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Galactic cosmic rays from supernova remnants: myth or reality?
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Abstract. Arguments in favour and against a supernova rem-
nant origin of the bulk of Galactic cosmic rays are reviewed
and discussed. We analyse the current observational and
theoretical status of the model and argue that some long-
standing problems do not appear to be solvable in the current
state of knowledge.

1 Introduction

Most of the reviews written in the last twenty years on cosmic
ray astrophysics begin with a sentence likesupernova rem-
nants (SNRs) are the favourite candidates for the source of
Galactic cosmic rays (GCRs), or there is now broad consen-
sus that GCRs are accelerated at SNR shocks, or it is gen-
erally believed that... Most of these papers are fair enough
to also acknowledge that the question is not settled yet, in
spite of decades of efforts on both observational and theoret-
ical sides. Many developments and refinements of the orig-
inal theory have been considered over the years, such as the
self generation of turbulence upstream of the shock or the
retroaction of the accelerated particles on the shock struc-
ture and dynamics. Many instruments and satellites have also
been operated to track the cosmic rays down to their alleged
sources. Still in vain, or at least not convincingly.

The theory of diffusive shock acceleration has been stud-
ied in great detail, both analytically and numerically, through
Monte Carlo simulations as well as using kinetic theory for-
mulations, and the physical mechanisms at work are quite
well understood: numerical results are in very good agree-
ment with the analytical calculations and theoretical expec-
tations, and good agreement is also found with direct obser-
vational data whenever they are available, at interplanetary
shocks in the solar system or at the Earth bow shock. There
is no doubt that shocks do accelerate particles, because we
see the number of energetic particles increase as a spacecraft
crosses a shock front (e.g. Ellison et al., 1990; Baring et al.,
1997). As for SNR shocks, we clearly see the sharp radio
rings indicating the presence of electrons accelerated in situ.
It is therefore quite natural to believe that SNR shocks also
accelerate protons and nuclei from the ambient medium, and
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this is indeed predicted by all the model as a direct physi-
cal consequence of the interaction of charged particles with
the magnetic fields on either side of the shock front, moving
relative to one another.

However, in spite of a considerable observational effort,
a clear proof of the presence of energetic nuclei in SNRs
at a significant level is still missing, as theγ-rays above
∼ 100 MeV due to the decay ofπ0 mesons have not been
identified. Moreover, the fact that SNR shocks accelerate
someparticles, which we shall call ‘SN energetic particles’
(or SN-EPs) does not imply that these particlesarethe Galac-
tic cosmic rays. The identification of the GCRs with the SN-
EPs is the thesis which we further investigate in this paper.

Historically, it has been based on three main arguments: 1)
the energy input rate required to power the GCRs observed
at Earth is comparable to a reasonable fraction (10–30%)
of the kinetic energy input rate in the interstellar medium
(ISM) from SN explosions, 2) radio observations of syn-
chrotron emission from relativistic electrons at SNRs, and
3) simple ‘test particle’ calculations of diffusive shock accel-
eration predict a power law spectrum with a universal slope,
so that the contributions of many different sources in the ISM
can accumulate to produce the observed power law spectrum.
The apparent discrepancy between the predicted logarithmic
slope, namely 2.0, and that observed at Earth, namely 2.7,
could be attributed to the energy dependent confinement time
of the energetic particles in the Galaxy. In a simple leaky-
box model, a confinement time inE−0.7 would indeed turn a
source spectrumin p−2 into apropagated spectrumin p−2.7

above∼ 1 GeV/n.

In spite of this promising debut, the question of the origin
of GCRs is not yet clarified. Contrary to what one would
have hoped, the increase amount of work on a SNR origin
of GCRs has not resulted in an increased confidence in the
model. Two decades of efforts have certainly not been vain,
as diffusive acceleration at SNR shocksis the best under-
stood model for particle acceleration in the Galaxy. But its
very preciseness and trustworthiness makes its predictions
more and more inescapable, so that any disagreement with
the GCR data pleads all the more strongly against an identi-
fication of the SN-EPs with the observed GCRs. At the time
being, all the efforts seem to have failed to clearly confirm
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the ’widely accepted’ model for CR origin, and several ar-
guments cast doubt on whether SNRs have something to do
with GCRs at all. In this paper, we sum up the observational
and theoretical arguments relevant to this question, and dis-
cuss the possibility of considering alternative scenarios.

2 Arguments from cosmic-ray propagation

The increase in the amount of cosmic-ray data allows one
to severely constrain the propagation models at least at en-
ergies lower than a few TeV, more or less independently of
the CR source model, i.e. with noa priori assumption about
the CR source spectrum, composition and spatial distribu-
tion in the Galaxy. It is quite remarkable that a detailed,
but conceptually simple propagation model can fit the avail-
able data with standard physical and astrophysical inputs and
sensible values of the parameters. Strong and Moskalenko
(1998, 2001) have shown that all the measured secondary-
to-primary abundance ratios among the EPs, the radioactive
daughter-to-parent nuclei ratios, and the positron-to-electron
ratio can be reproduced by assuming a power-law CR source
spectrum inp−2.35, a confinement time inp0.36, reasonably
close to the Kolmogorov value, and a simple, minimal reac-
celeration model. It should be stressed that the number of
free parameters here is much less than the number of observ-
ables, as each of the above-mentioned ratios does not provide
only one constraint, but must be fitas a function of energy.
Moreover, the observed CR anisotropy at all energies is also
consistent with the model, whereas it would not be the case if
one assumed a diffusion coefficient inE−0.6 (Ptuskin, 1997).

This success means that, as it stands, the transport of the
GCRs in the Galaxy is better understood than their acceler-
ation, and the implications of the propagation model should
be taken seriously. An important one is that the CR source
spectrum is steeper than expected from test particle diffusive
shock acceleration, which would indicate that GCRs cannot
be SN-EPs. Another important outcome of the propagation
models is that the SNR distribution as a function of galac-
tocentric distance appears inconsistent with the data on both
CR anisotropy andγ-ray emission fromπ0 decay. Indeed,
Strong and Moskalenko (1998) have shown that if the GCR
sources were distributed similarly to the SN remnants in the
Galaxy, the resulting CR gradient would be much steeper
than that deduced from the EGRET data above 100 MeV,
even in the extreme case of a very extended CR halo. In
other words, if the abovementioned gamma-ray emission is
dominated by theπ0-decay component generated by GeV
nucleons, then the source of these CRscannot be SNRs.
Likewise, a CR source distribution concentrated towards the
Galactic molecular ring, like the SNR distribution, would
produce a much stronger anisotropy than observed in the CR
fluxes around1014 eV (by at least one order of magnitude;
Gaisser et al., 1995; Ptuskin et al., 1997), and therefore ap-
pears inconsistent with the anisotropy measurements as well.
Note that both problems would be consistently solved with a
smoother CR source distribution.

Of course, one can always invoke a much more compli-
cated propagation model to reconcile the data with the cal-
culations, but one should realise that the Ockham’s razor cri-
terium here is strongly in favour of keeping a simple prop-
agation model which not only fits the data but does so in
conformity with theoretical expectations (e.g. a Kolmogorov
spectrum for the invoked magnetic turbulence), rather than
trying to build a new propagation model with no obvious the-
oretical justification (see however Ptuskin et al., 1997) so as
to keep as is an acceleration model which in other respects
suffers from various problems anyway, as we now discuss.

3 Arguments from particle acceleration

As recalled above, an important argument originally support-
ing SNR shock acceleration as the source of GCRs has been
the prediction of a universal power-law spectrum, enabling
different independent contributions to be added up smoothly.
However, the predicted power-law index from test-particle
calculations,α = 2.0 (or even 2.1 or 2.2), appears too small
to be consistent with the data. But in any case, test particle
calculations are clearly not relevant here, since if the SNR
shocks are to be responsible for GCR acceleration, they must
impart a substantial fraction of their energy to energetic par-
ticles, which implies that the CRpressureat the shock front
must play a significant dynamical role. Non-linear models
for diffusive shock acceleration have been developed to in-
clude the back-reaction of the accelerated particles on the
shock structure, density profile and overall compression ra-
tio. Although a time-dependent, fully consistent model of
non-linear acceleration in SNRs is not yet available, several
attempts have been proposed, both analytical and numerical,
which consistently find that the resulting energy spectrum
should not be a power-law at all, but rather exhibit a char-
acteristic concavity, the spectrum being flatter and flatter as
the energy increases, up to a cut-off energy where the loga-
rithmic slope is as low as 1.5 or even less (Ellison et al. 1996;
Berezhko et al., 1999; Ellison et al. 2000). This represents
an additional problem for the standard CR origin model.

As far as the maximum energy is concerned, the situation
is even more problematic. It had first been hoped that SNRs
could be the source of CRs up to the ‘knee’ observed in the
CR energy distribution, around3×1015 eV, since the absence
of any feature in the spectrum below this energy (e.g. Asaki-
mori et al., 1998) strongly suggests that it consists of one
and only component of energetic particles. Unfortunately, as
was early emphasized by Lagage and Cesarsky (1983), SNRs
do not appear to be large enough nor to live long enough to
accelerate particles up to more than a few1014 eV. Despite
nearly two decades of efforts, this remains one of the main
problems of the GCR-SNEPs identification. But at any rate,
we emphasize that a plausible model for GCR origin should
actually be able to account for the CR distribution not only up
to the knee, but right up to the ‘ankle’ (>∼ 1018 eV)! Indeed,
it has been noted long ago that the observed smooth distri-
bution of CRs across the knee could not be obtained without
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fine tuning if two different CR components were involved.
We stress here that such a solution would actually require a
doublefine tuning. Indeed, the smooth joining of two power-
law distributions of increasing index (2.7 and 3.0 respectively
below and above the knee) requires 1) that the first one fin-
ishes exactly where the second one starts, and 2) that at the
energy where one stops and the other begins, they have ex-
actly the same level (see also Kazanas and Nicolaidis, 2001).
This double fine tuning seems highly improbable and speaks
very strongly against a SNR origin of CRs, as it seems quite
clear that an energy as high as a few1018 eV can certainly
not be achieved at SNR shocks.

4 Arguments from observation and phenomenology

From the observational point of view, it should be reminded
that no clear identification of energetic CR nuclei in SNRs
has been reported yet. Although there may be some good rea-
sons to that after all (notably the predominance of electron-
induced radiation), the fact remains that the long hoped di-
rect confirmation of proton acceleration in SNRs is still being
awaited. However, the question addressed here is not to know
whether nuclei are accelerated in SNRs or not: we do trust
that SNEPs exist, and that the theoretical models we have are
fairly accurate. But what we want to assess is whether these
SNEPs can be the CRs observed at Earth. Judging from the
maximum energy attainable in SNRs according to the mod-
els, this does not seem to be case. And in this respect, obser-
vations seem to agree fairly well with the theoretical expec-
tations. Indeed, not only do we not see the high energy CRs
(between1013 and1015 eV, say) in SNRs, but we actually see
that they are not there. In a very convincing analysis of the
X-ray emission from radio-bright remnant shells, Reynolds
and Keohane (1999) put upper limits on the maximum en-
ergy achieved by electrons in SNRs, at a few1013eV at most,
with only one exceptions at2 1014 eV. These are conserva-
tive, model-independent upper limits. As noted by the au-
thors, these limits also apply for protons and nuclei, since
the physical conditions in the remnants considered make it
very improbable that the electron spectrum is cut at high en-
ergy by synchrotron or inverse-Compton energy losses. As a
consequence, the electron and proton rigidity spectra should
be identical (except for a different normalization due to dif-
ferent ‘injection’ processes).

Another difficulty with the GCR-SNEP connection arises
from astronomy itself. It is well known that (core-collapse)
supernova explosions are induced by massive stars, which
are mostly found in associations. Up to 90% of the SN pro-
genitors are members of so-called OB associations which do
not disperse before the explosions occur, because of the short
lifetime of the most massive stars (e.g. Higdon et al., 1998).
As a consequence, many SNe explode one after the other
at about the same place in the ISM, leading to the forma-
tion of a large structure observed as a superbubble, instead
of a collection of individual SNRs. This means that, from
the observational point of view, individual SNRs are rela-

tively marginal objects, which should not be expected to play
more than a marginal role in the Galactic energy balance and
the generation of energetic particles. To state this loosely, if
only 10% of the SNe explode in isolation and are responsible
for the GCR acceleration, then each of them must impart 10
times more energy to the energetic particles than previously
estimated. In other words, the acceleration efficiency must
be close to 100%, rather than the usually assumed 10% – a
rather extreme value contradicting SNR observations.

Interestingly enough, the collective effect of many SN ex-
plosions inside superbubbles has been recently considered as
a possible solution of the light element nucleosynthesis prob-
lem. Observations of unexpectedly high beryllium and boron
abundances in very metal-poor stars in our Galaxy have re-
vealed that CRs accelerated out of the average ISM cannot
be responsible for the production of light elements by spal-
lation, as had been thought for more than two decades (see
e.g. Vangioni-Flam et al., 2000). However, it was shown that
a complete revision of the nucleosynthesis models was un-
necessary, and that the data could be easily explained if one
assumed that particle acceleration occured inside superbub-
bles, where most of the energy and the freshly synthesized
heavy nuclei were released by SN explosions, in agreement
with the theoretical expectations (Bykov, 1999; Parizot and
Drury, 1999; Parizot, 2000).

Another important conclusion of these studies is that a
power-law energy spectrum extending down to thermal en-
ergies, as predicted by single shock acceleration models, is
not efficient enough in spallatively producing light elements
to account for the amount of Be and B observed in the Galaxy
(Parizot, 2000). This therefore puts into question a scenario
in which GCRs are the dominant energetic component in the
Galaxy and are accelerated at the shock ofisolatedSNRs.
This difficulty is reinforced by the fact that the demodulated
CR spectrum in the local ISM (Webber, 1998) also shows
evidence for a flatter low-energy part. Indeed, the very spec-
trum which proves to solve the Li-Be-B origin problem is
also found to provide a good fit of the inferred CR propa-
gated spectrum (Parizot and Reeves, 2001), which is not the
case for a single power-law spectrum. One may conclude
from this section that, in many respects, the GCR spectrum
does not fit with that expected from SNR shock acceleration
(and the same is true for the CR chemical composition, at
least in the early Galaxy).

5 Discussion

We can summarize the above arguments in the following
way. The remarkable successes of the available CR propa-
gation models encourage one to take their implications se-
riously. Among them are our two first arguments against a
SNR origin of GCRs: 1) the spatial distribution of SNRs is
incompatible with the low CR anisotropy measured at ener-
gies of1013–1014 eV, and 2) it is also incompatible with the
longitudinal profile ofγ-ray emission above 100 MeV ob-
served by EGRET (if attributed toπ0 decay). The third prob-
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lematic implication is that 3) the CR source spectrum is sig-
nificantly steeper than that predicted from SN shock acceler-
ation models. In addition, 4) if SNRs are the source of GCRs,
the shocks must be CR-modified and actually generate a non
power-law spectrum, significantly harder than even the 2.0
slope spectrum at energies close to the highest achieved en-
ergies. Now in fact, 5) the maximal energy achieved in SNR
shock acceleration falls far too short from the ‘knee’ in the
observed GCR energy distribution. Besides, even if the knee
could be attained, it would beextremelydifficult to explain
the continuity of the spectrum accross this feature, so that 6)
the SNRs should actually accelerate CRs up to the ’ankle’, at
a few1018 eV, which is virtually impossible!

In addition to these problems at high energy, 7) the low en-
ergy spectrum of GCRs appears incompatible with a simple
extrapolation of the high-energy power law, as would be ex-
pected from SNR shock acceleration models. Besides, 8) the
same conclusion is obtained from the study of the indepen-
dent problem of Li, Be and B nucleosynthesis, from the point
of view of both energy spectrum and chemical composition.
Moreover, the study of Li-Be-B production reminded us that
9) isolated SNRs are marginal objects anyway, as most of
the SN explosion energy (80–90%) is released inside larger
structures referred to as superbubbles. Finally, 10) evidence
for energetic nuclei inside SNRs could not yet be obtained,
althoughγ-ray fluxes above current detection thresholds had
been expected. And even though this non detection can prob-
ably be reconciled with the models, 11) X-ray emission from
SNRs indicates that the electron spectrum cannot extend up
to energies higher than∼ 1014 eV. Since electron-specific
energy losses are probably not occuring in these SNRs, the
maximum energy of nucleons should be comparable to that
of electrons, which argues against the SNEP-GCR identifica-
tion.

As it stands, the case for a SNR origin of GCRs thus seems
rather weak. We are certainly not claiming that none of the
abovementioned problems can be solved by specific assump-
tions or re-examinations of the involved theories. Several
amendments have been proposed in the literature, and it may
well turn that some of the problems can be overcome with
quite reasonable assumptions. However, in view of the num-
ber of difficulties, we suggest that it may be unlikely for one
to solveall the problems by a series of modifications and save
a standard model for GCR acceleration which would then not
look quite standard anymore...

As the original spectrum argument (see Sect. 1) support-
ing GCR-SNEP identification has collapsed, one should have
a look at the last argument: CR energetics. It is still quite
impressive that the total power of GCRs in the Galaxy is
comparable to the SN power. But it should be noted that
this only argues in favour of a model in which the CRen-
ergyoriginates from SN explosions. This does not necessar-
ily mean that the GCRs are acceleratedat SNR shocks. For
example, in the abovementioned ‘superbubble model’ the en-
ergy eventually imparted to the energetic particles also orig-
inates primarily from SN explosions, but it would consist in
a quite distinct CR-origin scenario. As far as energetics is

concerned, it should also be stressed that the situation has
significantly changed in the last few decades: we are now
aware of several sources of mechanical energy which were
basically unknown when the SNR model was first put for-
ward, such as jets, plasmoids, gamma-ray bursts, black-hole
or neutron-star accretion power.

In conclusion, in the light of the series of problems faced
by the standard CR-origin scenario, it may be wise to keep
one’s mind open and invest some theoretical and observa-
tional efforts in alternative scenarios. Nevertheless, the the-
ory of diffusive shock acceleration remains one of the most
important fields in high energy astrophysics. It is certainly
the key of detailed SNR modelling, and it should also be kept
in mind that shocks exist at many different scales in the uni-
verse, from interplanetary to galactic and even cluster-size
shocks. Such ‘non stellar’ shocks may prove to play a major
role in the acceleration of GCRs after all, and maybe also of
the ultra-high energy cosmic rays.

From the observational point of view, several experiments
in the near future should provide precious information about
both SNR modelling and CR origin, notably INTEGRAL and
GLAST. The observation of gamma-ray lines from superbub-
bles, for instance, may shed a new light on the CR-origin
problem. Neutrino astronomy should also provide impor-
tant constraints. The detection of neutrinos fromπ0 decay,
consecutively to CR interactions in dense molecular clouds,
could be detected with the forthcoming km3 neutrino detec-
tors and provide the first, clear and still awaited confirmation
of the presence of energetic hadrons in the Galactic disk.
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