
T h e  O rig in  o f C o sm ic  R ay s  — N e w  In te re s t  in  an  O ld  Q u e s tio n

M. Grewing
Institut für Astrophysik und Extraterrestrische Forschung der Universität Bonn

and H. Heintzmann
Institut für Theoretische Physik der Universität Köln
(Z. Naturforsch. 28 a. 369—376 [1973] ; received 19 October 1972)

To Konrad Bleuler on the occasion of his 60th birthday

After briefly reviewing the experimental facts that seem of direct relevance for the question of 
the origin of cosmic rays, and after quickly going through the "classical" theories of cosmic ray- 
origin, we discuss in some detail those theories that have been put forward over the past few years 
since the discovery of pulsars. This discovery brought the first observational evidence for the exis­
tence of super-strong magnetic fields in nature.

Introduction

Ever since the discovery of cosmic rays at the be­
ginning of this century has the question of their ori­
gin been especially intriguing. Today this is even 
more so because of the progress made in cosmic ray 
physics during the past one or two decades. There 
are three main reasons for this new interest:

(i) Space research has opened up new experimen­
tal possibilities by using rockets, satellites, and deep- 
space probes to measure the cosmic ray flux outside 
the earth's atmosphere. A wealth of new experimen­
tal data is coming from these measurements.

(ii) Radio astronomy has proved to be a powerful 
means to detect relativistic particles through their 
non-thermal radiation. This is possible even for the 
most distant objects so far detected in the universe, 
the quasi-stellar objects. This evidence, strictly 
speaking, only proves the existence of relativistic 
electrons (or positrons), which are detected through 
their magneto-bremsstrahlung or inverse Compton 
emission. The first process is the important one in 
the radio range, whereas in the optical and X-ray 
range the second one may be of equal or larger im­
portance.

(iii) As soon as quantitative estimates of energy 
densities became available for cosmic rays in the 
Galaxy as well as in external systems, it was realized 
that cosmic rays are a major constituent of the uni­
verse as far as energy is concerned, despite their
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very small number desities. It indeed turned out 
that the energy density of cosmic rays in the Galaxy, 
the energy density of the total light of the stars, the 
energy density of the interstellar magnetic field, as 
well as the energy density of the thermal gas in the 
Galaxy, all have the same order of magnitude, 
namely ~  1 eV/cm3. This immediately illustrates 
that, in addition to the nuclear processes taking place 
in the interior of stars, that balance the radiative 
losses at the stars' surfaces, there must be a second, 
equally important energy transfer mechanism that 
leads to the generation of large amounts of rela­
tivistic particles.

In the following three subsections we shall in turn 
briefly discuss the observational data as far as they 
appear of direct relevance to the origin of cosmic 
rays, some of the classical" theories of the origin of 
cosmic rays, and then turn to new theories that were 
put forth over the past three years since the disco­
very of pulsars.

Observations

The main properties characterizing the cosmic 
rays are
(i) their total intensity,
(ii) the energy spectra of their various consti­

tuents,
(iii) their chemical composition, including iso­

topic abundance ratios.
A fourth property may be added to this, i. e., their 
isotropy, or rather the upper limits that presently 
exist for the maximum degree of anisotropy for cos­
mic rays of different energies.
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At present all the detailed observational evidence 
rests on earth-bound or near-earth experiments. In 
the future it might be possible, however, to study, 
e. g., the chemical composition of cosmic rays in 
distant sources through gamma-ray spectroscopy. 
The disadvantages of earth-bound or near-earth 
measurements might then be overcome, which are 
due to the fact that neither the total intensity nor the 
individual energy spectra nor the chemical compo­
sition of cosmic rays remain unchanged while the 
particles propagate from the source to the observer. 
One may distinguish three physically different regions 
where these modifications occur, (i) in interstellar 
space through the interaction with the tenuous weakly 
ionized interstellar gas and the interstellar magnetic 
field, (ii) in interplanetary space through the inter­
action with the solar wind, and finally, (iii) as far 
as earth-bound observations are concerned, the 
earth atmosphere is strongly interacting with the in­
coming cosmic rays, thus changing their primary 
properties.

For the question of the origin of the cosmic rays 
it is most important that one is able to reconstruct 
the properties at the source from the properties 
measured at the earth. Over the past few years con­
siderable progress has been made in this field.

We shall ignore here the methods applied to cor­
rect for atmospheric modulations. As far as the inter­
action with the solar wind is concerned which con­
siderably modifies the energy spectra of cosmic 
rays below a few hundred MeV, new calculations 
taking into account adiabatic expansion effects 2 
have considerably improved the earlier models by 
P ark er 3. These calculations clearly demonstrate 
that it will unfortunately not be possible to recover 
the interstellar flux of low energy cosmic rays (E 
< 1 0 0  MeV) which would be particularly interesting 
for some astrophysical applications.

As far as the penetration of cosmic rays through 
interstellar space is concerned, there are the inter­
actions with the interstellar gas particles as well as 
the interaction with the interstellar magnetic fields 
that matter. While the first class of processes is 
most important for cosmic ray nuclei, the second 
process is the dominant loss mechanism for elec­
trons (and positrons). In the interaction with the 
interstellar gas, cosmic ray nuclei lose energy due 
to ionisation losses as well as due to nuclear inter­
actions. In particular this second process can now 
be studied in much greater detail and much more ac­

curately than has been possible a few years ago, 
since a number of new cross-sections have become 
available. Results from solving a Fokker-Planck- 
equation for the propagation of cosmic rays through 
interstellar space, taking into account various inter­
action processes, have been given in an extensive 
review article by Shapiro and Silberberg 4. These 
results, which have largely been confirmed by cal­
culations of other groups, show that the chemical 
composition of cosmic rays at the sources must be 
very similar to the chemical composition found in 
the sun and in other stars as well as in meteorites. 
This puts severe constraints on all models trying to 
explain the origin of cosmic rays. In the last section 
of this paper we shall discuss models for a pulsar 
origin of cosmic rays. Pulsars are taken to be 
rotating magnetic neutron stars. However, as pointed 
out, e. g. by Rosen 5, one would expect that very 
shortly after the formation of a neutron star ( ~  103 
sec) its atmosphere would completely be dominated 
by iron.

It must be stressed though that despite the fact 
that the total flux of oosmic rays is now known up 
to energies of ~  1019 eV (c. f. Fig. 1, adapted from 
M eyer6), and possibly even 4 -1021 eV-partioles 
have been detected 7, all the information concerning 
e. g. the chemical composition of cosmic rays is so 
far restricted to particles with energies E ^  1012 eV. 
These particles are the dominant ones, of course, 
with only a fraction of 10-4 being at higher ener-
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Fig. 1. The energy spectrum of the total cosmic radiation. 
The solid part of the curve was adapted from Meyer 6, the 
dashed part is an extrapolation based on more recent measure­

ments.



gies. For theories of the origin of cosmic rays on 
the other hand, one is particularly interested in the 
high energy tail and it would be most valuable if 
their chemical composition as well as their degree 
of isotropy could be determined. At present this is 
extremely difficult if not impossible because the 
small particle flux requires large detectors and/or 
prohibitively long integration times.

"Classical" Theories on the Origin 
of Cosmic Rays

As 'classical' theories on the origin of cosmic 
rays we shall denote all those that do not make use 
of superstrong electromagnetic fields, the existence 
of which was unknown prior to the discovery of 
pulsars 8. The most extensive discussion of various 
classical theories of the origin of cosmic rays may 
still be found in the book by Ginzburg and Syro- 
vatskii 9, though a number of more recent reviews 
(e. g .10) do exist.

There are two fundamentally different schools of 
thought, one of which assumes the cosmic rays to be 
of galactic origin, whereas the other assumes an 
extragalactic origin of cosmic rays. At present 
there is no conclusive evidence against either of 
these hypotheses. In the future one might hope, 
however, to decide this question experimentally by 
measuring the abundance ratios of some of the 
unstable isotopes with medium and long decay rates.

If the cosmic rays are indeed extragalactic in 
origin there is a serious energy problem. There are 
a number of reasons why the present energy density 
of ~  1 eV/cm3 should represent a stationary state. 
E. g. from measurements in meteorites one knows 
that there was no major change over the past ~  109 
years.. However, to maintain this energy density 
universally despite the expansion of the universe, 
requires a cosmic ray production rate of ~ 5 -1 0 -30 
erg/cm3 sec even if we neglect all other loss mecha­
nisms. It has been suggested that cosmic rays are 
generated in strong non-thermal sources such as 
radiogalaxies and quasars. If this were so, each of 
these sources would have to generate ~  1049 erg/sec 
in the form of relativistic particles n , whereas their 
energy output in the entire electromagnetic spectrum 
is 1047 erg/sec.

There are further difficulties with an extragalactic 
origin of cosmic rays which, however, strictly 
speaking refer only to the electron component. First,

the universal blackbody radiation will severely limit 
the lifetime of relativistic electrons due to inverse 
Compton losses, second, as was first noted by F e lten  
and M orrison 12 the Compton scattering would 
produce an X-ray background that exceeds the ob­
served one.

Here we shall concentrate on the models sug­
gesting a galactic origin of cosmic rays. There are 
again two classes of models which may be called the 
point-source models and statistical models. We shall 
discuss them in turn.

There are a few classes of astronomical objects 
that suggest themselves for point-source models for 
the origin of cosmic rays. First of all there are of 
course the Supernovae, which are known to liberate 
vast amounts of energy, gravitational in origin 
( ^  IO03 erg). Hydrodynamic calculations of a super­
nova collapse by c o lg a te  and his co-workes sug­
gest that a sufficiently large fraction of the original 
mass of the star will indeed be accellerated to re­
lativistic energies (e. g .13) . The results depend cri­
tically on what fraction of the energy originally 
carried away by neutrinos is reabsorbed and then 
carried outward through the star by a shock-wave. 
Quantitative estimates suggest that with a super­
nova rate of one or two per century one could 
indeed balance the energy loss of the cosmic rays 
that is of the order of ~  IO40 erg/sec both for the 
nuclei and the electrons.

Other models suggesting a localized origin of 
cosmic rays consider e. g. novae or some activity 
in the galactic center region. They are extensively 
discussed e. g. in Reference 9. We mention here only 
two more recent models which are due to Havnes 14 
who suggests that low-energy cosmic rays are pro­
duced by magnetic A-stars which have surface 
magnetic fields of 103 Gauss in which interstellar 
particles could be accelerated, and another model 
due to Coswick and Price 15, who suggest that 
white dwarfs, some of which may also possess strong 
surface magnetic fields, could generate cosmic rays. 
This model has recently however been criticized 16 as 
being in conflict with the observations of the magne­
tic fields of white dwarfs and current theories on 
magnetic field decay.

There remains the discussion of statistical acceler­
ation processes. There are two basically different 
forms of electromagnetic acceleration mechanisms 
considered, (i) betatron acceleration in a homo­
geneous magnetic field that increases with time,



and (ii) the acceleration of particles in collisions 
with moving magnetic field inhomogeneitis.

In the betatron process a change in the magnetic 
field causes a change in those velocity components 
of a particle that are orthogonal to the field. Using 
the fact that for slowly varying fields the magnetic 
moment u is an invariant, we find

b m v i = JiB . (1)

This relation shows that an increase of the field B 
will cause an increase in vj_2 and a decrease will 
cause a corresponding energy loss. A net energy 
gain is then achieved by the fact that during the 
time that the particle takes to travel from a region 
of increasing magnetic field into a region where the 
field is decreasing a redistribution of the momen­
tum from yj_ to v\\ occurs due to collisions.

The second statistical mechanism that has first 
been proposed by Fermi 17 considers the energy 
change of particles reflected by moving magnetic 
walls. This change may either be calculated by using 
the energy and momentum conservation in the frame 
of the moving wall or by calculating the work done 
by the induced electric field. The change of energy 
turns out to be

AE= (~ 2 E /c 2) {u-v) (2)

where V is the particle's velocity, E its energy and U 
the velocity of the moving field inhomogeneity. Equa­
tion (2) shows that the energy will increase in head- 
on collisions, and will decrease by the same amount 
in overtaking collisions (always V U ). A net 
energy gain is in this case due to the fact that head- 
on collisions occur statistically more often than 
overtaking collisions. Weighting the energy changes 
by the probability of the corresponding collisions 
one finds

ÄE = C(u2/c2)E  (3)

where £ = 2 for V U and £ «  4/3 for an isotropic 
velocity distribution. To quote numbers let us take 
interstellar clouds to represent the moving magnetic 
field inhomogeneities. The mean distance between 
such clouds in interstellar space is I ^  3 • 1020 cm, 
their mean random velocity | u j äs 106 cm/sec. Tra­
velling with velocity v a partile will hit such a cloud 
onoe in r = l/v. The rate of change of energy is 
then given by

Assuming the particle has an initial energy of 1012 
eV already, we find with the values given above 
dE /d t^ \0~" eV/sec or ~3eV/year. Actually, at 
low energies the gain rate would be smaller than the 
energy loss rate caused by ionisation losses so that 
the process will work only if the particles have a 
sufficiently high energy to start with.

Though the smallness of the net energy change 
per collision may be overcome by the long cosmical 
timescales, there are considerable limitations on the 
maximum obtainable energies irrespective of this. 
These arise from the fact that both in the case of 
the betatron process and in the case of collisions 
with moving magnetic walls the Lamor-radius of the 
particles R^ ^  E/q H, where q is the charge of the 
particles, must remain smaller than the dimensions 
over which the field varies.

Pulsar-Origin of Cosmic Rays

The discovery of pulsed radio sources in 1968 8 
has not only for the first time brought supporting 
evidence for the existence of neutron stars that were 
discussed by theoreticians since the early 1930's, 
but has also at the same time greatly stimulated new 
theories of the origin of cosmic rays.

The observational data, in particular the great 
regularity and the shortness of the pulse repetition 
period which is typically of the order of one second, 
require an underlying clock mechanism which could 
either be the pulsation or rotation of a highly con­
densed object with mass density Q^l 1010gcm-3. 
The only stable macroscopic configurations known 
to exist in this density regime are neutron stars, and 
a number of arguments can be put forward why the 
clock mechanism of pulsars is the rotation of a 
neutron star.

It should be stressed, however, that despite the 
evidence for the existence of neutron stars the de­
tails of how they form are still unclear. This is due 
to the fact that so far no method has been found 
which would allow to extend current stellar evolution 
calculations beyond the hydrogen and helium burn­
ing phases in an entirely selfconsistent manner. It 
was already suspected in the 1930's on energetic 
grouds that neutron stars will form during super­
nova explosions, but only during the past decade 
have hydrodynamic calculations become available 
[e. g. 13] that allow the calculation of some of the 
details of this formation process.



Despite the gap that remains in our ability to 
simulate in stellar evolution calculations the evo­
lutionary path of a star from its initial formation 
to its ending as a neutron star, there can be little 
doubt that during all intermediate steps the electrical 
conductivity of the stellar material will remain suf­
ficiently high to prevent any primeval stellar magne­
tic field from decay, unless there are loss mechanisms 
other than ohmic dissipation. The important conse­
quence of the magnetic flux conservation argument 
is that neutron stars should possess enormous 
magnetic fields since Bf = B, {RjRf)2 1010 (i = 
initial, f = final), where B\ would typically be 
> 1 Gauss.

The pulsar observations indeed seem to prove the 
existence of such strong surface magnetic fields. We 
refer to the fact that approximately 40% of all 
pulsars show a secular increase in their pulse period 
with 4 -10"13 P 10~16, the lower value repre­
senting the present limit of detectability. Such a 
period increase is to be expected for a rotating star 
surrounded by a strong surface magnetic field, the 
axis of which is inclined with respect to the rotation 
axis of the star (angle a)

-dE /d t = (2/3 c3) U li -Q4 (5)

where TUi = 1tl sin a is the orthogonal component 
of the magnetic moment Wl, and Q the angular fre­
quency of the star. This energy loss must he balanc­
ed by a change of the rotational energy of the system

/d £ \ ( '  o A
U ~ dt 1 2 0

I being the moment of inertia of the star.
Equating (5) and (6), inserting the magnetic 

moment m  of a dipole, and introducing P = 2 n/Q 
w7e find

B 2 sin2 a = (6 c3/4 jz2) I (P P) /Rs6. (7)

denotes the surface magnetic field. Neutron star 
calculations show I to be in the range 5 1043

1045 g cm2. From pulsar observations we have 
0.033 <; P ^  3.74 sec, and 4 • 10~13 10~16.
Inserting the actual values, we find (for sin a = 1) :

10u  <: Bs 1013 Gauss.

With the model assumptions stated we can at least 
verify the magnetic field strengths expected on the 
basis of the flux conservation argument. In what

follows we shall assume that such strong surface 
magnetic fields do exist in pulsars and, furthermore, 
that they may be treated in a first approximation as 
simple dipole fields.

It is immediately evident that these strong fields 
open new possibilities for the generation of cosmic 
rays. First, because of the rapid rotation of the star, 
30 times per second in the case of the so-called Crab 
pulsar, the magnetic fields will induce almost equally 
strong electric fields

E = - (1 /c )  ( r x ß )  x B . (8)

With 1010^ | £ | ^ 1 0 12 V/cm in a linear accelera­
tion process, particles could reach cosmic ray ener­
gies since | E j 1 V/cm in intersellar space, pro­
vided, however, that favourable particle trajectories 
exist along which charged particles can traverse the 
corresponding potential difference. This point is not 
clear at present since, as was first pointed out by 
Goldreich and Ju lian  18, the induced electric field 
will cause charged particles to be pulled out of the 
surface of the star, leading to the formation of a 
dense magnetosphere. Though some attempts18,19 
have been made to describe what changes would be 
imposed upon the simple dipole solution for the 
electromagnetic fields by the presence of a magneto- 
sphere, no final self-consistent solution has yet been 
found.

Leaving aside for the moment the still-unsolved 
magnetospheric problems and the possibility of par­
ticle acceleration from the surface of a neutron star, 
there is a second particle acceleration mechanism 
which follows from the "oblique rotator" model for 
pulsars. The rotating magnetic dipole will, if its axis 
is inclined with respect to the rotation axis of the 
star, generate intense low-frequency electromagnetic 
waves. As can be seen by evaluating Eq. (5), these 
carry away an enormous amount of energy, in the 
case of the already-mentioned "Crab pulsar":

dE/dt >  1038 erg/sec.

As was first noted by Gunn and O striker 20' 21 
charged particles will couple very efficiently to these 
low frequency waves, obtaining energies well in ex­
cess of their rest mass energy. All theoretical cal­
culations of this process so far ignore the effects 
close to the surface of the star, i. e. possible mag­
netospheric effects, but assume the electromagnetic 
fields in the wave-zone to be those of a rotating mag-



netic dipole in vacuum22. The first analytical and 
numerical studies20' 21' 23-25 considering only the 
pure wavefield terms of the electromagnetic fields 
already showed that with conditions as given in the 
Crab pulsar, protons and electrons can reach ener­
gies ~  1013 and ~ 1 0 14 eV respectively. These en­
ergies just satisfy the energy requirements for those 
particles that give rise to the continuous X-ray emis­
sion of the Crab nebula.

Since those early calculations cited above, con­
siderable progress has been made in studying the 
particle motion in intense low-frequeny electromag­
netic waves. This acceleration process turned out to 
be even more efficient than has previously been anti­
cipated. In the following we shall report these new 
results.

The interaction between particles and fields is 
characterized by the following dimensionless Lorentz- 
invariants

z0= (e/m c Q) • (E2)1/l, 
h =  {e/m c Q) • (E -B )1/l, 
g=  (e/mcQ) • (E2 — B 2)1/l, (9)
X = (Q lJc )-R

where E is the electric, B the magnetic field strength, 
O the rotation rate of the star, R the radiation- 
reaction rate with R = (e/m c O )2- [ (y E + U x B )2 
— ( E x u ) 2], /0 = 2e2/3 m c2, and U is the space- 
part of the four-velocity. For an oblique rotator22 
with the axis being exactly orthogonal to the rota­
tion axis of the star we find

V  = Uo2/e2) (cos2 0 cos2 0  + sin2 0 ) , 
g2 = (2 /0V )(c o s 2 6 cos2 0  -  sin2 0  (2 sin2 6 -  1)) 
h2= ( f 02/Q4)(Qs+l/Q)cosO (10)

where
fo = QsS(eBs/m cQ )and Q = Q r/c . (11)

The suffix s denotes the parameters at the surface 
of the star.

The earlier calculations cited above [e. g. 25] re­
ferred to g2 = h2 = 0 (purve wave). Also the case 
h2 = 0 has been considered 26, however only in a 
qualitative manner. Here we discuss the general 
case.

The equation of motion for a charged particle 
moving in an intense electromagnetic field may be 
written as

D u /d£=  ( e y + [ u x b ] )  + u x  (12) 

and <ty/df= (e-ll) + y% (13)

where Dll/d£ denotes the covariant derivative of the 
space components of the particle's four-velocity with 
respect to the dimensionless propertime £ = Q r. 
y denotes the energy of the particle in units of its 
rest mass energy, and <? and b are proportional to 
the electric and magnetic fields respectively,

e = (e/m c Q) E and b = (e/m c Q) B ,

where for E and B we shall use the field as given 
by Deutsch 22. The last terms on the right hand 
side in Eqs. (12) and (13) denote the radiation- 
reaction terms.

We first consider Eqs. (12) and (13) without the 
radiation-reaction terms. In this case the differential 
equations can be solved analytically by noting [see 
e. g. Ref. 25] that it completely suffices to consider 
the initial part of the motion during which the elec­
tromagnetic fields do not change appreciably, i. e., 
o r ; ^ ,  0«Ö o, This is due to the fact that
the coupling between the particles and the wave is 
essentially instantaneous. For particles starting at 
rest, i. e. II (0) = 0  we then find
(a2+ ß 2) y = ( x 02 + ß2) cosh (a I)

+ (a2 —a:02) cos (/?£), (14)

(a2 + ß2) U= [cosh (a I) -c o s  (/?£)] e x b
+ [a s in h (a |)  + ß s in (ß £ )] e  (15) 
+ [ß sinh (a £) - a s m ( ß i )  ] b

where a2 = 0.5 (g4 + 4 h4)1/1 + 0.5 g2 ,
ß2 = 0.5 (g4 + 4 h4)1,1 — 0.5 g2 . (16)

It should be noted that this solution does not hold 
for the singular case of a particle moving exactly 
in the equatorial plane (0 = ji/2), or more generally 
the case h2 = 0, g2 <  0. In this case which Ave have 
also treated, the acceleration takes place over a dis­
tance which is very large.

The analytic solution shows that irrespective of 
the initial conditions, the particles are accelerated 
extremely efficiently. They obtain an energy m0 c2 y 
with^ÄO Aq^o. Qq . This result has fully been re­
produced by numerically integrating Eqs. (12) and 
(13). Indeed we find that the final energy of a par­
ticle can be fitted to

7finai = a £>0 const (17)
the constant being equal to unity within several deci­
mal places. However, in the singular case G=cr/2, 
g2< 0  which was mentioned before, we find 7 = 
2.5 f01,:. For comparison we should note that in the



case of a pure wave (g2 = hr = 0) the results were 
y = (4.5/02)1/3 for particles starting on top of the 
wave21, and y = (40/02 £>o3) ' 5 particles starting 
at zero amplitude23. The above results thus show 
that the inclusion of the near-field components makes 
the CCFA-mechanisms25 even more efficient than 
has been considered in the past. This statement re­
mains true even if we include the radiation-reaction 
terms in the equation of motion. This will be con­
sidered next.

So far we did not succeed in solving the full set 
of differential Eqs. (12) and (13) with the inclusion 
of the radiation-reaction terms analytically. We did 
succeed however in solving this set of simultaneous 
differential equations numerically for a variety of 
initial conditions. Some of the results are shown in 
Figs. 2 — 5, which all refer to particle motion in the 
radiation field of a rotating magnetic dipole that is 
at ninety degrees with respect to the rotation axis 
of the star.

In Fig. 2 we have chosen a "standard set" of 
initial conditions with /0 = (e Bs/m c Q) os3 = 1015, and 
a particle starting at rest uQ (0) = uq (0) = uv (0) = 0, 
7(0) = 1 at £ = £0= 100. The polar angle at injec­
tion was chosen to be 0(0) =stj4. Curves labelled 
(a), (b), (c) show how y, uq , and uv vary as the 
particle is accelerated away from the star in essen­
tially radial direction. It should be noted that the 
initial part of the motion where Q^Qq is not shown 
here. For comparison we also have included curves

Fig. 2. The variation of y, u a , and Uq, (curves a, b, c respec­
tively) as a function of log(o/o0 — 1) for a particle moving 
in a radiation field characterized by /0=1015. Other initial 
conditions are given in the text. Curves (a')> (b'), (c') show 
the variation of the same quantities neglecting radiation-reac­

tion.

(a'), (b'), (c') which show the variation of the same 
quantities in the absence of radiation-reaction. With­
out discussing the differences in detail, it is interest­
ing to note that the influence of radaition-reaction 
is minor. Considering in particular the final energy 
the particle will reach, we see that radiation-reaction 
causes a reduction in y from 6.1-IO12 to 2.2-IO12 
for the initial conditions chosen above. The particle 
would thus still reach an energy in excess of 1021 eV.

In Fig. 3 we have plotted the variation of the 
maximum obtainable energy 7max for particles in­
jected at different radii Q0 . The numerical calcula­
tions were actually carried to smaller values of o0 
than shown in the graph, but no significant change 
was found in ymax .

Fig. 3. The final energy a particle readies, 7max > is plotted 
as function of log , measuring the injection distance from 
the star. All other initial conditions are the same as for 

Fig. 2.

In Fig. 4 the same set of initial conditions was 
chosen as for Fig. 2 except that the polar angle at 
injection 0(0) was varied through ninety degrees.

log y,
Fig. 4. Dependence of the maximum obtainable energy for 
the initial conditions chosen (see text) as function of the polar 
angle at injection 0(0). Curves (a), (b), (c) refer to o0 = 102, 

103, 104 respectively.



The three curves refer to o0 = 102, 103, and 104 re­
spectively, again showing that particle injection 
closer to the star is more favourable. The variation 
of /max with 0(0) is particularly interesting for the 
radiational aspects of this acceleration mechanism 
which we will, however, not discuss here.

In Fig. 5 we have plotted the variation of }'max as 
function of /0 both for particle motion with (curve

12

10
12 13 % 15 

log f0
Fig. 5. The final energy that particles reach in a radiation field 
characterized by /0 is plotted as function of /„ . Curve a refers 
to the case without radiation-reaction, curve b includes the 
radiation-reaction effects. The initial conditions chosen were 

£>0 = 100, 0(0) =.t/4, (f (0) =0, «(0) =0.

b) and without (curve a) radiation-reaction. The 
two curves clearly show that radiation-reaction ef­
fects become important only for very large values 
of /0 . The energy reduction due to radiation-reaction 
is however never so severe as to exclude energies 
well in excess of 1021 eV.

In summarizing, two major conclusions can be 
drawn from the above results:

1. The radiation-reaction terms in Eqs. (12) and 
(13) change the details of the particle motion con­
siderably, the final energy a particle can reach is af­
fected however only mildly. The reduction factors 
vary between 1 and 10 depending on the actual set 
of initial conditions.

2. Under favorable initial conditions even /0 = 
10la, which for a neutron star spinning at a rate of 
104 would correspond to Bs« 1 0 16 Gauss, leads to a 
maximum energy of >  1021 eV for protons. This re­
sult must be compared with the previous results 20 
where /0 ^  1019 was required to obtain such ener- 
gies.
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