc. This distance corresponds to a spatial
density of order10−5 Mpc−3, i.e. a factor 1000
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Figure 1: Results for the adopted galaxy cluster
distribution (similar to that of AGN).
a) The derived spectrum.
b) The distribution of propagation times
c) Modification factor (source density divided by
the local value) versusz.
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Model Title Median distance (Mpc) Density (Mpc−3) < MB > η

Uniform 650 10−2 -20 10−3

Galaxy Clusters (AGN) 300 3 × 10−5 -20 0.3
Medina-Tanco 650 10−2 -20 10−3

Dudarewicz et al. 550 10−2 -20 10−3

Colliding galaxies 550 10−5 - 1
Quasars (Q1) 1500 3 × 10−7 -24 1
Quasars (Q2) 1400 3 × 10−6 -22 0.1
CDM 850 - - -

Table 1: Parameters of the models

smaller than the spatial density of ‘normal galax-
ies’. Such a value is typical for likely EG sources.

The magnetic properties of the IGM are taken, fol-
lowing our earlier work, i.e. a mean field of 4 nG
and a mean reversal length of 1 Mpc (4 nG corre-
sponds to near equipartition of energy between the
EG magnetic field and EGCR). These values are
not critical.

The Results for EG-protons

An example of the results is shown in Figure 1 and
Figure 2 shows a summary of the spectral shapes
for all the models.
Inspection of Figure 2 shows that none of the spec-
tra are satisfactory. Insofar as the standard in-
put spectrum havingγ = 2.0 has been adopted a
steeper one could be taken such as to give a fit for
case (h) (CDM) or, perhaps case (g) (Quasars, Q2).
However, an artificial truncation would have to be
included below1018 eV to avoid too dramatic an
energy input.

Discussion and Conclusions

It is evident that no model has been tried which
gives consistency with the idea that all the UHECR
above1018 eV are EG protons and that the well-
known ‘ankle’ is a property of the EG spectrum
alone. When it is borne in mind that various phe-
nomena, not considered here in detail - such as the
likely intermittent nature of EG sources - would
give rise to further distortions of the ankle, such a
model seems to be ruled out, at least for the sce-
narios listed in Table 1.
Continuing with a discussion of source efficiency,

as remarked earlier ‘normal’ galaxies give reason-
able efficiencies (10−3) but our own Galaxy does
not, apparently, give particles of high enough en-
ergy. A way forward would be to assume that
our Galaxy is unusual in this respect and that most
‘normal’ galaxies (say more than 50%) do have CR
extending to1020 eV. Such a situation, although
not ideal, is probably the best one at the present
time.
Our preferred model is still that the ankle repre-
sents the transition from mostly Galactic to mostly
EG but the problem of just what the EG sources
are, remains.
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Figure 2: Ratios of predicted intensities to those measure from our previous summary, with the ‘low‘ energy
normalization for the models summarized in Table 1. In (a) the situation is also shown for there being no
sources within 50 Mpc - dotted.
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