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events are x and 0 s respectively, ls
lV

pg)= Q p{n,x)p(ti-n, rg).

p(4, a) is the Poisson probability distribution for k
events when the expected number is a. The confidence
limit for the expected number xo of true events is ob-
tained by integrating Pg) over x from x=0 to x&. The

results quoted are for X=6 and F =G.
J. Birchall, to be published.
D. Drechsel and L. C. Maximon, Ann. Phys. (New

York) 49, 403 (1968).
The results are quoted as upper limits for obvious

reasons. However, the value obtained from Fig. 1 is
O.S5 pb/sr, using the parabolic correction for uonco-
planarlty.
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If the electromagnetic wave theory of pulsars is correct, then particle acceleration
occurs within the nebulous debris of the supernova explosion. Model calculations show
that each event produces about 10 erg in ionic cosmic rays. Particle energies range
fxom 10 to 10' eV (with spectral index -2 before corrections for losses), and the chem-
ical composition is mostly that of matter processed through several stages of nuclear
burning. Both the electronic and the ionic components of the galactic cosmic rays can be
maintained by particles accelerated in supernova remnants.

We know cosmic rays are produced in super-
nova remnants. The relativistic electrons are
seen directly, emitting their characteristic syn-
chrotron radiation, The better observed nebulae
typically contain about 10" erg in electrons hav-
ing energies of 10' to 10"eV. The pool of galac-
tic cosmic-ray electrons can be maintained by
the electronic content of dissolving supernova
remnants (see below). Furthermore, one can
show' that both the very high- and the relatively
low-energy electrons must have been created
somewhere within the nebulae; they cannot be
survivors of the original explosion.

There is no direct evidence for relativistic ions
in supernova remnants, but the indirect argu-
ments are strong. First, whatever process ac-
celerates electrons is likely to accelerate the
associated ions. Second, supernova explosions
can provide the requisite energy (see below).
Finally, and most significantly, both the chemi-
cal abundances found in galactic cosmic rays,
and the abundRnces inferred at the source, are
considerably different from that seen elsewhere.
Relative to the solar system, cosmic rays are
progressively richer with larger atomic number;
the C-N-0 group of primaries at the source is
overabundant by 10' and the iron group by 10'

relative to hydrogen and helium. ' It is not easy
to see how material originally on ordinary stars
or in interstellar space could be simultaneously
accelerated and sorted into the observed cosmic-
ray abundance distribution. Supernova remnants,
however, are thought to contain much gas which
has been processed in the stellar interior to
higher A, Z; the filaments in the Crab nebula are
known, for example, to have a ratio of helium to
hydrogen higher than that found in galactic nebu. -
lae. '

The idea that supernovea contribute significant-
ly to the cosmi. c-ray backgound is, of course,
not new. " However, a new element was added
with the discovery of pulsars, and the initla, l
steps taken towards understanding them. It now
appears that many supernovae leave, as stellar
remnants, rotating magnetic neutron stars cap-
able of emitting electromagnetic energye' and
very high-energy pRrticles. ' " Two of the out-
standing problems in this subject —the origin of
the electromagnetic field and that of the very
high-energy short-lived particles in the Crab
nebula —have been plausibly solved by electro-
magnetic theories. ' " According to these the-
ories, between 10' and 10"'erg is available
per supernova event in the form of rotRtional
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energy. Much of this energy is channeled via
strong electromagnetic fields into relativistic
particle motion, the maximum energies attain-
able being 10"-10"eV, depending on details of
the adopted theory.

These mechanisms cannot produce the moder-
ately relativistic particles which comprise the
bulk of the cosmic rays. In our earlier work'~
we considered single particles injected by an un-
specified process from the neutron star into the
very strong electromagnetic-wave field thought to
surround the pulsar and found that, if the pulsar
effective surface field is about 10"6, particle
energies less than 10 GeV can only be reached
when the period has increased to about 10"sec
and little rotational energy remains to be dis-
posed of. The other suggested mechanisms are
similarly limited. Furthermore, the composition
of material removed from the surface of neutron

stars, while entirely conjectural, is most unlike-
ly to have the observed cosmic-ray abundances.

However, there is another region where ac-
celeration can occur. The wave energy is prob-
ably not exhaused in accelerating particles from
the vicinity of the neutron star. " When these
strong waves reach matter at the nebular fila-
ments, they can still accelerate particles to
relativistic energies. We have described else-
where" the motion of charged particles injected
into wave fields starting from various initial
conditions; here we apply that work to the prob-
lem of cosmic-ray origin in supernova remnants.

Consider a pulsar with effective surface field
I3, rotating with angular velocity Q. In the sur-
rounding magnetic dipole wave we characterize
the rms electric field amplitude F.= B by the pa-
rameter v=—eB/mcO. Then, at a distance r from
the pulsar,

v = v, (A/r)(1 —sin'8 sin'X)'~',e, , 4.15X10 ' ~ (electrons)
,2 VL

mc ' ' 2.26 x10 " (protons)

Here (Bg is defined by m~ =—(B,)r,', where m, is the component of the magnetic dipole perpendicular
to Q; r, is the stellar radius; e and m, are the charge and mass of the particle, respectively; 0, is
the polar angle at the point of particle injection, y= Qt -r/X, is the phase of the wave at injection; and
L is the magnetic dipole luminosity of the pulsar in ergs per second.

I et a particle injected at rest at r reach the relativistic energy y after accelerating to a radius r
+ br. There are two limiting cases: (1) If r/X s v, '~', then the particle is "phase locked" and the en-
ergy at r+Ar is

y=y, =-(2vo)~ (1 —sin 8 sin y)' '[br/(t'+br)]' ', r/). &vo' '.

For particles starting near the neutron star, ' Eq. (3) applies. For case (2), r/X & v, ' ', b, y is large
even for small Lr/r, and y is"

(3)

y=y, =--, v, '(X /x )1+-,cos'8 —sin'8 cos'y), b~/X & v, 'X /t, x/A. & v, '~'. (4)

If br/X & v, 'X'/r', case (1), y„applies. The expressions for y, and y, overlap at x/X = 6' 'v, ' '/2 so,
with neglect of the weak phase dependence, for large 4r,

y = min[(-', v,)'~', 3v, 'X'/4r'] if ay/r & min [v,'g'/t', 1]. (5)

Equation (5) involves two approximations:
(a) Radiative reactions have been neglected,
which is valid for particles starting from rest
since E=B, and the radiative reaction is reduced
to a negligible value. (b) If x/X & v, '~', the near
field should be included and EW B; if one neglects
radiative reactions, one finds that y lies in the
range (r/X)' &y & vX/v, depending on the injection
phase. For r/), & v, '~', the case considered in
this paper, Eq. (5) is valid.

We now calculate the spectra from a single
event. Previous treatments have assumed inj ec-

i tion to be from the pulsar magnetosphere, and
the energy of the accelerated particles was al-
ways found to be very large. Now consider par-
ticles injected at r»A. , the source of injection
being the expanding cloud of debris from the
supernova comprising the observed nebular fila-
ments and interfilamentary gas. The motion of
this remnant is initially given by the supernova
explosion itself and subsequently controlled by
the pressure of the pulsar radiation. ' It sweeps
interstellar matter and magnetic field away,
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forming a cavity filled with radiation, accelerat-
ed particles, and perhaps filamentary debris;
the radius R of the nebular remnant as a function
of time is determined by direct integration.
This function B(t) then represents the injection
position r of Egs. (3)-(5). This fixes y(t) as a
function of inj ection time. Note that acceleration
of the two types of particles is different since
the mass enters in the expression for v. At any
time t, an equal number of protons and electrons
&(t)dt are injected and undergo acceleration [cf.
Eq. (5)] by the strong waves that fill the cavity
Propagation is assured according to the criterion
derived by Max and Perkins" if n, (r) &10"R '~',

a limit easily satisfied when the material is pre-
dominantly in filaments. We further assume that
a large fraction of the pulsar luminosity is con-
verted into relativistic particle motions. Thus
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where e and i refer to electrons and protons,
respectively Fr.om OE(t) and y(t) we derive the
creation spectrum N(y),

(7)
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We have evaluated the cosmic-ray spectra in
this approximation for the case of pulsars with
initial rotations Q, =10", 10", and 10' sec ',
(B,) =2.6x 10"G; and initial energy in the cavity
of 10"erg. Figure 1 displays e -=y(t)mc', Q(t),
and jj!(t) and the derived spectra for 0, = 10". The
initial portion corresponds to the phase-locked
case y=y, . Since v, is greater for electrons,
the phase-locked condition lasts longer for them
than for protons. The proton spectrum is deter-
mined as follows. For a very short interval (f
@ 10", t in seconds always), protons injected in
the nebula are phase locked (y =y, ), and receive
about the same energy, 10"'-10"'eV in these
integrations, as they acquired when injected from
the pulsar magnetosphere and described earlier. '
Qnly during this period do protons receive more
energy than electrons. Then, for the interval
10 ' &t &10, the electrons remain phase locked
and so are produced at a roughly constant rate.
Now g ~ g

' to t, so y goes as t ' to t ' and
the spectral index is ——,

' to --', . Accelerated
protons receive energies in the range 10"' to
10'~ eV during this phase. For the interval
10"~g~ 10", electrons receive energy y=y2.
Since the pulsar luminosity remains high, R
~ t' ' and, for both species, y ~R ' ~ E '. The
spectral index approaches ——,

' during this inter-
val which covers the time when most of the neu-

LOG t (sec)
10

FIG. 1. Evolution of supernova remnants, lower
four curves. Left-hand and lower scales give loge, (t),
log&&(t) (E in eV), logB(t) —6, and logQ(t) —6 as func-
tions of logt; cgs units. Resultant spectra, upper two
curves using right-hand and lower scales; Ndp is the
number of particles created in interval dy.

tron star's rotational kinetic energy is drained;
protons are accelerated to energies of approxi-
mately 10"to 10"'eV. After t 10", the
pulsar kinetic energy has been reduced to about
10"' erg, and cosmic-ray production in the
nebula is becoming less important.

The total number of relativistic ions emitted
during the event is of order 10" "with a total
energy of 10" ' erg, depending on initial con-
ditions.

We now sum over supernova events. The cal-
culations of injection spectra given above are
irrelevant for the electrons which suffer severe
synchroton losses. Instead we note that the ob-
served energy in electrons (e & 10' eV) is about
10" erg for nebulae of age about 10"sec. ' The
spectral index of the observed radio synchrotron
emission is typically about 0.7, corresponding
to a particle spectral index of 2.4. The rate of
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disruption of such nebulae is the same as the
birth rate of pulsars, "Q=-5x10" parsec ' yr ',
giving an energy release rate of 10 "' erg cm ',
where the effective thickness of the layer contain-
ing supernova remnants has been taken to be W
= 200 parsec. We can compare this with the in-
put needed to maintain the electronic component
of the cosmic rays. The average galactic density
in relativistic electrons determined from the
background synchrotron emission (field B,,= 10 "
6 assumed) has a spectral index of 2.6 and an
energy density' (e &10' eV) of 10 "' erg cm '.
Estimating the average electron lifetime at 10"
sec, we see that an injection rate of 10 "' erg
cm ' sec ' is required —in excellent agreement
with the amount of energy released by supernova
remnants.

We now calculate the energy density of ionic
cosmic rays. I et the cosmic-ray energy released
into the interstellar medium be E» &&10" erg/
event. The energy input rate is then 10 "'QESO/
W or 10 ""'E„ergcm ' sec '. But the observed
local density of 10 " erg cm ' in relativistic
particles havi. ng an estimated lifetime of about
10"'sec requires an input of 10 "' erg cm '
sec '. Thus the pool of galactic cosmic rays can
be maintained if E„=0.5, which is within the
range of values calculated in this paper.

Under the assumption that any galaxy is a typ-
ical producer of cosmic rays, one can perform
calculations giving the total production in the
metagalaxy. Production was doubtless higher in
the past; we assume an evolution proportional to
(1+z)' to an initial epoch of z —2.3. These num-
bers are indicated if quasars are indeed con-
nected with "supernova-rich" phases in galaxies,
but probably represent a crude approach to the
truth in any case. The result is that the total
average density at the present epoch is u = 10 "'
&E» erg cm ' so that only if E»-10"will the
universe be filled with cosmic rays at the density
observed in the galaxy. This seems unlikely, but
it is probably that some small fraction of the
observed cosmic rays are metagalactic in origin
and thus very old.

Several corrections to the zeroth-order solu-
tion to the problem given above must be men-
tioned: plasma effects, adiabatic decompres-
sion, synchrotron or nonlinear inverse Compton
radiation, ' and spallation losses. Except fox-

synchrotron losses, which do significantly de-
grade the electrons, none of these effects (to be
discussed in detail in a subsequent publication)
alter our general conclusions.

In summary, we find that rotating neutron
stars can produce the bulk of the galactic cosmic
rays if we accept the electromagnetic theory of
pulsars. Specifically, the simple integrations
presented here show that particles accelerated
within the supernova remnants have approximate-
ly the required total energy, energy distribution,
a d hem cal o pos. to .
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