
A&A 369, 269–277 (2001)
DOI: 10.1051/0004-6361:20010083
c© ESO 2001

Astronomy
&

Astrophysics

Cosmic rays IX

Interactions and transport of cosmic rays in the Galaxy

P. L. Biermann1,2, N. Langer3, Eun-Suk Seo4, and T. Stanev5

1 Max-Planck Institut für Radioastronomie, Auf dem Hügel 69, 53121 Bonn, Germany
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Abstract. We propose that cosmic rays interact mostly near their sources of origin. To be specific, we differentiate
the various supernovae by their mass of the progenitor star along the zero age main sequence. Stars between
about 8 and 15 solar masses explode into the interstellar medium, and accelerate cosmic rays, as discussed by
many for some time. From about 15 to 25 solar masses stars explode into their own stellar wind; this wind has
built up a thin shell of both wind material and interstellar medium material in the red and blue giant phases
preceding the supernova event. The shock accelerating cosmic ray particles races through that wind, gets loaded
up with energetic particles, interacts while it goes, and finally smashes into the shell. While the shock goes out,
it snowplows the entire wind into the pre-existing shell to form a composite shell. We propose that for the mass
range 15 to 25 solar masses this composite shell is immediately broken up so that the time scale for interaction is
caused by the breakup and so is convective. We note that the wind material for this range of zero age masses is
a approximately half helium, and half hydrogen. The interactions in the composite wind-shell and the immediate
environment produce positrons, gamma emission, but only few secondary nuclei, because for this mass range the
enrichment in heavier elements is still minor. The energy spectrum of the gamma emission and the positrons
produced corresponds then to the source spectrum. In contrast, from about 25 solar masses and up the wind
is strongly enriched in heavy elements, and the wind shell is massive, comprising most of the initial zero age
star’s mass, as well as a good part of the local interstellar medium. We propose that for the interaction of the
cosmic ray particles carried out by the shock in the snow-plow through the wind to the shell the interaction is
diffusive, and calculate the diffusion coefficient. This leads to a leakage time energy dependence of E−5/9 in the
relativistic limit. This then gives an energy dependence of secondary nuclei, that matches the observations. There
is a second component of positrons, and also gamma emission, but then at moderate energies all with the steeper
energy dependence; spatial and velocity constraints give both a lower as well as an upper rigidity limit to the
diffusion approximation. One important element in such a picture is the steady mixing of newly enriched material
throughout the star before the explosion, induced by Voigt-Eddington circulation caused by rotation. The mixed
material is then ejected through the wind, which at the end provides the source material for cosmic ray injection.
This means that by the time the nuclei are subject to acceleration, they should have decayed already to final states,
an effect which may be measureable in cosmic ray isotope ratios. Therefore, considering the history of the travel of
cosmic rays through the normal interstellar medium, we can readily explain the ratio of secondaries to primaries,
and at the same time use a spectrum of turbulence in the interstellar medium, a Kolmogorov spectrum, which is
consistent with all other observational evidence. The escape time from the Galaxy is then proportional to E−1/3

in the relativistic range of particle energies. Translating this result into the language common in the literature,
this means that interaction path as measured in gm/cm2 and escape time can not be used synonymously.
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1. Introduction

Cosmic Rays are energetic particles, which come to
us from outer space, and are measured either through
satellites, balloons, or Earth based experiments. These
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energetic particles interact, and the result of these inter-
actions are the spallation products as well as gamma rays.
Gamma rays arise either from collisionally excited nuclei
or nuclear fragments, or as a continuum from π-decay.

The origin of cosmic rays is still a question (Hess
1912; Kohlhörster 1913; Fermi 1949; Fermi 1954; Ginzburg
& Syrovatskij 1963; Ginzburg & Syrovatskij 1969;
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Hayakawa 1969; Berezinsky et al. 1990) which is not fi-
nally settled. The debate has reached a consensus, that
most are produced in the shockwaves of supernova explo-
sions (Baade & Zwicky 1934; Shklovskii 1953; Ginzburg
1953a, 1953b; Lagage & Cesarsky 1983; Drury 1983;
Blandford & Eichler 1987; Berezhko & Krymskii 1988;
Jones & Ellison 1991; Ginzburg 1993; Ginzburg 1996),
be it into the interstellar medium, or into a stellar wind
(Völk & Biermann 1988; Silberberg et al. 1990; Biermann
1993a). Many of the relevant issues here have been dealt
with in the review by Hillas (1984) and in the books by
Hayakawa (1969), Berezinsky et al. (1990) and Gaisser
(1990).

Here we are concerned with the interactions of cos-
mic rays (CRs) in the Galaxy, and so we will adopt the
picture that indeed the cosmic ray particles originate in
the shocks of supernova explosions, and thus limit our-
selves to the corresponding energies. This paper is moti-
vated by three arguments: 1) the wish to further develop
the cosmic ray theory initiated some time ago (Biermann
1993a, 1993c), 2) by the apparent discrepancy between the
observed gamma-spectrum of the Galaxy (Hunter et al.
1997) and the expected spectrum, and 3) by the appar-
ent discrepancy between the turbulent spectrum required
by standard cosmic ray transport theory (Garcia-Munoz
et al. 1987), and the normal observations of the interstel-
lar medium (ISM).

The structure of this paper is as follows: first we briefly
summarize the proposal to account for the origin of cosmic
rays; then we go through the arguments for interaction
with the material close to the progenitor star; then we
briefly address the issue where the interaction happens
which produces the observed gamma ray emission from
the Galaxy. Finally we draw some conclusion and make
some specific predictions.

2. A quantitative proposal for the origin
of galactic cosmic rays

Cosmic rays arrive at Earth with energies from several
hundred MeV/particle to 3 1020 eV; their spectrum for
protons is at GeV energies close to E−2.75, and for He
and higher elements close to E−2.65 below a knee at
≈ 5 1015 eV, where the spectrum turns down to about
E−3.1, to flatten out again near 3 1018 eV, called the ankle
(e.g. Lawrence et al. 1991; Nagano et al. 1992; Zatsepin
1995). The chemical composition is roughly similar to that
of the interstellar medium, with reduced hydrogen and he-
lium relative to silicon.

A proposal (see, e.g., Biermann 1993a, 1997a) is that
three sites of origin account for the cosmic rays observed,
i) supernova explosions into the interstellar medium, ISM-
SN, ii) supernova explosions into the stellar wind of
the predecessor star, wind-SN, and iii) radio galaxy hot
spots. Here, in this concept, the cosmic rays attributed to
supernova-shocks in stellar winds, wind-SN, produce an
important contribution at all energies up to 3 109 GeV.

We note that the nucleosynthesis in Wolf-Rayet stars
(e.g., Prantzos et al. 1987), and their contribution to
cosmic rays has been discussed previously (Yanagita et al.
1990). It appears that they do make a substantial contri-
bution, even as seen in the context of the standard leaky
box model approach.

Particle energies go up to 100 Z TeV for ISM-SN, and
to 100 Z PeV with a bend at 600 Z TeV for wind-SN, the
knee (Stanev et al. 1993), where Z is the charge of the
nucleus considered. Radiogalaxy hot spots contribute up
to about 100 EeV at the source, with some sources up to
4 1021 eV (Biermann 1997b). These numerical values are
estimates with uncertainties of surely larger than a factor
of 2, since they derive from an estimated strength of the
magnetic field, and estimated values of the effective shock
velocity.

The spectra are predicted to be E−2.75±0.04 for ISM-
SN, and E−2.67+0.00

−0.04 for wind-SN below the knee, and
E−3.07+0.00

−0.14 for wind-SM above the knee, and about E−2.0

at injection for radiogalaxy hot spots.
These predictions can be compared at some de-

tail with data, and we have given comparisons in
previous work (e.g. Biermann 1993a; Biermann 1993b;
Wiebel-Sooth et al. 1998; Biermann 1996; Biermann
1997a, 1997b). Newer data confirm some of the gen-
eral trends near the knee (Glasmacher et al. 1999a;
Glasmacher et al. 1999b).

3. Spallation of cosmic ray nuclei

Cosmic ray nuclei can be broken up in collisions with ther-
mal matter; this process is called spallation. Obviously,
there is a corresponding interaction between energetic pro-
tons, and thermal material comprising heavier nuclei such
as carbon. In such collisions the remaining nuclei can also
be excited, and then emit γ-ray lines.

Spallation is relevant in various sites (see, e.g., the
recent work in this area, Garcia-Munoz et al. 1977;
Engelmann et al. 1985; Garcia-Munoz et al. 1987;
Engelmann et al. 1990; Shibata 1996 and the classical re-
views by Reeves 1974, 1994). The site normally explored
is interstellar clouds Spitzer (1968); cosmic rays travel
through the interstellar medium, and interact. Good evi-
dence for this interaction is the excellent correlation of the
observed gamma ray continuum emission (arising from π0

decay following p-p interaction) with the observed column
density of interstellar material (Hunter et al. 1997).

3.1. Source related spallation

Massive stars eject all the material enriched over the big
bang nucleosyntheis into the interstellar medium. Massive
stars are also believed to be the sources of energetic par-
ticles; massive stars have powerful winds, which sweep up
interstellar matter. Massive stars have so much mass loss,
that they shed their outer layers, expose the processed
material and thus late in life show a highly enriched wind.
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The wind, on the other hand, plows into the environmen-
tal gas, and sweeps it up; gas left over from the formation
of the star may still be around as well, so as to increase
the target for the expanding wind and form a shell. It
is through this enriched wind and associated shell, that
the supernova shock races, and causes particle acceler-
ation and spallation by these particles directly. We note
that the supernova shock compresses the wind itself into a
shocked shell, which then smashes into the shell produced
by the progenitor stellar wind. As the previous wind was
also already enriched, spallation necessarily occurs in an
enriched environment: such an enrichment is actually re-
quired by the light element data of old stars as shown by
Ramaty et al. (1997), but would of course also be con-
sistent with other scenarios than the one introduced here
(the dust model mentioned below).

We note that the evolution of massive stars can now
be modelled including the effects of rotation, the induced
mixing and the strong winds (Heger & Langer 1998;
Langer et al. 1999); the mixing of the chemical element
composition throughout the star during the evolution fixes
the abundances in the wind, the site of acceleration upon
explosion as a supernova. For the proposal as to the origin
of cosmic rays it is a necessary ingredient, that these stars
have fairly substantial magnetic fields (Thum & Morris
1999; Seemann & Biermann 1997).

Stars along the main sequence need to be considered
in four separate zero age mass ranges:

– Stars below about 8 M� do not explode as supernovae.
This is obviously most stars;

– Stars from about 8 to about 15 M� explode as super-
novae, but do not have a strong stellar wind, and so
explode into the interstellar medium;

– Stars from about 15 to 25 M� have a substantial wind
(Biermann et al. 1995); the wind is enriched only in
helium. The chemical composition of the wind at the
time of explosion is approximately 0.5 in He and 0.5
in H. The mass in the shell of wind-swept material is
moderate;

– Stars from about 25 M� have a strong wind; the wind
is enriched in heavy elements and has little hydrogen
left. The mass in the shell of wind-swept material is
large.

The last three mass ranges correspond roughly in numbers
to a ratio of 3:1:1, using a Salpeter law for the initial mass
function.

Therefore we can ask the following question: what hap-
pens when the supernova shock smashes into the wind-
driven shell? The supernova shock shell is loaded with
cosmic ray particles. In the enriched shock shell and wind
shell the energetic particles may reside for some time, and
then leak out into the normal interstellar medium. What
is the wavefield that governs this leakage in the limit that
the leakage is diffusive?

3.1.1. The mass range above 25 solar masses

Therefore, we need to consider the diffusive loss from a
shell, which is traversed by a shock filled with a cosmic
ray population. So we first derive the wavefield in magnetic
fields excited by the cosmic rays. Then, in a second step
we consider the diffusive leakage from the shell under the
influence of this wave field.

Turbulence is an ubiquitous phenomenon, and also is a
key ingredient in the interstellar medium (see reviews by
Rickett 1990; Goldstein et al. 1995). Key concepts to tur-
bulence theory have been introduced by Prandtl (1925),
Karman & Howarth (1938), Kolmogorov (1941a, 1941b,
1941c), Obukhov (1941), Heisenberg (1948), Kraichnan
(1965), and have been reviewed by Sagdeev (1979). One
key argument which we wish to use, is the concept of the
turbulent cascade. In a cascade the energy of the turbu-
lence is injected into the gas at some large wavelength, and
cascades down through wavenumber space, to the small
wavelengths where the energy is dissipated; in many ex-
amples this leads in a three-dimensional isotropic model to
the Kolmogorov cascade (Matthaeus & Zhou 1989), which
can be described in a local approximation by the follow-
ing diffusion equation in wavenumber space (McIvor 1977;
Achterberg 1979).

The basic concept here is as follows: cosmic rays excite
turbulence at all wavelengths through resonance, with
the wavenumber k = 2π/rg, where rg is the Larmor
radius of a cosmic ray particle in the magnetic field.
The entire spectrum of cosmic rays excites turbulence.
This excitation takes place in the region near to and
upstream from the super-nova shock, where there is a
spatial gradient in cosmic ray flux. Downstream from
the shock, where there is no more spatial gradient in
the cosmic ray flux, the turbulence spectrum is given,
and stays constant. A competing process to excitation
is cascading, and the following equations describe this
competition, with the first one showing cascading by itself:

∂

∂t

I(k)
4πk2

− 1
k2

∂

∂k

(
k4

3τk
∂

∂k

(
I(k)
4πk2

))
= Aδ(k − ko). (1)

Here I(k) is the energy density of the turbulence per
wavenumber k, and per volume element, and τk is the
time scale of diffusion, which can be written as

τk =
1

k(γeffI(k)k/ρ)1/2
· (2)

Here ρ is the matter density, and γeff is an effective adi-
abatic constant for the turbulent energy. The turbulence
has a source-term, here limited to a single wavenumber
ko. Below we will consider an entire range of excitation
wave numbers. The turbulence diffusion equation basi-
cally says that the turbulence moves through wavenum-
ber space with no additional source or sink, as a constant
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energy current in wavenumber phase space (Kolmogorov
1941a; Kolmogorov 1941b; Kolmogorov 1941c). The solu-
tions to this diffusion equation can be written as I(k) ∼
k2 for k ≤ ko and I(k) ∼ k−5/3 for k ≥ ko. This lat-
ter behaviour is commonly referred to as the Kolmogorov
cascade, and is found ubiquitously in nature.

The basic equation for the excitation of wavefields can
be written as follows (Bell 1978a; Drury 1983):

∂

∂t

I(k)
4πk2

= (σexcit − Γdamp)
I(k)
4πk2

(3)

with σexcit the excitation term and Γdamp the damping
term. Here we will concentrate on the excitation of waves,
and ignore any damping. The excitation term can be
written as

σexcit =
4π
3

vA

I(k)k
p4v

∂f

∂x
(4)

where v is the particle velocity, f the particle distribution
function in phase space (assumed to be isotropic), and x
the local coordinate perpendicular to the shock plane. We
need to emphasize that only the difference of the particle
spectrum across a shock wave or any other spatial gradi-
ent can excite waves; therefore, the first shock wave loaded
with cosmic ray particles sweeping across the molecular
gas shell around exploding stars and their winds is the
excitation mechanism, which we consider. Now the parti-
cle spectrum in energy space (in the relativistic domain of
particle speeds) is N(E) = E−7/3 from the arguments of
shocks in winds (Biermann 1993a; Biermann & Cassinelli
1993). Of course, this step in the argument depends on the
proposal for the origin of cosmic rays summarized earlier
to be correct. This earlier argument entails that the length
scale inherent in the upstream gradient of cosmic rays is
independent of energy, different in this subtle point from
Bell (1978a). We defer the combined solution of the cas-
cade equations and the cosmic ray kinetic equations to
later work, since for such an endeavour the highly tur-
bulent shock region needs to be modelled in much more
detail than possible at this stage.

We therefore need to determine which wave spectrum
can balance the cascading with the excitation from the
freshly injected cosmic rays. Equating the two expres-
sions above for the cascading (Eq. (1)) and the exci-
tation (Eq. (3)) in their k-dependence using an arbi-
trary powerlaw for I(k) ∼ k−β then yields the condition
− 1

2 −
3
2β = 7

3 − 5 which means β = 13
9 . We omit

here for lack of space a thorough discussion of the errors
in this line of argument, as in e.g. (Biermann & Cassinelli
1993; Biermann 1997a; Wiebel-Sooth et al. 1998). From
(Drury 1983) we obtain the diffusion coefficient based on
the wavefield, and then the diffusive time scale of loss from
the diffusion coefficient in turn.

To emphasize the argument here: the spatial gradi-
ent near to and upstream of the supernova shock excites
turbulence at all wavelengths through resonance between
waves and the Larmor motion of cosmic ray particles; the
turbulent spectrum is established by competition between
excitation and cascading. In the downstream region then
the turbulent spectrum is given, stays constant, and de-
termines the post-shock leakage of cosmic rays from the
region.

The diffusion coefficient in the quasilinear appproxi-
mation is given by

κ =
1
3

(βc) rg
B2/8π
I(k)k

· (5)

This entails an energy dependence of the leakage time
from the zone of interaction

τL ∼ β−1 (pc)−5/9 (6)

for pmin,1/mec < p < pmax/mec where pc ∼ rg ∼ 1/k
is the momentum of the particle multiplied with the speed
of light, so the energy in the relativistic limit. However,
in order to allow a discussion also below relativistic ener-
gies, we use here the trans-relativistic description, which
requires the momentum. This then means that the local
spectrum of primary cosmic rays is steeper by this much,
and so all secondaries are produced with a spectrum which
is steeper by this much from the start.

pmin,1 is a critical momentum, below which the con-
vective break up induced by the shock takes over, and the
time scale becomes independent of particle momentum.
There is also an upper limit for the validity of the dif-
fusion approximation, pmax, where the diffusion time be-
comes equal to the travel time of particles at the speed of
light through the region of interaction. Beyond that limit
again, the interaction time becomes a constant with en-
ergy. So, the diffusion approximation has both lower and
upper limits for the transrelativistic momentum. Outside
these limits the interaction time is constant with parti-
cle energy. The momentum (or “rigidity”) range between
these two limits should therefore be of order 10 to 30.
Obviously, at pmin,1 and at pmax the time scale has to be
continuous.

The grammage traversed then is given by the product
of this time scale multiplied with the average density
in the interaction region, and also multiplied with the
particle velocity:

λint ∼ β τL (7)

cancelling one β-dependence. Thus, in the (zero age) mass
range of stars considered here, above 25 solar masses, the
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grammage traversed as a function of energy is first propor-
tional to β, then p−5/9, and finally merges into a constant.

The grammage can be estimated from the observed
boron/carbon (B/C) ratio in the CR-data using the point
where the E−0.6 breaks down, and the B/C ratio becomes
consistent with a constant for higher energies. Integrating
through a stellar wind of a WR-star and through the wind-
driven shell to get the total interacting material one indeed
obtains a grammage consistent with the requirements from
the data, of order 10 gm/cm2, as required by the data.

Therefore, within the energy range of validity of the
diffusion approximation, secondaries are produced with a
spectrum of

Nsec(pc) ∼ (pc)−26/9. (8)

3.1.2. The mass range between 15 and 25 solar masses

For the stars between about 15 and 25 solar masses, we
have a thin non-diffusive shell, where the escape time is
just proportional to the inverse particle velocity

τL ∼ (β)−1, for p > pmin,2,

or again, if the general convective velocities are larger than
the particle velocity, then the leakage time from the shell
becomes independent of particle energy for p < pmin,2

(the index “2” is here to make obvious that this mini-
mum momentum may be different in the two stellar mass
ranges). Thus, in the (zero age) mass range of stars consid-
ered here, between 15 and 25 solar masses, the grammage
traversed as a function of energy is first proportional to
β, and then becomes a constant.

Considering again the CR-data for the C/B ratio as
a function of energy, we note that the stars in this mass
range do not contribute any significant new carbon from
their wind, just the carbon already present in the original
gas from which the star formed.

3.1.3. Transport through the Galaxy

After transport through the Galaxy and insignificant
further spallation this means that the ratio of secondaries
to primaries remains at

Nsec/Nprim ∼ (pc)−5/9 (9)

which is rather close to the observed dependence from the
boron to carbon ratio of E−0.6 (Engelmann et al. 1990).

Clearly, as expounded above, this treatment breaks
down at two ends, both on the low energy side, and on
the high energy side. On the high energy side, it is ob-
vious that from some energy the diffusive approximation

breaks down, and from the low energy end it is clear that
convective losses and the full break up of the shell will be
faster than diffusion below some energy.

There is necessarily also some interaction during the
wandering through the interstellar medium (ISM): this in-
teraction can be estimated by observing that the cosmic
ray disk is at least 2 kpc thick in full width, while the cold
gas disk is about 100 pc only. The average density in the
cold gas disk is about 1 particle per cc, and so the average
density as seen by the cosmic rays is about 0.05 per cc,
and so of interest only at high energy. This interaction
is governed by the Kolmogorov spectrum, and so those
secondaries should be steeper than the primaries by 1/3
in spectrum. The total grammage traversed through the
ISM by particles near GeV can thus be estimated as near
2.5 gm/cm2.

The picture presented in the earlier sections of this
paper, however, is in contrast to the usual finding that
a stationary leaky box gives a ratio of secondary to pri-
maries ∼(pc)−1/3, if we use a Kolmogorov spectrum for
turbulence; this latter result is obtained, when the inter-
action happens evenly throughout the residence period in
the Galaxy.

This is also in contrast to the concept of clouds cap-
turing and then releasing cosmic ray particles derived in
(Biermann 1996).

Therefore, the effective interaction path is the sum of
the composite shell interaction and the ISM, in some cases
for the stars above 25 solar masses, and in some cases for
the stars between 15 and 25 solar masses, while for the
stars between about 8 and 15 solar masses the interstellar
medium dominates.

3.1.4. Escape time versus interacting path

The cosmic rays observed are the sum of the various CR-
populations arising from explosions of stars in the three
mass ranges considered here separately.

Therefore, considering the history of the travel of cos-
mic rays through the normal interstellar medium (see also,
e.g. Biermann 1996; Pohl et al. 1997), we can readily ex-
plain the ratio of secondaries to primaries, and at the same
time use a spectrum of turbulence which is consistent with
all other observational evidence. Translating this result
into the language common in the literature, this means
that interaction path as measured in gm/cm2 and escape
time can not be used synonymously. The escape time is
given by τL,gal, and is proportional to E−1/3 in the rela-
tivistic range of particle energies. The interaction path as a
means to describe interaction is here ∼(pc)−5/9 gm/cm2.
The real time corresponding to the interaction phase is
surely very short compared to the leakage time scale.
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4. Predictions

4.1. Injection of cosmic rays

Injection of cosmic rays from the wind-supernovae takes
place in the stellar wind, which has a typical temperature
due to cooling of around 20 000 K. Therefore many ele-
ments with low first ionization potential will be doubly
ionized, and so should be preferred in injection. Therefore
we expect that those elements will be enhanced in the
cosmic ray abundances.

This is in contrast to another well developed model
of injecting cosmic rays from spallation of energetic dust
particles (Ellison et al. 1997; Meyer et al. 1997; Ramaty
et al. 1997). What are the differences observationally be-
tween these two models?

– The dust model uses a spectrum of interstellar turbu-
lence relevant for the transport of cosmic ray particles,
which is inconsistent with a Kolmogorov spectrum,
a model more consistent with a Kraichnan spectrum
(I(k) ∼ k−3/2), which is considered to be supported by
the energy dependence of the B/C ratio as a function
of energy. Therefore, the model uses an injection spec-
trum of E−2.1...2.2. The Kraichnan spectrum is valid
for a medium, which is made stiff in one dimension by
a strong magnetic field. In the context of the standard
leaky box model this allows a straightforward interpre-
tation of the B/C-ratio, but it is only marginally con-
sistent with the cosmic ray electron spectrum, which
suggests an injection spectrum near E−2.3;

– The dust model implies a gamma ray spectrum arsing
from π0-decay as a result of pp-collisions corresponding
to the average spectrum of CRs of about E−2.7, and so
is inconsistent with the EGRET data. This could be
remedied by argueing that the EGRET gamma spec-
trum is due to inverse Compton exclusively; such an ar-
gument has some strength because the EGRET emis-
sion extends to fairly high latitudes in the Galaxy. The
gamma spectrum based on the model here will be dis-
cussed separately (Rhode et al. in preparation);

– The dust model clearly predicts different ratios of ra-
dioactive isotopes than the model presented here, since
the interaction is en route between source and ob-
server, whereas here the interaction is all near the
source. This will be discussed elsewhere. This also ap-
plies to the positron/electron and anti-proton/proton
ratios.

4.2. Chemical abundances

The abundances of cosmic rays is predicted to correspond
to the abundances in the main acceleration sites, in the
stellar winds for all elements from helium. Therefore the
prediction has been that all these primary elements should
have the spectrum E−2.67+0.00

−0.04 below the knee, and corre-
spondingly E−3.07+0.00

−0.14 above the knee. The knee itself is
at a given rigidity and so is predicted to show a gradual
change from the lower abundances to enriched abundances

(Stanev et al. 1993; Glasmacher et al. 1999a, 1999b). We
furthermore predict that a major component of the cosmic
ray abundances should be traceable to the abundances in
the stellar winds, folded appropiately with the number of
stars along the main sequence. This will be elaborated on
in a separate paper (CRVIII).

4.3. Isotopic ratios

Nuclear reactions produce various chemical elements and
their isotopes, which then get transported through the
star, escpecially in stars at high rotation. This transport
is due to the Voigt-Eddington circulations induced by ro-
tation. The mixing then brings the various isotopes and
chemical elements to the base of the wind zone, and then
they get transported out with the wind. Therefore, any
decay of these nuclei has some time to have happened be-
fore the star explodes as a supernova, and the shock races
through the wind, accelerating particles to become cosmic
rays. The observed isotope ratios (e.g. Connell & Simpson
1997) can be tested against such a prediction.

4.4. The gamma ray spectrum of the Galaxy

It has been argued for decades that the Galaxy should
emit gamma rays from the decay of π0 particles result-
ing from collisions of cosmic ray protons, and interstellar
medium protons, with a probably small contribution from
nuclear collisions of higher element nuclei such as helium
(much of the early work was done by Stecker 1971). The
data originally collected appeared to confirm this hypoth-
esis very nicely. One could even fit in detail the bumps and
wiggles of the column density of the interstellar medium
with the gamma ray emission, confirming rather well and
quantitatively the expectations of the model. There has
been a worry for a long time, that in such a fit, the ra-
dial variation of the cosmic rays deduced appeared to be
small, while we believe to know from other galaxies, that
at least the electron component has a clear radial drop
off, and so one might think the proton component ought
to show such a gradient as well.

Recently the gamma ray spectrum of the Galaxy has
been measured much better with the EGRET satellite
(Hunter et al. 1997). It turned out, that once again, the
spatial variation of the gamma ray emission can be fit
rather well, while the spectrum can not be fitted; the
authors in that paper used the approach that the local
cosmic ray intensity is correlated with the local gas den-
sity, while as the cosmic ray spectrum they used the spec-
trum measured at Earth (demodulated from Solar wind
effects). The observed gamma ray spectrum is much too
flat to match the expectation based on the average ober-
seved cosmic ray spectrum – as deduced from either direct
measurements or from radio data, once again connecting
electrons and protons in this argument; below a few GeV
this may be compensated for by invoking various models
for inverse Compton emission and Bremsstrahlung, but at
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energies beyond 10 GeV the discrepancy becomes quite
pronounced. This has caused quite a stir, but sofar no ob-
vious solution appears to be convincing (Mori 1997; Pohl
et al. 1997).

The gamma ray emission can be fitted very well with
a proton spectrum which is quite a bit flatter than the ob-
served proton spectrum (Gaisser et al. 1998; Protheroe &
Stanev 1997), perhaps suggesting that we see the sources
of cosmic rays. The picture suggested here would lead to
the following.

As one goes up the main sequence from about 15 M�,
the mass in the shell produced by the stellar wind in-
creases slowly, to become quite substantial for very high
mass stars at the end of their lifetimes, just before the
stars explode. Therefore, one might expect that the leak-
age of cosmic ray particles may not be diffusive for lower
stellar masses. However, there are many more lower mass
stars, and so the π0-producing collisions are dominated by
the interaction in the shells of the lower mass stars, where
the leakage is probably convective, and not diffusive. Then
the interaction is with the primary spectrum, and so the
gamma ray spectrum is predicted to match a proton (and
helium) energy spectrum of E−7/3. This is consistent with
the gamma-ray spectral fit, which shows a minimum χ2-fit
in a spectral range between 2.3 and 2.4 (Rhode et al., in
preparation).

4.5. Positrons

In the wind shells around stars of the mass range above
15 solar masses gamma rays are produced from pp-
interactions; in the same channel we produce positrons.
Therefore we predict the positrons to to arise from two
contributions: for the mass range 15 to 25 solar masses
positrons are produced with a spectrum identical to the
source spectrum, and for the mass range above about
25 solar masses positrons are produced with a spectrum
which is E−5/9 steeper. The sum of these two contribu-
tions needs to be balanced against the three contributions
for electrons: a) electrons arise directly from those su-
pernovae that explode into the interstellar medium, with
a predicted spectrum of E−2.74±0.04. As noted earlier
(Biermann & Strom 1993) the electrons from supernovae
that explode into the interstellar medium, suffer from adi-
abatic losses, and so their contribution does not fully re-
flect the abundance of the progenitor stars. b) Electrons
are both accelerated and also produced in pp-collisions
as secondaries with a spectrum of E−2.67+0.00

−0.04 in the con-
vective interaction mode in the wind shells around stars
of zero age mass 15 to 25 solar masses. c) The stars
with higher mass have a diffusive interaction for energetic
particles in their wind shell and so make primary elec-
trons again with E−2.67+0.00

−0.04 , and secondary electrons and
positrons with E−26/9, where we omit the uncertainties.
This will be discussed separately (Paper CR VI).

4.6. Anti-protons

Anti-protons have the again pp-collisions as sources, but of
course get produced only at some higher energy. Both zero
age mass ranges, 15–25 solar masses, and above 25 solar
masses, again contribute just as for positrons, and with the
corresponding spectra. This will be discussed separately
(Sina et al., in preparation).

4.7. Radioactive isotopes

Radioactive nuclei that arise as a consequence of spal-
lation decay. Since the production is predicted here to
be happening in the thick wind shells around very mas-
sive progenitor stars, the decay has all subsequent time
available from diffusive leakage from the Galaxy. For this
diffusive leakage we adopted the description based on
a Kolmogorov spectrum for the turbulence. The recent
data have been discussed by Connell & Simpson (1997),
Simpson & Connell (1998), Connell (1998), and Connell
et al. (1998). In the model presented here the interac-
tion is all the same, independent of isotope, and since we
measure at rather low particle energy, almost certainly in
the energy range, where the transport in the interaction
shell is convective (and, presumably, also the interstellar
transport), and therefore the ratios are not expected to
depend on energy except through time-dilation at rela-
tivistic speeds. However, the initial ratio of the isotopes is
fixed as they leave the source region, and the ratio changes
as the particles are transported through the Galaxy, and
therefore the grammage seen by the particles should all
be identical, and their isotope ratio should just reflect the
different times available. With the data as available, no
differentiation to a standard leaky box model is possible.
We will develop this approach separately.

4.8. High energy gamma ray data

One of the strongest tests for this model is the calcula-
tion of the expected gamma ray emission at high TeV and
PeV photon energies, to be compared with CASA-MIA
data and future MILAGRO data. While we have done
some preliminary tests of this (to be published) that en-
courage us, we have not finished this test. For this test
the bend, the knee, in the cosmic ray spectrum has to be
taken into account, since in this model it is there already
in the source.

5. Outlook

Here we have described an approach for cosmic ray in-
teraction, which places most of the interactions near the
site of origin, and have summarized some the various pre-
dictions which follow. We will go through these predic-
tions quantitatively and check them off in detail against
data in further papers. The key is the suggestion that the
transport of energetic particles is diffusive in the thick
composite shells around the wind of progenitor stars of
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a mass larger than about 25 solar masses. Those stars
also are predicted to contribute cosmic rays all the way
to 3 1018 eV; in this concept the bend in the cosmic ray
spectrum known as the “knee” is caused by a decrease in
the acceleration efficiency at a specific rigidity (i.e., at a
specific Larmor radius), and so the bend is there already
in the source (Biermann 1993a; Biermann & Cassinelli
1993; Biermann 1997a). Those stars produce most of the
heavy elements in this concept, and also most of the sec-
ondary nuclei. The contribution to gamma ray emission,
positrons, anti-protons, and neutrons is all due to a com-
bination of the interactions in the shells around stars in
the mass range 15 to 25 solar masses, where the interac-
tion is predicted to be convective, and the stars of higher
mass, where the interaction is predicted to be diffusive.
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