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The problem of the origin of Cosmic Rays is now over a century old and while there has been
substantial progress, especially in the last decade, there are still open questions. The question of
"origin" is open to at least three possible interpretations depending on whether one follows the
energy powering the accelerator, the matter being accelerated, or the physics of the acceleration
process; these approaches are reviewed in turn. Supernova remnants remain by far the most plau-
sible candidates as dominant sources for the bulk of the Galactic cosmic rays, but contributions
from other source populations remain possible. The transition at higher energies from Galactic to
extra-galactic populations remains obscure.
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1. Introduction

The discovery of cosmic rays is generally attributed to the Austrian scientist Viktor Hess [1],
who was the first to clearly and unambiguously attribute the anomalous ionisation observed in the
atmosphere to an "extremely penetrating radiation coming from above the atmosphere" on the basis
of his balloon flights in 1912-1913. Others had observed strange anomalies in ionisation, and in
particular the Italian scientist Domenico Pacini [2] came very close to anticipating Hess on the
basis of measurements at various depths under water. Interestingly the suggestion was made as far
back as 1900 by C T R Wilson [3] that the anomalous ionisation might be of extra-terrestrial origin,
but this was not taken seriously until the work of Hess and its confirmation by Kolhörster [4] in
1914.

Remarkably, for a phenomenon that was discovered over a century ago, the origin of Cosmic
Rays remains an active field of research. It is worth noting that the phrase "origin of cosmic rays" is
open to at least three somewhat different interpretations (see [5] for a similar discussion on which
this presentation is largely based). We can follow the energy and ask where the power comes from
to drive the acceleration. We can follow the matter and ask what is the source of the material being
accelerated. And perhaps most physically relevant, we can ask how and where the acceleration
occurs. These three approaches will hopefully converge to a consistent picture.

2. Following the energy

How much power is required to maintain the observed Galactic cosmic ray flux? The conven-
tional estimate, derived from rather robust arguments relating to the amount of matter traversed by
the cosmic rays in the interstellar medium as deduced from the production of secondary spallation
nuclei, is 1041 ergs−1 or 1034 W. The classic monograph by Ginzburg and Syrovatskii [?] gives a
conservative estimate of 0.3× 1034 W, while in a recent paper the authors of Galprop quote a re-
markably precise value of (0.7±0.1)×1034 W. At the higher end Drury, Markiewicz and Völk [7]
suggest 3×1034 W. The differences between these estimates relate largely to the choice of propa-
gation model assumed and are thus in a sense systematic and not statistical errors. There are two
issues. Firstly, how hard is the true injection spectrum? The high estimate of Drury, Markeiwicz
and Völk results from assuming an injection spectrum with an E−2 energy dependence whereas the
lower estimates assume softer injection spectra more like E−2.3 (E is of course particle energy).
The second issue is how much energy is contributed at low energies by second order Fermi accel-
eration in propagation models assuming re-acceleration. This last is an interesting issue which has
received surprisingly little attention, but which may well be very significant. In [8] we show that
the re-acceleration power, which ultimately derives from the damping of interstellar turbulence on
low-energy cosmic rays, can be written as
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In this expression p denotes particle momentum, v particle velocity, f the isotropic part of the
particle’s phase space density, VA is the Alfvén speed and Dxx is the spatial diffusion coefficient
of the cosmic rays. As assumed in, for example, the Galprop propagation code, the second-order
acceleration is related to the spatial diffusion coefficient by supposing that both result from scat-
tering of particles by Alfvénic turbulence. We note that pv = T for relativistic particles and 2T for
non-relativistic particles where T is the kinetic energy and the logarithmic slope term is small for
any reasonably power-law dependence of Dxx on p,∣∣∣∣∂ ln(v/Dxx)

∂ ln p

∣∣∣∣< 1. (2.3)

In fact with the conventional parametrisation Dxx ∝ vpδ the final bracket is just [4− δ ] and in the
generally favoured reacceleration models δ = 0.3.

Thus to order of magnitude the re-acceleration time scale,

ECR

PR
≈ 9

4
Dxx

V 2
A

(2.4)

as was to be expected on dimensional grounds.
Another interesting way to write the above expression is in terms of the scattering time τ .

Substituting Dxx = v2τ/3 we get
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which can be interpreted as saying that the average energy gain per scattering of each particle is
just
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Clearly significant amounts of energy can be transferred if there are large numbers of sub-relativistic
cosmic rays and/or strong interstellar turbulence. This is not normally taken into account.

In summary, taking into account the systematic uncertainties due to the propagation model
dependencies it seems certain that the Galactic cosmic ray luminosity must lie in the range

0.3×1034 W < LGCR < 3×1034 W. (2.7)

and probably closer to the upper bound than the lower. As is well know the mechanical energy
input into the interstellar medium by Supernova explosion is of order 1035 W so that supernovae
are a possible power source for the acceleration if the acceleration process can operate at relatively
high efficiency. In fact there is no other plausible known source of enough energy in the Galaxy
although pulsars and OB winds may contribute at the 10% level.

This has long been seen as a strong hint that the ultimate source of the energy driving the
acceleration of the Galactic cosmic rays must be sought in supernovae. However the acceleration
cannot take place directly in the explosion itself because there would be strong adiabatic losses
in the expansion of the subsequent Supernova remnant (SNR). Rather the acceleration must be
mediated through shocks and/or turbulence driven by the SNRs as they expand into the interstellar
medium (ISM) as schematically shown in Fig 1.
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It is amusing to note that the Solar wind is a cosmic ray accelerator at low energies (Solar
modulation is just the expulsion of low energy cosmic rays from the solar system by the Solar
wind, which must therefore be doing work on the cosmic rays) but the power involved is negligible
[5], even if integrated over all the solar-type stars in the Galaxy.

Figure 1: Following the energy.

3. Following the matter

An alternative approach is to ask where the matter comes from that is fed into the accelerator.
This can be done by looking for chemical and isotopic signatures and interpreting them in terms
of possible sources. At low to moderate energies such studies are technically quite easy and there
is now an extensive body of data on the chemical and isotopic composition of the GCR at energies
around a few GeV per nucleon. It is of course necessary to correct the observed abundances for the
effects of nuclear interactions during propagation, but this is relatively straightforward.

The bottom line is that all the chemical elements up to and including Uranium are seen in the
GCR, and to a first approximation they all have essentially identical power-law spectra. Recently it
has become clear that this simple picture needs some second-order corrections and that Helium in
particular appears to have a slightly harder spectrum than the protons. This does not seriously affect
the discussion of chemical composition by which we mean the relative numbers of different nuclei
observed in the GCR at fixed energy per nucleon. After correction for spallation during propagation
the general pattern of the chemical composition is quite normal. The major nucleosynthetic features
are evident, a peak around CNO and another at Fe and a rapid decrease for charges higher than Fe.
To proceed further it is necessary to have some reference pattern of abundances against which to
compare the observations and the common practice is to use standard Solar system abundances
as a reference. These seem to be a good proxy for the bulk composition of the ISM and are
well determined from meteoritic and other studies. Relative to this "standard" abundance pattern
a striking feature of the GCR is that many of the heavier elements, such as Fe, SI and Ca, are
over-abundant by factors of about 30 and that the data do not seem to be easily organised in any
one-parameter model. There is certainly a general tendency for heavier species to be over-abundant,
but factors other than atomic weight are clearly involved and there are strong hints that this second
factor is related to chemistry.
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Historically the first attempt to explain the data invoked an ad hoc dependence on the first
ionisation potential (FIP) of each element in a so-called FIP-bias. Of course the first ionisation
potential is intimately related to the chemical properties of each element (which are determined
by the outer electronic structure of the neutral atom) and one can equally well explain the data
with a volatility dependent fractionation. The most detailed and physically motivated attempt at
interpreting the compositional data is based on the idea that in most of the ISM the refractory
species are not in the gas phase but in dust grains. In [9, 10] the data are interpreted in terms of
standard shock acceleration operating in a dusty ISM with charged dust grains which are slightly
accelerated and then partially sputtered upstream of the shock. The basic idea is that there are two
routes for ions to enter the accelerator. Gas phase species, such as the noble gases, have to be
injected by plasma physics processes operating in the shock which exhibit a strong mass to charge
fractionation favouring heavier species; elements mainly in the solid dust phase are sputtered off
accelerated dust grains in the upstream region as already supra-thermal ions and swept into the
shock where they are accelerated with relatively little fractionation. This is shown in [10] to offer
a good explanation of the data. In particular, the fact that the oxygen over-abundance lies between
the pure gas-phase and pure refractory elements is well explained by the fact that about 10% of the
interstellar oxygen should be locked up in grains (the heavy metals typically form silicate minerals
incorporating a lot of oxygen).

The overabundances of the heavy elements can be somewhat reduced by supposing that the
starting material has higher metallicity than Solar, as should be the case inside a super bubble
for example, but the general pattern remains the same and the arguments for a signature of dust
chemistry remain [11]. The consensus thus is that the overall elemental abundances point to an
origin in a rather normal, well-mixed and dusty ISM. It is worth pointing out that the composition
requires the normal mixture of nucleosynthetic components and is not compatible with the ejecta
of any one class of SNe.

There is evidence of a recent admixture of some relatively freshly synthesised material in the
ultra-heavy element abundances. The largest sample is that reported from the Ultra-Heavy Cosmic
Ray Experiment (UHCRE) which flew on NASA’s Long Duration Exposure Facility [12] and ac-
cumulated an exposure of 170m2sryr but with poor charge resolution. This saw some 35 Actinide
events including one possible trans-Uranic Curium nucleus. Thorium appears to be significantly
more abundant than Uranium, pointing to a relatively old population where significant decay of
Uranium relative to Thorium has occurred; this is of course in contradiction to the observation
of a short-lived Curium event (if this is real) and suggests that what we are seeing is mainly old
material but with some fresh contamination at the level of a few percent. The one well-established
isotopic anomaly in the GCRs is a clear overabundance of 22Ne which again is consistent with
some admixture of Wolf-Rayet star wind material as might be expected in a super-bubble or large
OB association.

In conclusion the compositional evidence points to an origin of the nuclear matter in rather
normal dusty ISM material with some recent contamination from nucleosynthesis in massive stars
and SNe. This is shown graphically in Fig. 2. It should be noted that the recent detection by Pamela
[13] and AMS of a clear positron excess at high energies points to at least one additional source
of high-energy positrons (and presumably electrons), plausibly a contribution from near-by pulsar
wind nebulae.
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Traces of fresh supernova ejecta

A few positrons

Figure 2: Following the matter; a prescription for GCR composition.

4. Following the Physics

On the theoretical front the leading candidate (indeed almost the only candidate) mechanism
for the acceleration is the so-called Diffusive Shock Acceleration (DSA) first described by [14] in a
peer-reviewed publication. The same process was almost simultaneously described by [15, 16, 17]
and is in essence a fast and efficient variant of Fermi acceleration in which charged particles are
accelerated by the compression of the flow in the shock front. As an acceleration mechanism for
cosmic rays DSA has a number of advantages. Firstly, there is no need for a separate "injection"
process; DSA can operate right down to mildly supra-thernal energies so that the GCRs emerge
naturally as an extended non-thermal tail of the shock-heated ion distributions. Secondly, it nat-
urally and without artificial fine-tuning produces approximate power-law spectra with exponents
close to E−2. Thirdly it can be efficient and convert a significant part of the energy dissipated in the
shock into non-thermal particle energy. Recent progress in computer simulations [18, 19, 20, 21]
has largely confirmed our theoretical expectations developed over the last few decades and demon-
strated efficient injection and acceleration of ions at non-relativistic shocks accompanied by strong
magnetic field amplification and wave excitation leading to Bohm diffusion (mean free path of
order the gyro-radius). A word of caution is however in order. Despite the very impressive ad-
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vances in the simulations, these are still restricted in their dynamic range and do not as yet extend
to relativistic energies and strongly non-linear shock modification.

The amplification of the magnetic field, as suggested by Bell, [16, 25], together with the fact
that the particle diffusion is in the Bohm limit, is of great importance and represents a significant
advance in our theoretical understanding. It is easy to show that if the diffusion is driven to the
Bohm limit, then the maximum particle rigidity to which a particle can be accelerated at a shock of
radius R expanding at velocity Ṙ is of order

BRṘ (4.1)

where B is the magnetic field strength. This is the well know Lagage and Cesarsky [22] limit
and is a special case of the general Hillas limit [23]. It can be easily seen to follow from simple
dimensional arguments. Multiplying a magnetic field by a velocity gives an electric field, and
multiplying this by a length scale we get a potential (in volts if we use SI units). More detailed
estimates usually give a numerical factor of order 10−1 in front of this expression, and inserting
typical values for a supernova remnant and a standard interstellar magnetic field strength Lagage
and Cesarsky concluded that the maximum particle rigidity fell some way short of the “knee”
feature in the cosmic ray spectrum.

For a supernova remnant the product RṘ is expected to rise to a maximum at the start of the
Sedov phase and then slowly decrease. In the Sedov phase the radius grows with time as R ∝ t2/5

and in consequence the shock velocity drops as Ṙ ∝ t−3/5, thus RṘ ∝ t−1/5. The radius at the start
of the Sedov phase is of order the mass sweep-up radius where the amount of ambient matter (of
density ρ0) swept up by the shock is equal to that ejected in the explosion Mej.

4
3

πR3
ρ0 = Mej =⇒ R ∝

(
Mej

ρ0

)1/3

(4.2)

Similarly the shock velocity at the start of the Sedov phase is determined by the ratio of the explo-
sion energy ESN to the ejecta mass Eej,

ESN ≈
1
2

MejṘ2 =⇒ Ṙ ∝

(
ESN

Mej

)1/2

(4.3)

and thus
RṘ ∝ E1/2

SN M−1/6
ej ρ

−1/3
0 t−1/5 (4.4)

with rather weak dependence on all parameters. The only hope therefore if we want to substantially
increase BRṘ is to amplify the magnetic field B. It should be noted that the field has to be amplified
on both sides of the shock, and on scales that can interact with the highest energy particles; this
appears to be possible.

In addition to the theoretical attraction of magnetic field amplification for accelerating high
energy ions, as required if one want to make the GCRs at least as far as the “knee”, there is now
strong observational evidence coming from X-ray observations of synchrotron emission from very
high energy electrons. This produces extremely thin hard X-ray rims at the outer shock of young
remnants. A recent excellent observational study is that of Ressler et al [26] who study the rims of
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SN1006 in some detail. They conclude that the magnetic field is amplified by factors of at least 10
to 50 and that there is evidence for very small diffusion coefficients, even down to the Bohm limit.

With the addition of field amplification (the last missing piece of the jig-saw) DSA at SNRs
appears to be capable of producing the bulk of the GCRs at least as far as the “knee” energy
of 3× 1015 eV with a tail extending to higher energies from some exceptional SNRs in an early
phase. Making the effective magnetic field strength depend on the shock speed has the effect of
moving high-energy production to earlier times, and of making particle escape a much more im-
portant aspect of the process [27]. Exactly how and where the transition from a Galactic dominated
population to an extra-galactic component occurs is however obscure. Observationally while the
all-particle energy spectrum is now very well determined, attempts to separate this into spectra for
different nuclear species are extremely challenging and the picture is quite confused. Hopefully
this will improve over the next few years with better nuclear interaction models and more data.

Classical Fermi

DSA

Magnetic  
Reconnection

Figure 3: Following the Physics. Cartoon representations of three possible acceleration mechanisms

While the bulk of the strong shocks in the Galaxy are those driven by supernovae, there are
other possibilities which should not be forgotten, such as interacting stellar winds in OB associa-
tions or super-bubbles. These could and indeed should contribute to the production of the GCR;
DSA should operate at any sufficiently strong shock running into a tenuous plasma. Also DSA is
not the only possibility. At low energies second order Fermi on interstellar turbulence may be a
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significant contributor (as argued above) and magnetic reconnection is a viable alternative to DSA
if enough energy can be put into winding up the magnetic field.

5. Conclusions

The evidence from following the energy, the composition and the physics is consistent with
a picture where the bulk of the GCR are accelerated by the DAS mechanism at the strong shocks
driven by SNe into the ISM. There is however room for other contributions at the 10% level and
indeed the PAMELA positron excess clearly shows that at least for the high energy electrons an
additional source is required.
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