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Abstract: An analysis of the fine structure in the primary cosmic ray energy spectrum is an additional approach to the
problem of cosmic ray origin. Structural features are observed both in the knee region and at sub-TeV energies in the
spectra of protons, nuclei and electrons. We discuss several aspects of the fine structure: the possible contribution of
several sources to the knee, the mass composition of the dominant single source of the knee, concavity of the nuclei
spectra and irregularities in the spectra of primary electrons. The results are regarded as evidence for the non-uniform
space-time distribution of cosmic ray sources. The possible role of pulsars is also examined.
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1 Introduction

The search for the origin of Cosmic Rays (CR) is a con-
tinuing one. Although many incline to the view that su-
pernova remnants (SNR) are responsible, it is also possible
that pulsars contribute and other possibilities include dis-
tributed acceleration. To distinguish between them is not a
trivial task and it is usually attempted by way of studies of
the general shape of the CR energy spectrum, mass compo-
sition and anisotropy. We should like to say that addition-
al information can be obtained from the study of the de-
tailed shape, or ‘fine structure’, of the CR energy spectrum.
‘Structure’ can be divided into two broad and overlapping
categories: sharp discontinuities (fine structure) and slow
trends. Anything other than a simple power spectrum with
energy-independent exponent can be termed ‘structure’.
Many simulations indicate that the dominant contribution
to the observed CR is from nearby sources where the non-
uniformity of their space distribution plays a significant
role. If the production of CR by these sources has an ex-
plosive character as from supernova (SN) then their random
explosions make the non-uniformity of the CR space-time
distribution even stronger. This has to result in the appear-
ance of fine structure in the CR spectrum at some level.
The most prominent structure in the CR spectrum is the
knee at the energy about 3-4 PeV. In spite of the fact that
it was discovered more than half a century ago its origin
is still debated. More than a decade ago we put forward
a model in which the remarkable sharpness of the knee
can be understood if a ’single source’ is largely responsi-
ble [1,2]. It appears to have been confirmed by later, more

precise, measurements. Very recently, we have claimed fur-
ther, fine, structure in the energy spectrum [3] which ap-
pears to be due to the main nuclear ‘groups’: P, He, CNO
and Fe, but this awaits confirmation.

2 Contribution from a ‘few’ nearby sources

The main fine structure is the very well-known knee at ∼ 3
PeV, and this will be examined here in more detail from
the standpoint of the contribution from not just the single
source (SNR) but from the very few most recent/nearest
sources. These will have a possible blurring effect on the
sharpness of the knee. A related matter for SNR is the
expected ‘curvature’ of the energy spectrum in the ener-
gy region where direct measurements for various nucle-
i have been made (up to about 105 GeV for protons and
103 GeV/nucleon for iron). Such curvature has been seen
in our calculations [4] for the SNR model in which parti-
cles from a random collection of SNR, in space and time,
were followed.
At any one energy there must be contributions from very
many sources. By dividing the intensity into contributions
from a background formed by very many sources and the
‘single’ source (the ‘nearest and more recent’ - allowing for
propagation effects) we have hitherto ignored those ’plu-
ral’sources which are not too far away nor too old (or too
young) to contribute. The plural sources have relevance
to the sharpness of the knee because their own knees will
be at somewhat different energies because of differences in
the values of the parameters which determine the maximum
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rigidity Rmax of the acceleration (SN energy, ISM density,
magnetic field and degree of its compression, etc.)
In what follows we give the results of running the pro-
grammes of [4] again to give the ’strengths’ of both the
strongest peak (S1) and the second strongest (S2) with the
result shown in Figure 1, where log(S2/S1) is plotted a-
gainst logS1. The values of S1 were chosen to be at the en-
ergy corresponding to the peak in the observed spectrum.
The logic is that if the contribution from S2 is small it will
be unnecessary to consider the third and so on. It is eviden-
t, and understandable, that the mean value of S2/S1 falls as
S1 increases, the point being that the larger the S1 value
the less frequent it becomes; the 2nd largest is, essentially,
a ’typical source’. Figure 1 shows the frequency distribu-

Figure 1: Frequency distribution of the ratio S2/S1 of the
intensity peak of the 2nd source, S2, to that from the sin-
gle source, S1, plotted logarithmically (upper panel) and
linearly (lower panel).

tion of S2/S1; the mean value is about 7%. The probability
of S2/S1 being above 20% - a value where a broadening of
the ’single source peak’ might be expected to be just sig-
nificant, is only ∼8%.
In an independent approach an analysis has been made of
the 24 nearest likely sources [5]. Of the SNR, only 3 are old
enough for the CR to have any chance of arriving at Earth;
in our model the rest are so young that the CR will still
be trapped inside the remnant. Figure 2 shows the results.
It will be noted that Monogem Ring (’our source’) is al-
so identified as giving the biggest contribution. We added
’Loop 1’, though it is not selected in [5] as the second.
However, its spectral shape at high energies is too steep for
it to be relevant.

Figure 2: Energy spectra from nearby and recent SNR. The
SNR are chosen from the set given in [5] with Loop1 added.
The median spectrum of protons from 50 samples shown in
Figure 3 and denoted as ’total’ is given for comparison.

3 The search for further structure.

3.1 The ‘curvature’ in the energy spectrum.

Measurements of the energy spectra of different nucle-
i show a consistent concave shape over the common range
30-1000 GeV/nucleon (virtually the same rigidity) from
Helium to Iron (summarised in [6]). Protons show a simi-
lar pattern [7,8] displaced to a higher energy per nucleon.
We have quantified the concavity using a sagitta δ for an
assumed circular shape on the plot of log(E3I) vs logE
between the limits above. The frequency distribution of δ
from our model has been derived from the plots given in
Figure 3 [4]; these are for the energy spectra of CR pro-
tons - but applicable for any nucleus, replacing energy by
rigidity - from 50 trials, each involving 50,000 SNR. Figure
4 shows the result. The distribution is symmetric around
δ = 0 with about equal numbers of positive and negative
sagittas. The concave or convex shape of simulated spec-
tra in the 30-1000 GeV interval depends on the particular
pattern of the non-uniform SNR distribution in space and
time.
Values of sagittas for P, He and C-Fe spectra from the AT-
IC, CREAM and PAMELA experiments [7,8,9] are also
shown in Figure 4. They all are negative. It is clear that the
observed curvature can be hardly explained by the random
geometric configuration of CR sources. The probability of
such or even higher negative curvature for CR nuclei does
not exceed 16-20%. The strongest argument against our
random source model being the cause of the actual sagittas
is the detailed structure (and sharpness) of the ankle . In
the model, the changes of slope are all smooth (Figure 3),
but in the observations they are not.
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Figure 3: Energy spectra for 50 samples of 50,000 ran-
domly distributed SN [4]. The spectra would apply to any
Z-value by treating ‘E’ as rigidity (E/Z).

Whatever the reason for the ankles, they are a further ex-
ample of a fine structure of the CR energy spectrum and its
origin, which is unlikely to be due to the non-uniformity
of the SNR space-time distribution, needs a more detailed
analysis.

3.2 The fine structure of the primary electron
spectrum

The primary electron spectrum is even more sensitive to n-
earby space-time distribution of the sources than protons
and nuclei since distant and old sources of electrons con-
tribute less to the observed spectrum due to the stronger
energy losses of energetic electrons during their propaga-
tion in the ISM. Therefore the non-uniformity of space-
time distribution of nearby sources should have a stronger
impact on the fine structure of the electron spectrum. Our
simulations of the electron spectrum confirmed the possible
existence of irregularities in the spectrum shape at sub-TeV
energies above ∼0.1 TeV [10].
Recent measurements of the primary electron spectrum by
the ATIC experiment [11] have found irregularities at these
sub-TeV energies and it is remarkable that they have the
same shape in the independent run times. This proves that
they are not caused by insufficient statistics, but are a true
physical phenomenon. The existence of fine structure in
the electron energy spectrum at the same sub-TeV energies
both in the simulations and in the experiment confirms the
significant role of the non-uniform space-time distribution
of sources, which is the basis of the single source model of
the knee.

Figure 4: Frequency distribution of the sagitta δ =
Δlog(E3I) for the CR energy spectrum between 30 and
1000 GeV/nucleon. The values derived from our analysis
of published experimental data, are indicated by stars.

4 Comparison of SNR and Pulsars.

4.1 Supernova Remnants.

Type II SN, which are generally regarded as the progenitors
of CR, have a Galactic frequency of ∼ 10−2y and a typical
total energy ∼ 1051erg for each one. Most models ( eg
[12] ) yield ∼ 1050erg in CR up to a maximum rigidity of ∼
3 PV. The differential energy spectrum is of the form E−γ

where γ ∼ 2 (or a little smaller). At higher rigidities, not of
concern here, models involving magnetic field compression
via cosmic ray pressure can achieve much higher energies
( eg [13] ).

4.2 Pulsars.

An alternative origin is by way of pulsars which, although
being barely significant below 1-10 PeV, may well predom-
inate as CR sources at higher energies ( eg [14] ). Unlike
SNR there are no ‘typical’ pulsars in that their initial peri-
ods differ, depending as they do on the rotation rate of the
progenitor star. With the conventional value for the mo-
ment of inertia of 1045gcm2, the rotational energy ( 12 IΩ2)
is 2× 1052P−2

mserg, where Pms is the period in ms. SN and
Pulsars thus have similar total energies only if the pulsar
has an initial period less than about 4.5ms. The fraction of
energy going into CR is not clear but may be in the range
(0.1-1)% [15].
The maximum rigidity is given by Rmax = 6.6 ·
1018B12P

−2
ms V [16] where B12 is the effective magnetic

field, in 1012 Gauss and, as before, Pms is the period in
ms. Insofar as there are, presumably, a significant fraction
of pulsars with birth periods less than 10ms there appears
to be no problem in achieving the necessary PeV energies.
Indeed, the case has been made for the rest of the CR en-
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ergy range from PeV to EeV being due to fast pulsars, as
already remarked.
The differential energy spectrum of all CR emitted by the
pulsar during its life will probably be of the form E−1 due
to there being a delta function in energy at a particular in-
stant and the energy falling with time as the pulsar loses
rotational energy.
The result of the above is that pulsars cannot easily be in-
volved as the source of the spectral knee at �3 PeV; how-
ever, they cannot be ruled out as being responsible for some
of the fine structure.
CR from pulsars would be expected to give rise to smal-
l peaks (of perhaps 0.05 in intensity and ΔlogE � 0.3 in
width) and we have searched for them in the published
spectra. It would be expected that if pulsars are responsible
for a significant fraction of the CR flux then they would ac-
celerate a collection of nuclear charges, Z, either by virtue
of a mixed composition on the pulsar surface or through the
acceleration of particles from the ambient interstellar medi-
um. Thus, a search has been made for energy-per-nucleon
coincident peaks (ie nearly the same rigidity). None has
been found. The limit to the height is about Δlog(E3I) =
0.05, and for width = 0.3, ie we can say nothing yet about
their presence, or absence.
It might be thought that Iron alone (a major constituent of
the pulsar surface) would be a possibility. Here, the data
are sparse, however, and an upper limit to the height of a
single peak is � 0.2.

5 Cosmic Ray Abundances

In our recent paper [3] we showed that the relative abun-
dances for the single source ( Monogem Ring ) at PeV en-
ergies were essentially the same as those of the ambient
CR at production, as measured at 1000 GeV/nucleon. This
suggests that there is little variation from one source (SNR)
to another in terms of relative abundances. A measure of
confirmation comes from the consistency of the magnitude
of the sagitta in the curvature of the spectra in the range
30-1000 Gev/nucleon from one nuclear mass to another, al-
though the rigidity scale for the curvature differs between
protons and heavier nuclei.

6 Discussion and Conclusions.

Starting with the problem of ‘plural’ sources in the knee
region, ie the extent to which the single source has accom-
panying contributors, we conclude that probably less than
about 10% of the ‘signal’ represented by the knee is due to
one or two other, comparatively nearby, sources.
Turning to curvature in the energy spectrum just before the
knee, its presence inn the total particle spectrum has been
known for a long time ( see, for example, [17] ) and it is
due to the imminent appearance of the peak due to the sin-
gle source. There is evidence that the curvature is finite at

lower energies too, and occurs at nearly the same rigidity
for all nuclei ( except H ). The magnitude of the sagitta is
not inconsistent with that found in our earlier Monte Carlo
calculations and its magnitude is of the order of that ex-
pected by chance - either positive or negative (Figure 4);
in that sense it is a useful result. It must be said, however,
that most of the ’ankles’ are sharper than expected and the
existence of another component below 200 GV may be the
answer ( eg [18] )
Finally, concerning ‘the search for pulsar peaks’, the situa-
tion is still open. None has been detected so far, although,
as we have pointed out [3] it is not impossible that the ‘iron
peak’ at ∼70PeV is due to a pulsar, rather than an SNR.
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