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Abstract. Cosmic rays were discovered in 1911 but it is only now that some ideas
are beginning to emerge as to their origin. This paper will examine the present
evidence concerning the origin question over the whole energy range, from 10' eV
to 1020eV.
At the lowest energies, (10'--10x° eV), the new subject of gamma ray astronomy
plays a crucial role and a galactic origin is favoured. At higher energies (101L-1017eV)
recent measurements of the anisotropies in arrival directions also suggest a galactic
origin, although the evidence is not as strong.
At the very highest energies it seems likely that some, at least, of the particles come
from outside the galaxy although the non-existence of the cut-off at about 6 × 10TM eV
arising from interactions with the cosmological relict radiation provides a paradox.
The likely future areas of advance in this fascinating subject will be indicated.
Keywords. cosmic rays; origin, cosmic gamma rays; anisotropies; extragalactic
particles.

1. Introduction
The history of cosmic ray studies is one of the romances of modern science. F r o m the
observations of a small residual ionisation in carefully shielded ionisation chambers at
the turn o f the century sprang the development of a subject embracing m a n y disciplines o f physics and leading to fundamental advances in knowledge in m a n y areas.
Despite the identification o f the particles present in the cosmic ray beam and a host
o f measurements on the energy spectra of the components and of the manner in which
the particles propagate through the atmosphere and below ground the origin of the
bulk o f the primary particles is still unclear. Only a t ' l o w ' energies, below about a
GeV, has it been possible to identify the sun as a source of some of the particles.
The subject of solar cosmic rays, a topic of great interest, can be regarded as a subject
in its own right and attention will not be given to it here; instead, the origin of those
components, largely of higher energy and coming from more distant sources, is our
prime concern.
It is necessary to state rather clearly what is known about the various primary
components before endeavouring to suggest specific origin models.
The first section gives a very brief introduction to the question of the primary
components; later sections deal with origin models for specific energy ranges, in
order o f increasing energy.

*Based on the B. B. Roy memorial lectures delivered at Calcutta University, Feburary 1-3, 1978.
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2. The primary components
2.1. Definitions
The term ' primary' component is taken to mean the component present above the
atmosphere, that is before any secondary interactions in the gas of the atmosphere
have taken place. In view of the presence of the earth's magnetic field the intensity
of the charged particles will depend on the latitude; when t h e ' primary spectrum ' is
quoted, corrections have usually been applied to allow for this field and the spectrum
then refers to what would have been observed were the earth's field switched off.
An idea of which particles might be expected to be present in the primary beam
comes from an analysis of the' universal abundances '---data which come from studies
of stellar spectra, meteorites, etc. These abundances include a wide variety of nuclear
masses with hydrogen as the biggest component; the expectation is borne out with
the cosmic ray beam being mainly populated by protons, at least at energies below
about 1013eV where direct measurements of primary masses have been made. There
are notable differences between the concentrations of various elements in the primary
beam and the universal abundances, however. Some of these are probably due to
the cosmic rays at their places of acceleration (the so-called primordial particles)
not being representative and others are certainly due to propagation effects. The
significant flux of Li, Be and B in the primary beam is virtually certain to be due to the
fragmentation of heavier nuclei in their passage through the interstellar matter.
In addition to the nuclei, primary electrons and positrons have been identified,
as have y-rays. Neutrinos and some neutrons will also be present but these have not,
as yet, been detected.
2.2. Energy density
Some idea of the astrophysical significance of the various components present can
be gauged from their energy densities and the values are given in table 1. For comparison, energy densities near the earth of other components (visible light, etc.) are also
shown.
Examination of the cosmic ray components alone, above the same energy, say
109 eV, shows that there is a wide disparity between their energy densities. Thus, with
respect to the charged primaries, (by which is meant protons and heavier nuclei),
the electrons and positrons carry out 10-3 of the energy and the diffuse y-ray background carries ~ 10-7 of the energy. At this point it should be remarked that, for
y-rays, there is also a component carrying more energy which is of galactic origin;
that this is galactic is shown by the fact that there is a very broad peak towards the
galactic centre (with a width in longitude of very approximately 4-40°; Fichtel et al
1975). However, the increase in y-ray energy density is probably less than an order
of magnitude.
Although there is a disparity between the energy densities of the individual cosmic
ray components, rather remarkable near-coincidences occur between the value for
charged primaries ( ~ 5× 10-1 eV cm -3) and some energies relevant to the galaxy.
Thus, the energy density of starlight is ~ 4 × 10-x eV cm -3 and that associated
with the galactic magnetic field is --- 6 × 10-1 eV cm -s for a mean field of 5/z gauss
(actually the mean field is probably uncertain to a factor 2 and therefore the energy
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Table 1. Energy densities of ' c o s m i c ' components near the earth calculated from
the expression a=(~/c)f/(E)EdE w h e r e / ( E ) is the differential energy spectrum of the
appropriate component. By ' c h a r g e d primaries' is meant protons and heavier
nuclei (after Wolfendale 1975).
Energy density
(eV cm -8)

Component
Charged primaries
(from summary by
Wolfendale 1973)
above
l0 s eV
10u eV
10t5 eV
l0 ts eV

~
~
~
~

Electrons and positrons
(from summary spectrum
of Meyer 1971)
above
10° eV
10to oV
10tt eV

~ 4.10-'
~ 1"104
~ 2"10-'

~,-rays, diffuse background
(from summary by Strong et al 1974)
above
l0 T eV
above
l0 s eV

~ 1.10 -s
m 2.10 -s

Starlight (from Allen 1974)

N 4.10-x

2.7K relict radiation

5"10-1
2"10-2
10-'
10 -s

2.4.10 - t

density to a factor 4). Furthermore, the energy density associated with the motions
of gas clouds in the galaxy, averaged over the nearby galactic region, is also in the
range (1-10) × 10-1 eV cm -3. Such near agreement is suggestive of an equilibrium
situation for a system in which the bulk of the cosmic rays originate in galactic sources
but there

can

be no

certainty about

it.

For

example,

the relict radiation also

has the same order of energy density (2.4 × 10-1 eV cm -3) and this radiation is not
of galactic origin but almost certainly pervades the whole Universe.
2.3.

Energy spectra

Figure 1 gives a summary of the energy spectra of the more important components
of the primary radiation (the nuclei with Z > 2 are not shown; at 109 eV/nucleon
the intensities of the main groups: L, 3 < Z ~< 5, M, 6 ~<Z <~ 9 and H, 10 ~ Z, are
respectively, N 5 × 10-9, 8 × 10-1° and 2 × 10-1°m-Zs-lsr -1 eV-1. Also shown in the
figure are the techniques used in the measurements. It will be noticed that above
1014 eV the energy scale changes from energy per nucleon to energy per nucleus; this
is because the mass composition is quite uncertain above this limit.
The figure shows that the primary spectrum of all nuclei summed together can be
written in the form
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Figure 1. Energyspectra of the various components of cosmic rays. Not shown are
nuclei heavier than ~-particles, which have lower intensities up to 10TM eV]nucleon
and uncertain intensities above. The techniques used are indicated. The y-ray flux
shown refers to the isotropic diffuse component; the galactic component has higher
intensity above 100 MeV.
where y(E) is approximately constant (at ,-~ 2.6) for 10z° < E < 3.10 zs eV and has a
different value (,~3.2) for E > 3.10 z6 eV. In fact, the actual situation may be
somewhat more complicated than this, as will be seen later.
Also shown in figure 1 are the spectra of electrons and positrons, and the diffuse
~,-ray spectrum; it was those spectra which gave rise to the energy densities given in
table 1.

3. Origin of cosmic rays: the problem
The difficulty of identifying particular astronomical objects as sources of cosmic rays
has been, and largely remains, that primary nuclei are deflected by the magnetic fields
in the galaxy so that there is virtually no correlation (at least up to energies of
10z* eV or so) between the directions from which the particles appear to come when
detected near the earth, and the directions of their sources. Indeed, a controversy
has raged as to whether the cosmic rays are produced within the galaxy (galactic
origin) or are incident on it from outside (extragalactic origin).
If the bulk of the cosmic rays were extragalactic and the energy density were essentially the same everywhere (universal model) then cosmic rays would play a crucial
role in the energetics of the universe: the total energy carried by cosmic rays would be
higher than that in all other forms with the sole exception of the rest energy of matter
itself.
If the bulk of the cosmic rays detected at earth were derived from galactic sources
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then, although the total energy would be down by two orders of magnitude or so,
they would still be of great importance for galactic phenomena of many kinds.
The galactic and universal models can be regarded as extremes; in an intermediate
class is the model where the particles are generated in, and largely confined to, clusters
of galaxies.
In what follows, we endeavour to shed light on the origin problem at least to the
extent of distinguishing between galactic and extragalactic models.

4. Origin in the range 1-10 GeV
4.1. Cosmic gamma rays
The recent discovery of cosmic gamma rays holds out the possibility of drawing conclusions about the origin of low energy cosmic rays (as well as finding the ' point'
sources of some of the gamma rays--gamma rays above 1 MeV should also be ineluded under the heading o f ' c o s m i c radiation '). The possibility arises because
some of the quanta come from the interactions of cosmic rays with the interstellar
medium (ISM) and since the gamma rays travel in straight lines they can be used to
examine the way in which the initiating cosmic rays are distributed in the galaxy.
If the analysis indicates that the cosmic rays have the same intensity everywhere then
one would incline towards an extragalactic origin; on the other hand a varying
intensity would indicate a galactic origin.
4.2. Discovery of cosmic gamma rays
The problem with detecting cosmic gamma rays, and the reason for the fact that only
recently have they been positively identified, is their very low flux. Figure 1 indicates
their magnitude with respect to the other components of the cosmic radiation; it will
be seen that the y/p ratio is ,,~ 10-e at 1 GeV.
A number of tentative measurements had been made previously but it was not
until the flight of the OSO-3 satellite (Kraushaar et al 1972) that firm data appeared
and a tentative indication of the way in which the gamma ray flux varied over the sky
appeared. Gamma ray astronomy as such, however, can be said to have started with
the identification of point sources as well as a continuum in the experiment with the
SAS-2 satellite (Fichtel et a11975 and subsequent papers). The satellite was launched
on 15 November 1972 and although it failed on 8 June 1973, because of a faulty power
supply, it produced very fine data which have provided the basis for a considerable
amount of theoretical analysis.
More recently, in 1975, a European collaboration has launched its own satellite
(COSB); this instrument is still in orbit and data from it are beginning to be reported
in the literature. In both instruments, the equipment comprises a spark chamber in
which the y-quanta form electron-pairs. The tracks of the pair electrons are detected
and used to give the direction of the initiating gamma ray and the energy is found
from the scattering of the electrons and (in the case of COSB) a calorimeter below the
spark chamber.
For these instruments good data appear above about 30 MeV and the upper limit
is in the region of some hundreds of MeV in the case of SASIt and about 2 GeV for
COSB.
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4.3. Main features of cosmic gamma rays

Figure 2 gives the distribution of gamma rays above 100 MeV as a function of galactic
latitude for two directions: generally towards and generally away from the galactic
centre (GC). The concentration of the radiation in the plane of the galaxy is seen to be
a prominent feature. It must be borne in mind that the angular resolution is about
-t-3° so that some of the finite width of the narrow peak in (a) is of instrumental
origin.
The so-called background level is of interest--most of it is attributed to a diffuse,
near--isotropic flux which is usually interpreted as being of extragalactic origin.
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Figure 2. Latitude distribution of gamma rays above 100 M e V from the SASH
experiment (Fichtel et al 1975). The dashed line indicates the diffuse background
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Figure 3. The galactic longitude distribution of gamma rays above 100 MeV and
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background level is indicated.
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Figure 3 shows the corresponding longitude distribution. Immediately it is seen
that there is some complexity in the pattern. Two peaks, which can be identified with
known astronomical bodies, are clearly discernable. These correspond to the CRAB
and VELA supernova remnants or more specifically to the pulsars in these objects
(most of the gamma radiation is found to be pulsed with the same period as that of
the radio pulsar in each case). In addition, another 11 ' point' sources have been
claimed from observations with the COSB satellite (Hermsen et al 1977) but their
signals are small and barely seen in the figure. There is, in addition to the peaks, a
general flux which has a much higher intensity within +40 ° of the GC than elsewhere.
This general flux is usually attributed to the interactions of cosmic rays in the ISM
but there are problems as to how much of it is due to unresolved sources, principally
pulsars. Strong et al (1977) have argued that the pulsar contribution is small
( ~ 10 ~o) based on an assumed correspondence of gamma ray and radio emission
and figure 3 shows the predictions made on this basis. In what follows we follow
this prediction but bear the problem in mind.
4.4. Gamma ray production mechanisms
Gamma rays can be produced in a variety of ways. Below about 10 MeV nuclear
de-excitation will be a prominent source but at the energies of main interest here
(Ey ~ 35 MeV) other processes are concerned. Figure 4 summarises these mechanisms. It will be seen that cosmic ray protons (and nuclei) and cosmic ray electrons,
interacting with the ISM and the radiation fields, are responsible. Although the
importance of protons interacting in the ISM is clear there are uncertainties in the
parameters which make the contributions from the other mechanisms uncertain.
The energy spectra of gamma rays depend on the mechanism responsible so that
eventually, when precise spectral information is available, it should be possible to
determine the respective contributions.
Interactions producing y-rays
B._remsstrahlung
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Production mechanisms for cosmic gamma rays.
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In this article we assume that interactions in the ISM predominate (mainly ~r°
meson production by protons) but bear this assumption in mind.
4.5. Application to the origin of cosmic rays
Gamma rays above 100 MeV originate in the interactions of protons of energy in the
range 1-10 GeV and so can be used to determine the distribution in the galaxy of
protons in this energy range if the distribution of target matter is known. The situation is summarised in figure 5.
The first step is to derive from the longitude distribution of figure 3 the gamma
ray emissivity as a function of galactocentric distance R. This has been done by
Strong and Worrall (1976) with the result shown in figure 6.
The next problem concerns the distribution of gas in the ISM. The bulk of the gas
will obviously be hydrogen and the neutral atomic component has been studied
extensively over the past 20 years by way of the 21 cm radiation. Figure 7 gives the
most recent summary. It is clear that, with neutral hydrogen done, dividing W(R)
by o(R) would give a cosmic ray intensity I(R) which falls rapidly with increasing R.
This was the situation a few years ago before it was realised that molecular hydrogen
was so prevalent.
It had long been known that there were some H~, in the galaxy and indeed direct
spectroscopic detection had been made for the local ISM. The density detected was
very low indeed and this was understood in terms of dissociation of Ha by the comparatively high fluxes of UV in interstellar space. What was not appreciated was the
very high densities of H~ in gas/dust clouds. The first indication of this seems to
have come from the measurement of the 2.6 mm line in the CO spectrum (Scoville
and Solomon 1974); it is generally accepted that the CO molecules is excited by
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impact with H a molecules so that H2 densities can be derived from the 2.6 mm
measurements. Figure 7 also shows the surface densities for the Ha component
smoothed over the galaxy (it must be remembered that the high H2 densities are within small dense clouds). It can be seen that the cosmic ray gradient (fall off of I(R)
with increasing R) is now much reduced. Indeed, if the H 2 densities are under-estimated by only a factor 2, and it is well known that the estimates are very imprecise,
then the gradient could disappear completely in the inner galaxy i.e. one could conclude that I(R)~f(R) and an extragalactic origin would be indicated.
Assuming that the H2 densities are correct (and that cosmic ray protons of the
energy in question can penetrate the clouds) then I(R) is as indicated in figure 8.
It can be seen that there is circumstantial evidence favouring galactic origin and the
distribution of cosmic ray intensity follows roughly that of SNR and pulsars. If this
result is accepted it means that cosmic rays in the range 1-10 GeV do not diffuse far,
by galactic standards, from their points of origin.
As remarked earlier, the big problem is the magnitude of the density of molecular
hydrogen and it is imperative to have an independent analysis of the galactic versus
extragalactic question. Such an analysis is possible by examining gamma rays from
the general direction of the galactic anticentre (AC). Inspection of figure 7 shows
that outside the solar circle (R > l0 kpc) the density of H2 is small and therefore uncertainties in its magnitude are not very important. Dodds et al (1975) have examined this region in detail and have calculated the gamma ray flux expected under
alternative assumptions; (a) that the cosmic rays are galactic, with a form for I(R)
similar to that for SNR, and (b) that the cosmic rays are extragalactic so that

I(R)~f(R).
Figure 9 shows the results of their analysis. It is clear that the experimental
results favour the galactic origin model. Confirmation has come more recently (Strong
et al 1978) from a similar analysis made using the COSB results.
It is now necessary to examine the significance of the assumptions made earlier,
viz. that the contributions from pulsars (and other point sources) and electrons are
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Figure 8. Ratio of cosmic ray intensity at R, I(R), to that locally, I(10), derived using
W(R) from figure 6 and the gas densities of figure 7. Also shown are the surface
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very approximate) (after Wolfendale and Young 1977).

Origin of cosmic rays

7.,

641

racjalactic

u

,%
I-

T
I
-10

T
I
I
I
-5
0
5
Galactic latitude (deg)

I
10

/

Figure 9. Intensity of gamma rays above 100 MeV from the work of Fichtel et al

(1975) in the general direction of the galactic anti-centre. The predictions of Dodds
et al (1975) for galactic and extragalactic origin of cosmicrays are also shown. The
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small. We see that if the contributions are in fact not small then their inclusion in the
AC analysis would serve to increase the gradient of cosmic rays, i.e. I(R) would fall
even more rapidly than the SNR form and the conclusion of Galactic origin would
be strengthened.

5. Origin in the range 10 lz - lO TMeV

5.1. General remarks
It was remarked in § 3 that the galactic magnetic field is responsible for ensuring that
there is virtually no correlation between the directions from which the particles appear
to come and the source directions. However, taken in bulk, if there are cosmic ray
gradients in the galaxy caused by the particles being of galactic origin (e.g. C-R intensity increasing gradually towards the galactic centre) then one would expect a
small anisotropy in the flux, i.e. a small variation of intensity with direction. If the
cosmic rays are diffusing in the galaxy by interacting with clouds of magnetised gas
(a likely situation) then the magnitude of this anisotropy should increase with energy.
The search for anisotropies in the cosmic ray intensity has been pursued for many
years and it shows no signs of flagging. Unfortunately the predicted anisotropy (8 =
(/max -Imin)/(Imax + Imin)) is very small, ,~ 10-3 below 10i5 eV, so that high counting
rates are needed and this has meant that much of the work has been carried out at
low primary energies (figure 1) where the intensities are highest. A problem immediately arises with the effect of the magnetic field associated with the solar wind; the
trajectories of the particles are increasingly affected below 10ii eV and it is only those
experiments which respond mainly to primaries above about 3 × 10il eV that can be
trusted. Even here there are difficulties because of the need to apply corrections for
meteorological effects as well as the inevitable poor statistical accuracy.
Before examining the experimental data on anisotropies it is necessary to look at
the astronomical situation with regard to relevant direction in space.
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5.2. The astronomical situation
Figure 10 shows some important ' points' and areas which are likely to have relevance to the flow of cosmic rays in the galaxy.
The North Pole is the direction in space in which the earth's axis is pointing; if,
by chance, the flow of cosmic rays were along this axis then there would be no detectable anisotropy in any one experiment even though the actual anisotropy was quite
large.
SM indicates the direction towards which the solar system is moving, using the
local stars (r<100 pc) as the frame of reference. If the cosmic ray ' gas' were in
equilibrium in the galaxy with respect to these stars (but with no overall streaming)
then a Compton-Getting anisotropy of magnitude a=(2q-~,) vie (where v is the solar
velocity towards the local stars and y is the exponent of the differential rigidity spectrum) would be expected. The magnitude expected is a = 3 × 104 .
Spiral-IN denotes the direction along the axis of the local spiral arm in which the
sun resides (the whole question of the degree of development of this local arm is an
open one). The direction is with respect to local stars again. The actual value,
In-----63°, is from the summary of Allen (1974); different workers give somewhat
different results.
The local direction of the galactic magnetic field obviously has great significance.
An immediate problem is the region of space to be considered a s ' local '. The Larmor
radius R increases with momentum ' p ' as R = 0.44 (pc/1015) parsecs in a field of 2.5p
Gauss (with pc in eV) so that the operative region of the field over which the direction
is of great importance to us varies from ,~, 10-3 pc at 10x~ eV to ~ 1 kpc at 10TM eV.
Naively, if cosmic rays were of galactic origin and if there were a gradient of generation rate following roughly the spatial density of stars along the spiral arms then one
might expect an anisotropy at earth with its vector towards the higher intensity point
along these local field directions. The derivation of the topography of the magnitude
of the field is a continuing quest but as yet only a rough outline is available. A
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disturbing feature is that different techniques give different directions, probably
because of looping structures in the field which have been attributed to several
energetic supernova explosions within about 300 pc of the sun (Berknijsen 1971;
Spoelstra 1973) the nearest extending from 50 pc to 300 pc away. The SN will, of
course, have perturbed the field considerably and, in particular, the field in the shell
will be high. Insofar as the different methods of field determination sample regions
populated by different entities: dust grains, thermal electrons and cosmic ray
electrons, it is not surprising that the values differ.
Axon and Ellis (1977) have made the most recent analysis of stellar polarization
results based on their earlier survey (Axon and Ellis 1976) and the author estimates
the directions indicated in figure 1 from their data. Certainly they present good
evidence for an increase in the mean longitude of the mean field direction as one proceeds to 1 kpc or so.
Heiles (1976) too has recently summarised the situation. He attaches more weight
to other techniques and concludes that the direction of the mean longitudinal field
(over ~ 2 kpc) appears to be towards I n =94°-4-3 °, b n = --804-8 ° and the mean
strength is ,~ 2.5 /~ Gauss with a large scale fluctuating component of similar
magnitude. This direction is denoted B4 in figure 10.
In addition to the perturbation by SNR there appear to be random components
to the field which probably have a scale of the order of 100 pc (Jokipii and Parker
1969; Jokipii et al 1969; Osborne et al 1973).
The conclusion is that although there is considerable uncertainty in the effective
direction of the local field below about 100 pc, above this there appears to be some
measure of consensus that the field direction is changing rather gradually with distance as indicated in figure 10.
The significance of the preceeding remarks is that there is little guidance as to the
direction of the anisotropy expected from galactic origin at energies below about
10iv eV but above it for a decade or so it might be possible to indicate significant
directions.
5.3. Anisotropies below 2× 10TM eV
The bulk of the data available refer to secondary muon measurements underground
at rather shallow depths where the median primary energies are rather low ( ~ 3.10ix
eV). Here, the effect of the solar field is of great significance; the reversal of the
large scale solar photospheric field in 1969/70 caused a remarkable change in phase
of the anisotropy detected by workers in the Northern hemisphere (see the Rapporteur paper by K B Fenton at the Munich (1975) Conference) and emphasis~l
the need for precise knowledge of the solar field topography. A paradox has been
pointed out by Marsden et al (1976) and Davies et al (1977) in the course of their
analysis of results from the Holborn experiment (median energy, (Ep) ~-2.1011 eV):
this is that the effective region of the sky scanned by the underground detectors
depends on the interplanetary field topography and a genuine anisotropy close to
the pole would be easier to detect at low energy because of the displacing effect of
the interplanetary field.
The anisotropy can be very much bigger than the amplitude of the first harmonic
of the usual plot of muon counting rate versus right ascension. This is very clear
from the analysis made by Marsden et al (1976) where they combined measurements
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at Holborn (amplitude of 1st harmonic a ' 0 " 0 2 y o ) and Hobart (a~,0.04~o) to give
an anisotropy of ,~ 0.17~ for a particular model of cosmic ray streaming. The
distinction between a and 8 is made in figure 11 which shows the usual plot of a
versus energy and in which a summary of the available measurements is given.
Despite the problems in this energy range it does look as though there are genuine
amplitudes of about 0.03 Yo and anisotropies of about 0"I ~o in the energy range up
to 2 × 10lz eV.
5.4. Anisotropy measurements on small extensive air showers
A feature of the last year or two has been the development of small EAS detectors
of high stability with which significant anisotropies are beginning to be recorded.
A particularly precise value has been reported by Nagashima et al (1977): a=0.05
q-0"004Yo with a maximum at 1.0±0.5 h. The measurements were made at Mt.
Norikura (2770 mA--36°N, (Ep) ~ 10TM eV). It is refreshing to read that ' the constancy of the sidereal vectors...indicates no influence of solar modulation on these
observations '. By combining their data with others, Nagashima et al show that the
results are consistent with a peak intensity from the direction I n -~ 115°, b n ' ' --50 °
and an anisotropy 8 ,-, 0.09 ~ (figure 11).
The magnitude of the amplitude is similar to that of the Musala experiment (Gombosi et al 1977) (see figure 11) but the latter group, Kota and Somogyi (1977) favour
a more complicated geometry for the cosmic ray flow.
It can be seen that there is some measure of agreement with the amplitude values
found in the underground experiments.
5.5. Anisotropies above 10z~ eV
This energy region is entirely the province of EAS measurements. The energy is
high enough for the effect of the interplanetary field to be negligible and the analysis
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should be clean from that standpoint. Point source anisotropies would not be
expected until one reaches 1020 eV (unless neutrons, y-rays or neutrinos play a role)
and the usual analysis is in terms of a search for a significant first harmonic in the
distribution of right ascension. It is realised that even simple cosmic ray streaming
may not give a simple sinusoidal RA distribution but at least the technique is
appropriate for initial surveys.
As was mentioned earlier, general arguments indicate that if cosmic rays of this
energy are galactic in origin then a bigger anisotropy would be expected than at
lower energies and this anisotropy should continue to grow with increasing energy.
However, as the energy increases the number of recorded particles per unit energy
falls and the problem of determining the anisotropy does not get easier despite its
(expected) increased magnitude.
The problem is that the magnitude of the (spurious) component of the anisotropy
arising from purely statistical fluctuations also grows with energy and it is against
this background of statistical fluctuations that claimed anisotropies must be viewed.
5.6. Conclusions about the magnitude and phase of cosmic ray anisotropies
Wolfendale (1977) has recently summarised the data presented at the Plovdiv Cosmic Ray Conference with the result shown in figure 12.
The magnitude of the enhancement of the anisotropy coefficient over the measured
amplitude of the first harmonic referred to earlier is not known above 1014 eV,
although it can be remarked that it is likely to be smaller here because of the much
wider angular coverage of EAS arrays.
The phases of maximum intensity are also indicated in the figure where an
attempt has been made to ' decorrect ' for solar motion.
At this stage two extreme attitudes are possible. The pessimist will be convinced
by very little of the data. Below 1012 eV he will doubt the corrections applied for
residual solar effects in view of uncertainty in the form of the solar magnetic field
and above 1014 eV he will question the magnitudes of atmospheric corrections to the
EAS results and the statistical significance of the amplitudes. He will then accept
only an indication of an anisotropy between 1012 and 10t4 eV and await the results
of several more decades of work with the EAS arrays. This is, no doubt, the safest
attitude .to adopt.
The qualified optimist (and the author is to be included in this category) whilst
awaiting more data will endeavour to extract information from the summary as given.
A study of the phase is interesting. There seems to be near constancy below 10t4 eV
indicating perhaps that turbulence in the ISM is not too serious for the relevant
dimensions (T~ 10-2 pc). Above 10t4 eV the phase changes and from ,~ 3 × 10t7 oV
to several 10is eV (for protons), where some indication of the likely phase has been
made from the arguments advanced in § 2 remarkably there is seen to be some measure
of agreement. In view of the paucity of data it is too early to have confidence in the
result but there is cause for some tentative satisfaction.
The amplitude, and with it ~, appears to be increasing with energy as would be
expected on virtually any model with galactic origin. Predictions have been made in
the past for a variety of propagation models but only one will be considered, as an
illustration. Dickminson and Osborne (1975) have calculated average anisotrop|es
for a situation in which there is three-dimensional diffusion from sources distributed
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in the galaxy in a similar fashion to that of stars [p(R) a exp (--R/2.44) where R
is the galacto-centric distance in kpc]. The anisotropy is time-dependent and arises
because of the random times of excitation of the cosmic ray sources (SN etc.).
Inspection of their results shows that for a mean free path, h, of 0.6 pc the predicted
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anisotropy is 10-3. Now $ and ~, are related by 8=~tlXo, where Xo is a characteristic
dimension related to the spatial and temporal distribution of the sources (Xo is the
distance to the source in the case of a single source providing a continuous supply of
particles). Thus X0,.m600 pc.
Inspection of figure 12 indicates A~ 1, 10 and 100 pc for E~<10TM eV, 7× 10te eV
and 10TM eV respectively, if it is assumed that 8 is ' a ' scaled up everywhere by a
factor ,~ 5.
With three-dimensional diffusion and free escape from the 'surface' of the galaxy
there would be inverse proportionality between ~ and mean lifetime ~: the results of
Dickinson and Osborne indicate ,,~ 2.10e y below ,-~10x5 eV and
~. ,,, 2.10e (E/1015)-o.~
years above, using the values of ~ just referred to. It should be pointed out that the
treatment is not applicable below 10~ eV where the mode of propagation probably
changes (reflection from 'boundaries' generated by Alfven waves) and the results
are not necessarily inconsistent with the value of z---2.10 ~ years found from 1°Be
measurements.
If the production spectrum of cosmic rays has an energy independent exponent then
figure 12 indicates that the measured spectrum should increase in exponent by ,-, 0.6
above ,~ 3 x 10TM eV, in close agreement with experiment (see figure I). There is
thus some measure of consistency with this model.
A reasonable conclusion to draw at this stage is therefore that there is fairly good
evidence in favour of a galactic origin for the bulk of the particles in the energy
range 10~2-1(Fs eV although it must be admitted that the evidence is less strong than
in the range 109--10t° eV.

6. Origin at the highest energies: E > liP s eV
6.1. General remarks
In many ways these very energetic particles--the most energetic known to mankind-pose the biggest problems and have provided the biggest surprises in our quest for
the origin of cosmic rays.
Although the trajectories of the particles are not bent very much (if they are protons) by the galactic magnetic field the statistical precision of the results on anisotropies are not really great enough for useful information to be gained, as yet. What
can be said is that particles are observed arriving at the earth from large galactic
latitudes (nearly perpendicular to the galactic plane) and this strongly suggests that
they are extragalactic (if they are protons). The problem is the proviso about the
mass. If they are heavy nuclei such as iron then a galactic origin would be a distinct
possibility. Although EAS measurements favour most of the particles being protons
the situation is really quite open.
Until more data on arrival directions are available other less direct approaches
must be made and the most useful concerns the examination of the shape of the
primary spectrum. Briefly, if the particles are universal protons then a reduction in
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intensity above about 6 × 10x9 eV should be apparent because of interactions with the
2.7K radiation field. The situation with regard to the spectrum is as follows.
6.2. Spectral shape at very high energies
6.2a. The experimental data: There seems to be little doubt that the size spectrum of
showers flattens at the very biggest sizes (events occurring at a frequency greater
than ~ 3 × 10-13 m -z sr -x s-l). Cunningham et al (1977) have made the usual assumption that the character o f nuclear interactions is unchanged from that at ' l o w ' energies (specifically a CKP type of model with proton primaries) and have presented a
summary energy spectrum which has been augmented and is shown in figure 13a.
If the energy calibration is correct then there is clear evidence for a flattening at
1@9 eV and the existence of particles with energy as high as 10~° eV. Certainly,
there is no indication of the fall in intensity above ,--,6× 1019 eV one would expect
for particles of universal origin (the calculations of Strong et al 1974, give the (normalised) spectrum shown in the figure for pure universal origin with a production
spectrum of the form E-a).
The results of Krasilnikov et al (1977), also from Yakutsk, are shown in figure
13b. It can be seen that they give considerable support to the suggestion of a flattening
in the spectrum.
It is appropriate to make some general remarks about the status of the highest
energy data. In many experiments resolution becomes worse with increasing energy
but here, because the number of particles detected rises, the reverse should be the
case. Thus, provided the strict criteria adopted at lower energies are maintained
(zenith angles less than some maximum, axes within the array...) the results should be
sound.
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Figure 13a. Differential spectrum of very high energy particles. Key: + and 0.
Haverah Park and Volcano Ranch intensities respectively, quoted by Cunningham
et al (1977) (the present author has combined the two highest intensities from Volcano
Ranch--the previous penultimate bin had no events).
[] and X. Diminstein et al (1977) for the central part of the array and the whole array
respectively. These differential intensities and their errors have been calculated by
the present author from the integral intensities given by Diminstein et al. The dotted
line is the prediction of Strong et al (1974) for a universal model.
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6.2b. Interpretation of the spectral shape: The inadequacy of a universal origin model
has already been mentioned. In principle a galactic origin is still possible for these
particles, particularly if they are of high mass, but a flattening of the spectrum is
unexpected if, as seems to be the case just above 101s eV, galactic containment appears
to be diminishing with increasing energy. The arrival directions above 10x5 eV, too,
seem to militate against a galactic origin here.
If the 2.7K radiation were absent then a natural explanation would be that an
extra galactic component having a smaller energy exponent comes in at about
1019 eV, the mean mass of the particles being very similar to that of galactic
particles (The Haverah Park work, which shows near constancy of the lateral
structure function with energy, seems to indicate this). The problem therefore is to
maintain the spectrum in the presence of the relict radiation.
Alternatives are to demand that the bulk of the particles come from rather close
to the galaxy (the supercluster ?) or that the sources responsible for the very energetic
particles are distributed universally (the galaxy not being such a source, of course)
and that the production spectrum is so flat that even with the considerable attenuation introduced above 10~9 eV by the 2.7K radiation the resulting local spectrum has
the required shape.
Berezinsky and Grigor'eva (1977) have looked at the possibility of evolving sources
(quasars, powerful radiogalaxies and Seyferts) and have managed to produce a fit to
the spectrum from about 1017 eV to 3.1019 eV. The flatter production spectrum
comes from taking a spread of spectral exponents, as appropriate to electrons and
revealed by radio spectra; inevitably, the mean exponent falls with increasing energy.
However, above 3.1019 eV their predicted intensities fall increasingly below observation (figure 14).
Another, and rather exotic way of attaining a sufficiently flat production spectrum
in extragalactic space has been devised by Stapley et al (1977). Their model involves
the escape of neutrons from clusters of galaxies. The idea is that very energetic heavy
nuclei are produced in certain types of galaxies (perhaps the giant CD galaxies) in
clusters. The nuclei fragment and whereas the bulk of the charged fragments are
trapped by the intergalactic magnetic field in the cluster the very energetic neutrons
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can escape. Protons, too, can generate neutrons by way of diffractive dissociation on
collision with gas nuclei. The success of the model comes from the fact that the
mean path for decay of a fieutron of 1010eV is of the order of the linear dimension of a
typical cluster: ,~ 3 Mpc. This model can explain the intensity and spectral shape
above ,~ 10~s. Figure 15 indicates the basic ideas and figure 14 shows the extent
to which a fit to the spectrum can be achieved.

6.3. Conclusions above |0 xs eV
Although origin here is shrouded in uncertainty, improvements in techniques of
studying extensive air showers should allow an answer to the origin problem to be
gained in a very few years. A basic problem is that of the mass composition and here
methods of studying all shower parameters (the 'multi-parametric' approach)
should prove successful. Improvements in numbers of showers recorded, such as
by the giant' flyes eye' detector of the Utah group, which involves detecting nitrogen
fluorescence, should even permit specific sources to be identified.
The next few years are full of promise for those interested in solving the problem
o f ' where do cosmic rays come from ?'
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