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The Galaxy is filled with a gas of high-energy particles, of several types 
 
Two basic populations: 
 
1.  primary cosmic rays (p, He, C, O, Fe, e-,…), 
     composition consistent with stellar  
     material, accelerated to relativistic energy  
   
2. secondary cosmic rays (B, sub-Fe, pbar, e+,…), 
    much higher abundance than in stars,  
    but smaller flux than neighboring (in A)  
    primary CRs (e.g. B/C~0.1).  
    Consistent w/ spallation products of  
    primary component 
     

Hillas, astro-ph/0607109 



Open questions: 
 
What is the source of Galactic cosmic rays?  
How do cosmic rays escape from the Galaxy?  
 
 
Do we see exotic sources like dark matter or pulsars? 
 
 
PAMELA + AMS data = major progress. 
 
 
I will give my take on some of these results, focusing on e+ and pbar. 
 
Aim at what we can calculate and what we can learn, without committing to detailed 
model assumptions. 

Katz et al; MNRAS 405 (2010) 1458  
KB; JCAP 1111 (2011) 037  

KB, Katz, Waxman; PRL 111, 211101 (2013)  



PAMELA (2009) positron anomaly? 



 

 

Antimatter occurs as secondary 

 

 

    

 

  

 



Stable secondaries with no energy loss (B, pbar, sub-Fe,…) 

Engelmann et al (1990) 



Stable secondaries with no energy loss (B, pbar, sub-Fe,…) 

Engelmann et al (1990) 

•  Empirical relation: 
 
 
•                 = Local net production per unit column density of target, for species A 

 

 
 

A local account of secondary cosmic rays

Kfir Blum1, ⇤ and Kohta Murase1, †

1
Institute for Advanced Study, Princeton 08540, USA

We calculate the total production rate per unit volume of high energy (10-150 GeV) secondary

positron and antiproton cosmic rays in the local interstellar medium, over distances of order 500pc

from the Solar System. Comparing the net production rate to the locally observed cosmic ray

densities, we deduce a confinement time of cosmic rays in the solar neighborhood, of order te ⇡?.

This calculation serves as a sanity test for the secondary origin of high energy cosmic ray antimatter.

The result is...

Introduction.
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Gamma ray observations provide evidence that the spectrum and density of CRs in the interstellar medium (ISM)
on moderate distances (100-500pc) from the Solar System are approximately uniform, and consistent with the local
measurements outside of the Earth’s atmosphere. Combining the locally measured CR flux with estimates of the mass
of ISM gas in the solar neighborhood, we can therefore calculate the production rate of secondary CRs in this region.
This calculation is free of modeling assumptions for the distribution and propagation of CRs, that apply on larger
spatial scales.

Comparing the calculated local net production rate of secondary CRs to their observed densities, we can infer the
trapping time of the CRs in the local ISM, te, using

ns

te
= Q+

s (✏)�Q�
s (✏), (8)

Note that, in principle, te can come out negative, implying either some un-accounted for (perhaps primary) source
for the species s, or a higher secondary production rate at an adjacent region in the Galaxy with positive net flow
of s from that region into our local vicinity, or a deviation from steady-state. Finding a hint to any one of these
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                                                  equivalent to: 
 
 
 
                 

•  Empirical relation: 
 
 
•                 = Local net production per unit column density of target, for species A 

 

 
•             = “mean column density” ≈ 8.7(R/10GV)-0.4 g/cm2.     No species label 

Stable secondaries with no energy loss (B, pbar, sub-Fe,…) 
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on moderate distances (100-500pc) from the Solar System are approximately uniform, and consistent with the local
measurements outside of the Earth’s atmosphere. Combining the locally measured CR flux with estimates of the mass
of ISM gas in the solar neighborhood, we can therefore calculate the production rate of secondary CRs in this region.
This calculation is free of modeling assumptions for the distribution and propagation of CRs, that apply on larger
spatial scales.

Comparing the calculated local net production rate of secondary CRs to their observed densities, we can infer the
trapping time of the CRs in the local ISM, te, using
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Note that, in principle, te can come out negative, implying either some un-accounted for (perhaps primary) source
for the species s, or a higher secondary production rate at an adjacent region in the Galaxy with positive net flow
of s from that region into our local vicinity, or a deviation from steady-state. Finding a hint to any one of these
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We calculate the total production rate per unit volume of high energy (10-150 GeV) secondary

positron and antiproton cosmic rays in the local interstellar medium, over distances of order 500pc

from the Solar System. Comparing the net production rate to the locally observed cosmic ray

densities, we deduce a confinement time of cosmic rays in the solar neighborhood, of order te ⇡?.

This calculation serves as a sanity test for the secondary origin of high energy cosmic ray antimatter.
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Gamma ray observations provide evidence that the spectrum and density of CRs in the interstellar medium (ISM)
on moderate distances (100-500pc) from the Solar System are approximately uniform, and consistent with the local
measurements outside of the Earth’s atmosphere. Combining the locally measured CR flux with estimates of the mass
of ISM gas in the solar neighborhood, we can therefore calculate the production rate of secondary CRs in this region.
This calculation is free of modeling assumptions for the distribution and propagation of CRs, that apply on larger
spatial scales.

Comparing the calculated local net production rate of secondary CRs to their observed densities, we can infer the
trapping time of the CRs in the local ISM, te, using

ns

te
= Q+

s (✏)�Q�
s (✏), (23)
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Fig. 9.— Absolute differential energy spectra of
primary protons measured by BESS-Polar I and
BESS-Polar II together with earlier BESS mea-
surements and the PAMELA spectra compiled
yearly (Adriani et al. 2013). The effect of solar
modulation is evident at lower energies. Low en-
ergy measurements at similar solar modulation,
e.g. BESS97, BESS-Polar II, and PAMELA07 are
consistent within reported errors. The preliminary
AMS-02 results shown in Figure 7 include a wide
range of solar modulation and are omitted.

BESS-Polar antiproton, proton, helium, and light
isotope spectra obtained over more than a full so-
lar cycle, including a reversal of solar magnetic
polarity. To illustrate the range of solar activity
spanned by BESS and BESS-Polar, Figure 8 shows
the Bartol neutron monitor counting rate (Blue
points) (Bieber 2014) and the number of sunspots
(Red points) (Hathaway 2015) together the data
of BESS flights.

Differences in the spectra measured by BESS-
Polar I and BESS-Polar II from solar activity be-
low ∼10 GeV for protons in Figure 9 and be-
low ∼5 GeV/nucleon for helium in Figure 10 are
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Fig. 10.— Absolute differential energy spectra
of helium nuclei measured by BESS-Polar I and
BESS-Polar II together with earlier BESS mea-
surements. BESS97 and BESS-Polar II measure-
ments at similar solar modulation are consistent
within reported errors except at the lowest ener-
gies.

highlighted and compared to measurements by
earlier BESS instruments and to PAMELA mea-
surements for four years before and during the
most recent solar minimum. Varying solar modu-
lation strongly affected proton and helium spec-
tra measured by BESS (BESS 97, 98, 99) ap-
proaching the HMF polarity reversal from posi-
tive to negative in 2000, prior to the BESS 00
flight. Proton and helium measurements follow-
ing the HMF polarity reversal (BESS 00, BESS-
TeV, BESS-Polar I, BESS-Polar II) show much
smaller variations with solar activity. This is con-
sistent with the effect expected from charge-sign
dependent drift (Bieber et al. 1999; Asaoka et al.
2002). The proton spectra observed by BESS at
solar minimum in 1997 and and by BESS-Polar II
and PAMELA in 2007, near the next solar mini-
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We calculate the total production rate per unit volume of high energy (10-150 GeV) secondary

positron and antiproton cosmic rays in the local interstellar medium, over distances of order 500pc

from the Solar System. Comparing the net production rate to the locally observed cosmic ray

densities, we deduce a confinement time of cosmic rays in the solar neighborhood, of order te ⇡?.

This calculation serves as a sanity test for the secondary origin of high energy cosmic ray antimatter.

The result is...
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Gamma ray observations provide evidence that the spectrum and density of CRs in the interstellar medium (ISM)
on moderate distances (100-500pc) from the Solar System are approximately uniform, and consistent with the local
measurements outside of the Earth’s atmosphere. Combining the locally measured CR flux with estimates of the mass
of ISM gas in the solar neighborhood, we can therefore calculate the production rate of secondary CRs in this region.
This calculation is free of modeling assumptions for the distribution and propagation of CRs, that apply on larger
spatial scales.

Comparing the calculated local net production rate of secondary CRs to their observed densities, we can infer the
trapping time of the CRs in the local ISM, te, using
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component, and synchrotron galactic radioemission. The authors' conclusion is that models with a large
halo with a characteristic cosmic-ray age T„—10' years are confirmed by radio data, and at least do not
contradict the information on cosmic-ray chemical composition. The paper also deals with the problems of
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I. INTRODUCTION
In spite of the fact that cosmic rays were discovered

more than half a century ago, the question of their ori-
gin became a real astrophysical problem only much
later —after 1948, when atomic nuclei were found in cos-
mic rays (although, to be sure, the dominating role of
the proton component had been discovered before that)
and in 1950-51 when the synchrotron nature of a consid-
erable part of the cosmic radioemission was established.
The latter fact made it possible to get information about
the cosmic-ray electron component far from the Earth.
The radio-astronomical method in combination with in-
vestigations of the primary cosmic rays near the Earth

g'ave birth to cosmic-ray astrophysics or, as it is more
often termed, high-energy astrophysics (the latter term
is, however, wider for it includes also x-ray and gam-
ma-ray astronomy, whereas cosmic rays are usually
thought of as only charged cosmic particles of relatively
high energy).
The outstanding achievements and discoveries connect-

ed directly or indirectly with the development of high-
energy astrophysics are weQ known. It is sufficient to
recall that relativistic or subrelativistic particles are
for the most part or sometimes even completely respon-
sible for the emission from radio galaxies, quasars, and
pulsars. Against this bright background the problem of
the origin of cosmic rays observed near the Earth is now
only a particular case of a wider range of questions con-
cerning acceleration, propagation, and various proper-
ties of relativistic particles in the cosmos. In some re-
spects, the investigation of our Galaxy from the Earth
is much more difficult than that of some. other galaxies
(e.g. , when solving the question of the shape and other
characteristics of the radio-halo). On the other hand,
the requirements for the study of cosmic rays in our
Galaxy are quite different from those in other galaxies
and in quasars, where we must be satisfied with infor-
mation about relativistic electrons, and where only addi-
tional, and for the most part, arbitrary hypotheses help
us judge of the main (in all probability) proton-nuclear
component.
In the present paper we shall discuss only the origin

of cosmic rays observed near the Earth, although a num-
ber of the results presented here can of course be ap-
plied in some other cases. We shall not deal with cos-
mic rays of solar origin; and when speaking of the origin
of cosmic rays we mean only those coming into the solar
system from interstellar space and, in general, cosmic
rays trapped in the Galaxy.
For the development of concepts concerning cosmic-

ray origins, the reader is referred to the collection of
original papers edited by Rosen (1969), to the mono-
graphs by Ginzburg and Syrovatskii (1964) and Hayakawa
(1969), and, finally, to the materials of the discussion
held in the Royal Society in 1974 (Rochester and Wolfen-
dale, 1974).
Since the appearance, eleven years ago, of the book by

Ginzburg and Syrovatskii (cited hereafter as GS), very
much and at the same time rather little has been done

Reviews of Modern Physics, Vol. 48, No. 2, Part l, April 1976 Copyright 1976 American Physical Society

Ginzburg & Ptuskin, Rev.Mod.Phys. 48 (1976) 161-189 
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I. INTRODUCTION
In spite of the fact that cosmic rays were discovered

more than half a century ago, the question of their ori-
gin became a real astrophysical problem only much
later —after 1948, when atomic nuclei were found in cos-
mic rays (although, to be sure, the dominating role of
the proton component had been discovered before that)
and in 1950-51 when the synchrotron nature of a consid-
erable part of the cosmic radioemission was established.
The latter fact made it possible to get information about
the cosmic-ray electron component far from the Earth.
The radio-astronomical method in combination with in-
vestigations of the primary cosmic rays near the Earth

g'ave birth to cosmic-ray astrophysics or, as it is more
often termed, high-energy astrophysics (the latter term
is, however, wider for it includes also x-ray and gam-
ma-ray astronomy, whereas cosmic rays are usually
thought of as only charged cosmic particles of relatively
high energy).
The outstanding achievements and discoveries connect-

ed directly or indirectly with the development of high-
energy astrophysics are weQ known. It is sufficient to
recall that relativistic or subrelativistic particles are
for the most part or sometimes even completely respon-
sible for the emission from radio galaxies, quasars, and
pulsars. Against this bright background the problem of
the origin of cosmic rays observed near the Earth is now
only a particular case of a wider range of questions con-
cerning acceleration, propagation, and various proper-
ties of relativistic particles in the cosmos. In some re-
spects, the investigation of our Galaxy from the Earth
is much more difficult than that of some. other galaxies
(e.g. , when solving the question of the shape and other
characteristics of the radio-halo). On the other hand,
the requirements for the study of cosmic rays in our
Galaxy are quite different from those in other galaxies
and in quasars, where we must be satisfied with infor-
mation about relativistic electrons, and where only addi-
tional, and for the most part, arbitrary hypotheses help
us judge of the main (in all probability) proton-nuclear
component.
In the present paper we shall discuss only the origin

of cosmic rays observed near the Earth, although a num-
ber of the results presented here can of course be ap-
plied in some other cases. We shall not deal with cos-
mic rays of solar origin; and when speaking of the origin
of cosmic rays we mean only those coming into the solar
system from interstellar space and, in general, cosmic
rays trapped in the Galaxy.
For the development of concepts concerning cosmic-

ray origins, the reader is referred to the collection of
original papers edited by Rosen (1969), to the mono-
graphs by Ginzburg and Syrovatskii (1964) and Hayakawa
(1969), and, finally, to the materials of the discussion
held in the Royal Society in 1974 (Rochester and Wolfen-
dale, 1974).
Since the appearance, eleven years ago, of the book by

Ginzburg and Syrovatskii (cited hereafter as GS), very
much and at the same time rather little has been done
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amounts to about 10%%ug of the electron concentration. Fig-
ure 5 presents the data on positrons obtained by different
authors (see Buffington et al. , 1974). The part of the
positron spectrum with energies E& 1 GeV is particular-
ly important for a specification of the model of cosmic-
ray propagation in the Galaxy. Unfortunately the posi-
tron spectrum has not yet been reliably determined in
this region.
In concluding this section we present some data on

cosmic-ray anistropy near the Earth. Reliable informa-
tion on cosmic-ray anisotropy in the Galaxy, using the
earth's measurements, can be obtained only for parti-
cles of energies not lower than 100-1000 GeV, since the
motion of particles of lower energies is greatly distorted
by the magnetic field of the solar system. But even at
E& 100 GeV the anisotropy has not yet been reliably de-
termined, and as a matter of fact only estimates of the
upper anistropy limits are known. Figure 6 presents
the results of different authors on the cosmic-ray anisot-
ropy measurements (Hillas and Ouldrige, 1975). In 1974
some evidence of a strong anisotropy of cosmic rays
with energies E& 2.10" eV was obtained (Krasilnikov et
al. , 1974). These data, if correct, testify in favor of a
galactic origin for even high-energy cosmic rays (Hillas
and Ouldridge, 1975; see, however, Kiraly et aL, 1975).

C. Fundamental equations describing cosmic-ray
propagation in the Galaxy
A high isotropy and a rather large content of secondary

nuclei in cosmic rays indicate an effective "mixing" and
a long wandering of high-energy particles in the Galaxy.
Such a mixing and isotropization can be ascribed to sev-
eral different causes: a stochastic structure of the ga-
lactic magnetic field and its large-scale inhomogeneities
(Fermi, 1949; GS 510); an instability of anisotropic dis-
tributions of relativistic particles in the interstellar
plasma (Ginzburg, 1965; Wentzel, 1974); macro-insta-
bility of the system formed by the relativistic gas of cos-
mic rays, the interstellar magnetic field, the inter-
stellar plasma, and the gravitational field (Parker,
1969); or a strong particle reflection on the Galaxy
boundaries. Unfortunately, complete analysis of all the
known possibilities and a choice of a concrete physical
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If only the first two terms are kept in this equation (the
rest will be deajt with below), we are led to the diffusion
equation

BN~/Bf —div(D; VN;) = 0, (2.9)
where D,.(r, E) is the diffusion coefficient; the equations
are easily extended to the case when D; is a tensor.
We should note here that the applicability of the diffu-

sion approximations (2.8)-(2.9) to cosmic-ray propaga-
tion in the magnetic fields is not at all obvious. For this
approximation to be valid it is not enough that the field
have a strongly pronounced irregular random component
since in this case there also exists a strong tendency for
particle propagation along the lines of force of the mag-
netic field, even if they are rather tangled. But in the

mechanism responsible for cosmic-ray propagation in
the Galaxy have not been worked out. This is mainly
owing to the absence of complete enough information on
the interstellar medium parameters and on the galactic
magnetic field structure. It is natural that various ap-
proximate models are widely used in a situation where
there is no consistent theory which could explain the
character of cosmic-ray propagation proceeding from a
strict picture of charged relativistic particle interaction
with the interstellar plasma. These approximate meth-
ods make it possible to systematize and coordinate
numerous experimental facts, and to explain character-
istic features of the composition, spectrg. , and anisot-
ropy of different cosmic-ray components. Since within
each of the models cosmic-ray propagation has received
in more detailed attention the corroboration of the mod-
els themselves, we shall first formulate a phenomeno-
logical theory of relativistic particle propagation in the
Galaxy (Secs. III and IV) and only after that shall we
discuss in more detail some possible ways to confirm
it (Sec. VI).
Cosmic-ray propagation is most often considered with-

in the diffusion approximation. Moreover (this assump-
tion is in some sense independent), we shall think of
cosmic rays as locally isotropic, which means that an-
isotropy may appear only when account is taken of the
spatial inhomogeneity of particle concentration N&(r, t, E).
The general transport equation for N; in the approxi-

mation under discussion takes the form (for more details
see GS, 514)
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I. INTRODUCTION
In spite of the fact that cosmic rays were discovered

more than half a century ago, the question of their ori-
gin became a real astrophysical problem only much
later —after 1948, when atomic nuclei were found in cos-
mic rays (although, to be sure, the dominating role of
the proton component had been discovered before that)
and in 1950-51 when the synchrotron nature of a consid-
erable part of the cosmic radioemission was established.
The latter fact made it possible to get information about
the cosmic-ray electron component far from the Earth.
The radio-astronomical method in combination with in-
vestigations of the primary cosmic rays near the Earth

g'ave birth to cosmic-ray astrophysics or, as it is more
often termed, high-energy astrophysics (the latter term
is, however, wider for it includes also x-ray and gam-
ma-ray astronomy, whereas cosmic rays are usually
thought of as only charged cosmic particles of relatively
high energy).
The outstanding achievements and discoveries connect-

ed directly or indirectly with the development of high-
energy astrophysics are weQ known. It is sufficient to
recall that relativistic or subrelativistic particles are
for the most part or sometimes even completely respon-
sible for the emission from radio galaxies, quasars, and
pulsars. Against this bright background the problem of
the origin of cosmic rays observed near the Earth is now
only a particular case of a wider range of questions con-
cerning acceleration, propagation, and various proper-
ties of relativistic particles in the cosmos. In some re-
spects, the investigation of our Galaxy from the Earth
is much more difficult than that of some. other galaxies
(e.g. , when solving the question of the shape and other
characteristics of the radio-halo). On the other hand,
the requirements for the study of cosmic rays in our
Galaxy are quite different from those in other galaxies
and in quasars, where we must be satisfied with infor-
mation about relativistic electrons, and where only addi-
tional, and for the most part, arbitrary hypotheses help
us judge of the main (in all probability) proton-nuclear
component.
In the present paper we shall discuss only the origin

of cosmic rays observed near the Earth, although a num-
ber of the results presented here can of course be ap-
plied in some other cases. We shall not deal with cos-
mic rays of solar origin; and when speaking of the origin
of cosmic rays we mean only those coming into the solar
system from interstellar space and, in general, cosmic
rays trapped in the Galaxy.
For the development of concepts concerning cosmic-

ray origins, the reader is referred to the collection of
original papers edited by Rosen (1969), to the mono-
graphs by Ginzburg and Syrovatskii (1964) and Hayakawa
(1969), and, finally, to the materials of the discussion
held in the Royal Society in 1974 (Rochester and Wolfen-
dale, 1974).
Since the appearance, eleven years ago, of the book by

Ginzburg and Syrovatskii (cited hereafter as GS), very
much and at the same time rather little has been done
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amounts to about 10%%ug of the electron concentration. Fig-
ure 5 presents the data on positrons obtained by different
authors (see Buffington et al. , 1974). The part of the
positron spectrum with energies E& 1 GeV is particular-
ly important for a specification of the model of cosmic-
ray propagation in the Galaxy. Unfortunately the posi-
tron spectrum has not yet been reliably determined in
this region.
In concluding this section we present some data on

cosmic-ray anistropy near the Earth. Reliable informa-
tion on cosmic-ray anisotropy in the Galaxy, using the
earth's measurements, can be obtained only for parti-
cles of energies not lower than 100-1000 GeV, since the
motion of particles of lower energies is greatly distorted
by the magnetic field of the solar system. But even at
E& 100 GeV the anisotropy has not yet been reliably de-
termined, and as a matter of fact only estimates of the
upper anistropy limits are known. Figure 6 presents
the results of different authors on the cosmic-ray anisot-
ropy measurements (Hillas and Ouldrige, 1975). In 1974
some evidence of a strong anisotropy of cosmic rays
with energies E& 2.10" eV was obtained (Krasilnikov et
al. , 1974). These data, if correct, testify in favor of a
galactic origin for even high-energy cosmic rays (Hillas
and Ouldridge, 1975; see, however, Kiraly et aL, 1975).

C. Fundamental equations describing cosmic-ray
propagation in the Galaxy
A high isotropy and a rather large content of secondary

nuclei in cosmic rays indicate an effective "mixing" and
a long wandering of high-energy particles in the Galaxy.
Such a mixing and isotropization can be ascribed to sev-
eral different causes: a stochastic structure of the ga-
lactic magnetic field and its large-scale inhomogeneities
(Fermi, 1949; GS 510); an instability of anisotropic dis-
tributions of relativistic particles in the interstellar
plasma (Ginzburg, 1965; Wentzel, 1974); macro-insta-
bility of the system formed by the relativistic gas of cos-
mic rays, the interstellar magnetic field, the inter-
stellar plasma, and the gravitational field (Parker,
1969); or a strong particle reflection on the Galaxy
boundaries. Unfortunately, complete analysis of all the
known possibilities and a choice of a concrete physical
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If only the first two terms are kept in this equation (the
rest will be deajt with below), we are led to the diffusion
equation

BN~/Bf —div(D; VN;) = 0, (2.9)
where D,.(r, E) is the diffusion coefficient; the equations
are easily extended to the case when D; is a tensor.
We should note here that the applicability of the diffu-

sion approximations (2.8)-(2.9) to cosmic-ray propaga-
tion in the magnetic fields is not at all obvious. For this
approximation to be valid it is not enough that the field
have a strongly pronounced irregular random component
since in this case there also exists a strong tendency for
particle propagation along the lines of force of the mag-
netic field, even if they are rather tangled. But in the

mechanism responsible for cosmic-ray propagation in
the Galaxy have not been worked out. This is mainly
owing to the absence of complete enough information on
the interstellar medium parameters and on the galactic
magnetic field structure. It is natural that various ap-
proximate models are widely used in a situation where
there is no consistent theory which could explain the
character of cosmic-ray propagation proceeding from a
strict picture of charged relativistic particle interaction
with the interstellar plasma. These approximate meth-
ods make it possible to systematize and coordinate
numerous experimental facts, and to explain character-
istic features of the composition, spectrg. , and anisot-
ropy of different cosmic-ray components. Since within
each of the models cosmic-ray propagation has received
in more detailed attention the corroboration of the mod-
els themselves, we shall first formulate a phenomeno-
logical theory of relativistic particle propagation in the
Galaxy (Secs. III and IV) and only after that shall we
discuss in more detail some possible ways to confirm
it (Sec. VI).
Cosmic-ray propagation is most often considered with-

in the diffusion approximation. Moreover (this assump-
tion is in some sense independent), we shall think of
cosmic rays as locally isotropic, which means that an-
isotropy may appear only when account is taken of the
spatial inhomogeneity of particle concentration N&(r, t, E).
The general transport equation for N; in the approxi-

mation under discussion takes the form (for more details
see GS, 514)
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I. INTRODUCTION
In spite of the fact that cosmic rays were discovered

more than half a century ago, the question of their ori-
gin became a real astrophysical problem only much
later —after 1948, when atomic nuclei were found in cos-
mic rays (although, to be sure, the dominating role of
the proton component had been discovered before that)
and in 1950-51 when the synchrotron nature of a consid-
erable part of the cosmic radioemission was established.
The latter fact made it possible to get information about
the cosmic-ray electron component far from the Earth.
The radio-astronomical method in combination with in-
vestigations of the primary cosmic rays near the Earth

g'ave birth to cosmic-ray astrophysics or, as it is more
often termed, high-energy astrophysics (the latter term
is, however, wider for it includes also x-ray and gam-
ma-ray astronomy, whereas cosmic rays are usually
thought of as only charged cosmic particles of relatively
high energy).
The outstanding achievements and discoveries connect-

ed directly or indirectly with the development of high-
energy astrophysics are weQ known. It is sufficient to
recall that relativistic or subrelativistic particles are
for the most part or sometimes even completely respon-
sible for the emission from radio galaxies, quasars, and
pulsars. Against this bright background the problem of
the origin of cosmic rays observed near the Earth is now
only a particular case of a wider range of questions con-
cerning acceleration, propagation, and various proper-
ties of relativistic particles in the cosmos. In some re-
spects, the investigation of our Galaxy from the Earth
is much more difficult than that of some. other galaxies
(e.g. , when solving the question of the shape and other
characteristics of the radio-halo). On the other hand,
the requirements for the study of cosmic rays in our
Galaxy are quite different from those in other galaxies
and in quasars, where we must be satisfied with infor-
mation about relativistic electrons, and where only addi-
tional, and for the most part, arbitrary hypotheses help
us judge of the main (in all probability) proton-nuclear
component.
In the present paper we shall discuss only the origin

of cosmic rays observed near the Earth, although a num-
ber of the results presented here can of course be ap-
plied in some other cases. We shall not deal with cos-
mic rays of solar origin; and when speaking of the origin
of cosmic rays we mean only those coming into the solar
system from interstellar space and, in general, cosmic
rays trapped in the Galaxy.
For the development of concepts concerning cosmic-

ray origins, the reader is referred to the collection of
original papers edited by Rosen (1969), to the mono-
graphs by Ginzburg and Syrovatskii (1964) and Hayakawa
(1969), and, finally, to the materials of the discussion
held in the Royal Society in 1974 (Rochester and Wolfen-
dale, 1974).
Since the appearance, eleven years ago, of the book by

Ginzburg and Syrovatskii (cited hereafter as GS), very
much and at the same time rather little has been done

Reviews of Modern Physics, Vol. 48, No. 2, Part l, April 1976 Copyright 1976 American Physical Society

V. L. Ginzburg and V. S. Ptuskin: On the origin of cosmic rays

amounts to about 10%%ug of the electron concentration. Fig-
ure 5 presents the data on positrons obtained by different
authors (see Buffington et al. , 1974). The part of the
positron spectrum with energies E& 1 GeV is particular-
ly important for a specification of the model of cosmic-
ray propagation in the Galaxy. Unfortunately the posi-
tron spectrum has not yet been reliably determined in
this region.
In concluding this section we present some data on

cosmic-ray anistropy near the Earth. Reliable informa-
tion on cosmic-ray anisotropy in the Galaxy, using the
earth's measurements, can be obtained only for parti-
cles of energies not lower than 100-1000 GeV, since the
motion of particles of lower energies is greatly distorted
by the magnetic field of the solar system. But even at
E& 100 GeV the anisotropy has not yet been reliably de-
termined, and as a matter of fact only estimates of the
upper anistropy limits are known. Figure 6 presents
the results of different authors on the cosmic-ray anisot-
ropy measurements (Hillas and Ouldrige, 1975). In 1974
some evidence of a strong anisotropy of cosmic rays
with energies E& 2.10" eV was obtained (Krasilnikov et
al. , 1974). These data, if correct, testify in favor of a
galactic origin for even high-energy cosmic rays (Hillas
and Ouldridge, 1975; see, however, Kiraly et aL, 1975).

C. Fundamental equations describing cosmic-ray
propagation in the Galaxy
A high isotropy and a rather large content of secondary

nuclei in cosmic rays indicate an effective "mixing" and
a long wandering of high-energy particles in the Galaxy.
Such a mixing and isotropization can be ascribed to sev-
eral different causes: a stochastic structure of the ga-
lactic magnetic field and its large-scale inhomogeneities
(Fermi, 1949; GS 510); an instability of anisotropic dis-
tributions of relativistic particles in the interstellar
plasma (Ginzburg, 1965; Wentzel, 1974); macro-insta-
bility of the system formed by the relativistic gas of cos-
mic rays, the interstellar magnetic field, the inter-
stellar plasma, and the gravitational field (Parker,
1969); or a strong particle reflection on the Galaxy
boundaries. Unfortunately, complete analysis of all the
known possibilities and a choice of a concrete physical
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where D,.(r, E) is the diffusion coefficient; the equations
are easily extended to the case when D; is a tensor.
We should note here that the applicability of the diffu-

sion approximations (2.8)-(2.9) to cosmic-ray propaga-
tion in the magnetic fields is not at all obvious. For this
approximation to be valid it is not enough that the field
have a strongly pronounced irregular random component
since in this case there also exists a strong tendency for
particle propagation along the lines of force of the mag-
netic field, even if they are rather tangled. But in the

mechanism responsible for cosmic-ray propagation in
the Galaxy have not been worked out. This is mainly
owing to the absence of complete enough information on
the interstellar medium parameters and on the galactic
magnetic field structure. It is natural that various ap-
proximate models are widely used in a situation where
there is no consistent theory which could explain the
character of cosmic-ray propagation proceeding from a
strict picture of charged relativistic particle interaction
with the interstellar plasma. These approximate meth-
ods make it possible to systematize and coordinate
numerous experimental facts, and to explain character-
istic features of the composition, spectrg. , and anisot-
ropy of different cosmic-ray components. Since within
each of the models cosmic-ray propagation has received
in more detailed attention the corroboration of the mod-
els themselves, we shall first formulate a phenomeno-
logical theory of relativistic particle propagation in the
Galaxy (Secs. III and IV) and only after that shall we
discuss in more detail some possible ways to confirm
it (Sec. VI).
Cosmic-ray propagation is most often considered with-

in the diffusion approximation. Moreover (this assump-
tion is in some sense independent), we shall think of
cosmic rays as locally isotropic, which means that an-
isotropy may appear only when account is taken of the
spatial inhomogeneity of particle concentration N&(r, t, E).
The general transport equation for N; in the approxi-

mation under discussion takes the form (for more details
see GS, 514)
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amounts to about 10%%ug of the electron concentration. Fig-
ure 5 presents the data on positrons obtained by different
authors (see Buffington et al. , 1974). The part of the
positron spectrum with energies E& 1 GeV is particular-
ly important for a specification of the model of cosmic-
ray propagation in the Galaxy. Unfortunately the posi-
tron spectrum has not yet been reliably determined in
this region.
In concluding this section we present some data on

cosmic-ray anistropy near the Earth. Reliable informa-
tion on cosmic-ray anisotropy in the Galaxy, using the
earth's measurements, can be obtained only for parti-
cles of energies not lower than 100-1000 GeV, since the
motion of particles of lower energies is greatly distorted
by the magnetic field of the solar system. But even at
E& 100 GeV the anisotropy has not yet been reliably de-
termined, and as a matter of fact only estimates of the
upper anistropy limits are known. Figure 6 presents
the results of different authors on the cosmic-ray anisot-
ropy measurements (Hillas and Ouldrige, 1975). In 1974
some evidence of a strong anisotropy of cosmic rays
with energies E& 2.10" eV was obtained (Krasilnikov et
al. , 1974). These data, if correct, testify in favor of a
galactic origin for even high-energy cosmic rays (Hillas
and Ouldridge, 1975; see, however, Kiraly et aL, 1975).

C. Fundamental equations describing cosmic-ray
propagation in the Galaxy
A high isotropy and a rather large content of secondary

nuclei in cosmic rays indicate an effective "mixing" and
a long wandering of high-energy particles in the Galaxy.
Such a mixing and isotropization can be ascribed to sev-
eral different causes: a stochastic structure of the ga-
lactic magnetic field and its large-scale inhomogeneities
(Fermi, 1949; GS 510); an instability of anisotropic dis-
tributions of relativistic particles in the interstellar
plasma (Ginzburg, 1965; Wentzel, 1974); macro-insta-
bility of the system formed by the relativistic gas of cos-
mic rays, the interstellar magnetic field, the inter-
stellar plasma, and the gravitational field (Parker,
1969); or a strong particle reflection on the Galaxy
boundaries. Unfortunately, complete analysis of all the
known possibilities and a choice of a concrete physical

0.6—

BN) 8' —div(D 7N;)+ (b;N;) = Q; P;N;+P&. — (2.8)

If only the first two terms are kept in this equation (the
rest will be deajt with below), we are led to the diffusion
equation

BN~/Bf —div(D; VN;) = 0, (2.9)
where D,.(r, E) is the diffusion coefficient; the equations
are easily extended to the case when D; is a tensor.
We should note here that the applicability of the diffu-

sion approximations (2.8)-(2.9) to cosmic-ray propaga-
tion in the magnetic fields is not at all obvious. For this
approximation to be valid it is not enough that the field
have a strongly pronounced irregular random component
since in this case there also exists a strong tendency for
particle propagation along the lines of force of the mag-
netic field, even if they are rather tangled. But in the

mechanism responsible for cosmic-ray propagation in
the Galaxy have not been worked out. This is mainly
owing to the absence of complete enough information on
the interstellar medium parameters and on the galactic
magnetic field structure. It is natural that various ap-
proximate models are widely used in a situation where
there is no consistent theory which could explain the
character of cosmic-ray propagation proceeding from a
strict picture of charged relativistic particle interaction
with the interstellar plasma. These approximate meth-
ods make it possible to systematize and coordinate
numerous experimental facts, and to explain character-
istic features of the composition, spectrg. , and anisot-
ropy of different cosmic-ray components. Since within
each of the models cosmic-ray propagation has received
in more detailed attention the corroboration of the mod-
els themselves, we shall first formulate a phenomeno-
logical theory of relativistic particle propagation in the
Galaxy (Secs. III and IV) and only after that shall we
discuss in more detail some possible ways to confirm
it (Sec. VI).
Cosmic-ray propagation is most often considered with-

in the diffusion approximation. Moreover (this assump-
tion is in some sense independent), we shall think of
cosmic rays as locally isotropic, which means that an-
isotropy may appear only when account is taken of the
spatial inhomogeneity of particle concentration N&(r, t, E).
The general transport equation for N; in the approxi-

mation under discussion takes the form (for more details
see GS, 514)
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to galactic diffusion models with a halo, and questions of cosmic-ray chemical composition, electron
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halo with a characteristic cosmic-ray age T„—10' years are confirmed by radio data, and at least do not
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I. INTRODUCTION
In spite of the fact that cosmic rays were discovered

more than half a century ago, the question of their ori-
gin became a real astrophysical problem only much
later —after 1948, when atomic nuclei were found in cos-
mic rays (although, to be sure, the dominating role of
the proton component had been discovered before that)
and in 1950-51 when the synchrotron nature of a consid-
erable part of the cosmic radioemission was established.
The latter fact made it possible to get information about
the cosmic-ray electron component far from the Earth.
The radio-astronomical method in combination with in-
vestigations of the primary cosmic rays near the Earth

g'ave birth to cosmic-ray astrophysics or, as it is more
often termed, high-energy astrophysics (the latter term
is, however, wider for it includes also x-ray and gam-
ma-ray astronomy, whereas cosmic rays are usually
thought of as only charged cosmic particles of relatively
high energy).
The outstanding achievements and discoveries connect-

ed directly or indirectly with the development of high-
energy astrophysics are weQ known. It is sufficient to
recall that relativistic or subrelativistic particles are
for the most part or sometimes even completely respon-
sible for the emission from radio galaxies, quasars, and
pulsars. Against this bright background the problem of
the origin of cosmic rays observed near the Earth is now
only a particular case of a wider range of questions con-
cerning acceleration, propagation, and various proper-
ties of relativistic particles in the cosmos. In some re-
spects, the investigation of our Galaxy from the Earth
is much more difficult than that of some. other galaxies
(e.g. , when solving the question of the shape and other
characteristics of the radio-halo). On the other hand,
the requirements for the study of cosmic rays in our
Galaxy are quite different from those in other galaxies
and in quasars, where we must be satisfied with infor-
mation about relativistic electrons, and where only addi-
tional, and for the most part, arbitrary hypotheses help
us judge of the main (in all probability) proton-nuclear
component.
In the present paper we shall discuss only the origin

of cosmic rays observed near the Earth, although a num-
ber of the results presented here can of course be ap-
plied in some other cases. We shall not deal with cos-
mic rays of solar origin; and when speaking of the origin
of cosmic rays we mean only those coming into the solar
system from interstellar space and, in general, cosmic
rays trapped in the Galaxy.
For the development of concepts concerning cosmic-

ray origins, the reader is referred to the collection of
original papers edited by Rosen (1969), to the mono-
graphs by Ginzburg and Syrovatskii (1964) and Hayakawa
(1969), and, finally, to the materials of the discussion
held in the Royal Society in 1974 (Rochester and Wolfen-
dale, 1974).
Since the appearance, eleven years ago, of the book by

Ginzburg and Syrovatskii (cited hereafter as GS), very
much and at the same time rather little has been done
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Galaxy, for example, differential rotation and the mo-
tion of gas clouds and spiral arms cause a constant mix-
ing of the lines of force. At the same time we are usual-
ly interested not only in a picture averaged over rather
large space regions (say, regions of tens and hundreds
of parsecs) but also in a picture which is extended in
time. To estimate average cosmic-ray gradients and
their lifetime T„ in the Galaxy it is in fact sufficient to
know the concentration N, averaged for the time t«T„
-10 -10 yr, which means that the time of averaging
may well be 10' yr.
In view of all these circumstances, the diffusion ap-

proximation seems already more suitable, particularly
when the diffusion coefficient is chosen as a free param-
eter. Of course, this does not at all exclude the possi-
bility of calculating D,. Py means of a more detailed ap-
proximation (e.g. , taking into account particle scattering
by the magnetic field irregularities) and does not exclude
verification of the very assumption of diffusion by com-
paring observations with the results of calculations in
the diffusion approximation —on the basis of equations of
the type (2.8), of the chemical composition, anisotropy,
and other quantities characterizing all cosmic rays or
their different components.
In the diffusion picture the resulting cosmic-ray flux

F, =2m I,(8) cos8sin6d8=D, ~VN,. ~.
0

(2.10)

where the relation I=I,= (v/4m)N„= (c/4m)N„ is used and
ultrarelativistic particles are considered.
Note that it is easy to introduce in Eqs. (2.8)-(2.9) an

additional term that takes into account a convective par-
ticle transport.
Let us now consider the remaining terms in the trans-

fer equation (2.8). The quantity (b,N, )is a pa'.rticle flux
in the "energy space, "where b; is the velocity in the en-
ergy space, i.e., the change of the particle energy per
unit time

Setting I(6)=I,+I, cos8, we obtain for the degree of an-
isotropy the expression

3Z 3D iVN„i (2.11)

tering the system from the sources per unit time in the
vicinity drdE of the "point" r, E is Q, drdE. The term
P,—N, in (2.8) takes into account "catastrophic" process-
es of particle exit from the considered interval drdE,
for example the transformation of nuclei when a nucleus
of the sort i vanishes altogether and transforms itself
into another nucleus. If the inelastic collision cross sec-
tion is v;, the particle velocity is v, and the concentra-
tion of particles, say, of nuclei in the interstellar gas
with which the particles collide is n, then

P. = svo'g . (2.13)
Another example of "catastrophic" losses is bremsstrah-
lung (radiative) losses in electron collisions with other
particles with the emission of a rather hard photon.
The last term in (2.8) takes into account the particle

coming into the interval drdE also as a result of "cata-
strophic" collisions. One may, for example, write down

P, =p fp;(E. ', E)N (r, t E')dE', (2.14)

where P; is the probability of the process changing a par-
ticle of the sort k into a particle of the sort i (including
the case of A=i) from the energy region E' into E.
In the general case the transport equation (2.8) is rath-

er complicated. But in the analysis of the chemical com-
position of relativistic nuclei it may be considerably
simplified. The point is that under nuclear transforma-
tions in the interstellar medium, and when some inelas-
tic collisions (with the production of mesons etc )are.
neglected, the energy per nucleon is conserved. There-
fore it is reasonable to go over from the variable E to
the variable e; in this case P", (E', E) =P",. 5(e —e') and
P, =Q„„P,N„(r, t, e). This expression indicates that nu-
clei of type i may result only from the fragmentation of
heavier nuclei for which the index k is assumed to be
less than i. For relativistic nuclei the energy losses are
mainly due to ionization, are relatively small, and may
be neglected. As a result we are led to the equation
widely used in the analysis of the chemical composition
of cosmic-ray relativistic nuclei:

BN, /Bt —div(D;VN, ) = Q, (r, t) —nco, N, + g nco;„N».

dE/df = b, (E) (2.12) (2.15)
Within the accuracy of the approximation used, the

change in the particle energy described by the term 6;N,
should be smooth and continuous. As to the energy loss-
es, b, & 0. An example of such practically continuous
losses might be ionization or cyclotron-radiation losses.
Both in the case of losses and under particle accelera-
tion, energy fluctuations may take place along with a
regular mean energy change during some time interval.
As a result of such fluctuations the energy distribution
of the particles changes even if the mean particle energy
remains constant. In the presence of energy fluctuations
the term —~(B'/BE' )(d&N, ) twhere d, (E)= (d/dt)(AE)' and(~)' is the mean square of the energy change under
fluctuations] should be added under certain conditions to
the left-hand side of Eq. (2.8).
The term Q, (r, t, E) in (2.8) is the power of the "exter-

nal" particle sources, i.e., the number of particles en-

We use here a relation of the type (2.13) between the
quantities P&, P; and the cross sections o;, o;~, the parti-
cle velocities being set equal to the light velocity c. The
variable e is implicit in Eq. (2.15) and is a parameter.
Let us now consider a concrete application of the

transfer equation (2.8) to electrons. and positrons.
In this case we should note that N, = N, (r, I, E) or sepa-

rately N, (electrons) and N, + (positrons). Simplifica-
tions appear when "catastrophic" energy losses like nu-
clear reactions and bremsstrahlung can be neglected.
Then we have

BN,' —div(D, VN, )+ (b,N, ) = Q, .8 (2.18)

The sources Q, should take into account the appearance
of electrons and/or positrons due not only to their accel-
eration in the sources but also to different decays of un-
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Here we will keep to first principle, approximate, calculations, based on particle 
physics. 

 

We do not offer cosmic ray propagation models, 

but we can formulate basic limits (and sometimes accurate predictions). 



antiprotons 


