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CURRENT PROBLEMS IN RESEARCH 

Supernovae: 
Cosmic-Ray Sourc 

Nonthermal radio emission and polari2 
light illuminate an old proble 

Maurice M. Shal 

Where and how do cosmic rays 
originate? As yet, no one really knows, 
but reasonable hypotheses have been 
put forward, and this article focuses 
attention on supernovae as an impor- 
tant set of likely sources. 

Since the discovery, about half a 
century ago, of the cosmic radiation, 
its manifestations on earth have been 
extensively explored and considerably 
elucidated. Within the atmosphere, the 
radiation comprises an almost bewil- 
dering melange of atomic nuclei, elec- 
trons, positrons, energetic photons, and 
all of the other known "elementary" 
particles. Most of the latter were, in 
fact, first discovered in the cosmic 
radiation-for example, the penetrat- 
ing muons (1, 2), the principal com- 
ponent at sea level. These radioactive 
particles arise mainly as the progeny 
of unstable pi mesons; the pions, in 
turn, are generated in violent nuclear 
collisions at higher altitudes. 

Also spawned in these strong inter- 
actions are "strange particles"-the K- 
mesons and hyperons (2). Just a 
decade ago, the only source of these 
intriguing, short-lived particles was the 
cosmic radiation. In the ensuing years 
man-made "cosmic rays" have become 
available-at least up to energies of 
some tens of billions of electron volts 

(see appendix)-and 
tors are spewing forth 
and well-directed beam 
and even anti-protons. 
task of probing the na 
actions of mesons, nucl 
antiparticles is mainly 1 

laboratory high-energy 
though at the higher f 
yet unattainable with m 
rays are still a necessai 

Our concern in the pr 
is not with the rich ass 
ondary particles terresti 
whether by nature or b 
are, rather, concerned w 
cosmic rays per se, frc 
incident upon the eart 
rections. They consist, 
know, of protons, helii 
still heavier nuclei, po 
energies E comparable 
ing their rest masses. 1 
cordingly, with speeds 
light, c. 

It has long been k 
total energy arriving a 
cosmic rays is quite 
reaching us as starligh 
eluded). This correspon 
density in space of 
The comparison with 
means implies that the r 
strengths required for tl 
radiation are comparat 
to the copious loss of 

galaxy that results from the recti- 
linear propagation and easy escape of 
photons, the cosmic-ray ions are, as 
we shall see, trapped and stored by 
the magnetic fields of interstellar space. aS Thus, a much lower rate of energy 
production than that required for star- 

es light suffices to yield the observed 
energy density. Nevertheless, if a cos- 
mic-ray energy density of similar mag- 

zed nitude characterizes all or much of the 
galactic space, then it follows that a 

m . formidable store of energy is concen- 
trated in a relatively modest amount 
of matter. How this remarkable con- 
centration of energy into relativistic 
particles comes about is one of the 
central problems confronting any 
theory of cosmic-ray origin. 

giant accelera- It will be useful, before describing 
fairly intense the supernova theory, to review cer- 

is of K-mesons tain salient features of the cosmic 
So, today, the radiation and of the galaxy, and also 
ture and inter- to recall some of Fermi's ideas on the 
leons, and their statistical acceleration of ions by "col- 
the province of lisions" with moving clouds of plasma. 

physics (3), 
)article energies 
achines, cosmic Primary Cosmic Rays 
ry tool. 
?esent discussion A theory of the genesis of cosmic 
ortment of sec- rays must take account of their distri- 
rially produced, bution in energy, their composition, 
)y machine. We their distribution in direction of ar- 
vith the primary rival, and their time variations (or 
)m outer space constancy). These features will be 
h from all di- briefly outlined, in turn. 

insofar as we The particle energies of the primary 
um nuclei, and nuclei, characteristically a few billion 
ssessing kinetic electron volts per nucleon, extend all 

to or exceed- the way up to about 10" ev or higher. 
Fhey travel, ac- Cosmic rays approaching the earth 
close to that of are sorted out by its magnetic field so 

that only the more energetic ones reach 
nown that the the geomagnetic equator, while pro- 
it the earth in gressively larger numbers arrive at 
similar to that higher latitudes. The latitude-sensitive 
t (sunlight ex- range of energies extends up to about 
ds to an energy 60 Bev for protons, though the thresh- 
> 0.75 ev/cm3. old for vertically incident protons at 
starlight by no the equator is about 15 Bev. For a 
espective source given latitude and a given direction 
he two types of of incidence, particles having a certain 
,le. In contrast minimum rigidity (see appendix) can 
light from the arrive at the top of the atmosphere. 
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Table I. Relative abundances of the atoms at thermal energies and cosmic-ray energies 

Cosmic-ray abundance 
"General" 

Element abundance * 
(%) 

At comparable 
energies per 
nucleon (%) 

At comparable 
magnetic 

rigidities t 

Absol. 
flux in 
peters t 

(J) 

Hydrogen 86.6 ,94 86 600 -? 30 

Helium 13.3 5.5 13 89 -? 3 

Elements 0.14 0.6 , 1.4 10.1 + 0.4 
with Z ?> 3 

*" According to. Cameron's revision of the table of abundances by Suess and Urey 
ing 4.5 Bv, at geomagnetic latitude 41?N (Texas). $ Peters particles per 
second per steradian. 

These "cutoff rigidities" can be trans- 
lated into threshold energies per nu- 
cleon appropriate to the various in- 

coming nuclei. Intensities observed in 

high-altitude balloon flights are plotted 
as a function of cutoff energy, and an 

integral energy distribution is thus 
deduced for each component. 

In addition to data from the latitude 
effect, we have data from more direct 

energy determinations made over a 
wider energy range by other methods. 
For example, measurements of mul- 

tiple coulomb scattering have been car- 
ried out along the tracks of helium and 
heavier nuclei in thick photographic 
emulsions (4). Above 10' ev per nu- 
cleon, relative scattering of closely 
collimated tracks and angular distribu- 
tions of the break-up products of 

heavy nuclei have proved useful. At 
still higher energies, measurements 
have been made on "jets"-nuclear 
interactions due to primaries of energy 
greater than or approximately equal to 
10'I ev per nucleon-that generate pro- 
lific cascades of electrons and photons 
in the dense material of large emulsion 
stacks (5). Beyond 10" to 10" ev, in- 
formation on energy spectra has come 

(I-). t Exce 
square meter 

mainly from underground observatiP 
and studies of extensive air show 
(6). 

The following remarkable rest 
have emerged: Over a wide range 
energies W greater than 2.5 Bev 
nucleon, all the primary groups (hyd 
gen, helium, and heavier nuclei) hf 
integral energy spectra conforming 
the inverse power law 

J>w = K_ W- :Lt' 

where J>;v is the intensity of partic 
whose total energy per nucleon (inc 
sive of rest mass) exceeds W. I 
coefficient Kg has one value for-prot 
and another for each group of cc 
plex nuclei, while the exponent - 

remains the same within an exp 
mental uncertainty of about 10 1 
cent, at least up to 10' ev, and qi 
possibly up to 10'" ev. There are 
dications that at higher energies 
integral spectrum may fall off m 

rapidly, with an exponent of -2.1 
-2.3. Actually, the spectrum is 

very well known above 10t' ev. 
Our knowledge of the lower end 

the cosmic-ray spectra is rather fi 

mentary, particularly at energies 

Table 2. Abundances of the "heavier" elements relative to 10 hydrogen atomls. 

General Cosmic-ray Cosmic-ray /thermal 
~Element abundance * abundance t ratio 

Hfydrogen 105 10" 1 

L-group t 
(Li, Be, B) 5 X 10-* 110 2 X 10- 

M-group 
(C, N, O,F) 150 400 

H-group 
(Z 10) 15 150 10 

VH 
(Z 20) ? 0.7 40 60 

Cameron's revision of the Suess and Urey data is employed here for the general (that is, "themr 
abundances (11). t The cosmic-ray abundances all refer to the same energy threshold (ki 
energy E > 1.5 Bev per nucleon). $ See 14. ? The very heavy (VH) component is a subs 
of the heavy (H) component. 
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low 10 ev. We do know that at 
energies of several hundred million 
electron volts per nucleon (Mev/n) the 
energy spectra of both protons and 
heavier nuclei deviate sharply from a 
simple power law and, at times, show 
well-defined maxima. It should be 
noted that the lower-energy cosmic 
rays are the ones most readily modu- 
lated and generated by solar activity. 
Although much was learned about 

ped these solar effects during the recent 
International Geophysical Year, in- 
vestigations of these phenomena are 
still in their infancy. Thus we are 

ons ignorant of the answers to such ques- 
,ers tions as these: Is there a fairly sharp 

lower limit to the spectrum of cosmic- 
ults ray energies, and especially to those 
of of nonsolar origin? If so, is this cutoff 

per a rigidity cutoff or is it a velocity cut- 
tro- off (that is, one that corresponds to 
ave the same energy per nucleon for all 

to primaries)? What is the shape of the 
spectrum at the very lowest energies? 
What are the energy flux and energy 

(1) density in galactic space of these lower- 
cles energy particles? The advent of space 
clu- probes makes it likely that we shall 
The learn sonme of the answers in the not- 
ons distant future. 
nm- Evidence for primary energies up 
1.5 to 5 X l10 ev has been gathered in the 
eri- extensive air shower experiments at 

per- Volcano Ranch, New Mexico (7). A 
uite 2-square-kilometer array of detectors 
in- has been operated there by Rossi's 
the M.I.T. group, and more recently, an 

lore 8-square-kilometer array. Among many 
to showers having energies greater than 

not 1017 ev, six had energies exceeding 
3 X 1 0" ev. Of these, three showers 

Iof were produced by primaries above 10" 

rag- ev in energy. These extraordinary 
be- events are of great interest in connec- 

tion with hypotheses of extragalactic 
origin. 

Next, let us examine the chemical 

composition of the primary radiation 
(8, 9), as summarized in Table 1. It 
consists predominantly of hydrogen, as 
does the "thermal" matter of the uni- 

verse, with helium less abundant by an 
order of magnitude. In Table 1, col- 
umn 5, the absolute intensities of all 

particles with rigidity R,1 greater than 
4.5 Bv are given in "peters"-par- 
ticles per square meter per second per 
steradian (srad). In column 4 these 

figures are given as percentages of the 

na;") total particle intensity. Particularly for 
inctic helium and more complex nuclei, these 
group data are the best set available for a 
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single rigidity cutoff. They derive from 
determinations made in many balloon 
flights in Texas, at a geomagnetic lati- 
tude of about 41 ?N (10). 

Table 1, column 3, gives the rela- 
tive cosmic-ray abundances at kinetic 
energies greater than 1.5 Bev per nu- 
cleon, from flux data from two mag- 
netic latitudes, about 41?N for the 
complex nuclei and about 51 N for 
protons. Since the rigidity depends on 
the ratio of momentum to charge, a 
given threshold of rigidity corresponds 
to a higher energy per nucleon for 
protons than for alpha particles or 
nuclei with Z > 3. Thus, when one 
measures the abundances of the ele- 
ments in the cosmic radiation at a 
single latitude (rigidity cutoff), the 
relative proportions of hydrogen and 
more complex nuclei are not the same 
as those at a single threshold of energy 
per nucleon. The latter comparison has 
been arbitrarily- made in Table 2. It 
can be argued, since the acceleration 
and motion of cosmic rays are largely 
governed by magnetic fields, that an 
appropriate comparison would be with 
cosmic rays having the same rigidity 
cutoff. Actually, the qualitative con- 
clusions to be drawn here would not 
be altered if the latter set of relative 
abundances were selected instead. 

The cosmic-ray abundances can be 
compared with the "general" abun- 
dances of the atoms at thermal energies 
(Table 1, col. 2) based, for example, 
on stellar spectra, meteoritic analyses, 
and terrestrial surveys (11). The most 
striking feature of Table 1 is that the 
cosmic-ray nuclei heavier than helium 
appear to be at least 4 times as abun- 
dant (by comparison with hydrogen) 
as the corresponding atoms at thermal 
energies. This difference is shown more 
clearly in Table 2, where the abun- 
dances of the several components of 
the "heavier" elements have been nor- 
malized to 10' hydrogen atoms. Among 
cosmic-ray physicists it has been cus- 
tomary to lump the elements starting 
with lithium into a light (L) group, a 
medium (M) group, and a heavy 
(H) group. The respective constituents 
of these groups are shown in Table 2, 
column 1. Sometimes the elements 
from calcium on are listed separately 
under the designation "very heavy" 
(VH); these comprise a subgroup of 
the H component (12). Photomicro- 
graphs of the tracks of heavy cosmic- 
ray nuclei in nuclear emulsion are 
shown in Fig. 1. 
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Table 2, column 4, gives the ratios 
of relative cosmic-ray abundance to 
relative general abundance for each 
component. The most startling ratio is 
that for the light elements-lithium, 
beryllium, and boron. Their general 
abundance at thermal energies seems to 
be almost negligible, apparently be- 
cause they are very rapidly "burned" 
in thermonuclear reactions. For a de- 
cade there has been a lively contro- 
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versy as to whether the primary cos- 
mic radiation contains a significant 
fraction of these light nuclei. Many 
conflicting results were reported, ow- 
ing partly to uncertainties of charge 
identification but mainly to the diffi- 
culty of distinguishing secondary light 
nuclei, generated as collision products 
in the upper atmosphere, from the true 
primaries. Figure 2 illustrates the proc- 
ess (as seen in nuclear emulsion) of 
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Fig. 1. Tracks of heavy cosmic-ray nuclei in a photographic emulsion exposed in 
the stratosphere. [Courtesy C. F. Powell] 
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akup of a heavy this ratio (13). Combining this infor- 
mation with the Suess-Urey-Cameron 

n-beryllium-boron data, we see that the relative cosmic- 
resolved through ray abundance of lithium, beryllium, 
of photographic and boron is about 2 X 10 times 

e of 134,000 feet greater than their relative general 
mospheric depth abundance (14). 
is less than 0.3 Though not impossible, it is very 
level). The ratio unlikely that these elements abound 

lei to all heavier so anomalously in cosmic-ray sources. 
? atmosphere was A more reasonable interpretation is 
.04, and a lower that these primary light nuclei origi- 

be assigned to nate in the fragmentation of heavier 
primordial nuclei by nuclear collision 
-mainly with hydrogen and helium- 
in interstellar space. If this is true, 
then the observed ratio of light to 
heavier nuclei indicates that the 
primordial radiation and its progeny 

. ̂  . . travel, on the average, along paths 
^ " ':;' of millions of light years before reach- 

ing the earth. This follows since the 
' '8 ?:. average atomic density in interstellar 

...~"l: galactic space is less than one atom 
per cubic centimeter, and the mate- 

'/ rial traversed in 1 light year 
/ : . ; (-l108 cm) is therefore less than 

2 Ag/cnm2. On the other hand, the 
" ??.-. collision mean free paths of heavy 

v..... ?relativistic nuclei amount to several 
grams per square centimeter. 

:*v'" > Table 2 shows that the medium and 
iF ,,'' ~ heavy nuclei also have cosmic-ray in- 

tensities disproportionate to that of 
hydrogen, though less spectacularly so 

i:. ' than those of the light nuclei. A strik- 
? ' '' / ing feature in the M, H, and VH 

groups is the progressive rise in the 
ratio of cosmic-ray to thermal abun- 

*:? < dance with increasing atomic weight 
(15). Calculations based on the work 

t... . -, ? of Hayakawa et al. (16) suggest that 
this feature may be even more pro- 
nounced at the source, with cosmic- 

>.' ray "overabundance" factors of about 
:' 4, 15, and 160 characterizing the M, 

H, and VH groups, respectively. 
The question of the presence and 

~,~. ~ intensity of electrons in the primary 
cosmic radiation has aroused renewed 
interest since the discovery within the 
past decade of nonthermal radio eiais- 
sion from essentially all directions in 

.?s ? .the galaxy. This radio noise has the 
properties of synchrotron radiation, 

;'..?. :and it represents the energy loss of 
relativistic electrons describing helical 
motions in a magnetic field. In com- 
parison with the nuclear component- 
the only well-established component- 

ion and break-up of the primary cosmic radiation, pri- ucleus. Secondary 
clei results from mary electrons constitute at most a 

as this occurring few percent of the intensity of protons 
losphere. with rigidities exceeding 0.3 Bv. Earl 

(17) recently reported a value of 
3 ? 1 percent for this ratio, based 
upon observations made in a multi- 
plate cloud chamber at very high alti- 
tude. Figure 3 is a cloud-chamber pic- 
ture of a shower produced by a high- 
energy electron at a pressure altitude 
corresponding to about 0.5 percent 
of 1 atmosphere. Earl corrected for the 
contribution of secondary electrons. 
At about the same time, using quite 
different techniques, Meyer and Vogt 
(18) obtained a lower limit of 1 per- 
cent for the ratio of electrons to pro- 
tons, and an upper limit of 3 percent, 
in the interval 0.1 to 1.3 Bv. About 
a decade ago Hulsizer and Rossi (19) 
found an upper limit of approximately 
1 percent for electrons having rigidi- 
ties above 4.5 Bv, while Critchfield 
et al. (20) obtained the same upper 
limit for a cutoff of approximately I 
Bv. As a result of the recent balloon 
flights, it seems fairly well established 
that there is a small but finite flux of 
primary electrons in the cosmic radia- 
tion. 

To date there has been no clear 
evidence of cosmic-ray primaries other 
than the nuclei and electrons enumer- 
ated above. We may expect, however, 
that refined experiments-some per- 
formed in satellites-will reveal the 
presence of high-energy gamma rays, 
neutrinos, and neutrons (21) incident 
on the top of the atmosphere. Being 
uncharged, these particles will exhibit 
an intensity unaffected by the earth's 
magnetic field. When techniques of 
detection become sufficiently subtle 
and sensitive to permit observation of 
these particles, they will surely add im- 
portant information that may compel 
us to revise drastically some of the 
present ideas on cosmic-ray origin. For 
the present, we must be content with 
the data provided by the charged pri- 
maries and with the significant clues 
recently provided by optical and radio- 
astronomical observations. 

Constancy in Time, Isotropy in Space 

At energies above 10 Bev per 
nucleon, the cosmic-ray intensity is 
nearly constant in time and isotropic 
in its directions of incidence upon the 
earth. The departures from the con- 

stancy occur mainly at lower energies 
and arise principally from solar effects. 

The study of cosmic-ray time varia- 
tions has in recent years become an 
effective probe for exploring the inter- 
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the collision and bre; 
nucleus. 

Recently the lithiun 
question has been 
exposure of a stack 
emulsion at an altitud 
(that is, at an at] 

where the pressure 
percent of that at sea 
of light primary nucl 
ones at the top of the 
found to be 0.18 ? 0 
limit of 0.14 could 

Fig. 2. Nuclear collisi 
of heavy cosmic-ray n 
production of light nl 
fragmentations such 
near the top of the atm 
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planetary medium and its magnetic 
fields. These variations may be roughly 
divided into two categories: (i) those 
arising from solar modulation of the 
galactic cosmic radiation by the emis- 
sion of magnetized plasma clouds that 
envelop the earth and shield it from 
the lower-energy primaries (for exam- 
ple, Forbush decreases), and (ii) 
those due to the production of cosmic 
rays in the sun's atmosphere and 
their arrival at the earth. The latter 
occurrences are relatively rare. In 
1959 and 1960 there were instances of 
solar activity in which both modula- 
tion and cosmic-ray production deter- 
mined the pattern of intensity as a 
function of time, as observed at the 
earth. 

The former effect-modulation-in 
addition to producing changes on a 
time scale of several days, also fol- 
lows the 11-year solar cycle. At high 
latitudes, the magnetic shielding of 
the ionized gas emitted by the active 
sun reduces the over-all cosmic-ray 
intensity at the "solar maximum" by 
a factor of 2 to 4 below its mean 
value during the quiescent portion of 
the solar cycle. 

In rare, sporadic outbursts the sun 
generates and emits particles with 
cosmic-ray energies, mostly below 1 
Bev, but as high as tens of Bev in the 
more violent flares. In these excep- 
tional events, the total "cosmic-ray" 
intensity at high latitudes may increase 
many-fold. All these solar effects are 
important mainly for particle energies 
of less than 10"? ev. This means, to 
be sure, that they affect a substantial 
portion of the total intensity. However, 
above 5 X 10t? ev the cosmic-ray flux 
may be considered essentially constant 
with time, at least over the span of 
decades in which measurements have 
been made. There are strong indica- 
tions that in recent geologic time the 
average cosmic-ray intensity in the solar 
system has not differed notably from 
its present level (22). The conclusion 
is based on the abundance of radio- 
active and stable nuclides produced by 
cosmic rays in iron meteorites. The 
amounts of the various species are 
consistent with the assumption that the 
cosmic-ray flux has been essentially 
constant over millions of years. 

Over a wide range of cosmic-ray 
energies, anisotropies exceeding 1 per- 
cent can be explained in terms of 
solar or geomagnetic influences. To 
a good approximation, the particles 
having energies of more than a few 
19 JANUARY 1962 

billion electron volts per nucleon ar- 
rive at the outer fringes of the terres- 
trial magnetic field with equal inten- 
sities from all directions. Particles with 
energies above 60 Bev per nucleon 
arrive at the top of the atmosphere 
with equal intensities from all direc- 
tions. Anisotropies have been diligently 
sought for the very-high-energy parti- 
cles, but none exceeding the statistical 
uncertainty (about 3 percent at 1017 
ev) has yet been found. In summary, 
it may be said that cosmic-ray particles 
of energy above 10 Bev exhibit neither 
strong time variation nor strong aniso- 
tropy. 

It may be useful at this point to 
re-enumerate a few of the salient 
properties of galactic cosmic radiation. 

1) The energy spectra of the various 
nuclear components all conform to the 
same power law-that is, the integral 
flux is proportional to W~' when the 
components have energies ranging 
from a few Bev up to 103 or 10' Bev per 
nucleon. 

2) Even at energies greater than 
10" Bev there is evidence for a gradual 
rather than a sharp break, but the in- 
tensity does seem to fall off somewhat 
more rapidly at the highest energies 
(10" to 1010 Bev). 

I 

Fig. 3. Electron-photon shower produced by a cosmic-ray electron in a multiplate 
cloud chamber suspended from a balloon near the top of the atmosphere. From cas- 
cades of this type, the flux of primary electrons was deduced (17). [Courtesy J. A. Earl] 

179 

RIIrYYl s"- U-?ICC-''-L~L?-.?I ----~Y~**U_YL?sU?-IIY. -?.n?Y~~_?YYl_ IIY I~I--IIII?.YYL?YY_ 
l ---- --- ---- 

rbaa-""""T--'??--u-?s;?--???-?8 

u CI 9p ?Ur 
S, + A ?"1 a 

-Tt " ?' "' $ 3pis ? .ta x;;' ?? .''iii 
,pu,ay .B 

'-' ?-??i?-??? ? t', 
, Y? '^ 'bCG?lr  C, .I : ii5 ??: ?? "$" ?, ..?- a 

N(L.?\?.?IU? ? :IIPCIZEPCQSR??S?Y .'i;d-5ibWS:(.. i?.i(??. (;'?:rXP::.?F?l' :W: ? 1? ? ?. , r?l?ldBYBPWb? 



3) The energy density of the radia- 
tion in space is greater than 0.75 ev/- 
cm3, when isotropy outside the earth's 
magnetic field is assumed. 

4) Above 10"T ev the radiation is 
approximately isotropic and time-in- 
dependent. 

5) The relative abundances of cos- 
mic-ray hydrogen and helium are 
similar to their thermal abundance in 
the sun and stars, while the elements 
lithium, beryllium, and boron are, 
comparatively, a million times more 
abundant. 

6) The heavier cosmic-ray nuclei, 
starting with carbon, are also progres- 
sively "overabundant" relative to hy- 
drogen; for example, the iron-hydrogen 
ratio is higher by nearly two orders of 
magnitude than in the general thermal 
distribution of the elements. 

7) Electrons are probably present in 
the primary radiation, to the extent of 
2 or 3 percent of the proton flux. 

The Sun as a Source 

It is known that, in association with 
extraordinarily powerful solar flares, 
streams of particles having relatively 
low cosmic-ray energies are ejected 
from the sun. These particles are 
characterized by much steeper energy 
spectra than the galactic radiation. 
Since the sun is capable of efficient, if 
sporadic, cosmic-ray production, one 
may ask whether the sun might be a 
major source of cosmic rays. Though 
the particles are injected only inter- 
mittently, could trapping and storage 
in the magnetic fields of the solar 
system smooth out the intensity in 
time and randomize the directions of 
the particles incident upon the earth? 

This hypothesis is beset with many 
difficulties. First is the inverse correla- 
tion between solar activity and cosmic- 
ray intensity in the course of the sun's 

11-year cycle. If the sun were respon- 
sible for a major portion of the high- 
energy particles reaching the earth, 
then we should expect a higher, rather 
than a lower, cosmic-ray intensity 
when the sun is most active. We 
should also expect a day-night effect, 
owing to the earth's rotation. Actually, 
the observed diurnal effect is very 
small, of the order of 1 percent or 
less. It is difficult to see how the cos- 
mic-ray nuclei lithium, beryllium, or 
boron could originate in the sun. 
Lithium, beryllium, and boron are so 
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scarce in the thermal distribution of 
elements in the sun that the cosmic- 
ray nuclei of these elements would 
have to be produced in collision by the 
breakup of heavier nuclei. But, even 
if allowance is made for a long, tortu- 
ous path in the solar system from the 
tenuous envelope of the sun to the 
earth, the total amount of matter 
traversed would be too small, by 
orders of magnitude, to account for 
their production by fragmentation. 
There is no evidence thus far for the 
emission of solar particles with energy 
of more than 30 Bev, and it is in 
fact difficult to imagine how particles 
of energies as great as 1013 or 10" ev 
could be generated by the sun. But 
even if they were so produced, these 
particles could readily escape from 
the limited volume of the solar system, 
since the interplanetary magnetic 
fields are too weak to trap them. 
Hence, under the hypothesis of solar 
origin, we should expect to find aniso- 
tropy at these high energies, and this 
is not observed. 

Thus we arrive at an assessment of 
the sun as a "cosmic-ray" source. 
There is no doubt that at energies be- 
low 10 Bev, and particularly below 
1 Bev, the sun contributes appreciably, 
though spasmodically, to the "cosmic- 
ray" flux arriving at the earth. In- 
deed, for short intervals of time, some 
of the more powerful solar eruptions 
sharply increase this flux. However, 
according to the best available esti- 
mates, the time-averaged emission of 

high-enegy particles from the sun over 
a year, or a solar cycle, contributes 
only a small fraction of the cosmic 
radiation that reaches the earth. The 
great bulk of the intensity must come 
from more remote regions of the galaxy 
or from extragalactic space. 

Since our sun is not an uncommon 
type of star, it follows that a very 
considerable proportion of the stars 
in the galaxy are capable of producing 
and emitting cosmic rays intermittently, 
at least at moderate energies up to 
10"1 or 10" ev. What of the higher- 
energy cosmic rays? Many objects in 
the galaxy-and especially those con- 
siderably more active than the sun- 
have been suspected of serving as 

cosmic-ray sources-for example, the 
red giants and supergiants, the T 
Tauri stars, the magnetic stars, and 
even the magnetized clouds of gas 
roving in the spaces of the galaxy. 

Especially suggestive evidence, how- 

ever, points to the expanding nebulosi- 
ties of supernova outbursts (and per- 
haps of nova explosions) as sites 
of particularly powerful and efficient 
acceleration. In the present brief ac- 
count I therefore dwell on the follow- 
ing hypothesis: Cosmic rays are ac- 
celerated by the turbulent plasma 
clouds left in the wake of supernova 
explosions, and, upon emission, they 
are trapped and stirred by magnetic 
fields that roam the galaxy. These 
cosmic rays fill the galactic volume- 
some 10" cm'. 

The Galaxy 

Before we discuss the role of super- 
novae in cosmic-ray production, it will 
be useful to look at the modified pic- 
ture of the galaxy revealed by radio 
astronomy. Our galaxy is a rotating, 
quasi-spherical ensemble of some 10" 
stars, with great clouds of dust and 
gas occupying much of the space in 
between. The interstellar medium is 
pervaded by wandering masses of 
magnetized plasma. Figure 4, a highly 
schematic representation, gives some 
idea of the principal features of the 
galaxy and the distribution of some of 
its components. Most of the stars and 
dust and clouds of gas are to be 
found near the equatorial plane of the 
system, and within this disk much of 
the material is concentrated along 
spiral arms, and in the galactic core. 

Some of the globular clusters, some 
Cepheid variables, and other faint 
stars are not confined to the disk but 
extend into the so-called "halo," or 
corona, of the galaxy. This is a vast 
region-an approximate ellipsoid of 
revolution with its axis normal to the 
equatorial layer, and having a volume 
some 50 times that of the disk. Also 
continuing, in attenuated form, out of 
the galactic plane into the corona are 
the plasma clouds that populate the 
disk. Nonthermal radio noise emitted 
from these masses of ionized gas re- 
vealed the existence of the galactic 
halo (23). A similar radio corona has 
been observed for the neighboring 
Andromeda galaxy (M 31, NGC 
224). 

The disk has a diameter of some 
10" light years, but it has no well-de- 
fined edge, and some stars are found 
well outside this "boundary," which 
we have arbitrarily placed where the 

density falls to about I percent of 
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that near the center. For the approxi- 
mate thickness of the disk we may 
take a figure of about 10 light years; 
actually, this dimension is more nearly 
700 light years viewed optically, and 
the disk is about twice as thick when 
"seen" by radio waves. Most of the 
mass is concentrated in the galactic 
nucleus, shaped something like a bulg- 
ing pillbox, some 10* light years in 
radius. Curving out from the galactic 
core in the equatorial plane are the 
spiral arms, long suspected by astron- 
omers and confirmed recently by 
radio astronomy. Our solar system is 
located in one of these arms, about 
30,000 light years from the center. 
Inside the galactic disk large masses 
of dark material-presumably dust- 
obscure considerable portions of the 
celestial sphere. 

The galaxy rotates differentially, its 
peripheral portions lagging behind the 
inner ones. The period of revolution 
of our sun around the galactic center 
is roughly 200 million years. Recent 
evidence indicates that the galaxy is 
considerably older than was once sup- 
posed. According to W. A. Fowler 
and F. Hoyle (24), the age of the 
galaxy is 

1.5 + 0.5 1010 years - 0.3 

Though the mean density of inter- 
stellar matter in the disk is estimated 
at 10- g/cmn (roughly 1 hydrogen 
atom per cubic centimeter), there are 
considerable departures from this 
average. Dense clouds, tens of light 
years in extent, having more or less 
random motions, are thought to have 

densities of 100 or even 1000 atoms 
per cubic centimeter. On the other 
hand, the tenuous material through 
which they move, with velocities of 
the order of 25 km/sec, probably has 
only about 0.1 atom per cubic centi- 
meter. In the galactic halo the density 
appears to be less by yet another 
order of magnitude. 

Magnetic Fields 

The dilute material that fills most 
of the galactic volume must be largely 
ionized by the photoelectric action of 
stellar light; for example, Fermi has 
estimated (25) that 99 percent of the 
hydrogen atoms are ionized. This 
tenuous plasma, stirred into motion 
by the denser clouds of gas that stream 
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Fig. 4. Cross section through polar axis of the galaxy-a highly schematic sketch. Diameter of major axis, about 10O light years. 
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through it, converts part of its kinetic It seems reasonable, provisionally, to 
energy into magnetic energy. As adopt this estimate as a representative 
Alfven pointed out, the electrical con- value of Hd until more definitive meas- 
ductivity of the interstellar medium urements are available. The average 
is so high that magnetic lines of force magnetic field in the galactic halo is 
become "frozen" to the streaming presumably smaller, perhaps 1 to 3 X 
ions, and the magnetic field is thus 10-6 gauss. 
carried along with the plasma. Be- We have already implied that the 
cause of the turbulent motions of the galaxy can be viewed as a reservoir 
gas, we must expect to find chaotic, of magnetically confined cosmic rays 
disordered magnetic fields in the thoroughly randomized in direction by 
galaxy. Superimposed upon these, turbulent clouds of magnetized plasma. 
however, are larger-scale, ordered In the course of their long, winding 
fields. Evidence for both comes from paths, requiring some 107 to 108 years 
measurements on the polarization of for traversal, some of the high-energy 
starlight. The polarization has been particles are lost by nuclear collision; 
attributed (26) to the magnetic orien- while others escape altogether from 
tation of nonspherical dust particles the galaxy, which is unlikely to be a 
through which the' light has passed. perfect magnetic trap. 
There is evidence for the existence of During the past decade this view has 
a general magnetic field parallel to been bolstered by the findings of 
the direction of the spiral arm in which radio astronomy. In addition to radio 
the sun is located. If this field were emission from discrete sources (orig- 
perfectly uniform along a spiral arm, inally misnamed "radio stars"), it was 
we should expect to receive no syn- found that there also exists a general 
chrotron radiation from electrons galactic radio emission-a nonthermal 
spiraling in the field, for this radia- radio continuum that streams from 
tion is emitted in the direction of the vast regions of the galactic halo where 
electron's motion, and the latter would no discrete sources are discernible. 
then be in a plane normal to the line Its characteristics correspond to the 
of sight. Actually, we do receive syn- so-called "synchrotron radiation" emit- 
chrotron radiation along the direction ted by relativistic electrons circling or 
of the spiral arm, and this suggests spiraling in a magnetic field. These 
the existence of disorder in the fields electrons radiate in accordance with 
on a smaller scale. the laws of electrodynamics by virtue 

In 1953 Chandrasekhar and Fermi of their centripetal acceleration (29). 
(27) estimated a magnetic field in- At suitably high particle energies in 
tensity Hd in the galactic disk of sufficiently strong magnetic fields, the 
6 X 10`- gauss by considering the electromagnetic radiation consists of 
balance between magnetic and gravita- visible light. At lower electron energies 
tional effects in the spiral arm. Re- in the same magnetic field, or at high 
cently, at Jodrell Bank, Davies et al. energies in weak magnetic fields, the 

(28) obtained an upper limit of the radiation is emitted at radio frequencies. 
same magnitude from measurement of Today, with radio-astronomical evi- 
the Zeeman effect in the 21-centimeter dence pointing to the ubiquitous dis- 

absorption line resulting from the pas- tribution of relativistic electrons in the 

sage of radio waves through clouds galaxy, it is not difficult to envisage 
of neutral hydrogen. On the other the storage of high-energy nuclear 
hand, an approximate lower limit to particles as well. The question remains: 
the value of Hd can be deduced from How did these particles acquire their 
the energy density of the cosmic radia- high energies? Even before the con- 
tion (see appendix). If the latter is nection was established between the 
to be contained in the galaxy by mag- nonequilibrium radio emission and 
netic trapping, its energy density can- the presence of cosmic-ray electrons in 
not exceed that of the confining field; vast regions of the galaxy, Fermi (25) 
otherwise, the pressure of the cosmic- devised a mechanism of cosmic-ray 
ray "gas" would push back the mag- acceleration which can, under the 
netic lines of force. So we may write right conditions, yield high energies 

with adequate efficiency. Alfven's em- 
H,2/8r >5 0.75 ev/cm3 phasis on the vital role of hydromag- 
> 1.2 X 10-2 erg/cm', (2) netics in astrophysical phenomena, and 

from which it follows that some of Teller's ideas on cosmic-ray 
origin, influenced Fermi's approach to 

Hd > 5 X 10-0 gauss. this problem. 
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Fermi Theory 

Fermi proposed a statistical scheme 
of acceleration in which ions gain 
energy, on the average, by encounters 
with irregularities in moving magnetic 
fields. He postulated that this mecha- 
nism operates in interstellar space. He 
further assumed that the rate of pro- 
duction of cosmic rays is uniform in 
time, and that their lifetime is deter- 
mined by nuclear collision (and, in 
a later version of his theory, by escape 
from the galaxy). As is well known, a 
charged particle entering the region of 
a stationary magnetic field is subject. 
in general, to a change in direction. If 
the magnetic field is in motion, the ion 
may change its speed as well, gaining 
energy from the field or losing energy 
to it. 

Fermi distinguished two types of 
"'collisions" between an ion and a 
magnetized cloud of plasma, whereby 
the general direction of the particle's 
motion may be reversed. In one of 
these, a particle executing a helical 
motion enters a region where the 
magnetic field is more intense. The 
pitch angle of the helix decreases until 
the plane of the particle's orbit is 
normal to the direction of the magnetic 
field, whereupon the spiraling ion re- 
turns to the region of weaker field 
(see Fig. 5, top). (This principle of 
reflection is exploited in the plasma- 
confining "mirror" devices that operate 
as magnetic bottles.) In the second 
type of "reflection" the particle spirals 
around guiding lines of force that bend 
sharply, in horseshoe shape. Figure 5, 
bottom, illustrates this type of motion. 

In either of the two cases, if the 
magnetic field is stationary, the par- 
ticle's direction is altered but not its 
speed. Suppose, however, that both 
the ion and the plasma cloud that it 
enocunters are in motion. Then, if 
their relative velocity is increased by 
virtue of the cloud's motion (for ex- 
ample, in a head-on collision), the ion 
will gain energy at the expense of the 
cloud. If, on the other hand, the ion 
must overtake the plasma cloud in 
order to "collide" with it, then the 

particle is decelerated. Because head- 
on collisions occur more frequently 
than overtaking collisions, more parti- 
cles, on the average, gain energy than 
lose it. We may think of the encounters 
as collisions between small particles and 

huge ones. In a "gas" consisting of 
such objects, with most of the energy 
residing initially in the massive "par- 
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tides" (that is, plasma clouds), there jection is required at an energy above 
will be a tendency toward equiparti- some critical value. Fermi did not 
tion; the small particles (ions) will tend specify how this injection occurs, ex- 
to gain energy from the big ones, and cept to suggest that certain types of 
thus be gradually accelerated. stars might be responsible. It may be 

Fermi showed that his statistical remarked that the question of injec- 
mechanism of acceleration increases tion is one of the thorny problems 
the energy of a relativistic ion at a confronting any of the proposed 
rate proportional to its energy. This mechanisms of acceleration. The rate 
leads to an exponential increase of of energy loss by ionization is partic- 
particle energy with time, which may ularly serious for the heavier nuclei, 
be written: with their high charge; their critical 

injection energies are prohibitively W(t) - W eat (3) high. high. 
Here W, is the injection energy, and Another difficulty in the theory 
a= I/T, where T is the time for an stemmed from its assumption that the 
e-fold increase in the particle's energy. cosmic-ray lifetime is governed by col- 
To maintain the time constancy of lision with atomic nuclei in interstellar 
cosmic-ray density in the galaxy, T space. However, the mean time be- 
must be comparable to the time T tween collisions is considerably shorter 
required for loss of the particle by col- for the heavy nuclei than for hydro- 
lision or escape. Now, gen, and this difference is hard to re- 

concile with the observed similarity in 
1 _ 1 + 1(4) the energy spectra of the various com- 
r rT ro ponents. In a later modification of the 

where Tc is the mean time between theory, therefore, it was assumed that 
nuclear collisions and re is the mean the loss of cosmic rays is determined 
time for escape from the galaxy. by escape from the galaxy-that is, 

In his earlier theory, Fermi as- that re < T,, with a value of some 
sumed that T is essentially determined 10' years for the escape time. There- 
by re--that the loss of cosmic-ray fore, in Eq. 6, re replaces re, and 
particles is governed primarily by col- T = (3/2) Te = 1.5 X 10O years for the 
lision-and that re would be consid- e-fold time of energy gain. 
erably longer. Since he estimated the Also, in the later version of his 
mean time between collisions of pro- theory, Fermi assigned a more im- 
tons with atomic nuclei in the galactic portant role to the sharp discontinui- 
disk to be of the order of 10" years, ties in the galactic magnetic fields. He 
the time T required for increasing the suggested that the spiral arms of the 
energy by a factor e was taken to be galaxy may operate as magnetic "bot- 
of the same order. This led to a rela- tles" and simultaneously as accelera- 
tively slow, inefficient acceleration. A tors. The magnetic trap is analogous 
notable success of the theory, however, to the tube in a plasma "mirror ma- 
was that it led in a natural way to an chine" in which the lines of force are 
energy spectrum of the type actually crowded together at the extremities of 
observed-that is, to a power law of the tube (see Fig. 6). In a similar 
the form way, the magnetic lines of force along 

dW a segment of a spiral arm may con- cc We (5) verge to give more intense fields near 
where I is the differential intensity, and the ends. Now, if the masses of mag- 

netized plasma near the two ends of 
T = 1 + T/re (6) the tubular trap approach each other, 

the ion will not only be confined by 
Experimentally, the integral intensity reflection but will also be accelerated. 
J>v is proportional to W-'5 over a It seems likely that at least some 
wide range of cosmic-ray energies of the cosmic rays that fill the galaxy 
(see Eq. 1). Hence, T/r = 3/2. are accelerated, as Fermi assumed, in 

One of the difficulties in Fermi's the spiral arms, or even in other re- 
theory was the following: Competing gions of interstellar space populated 
with the energy gain is loss by ion- by drifting clouds of plasma. If, how- 
ization, which occurs at a high rate ever, localized regions can be found 
especially in the early stages of ac- having particularly favorable condi- 
celeration, while the particle is still tions for efficient acceleration, then 
slow. Hence, in order for the statistical these may turn out to be more power- 
scheme of acceleration to work, in- ful sources of cosmic rays. The ex- 
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MIRROR 
REGION 

Fig. 5. (Top) An ion executing a quasi- 
helical path enters a region of intensified 
magnetic field and is reflected at the 
mirror point. (Bottom) "Reflection" of 
a charged particle moving helically 
around guiding lines of force that bend 
sharply. If the magnetic field is in mo- 
tion, the particle may gain or lose 
energy. 

panding nebulosities left in the wake 
of supernova explosions seem to pro- 
vide propitious conditions, and they 
have been investigated in some detail, 
especially by V. L. Ginzburg (30, 
31), I. S. Shklovsky (32, 33), and their 
collaborators. S. Hayakawa et al. (16) 
have made noteworthy contributions. 

The suggestion that supernovae in 
external galaxies give rise to cosmic 
rays was made in 1934, before the 
main composition of the primary radia- 
tion had been established, by Baade 
and Zwicky (34), who drew atten- 
tion to the enormous energy released 
in a supernova outburst. They consid- 
ered that the gross isotropy and time- 
independence of the cosmic radiation 
compel us to seek extragalactic 
sources. At the time, it was not realized 
that magnetic fields can stir and con- 
fine ions of very high energy within 
the galaxy. Some years later, D. Ter 
Haar (35), also relying on the ener- 
getics of supernovae, concluded that 
they probably serve as injectors of 
cosmic rays, which are subsequently 
accelerated in interstellar space by 
Fermi's statistical process. Soon, how- 

MIRROR MIRROR 
REGION REGION 

LINES OF 
FORCE 

Fig. 6. Configuration of lines of force in 
a magnetic "bottle." An ion moving in a 
helical orbit toward either end is re- 
flected in the manner shown in Fig. 5 
(top). 

183 



ever, the epochal discoveries concern- 
ing the nature of the continuous light 
and radio waves emitted from the 
Crab Nebula were to lay the ground- 
work for a more inclusive conception 
of cosmic-ray production in superno- 
vae. An attractive feature of the present 
theory is that it provides within our 
own stellar system a prolific source of 
high-energy particles-a source capa- 
ble of acceleration as well as injec- 
tion. We shall review briefly some of 
the relevant observations on superno- 
vae and then see how these data fit into 
the theory of cosmic-ray origin. 

Supernovae 

On 4 July in the year 1054, an 

extraordinary new star, about as bright 
as the planet Venus, appeared in the 
constellation Taurus. It was visible 
even in daytime, and its position was 
recorded by Chinese astronomers. 
Nearly 900 years later it was noted 
(36) that the Crab Nebula (M 1, NGC 
1952) occupies approximately the same 
position in the sky as the outburst of 
1054. The gases in the nebula were 
found to be expanding radially at a 
rate such that about nine centuries 
would have been required for the 
nebula to attain its present size. 

With the advent of radio astronomy, 
discrete sources of radio emission were 
discovered and investigated. The first 
of these to be clearly identified with 
a visual object was the very intense 
source Taurus A, whose position cor- 
responds, within observational error, 
to that of the Crab Nebula (37). Within 
our galaxy at least two other important 
supernovae have flared up in recent 
centuries-Tycho's star in Cassiopeia 
in 1572, and Kepler's star in 1604. 
Both have been identified with discrete 
radio sources. 

More than 50 supernova explosions 
have been observed in the last 75 
years-all of them in other galaxies. 
Many of these were discovered in a 

systematic search with the 18-inch 
Schmidt telescope on Palomar Moun- 
tain (38). It is noteworthy that in each 
of three galaxies as many as three 
supernova outbursts have been seen 
in less than 50 years. At its peak 
luminosity a supernova may shine al- 
most as brightly as the whole galaxy 
in which it occurs. So prodigious is the 

flare-up that the change in brightness 
amounts to 20 magnitudes in extreme 
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instances. This explains how supernovae 
can be detected in remote stellar sys- 
tems millions of light years away. 

What of our own galaxy, in which 
supernovae can be seen with the un- 
aided eye? Have no "local" outbursts 
been observed in the long history of 
astronomy other than the three since 
1054? Investigation of ancient but 
well-authenticated Chinese astronomical 
records has revealed (33) that three 
supernovae were also observed in the 
preceding millennium, in the years 
185, 369, and 1006. The first two of 
these correspond in position to dis- 
crete sources of radio emission, and 
the remains of the supernova of A.D. 
369 may be the most powerful radio 
source known, Cassiopeia A (39), 
though evidence for this is inconclu- 
sive. The position of the event of 
1006 is poorly defined. Thus, of six 
recorded supernovae in our own galaxy, 
the remnants of five have been iden- 
tified with known sources of radio 
noise. 

It would appear that, on the average, 
supernova explosions occur in our 
galaxy once in three or four centuries. 
However, the actual frequency is prob- 
ably higher. Additional outbursts, oc- 
curring over the past two millennia in 
more remote parts of our galaxy, may 
have been unrecorded, or records of 
them may have remained undiscovered. 
It has been estimated that the remnants 
of the six supernovae enumerated above 
all lie in or near the galactic disk and 
less than 10,000 light years from the 
sun (33). It seems highly improbable 
that the neighborhood of our sun is 
the exclusive domain of supernovae in 
the galaxy. If, instead, the supernovae 
were distributed fairly uniformly in 
the disk out to 30,000 light years from 
the galactic center (that is, just be- 
yond the radial distance of the sun), 
then the relevant volume in which 
supernovae occur would be greater by 
an order of magnitude, and the cor- 
responding galactic frequency of oc- 
currence would be more nearly once in 
four decades than once in four cen- 
turies. An even higher rate has been 
observed in a few spiral galaxies- 
three in several decades. For purposes 
of calculation, we assume that, on the 
average, supernova explosions occur 
in our galaxy about once in a cen- 
tury. 

Supernovae have been classified 
(40) into two classes. Those of type 
1, which include the three visually ob- 

served eruptions in our own galaxy, 
are the brightest, some attaining abso- 
lute magnitudes of -18 or -19. 
Within 100 days their luminosity di- 
minishes by about four magnitudes, and 
thereafter it declines exponentially, 
the light output dropping to one-half 
its value in about 55 days (see Fig. 
7). The gaseous envelope, having a 
mass of about 0.1 solar mass (Mo), 
is ejected with a velocity of about 
1000 to 2000 km/sec. Hydrogen is 
scarce in the expanding shell. Super- 
novae of type 1 are found in popula- 
tions of old stars, while those of type 
2 appear to be young stars occurring 
in the arms of spiral galaxies. 

Outbursts of type 2, which occur 
several times as frequently as the 
more spectacular type 1, seem to be 
more closely related to flare-ups of 
ordinary novae. Their brightness at 
maximum is intermediate between the 
brightness at maximum of novae and 
of type 1 supernovae. Their light curves 
do not exhibit the simple exponential 
decay of type 1. Hydrogen is abundant 
in their gaseous ejecta. The mass of 
the expanding shell amounts to several 
solar masses, and its rate of expansion 
approaches 5000 km/sec. Type 2 
supernovae are a less homogeneous 
group than type 1. From the observa- 
tional evidence, and from considerations 
of stellar evolution, Hoyle and Fowler 
(41) have suggested that supernovae 
of type 1 are stars of near-solar mass, 
while those of type 2 are stars of large 
mass, some 30 Mo. In both types, it 
is generally believed, the explosive 
energy is provided by the sudden 
fusion of nuclear fuel. The detailed 
mechanisms of explosion are, how- 
ever, considered to be different for 
the two types. 

Nuclear Processes in Supernovae 

The most reasonable explanation for 
the exponential tail in the light curve of 
type 1 supernovae is that this shape of 
the curve is attributable to the decay 
of a radioactive species (42). This nu- 
clide has been identified as californium- 
254, whose half-life against spontaneous 
fission is the same as the luminosity- 
decay period of a type 1 supernova 
(43). Though the total energy liberated 
in a supernova explosion is about 10?0 
ergs, the amount emitted after the onset 
of exponential decrease in luminosity 
is about 1047 ergs. This energy can be 
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supplied by californium-254, with its 
200 Mev per fission, provided that 
about 5 X 10-' Mo of this nuclide is 
produced in a supernova flare-up. How 
can so considerable an amount of an 
element as heavy as californium-254 be 
produced in the very short time avail- 
able? 

The synthesis of heavy elements in 
supernovae and the nuclear processes 
involved in their explosion have been 
investigated by Burbidge et al. (44). 
As a star becomes older it gets hotter, 
and it produces progressively heavier 
nuclides in its core. At any stage in its 
development the star burns a nuclear 
fuel appropriate to its central tempera- 
ture and is steadily depleted of this 
fuel. Meanwhile, as energy leaks out of 
its interior, the star slowly shrinks, and 
its internal temperature rises, thereby 
increasing the thermal pressure required 
for mechanical support. The shrinkage 
may be interrupted for a time by the 
onset of a new group of exothermic nu- 
clear reactions that compensate for the 
radiative loss. In this way the star is 
first depleted of hydrogen, then, at 
higher temperatures, helium is burned. 
At about 1 to 3 billion degrees the syn- 
thesis of alpha-particle nuclei (for ex- 
ample, carbon-12, oxygen-16, neon-20) 
can take place. At higher temperatures, 
photodisintegration of nuclei occurs fre- 
quontly, liberating energetic particles; 
these fuse with other nuclei into heavier 
nuclei. Thus, at 3 to 5 billion degrees, 

NIGHTS 
ght curves of several type 1 supernovae. [After Baade] 

the most stable elements-that is, those 
in the vicinity of iron-are produced. 
These various processes may be effec- 
tive simultaneously in different regions 
of the star, the iron-peak nuclei being 
formed in the hot core while the alpha- 
particle nuclei are being produced in 
the surrounding layers. The relatively 
cool outer layers of the star may still 
contain some helium or even hydrogen. 
The fusion of successively heavier nu- 
clei becomes possible as the coulomb 
barrier is overcome by the rising ther- 
mal energies of the reacting nuclei. 

In order for explosive fusion reac- 
tions to take place in a star, it must 
have a supply of thermonuclear fuels 
that release enormous energy (- 10" 
ergs/g) in a matter of seconds-that is, 
in less than the time required for the 
star to explode (41). Pure hydrogen 
and helium react too slowly to fulfill 
this condition, but somewhat heavier 
nuclei (for example, carbon-12, oxygen- 
16, neon-20) do fulfill it at sufficiently 
high temperatures (- 2 billion degrees). 
In describing the conditions that give 
rise to supernova explosions, I shall 
first sketch the "implosion-> explosion" 
hypothesis which was at first assumed 
(44) to be operative for both types of 
supernovae. Then I shall touch upon 
the recent revision of the theory, ac- 
cording to which implosion is necessary 
only for stars with nondegenerate nu- 
clear fuels (type 2), not for type 1. 

Let us consider a highly evolved star, 
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its core depleted of helium and con- 
sisting largely of the iron-peak elements. 
As we shall see, a slight further rise in 
temperature results in instability and 
leads to implosion. This follows from 
detailed arguments of statistical equilib- 
rium (44). Above 7 billion degrees, 
iron is rapidly converted to helium. 
This endothermic process requires too 
much energy to be sustained by the 
thermal content of the central material. 
The energy is supplied by shrinkage of 
the core. Indeed, so much of the gravi- 
tational potential energy is soaked up 
by nuclear transmutation that too little 
is available for the increase in thermal 
pressure required to provide mechanical 
support. A catastrophic collapse of the 
core ensues within seconds, and the 
outer layers, in turn, fall in. These outer 
regions still had substantial concentra- 
tions of light elements-for example, 
carbon-12 and oxygen-16 (and, in the 
case of type 2 supernovae, even hy- 
drogen). As this thermonuclear fuel is 
suddenly heated by the implosion, it 
burns so explosively that the envelope 
of the star may be blown off. 

What of the californium-254 that is 
invoked to explain the light curve of 
type 1 supernovae? If a rich supply of 
neutrons (~ 100 per iron-56 nucleus) 
is available during the explosion, a rap- 
id process (the so-called r-process) of 
successive neutron capture results in the 
build-up of the heaviest elements. This 
neutron capture chain must occur on a 
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Fig. 8. The Crab Nebula, showing the filaments. [Baade, Mount Wilson and Palomar 
Observatories, Carnegie Institution] 

time scale of seconds if nuclides with 
large neutron excess are to accumulate 
faster than they disappear by beta de- 
cay. That such synthesis can happen on 
an even shorter time scale (of the order 
of microseconds) was demonstrated by 
the thermonuclear test explosion of No- 
vember 1952, in which californium-254 
was produced. Additional support for the 

r-process is provided by calculations of 
relative nuclidic abundances; these are 
in fair agreement with empirical abun- 
dance curves. Now, other heavy trans- 

uranic nuclides that disintegrate mainly 
by spontaneous fission decay much faster 
than californium-254. Hence they do 
not build up to comparable concentra- 
tions. After the more explosive phase 
of the supernova upheaval is over, the 
californium-254 thus predominates in 
energy release, and its 55-day "signa- 
ture" appears in the declining light 
curve. 

The prolific neutron source required 
for the r-process is hard to find, but the 
following has been suggested (44). In 

Fig. 9. The Crab, taken with a filter that admits the continuous radiation from the 
amorphous mass of the nebula. [Baade, Mount Wilson and Palomar Observatories] 
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the explosion the small concentration 
of hydrogen is used up to form proton- 
rich nuclides that decay by positron 
emission. Some neon-21 is thus produced 
(from sodium-21), and it interacts with 
helium, releasing neutrons (45). This 
requires a low concentration of hydro- 
gen, which is characteristic of type 1 
supernovae. In the presence of too 
much hydrogen (as in type 2), insuf- 
ficient neon-21 can accumulate, as its 
radioactive parent sodium-21 is con- 
verted by proton capture before it can 
decay. Thus, the high neutron flux re- 
quired to synthesize californium-254 is 
lacking, and accordingly, type 2 super- 
novae do not display the exponential 
decline in luminosity characteristic of 
type 1. 

Recently Hoyle and Fowler (41) re- 
examined the astrophysics of stellar ex- 
plosions, and they concluded that these 
can originate in two different ways-by 
implosion of the core, or by the ignition 
of a degenerate nuclear fuel in the 
core. Implosion is a necessary precon- 
dition for supernovae of tye 2, in which 
the nuclear fuels are nondegenerate- 
that is, for massive stars. For the flare- 
up of a type 1 supernova (typical mass 
- 1.3 Mo), implosion is unnecessary, 
since the star's degenerate nuclear fuels 
are inherently unstable. The resulting 
explosion may be sufficiently violent to 
shatter the whole star. 

From the theory of nucleogenesis in 

supernovae it is expected that, in the 
ejecta of these outbursts, the abundance 
of elements such as carbon and oxygen 
will be enhanced relative to that of 
hydrogen and helium, and that the 
abundance of heavier elements will cer- 
tainly be enhanced as compared to their 
general universal abundance. This cor- 
responds to what is known of the cos- 
mic-ray abundances. 

Nature of Radiations 

from the Crab Nebula 

Of the known supernova remnants in 
our galaxy, the expanding envelope of 
the Crab Nebula is by far the most con- 

spicuous. This remarkable nebula has 
been well explored by both optical and 
radio-astronomical techniques, and these 
have uncovered many revealing clues to 
its nature. The Crab is a huge, irregular 
object of quasi-elliptical shape, some 
3500 light years away (46). Its "major 
axis" is about 6 light years long, its 
"minor axis" about 4. 

Figure 8 shows the elaborate filamen- 
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Fig. 10. Continuous spectrum of the electromagnetic radiations from the Crab Ni 
from optical to radio wavelengths. [After Shklovsky, (33, Harvard Univ. Press)] 

tary structure of the nebula. This net- 
work of filaments, which emits a line 
spectrum, stands out prominently in the 
light of the Ha region. When the Crab 
is photographed with a filter that masks 
the emission lines and admits the con- 
tinuous spectrum, the lacy filaments dis- 
appear and a diffuse, amorphous mass 
shows up (see Fig. 9). In such photo- 
graphs, two central stars are visible, 
and one of these may be the star that 
flared up in the year 1054. According 
to Baade (47) and Minkowski (48), 
the filaments comprise a peripheral sys- 
tem, while the diffuse, somewhat S- 
shaped mass fills up the inner structure. 
This amorphous mass emits an intense 
continuum that accounts for most of 
the light radiated by the Crab. In its 
peculiar distribution of intensity this 
continuous spectrum differs from that 
of a black body, and from the spectra 
of other gaseous nebulae. For a time, 
the light was thought to result from 
free-free and free-bound transitions of 
electrons in a strongly ionized gas, an 
interpretation that ultimately proved 
untenable (49). Clues to a more satis- 
factory explanation of this light were to 
come in later years from an unexpected 
source-the radio emission of the 
nebula. 

However, before turning to this sub- 
ject, I digress to mention another note- 
worthy optical observation: Pictures 
taken at intervals since the turn of the 
century show that some local features 
of the Crab have been changing, though 
its gross structure has remained unal- 
tered. Bright "ripples" have been ob- 
served by Baade to move out from the 
central zone of the nebula (50) at pro- 
digious speeds (- 0.1 the velocity of 
light), "almost as though the nebula 
were breathing" (33). 
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The Crab Nebula has an unusu 
dio spectrum that differs sharply 
the radio spectra of other dir 
sources. The intensity remains a 
constant over a remarkably ext? 
range of wavelengths, from 25 tc 
centimeters. Shklovsky showed tha 
radio emission cannot be consi 
thermal radiation, and he suggestec 
it is, instead, the synchrotron radi 
(magnetic bremsstrahlung) of 1 
vistic electrons trapped in the maE 
fields of the expanding nebulosity 
This interpretation of the nonthe 
radio emission from Taurus A 
tremendous impetus to amplificati 
the hypothesis that the remnan 
supernova explosions can be pov 
cosmic-ray sources. 

The idea that the radio emission 
certain celestial sources is due to 
tivistic electrons emitting synchr 
radiation was advanced by Alfver 
Herlofson (52). They pointed oui 
the emission from "radio stars" is 
unlikely to be produced by any ( 
as small as a star. They suggeste 
stead that it originates in cosmi 
electrons that fill a vastly larger vc 
-the magnetic trapping field sumr 
ing a star. Kiepenheuer (53) and 4 

burg (54) attributed the general ga 
nonthermal emission to the man 
bremsstrahlung of cosmic-ray elect 
and Ginzburg showed that the c 
lated spectrum agrees with the obs 
one. As we have seen, Shklovsky 
cluded that the same mechanism, 
of synchrotron radiation, can b 
voked to account for the radio emi 
from the Crab. He went further 
showed that the optical contii 
emitted from the amorphous ma 
the nebula is also readily explain( 
the higher-frequency, synchrotroi 

diation of electrons having energies 
higher by several orders of magnitude 
than the energies of electrons emitting 
the radio waves (49). 

Thus, two widely disparate regions 
of the electromagnetic spectrum of ra- 
diations from the Crab were boldly 
connected. Figure 10 illustrates Shklov- 
sky's conception of the common origin 
of the optical and radio emissions, the 
former due to electrons of energy about 
10" to 1012 ev, and the latter, to elec- 
trons of energy about 108 to 10 ev. 

too Ginzburg (55) and, independently, 
K Gordon (56) pointed out that if the 
ebula, continuum from the Crab consists of 

synchrotron radiation, it should be po- 
larized. This important prediction was 
confirmed the same year by means of 

al ra- photoelectric (57) as well as photo- 
from graphic (58) techniques. Polaroid filters 
screte have been employed to transmit light 
Imost with various orientations of the plane 
ended of vibration of the electric vector. With 

750 the 200-inch Palomar telescope, Baade 
It this (59) obtained some remarkable photo- 
dered graphs, of which two are shown in Fig. 
d that 11. The plane of the electric vector for 
iation one exposure was perpendicular to that 
relati- for the other, and the resulting pictures 
gnetic are strikingly different. Many features 
(51) visible in one are absent from the other. 

ermal Were it not for the matching positions 
gave of stars in the background field, the 

on of viewer might suppose that he is looking 
ts of at two different celestial nebulosities. 
verful These arresting pictures provide vivid 

evidence of polarization. 
from Similar photographs at other orienta- 
rela- tions of the polaroid filter show that as 

otron the latter is rotated, each of the struc- 
n and tures in the amorphous mass changes 
t that in brightness. As Baade observed, a 
very structural feature tends to disappear 
)bject when the electric vector is parallel to 
d in- it-that is, when the magnetic field is 
c-ray normal to it. It is possible in this way 
)lume to sketch the local direction of the 
ound- magnetic field (50), and a revealing 
Ginz- pattern emerges: The shapes of the 
'lactic structural elements in the diffuse nebu- 
gnetic losity conform to the directions of the 
trons, lines of force. Similar conclusions can 
:alcu- be drawn from detailed photoelectric 
erved measurements of the polarization. From 
con- Fig. 12 it is evident that the direction 
that of the electric vector changes in a fairly 

e in- systematic way across the nebula (60) 
ission and that a correlation exists between 

and the degree of polarization and the mor- 
nuum phology of the diffuse mass. Woltjer 
ss of (60) found polarizations stronger than 
ed as 50 percent in some areas and nearly 
n ra- 100 percent in others. 
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Since the light of the continuum 
proved to be polarized, it seemed rea- 
sonable to search for polarization of the 
nonequilibrium radio emission as well. 
At first the result was disappointing, 
apparently owing to rotation of the 
plane of polarization by the Faraday 
effect when radio waves pass through 
a magnetized plasma (33). This effect is 
large at meter wavelengths, and even 
at 22 centimeters. However, at a wave- 
length of 31 millimeters, Mayer, Mc- 
Cullough, and Sloanaker (61) found a 
7-percent polarization with the electric 
vector rotated only 11 degrees from the 
direction of the optical electric vector. 

The discovery that the continuous 
light and the radio waves from the Crab 
are polarized provides evidence that 
both radiations consist of magnetic 
bremsstrahlung generated by energetic 
electrons moving helically in magnetic 
fields. Indirectly it also supports the 
hypothesis that the general, nonequi- 
librium radio emission of the galaxy 
likewise originates in the magnetic de- 
celeration of relativistic electrons. 

A crude upper limit for the average 
magnetic field intensity H in the en- 
velope of the Crab can be estimated by 
comparing the magnetic energy stored 
in the field to the kinetic energy of the 
expanding shell. 

propagation of hydromagnetic waves 
(the light "ripples"), and relatively high 
concentrations of heavier elements. 
Hence, a very plausible theory of cos- 
mic-ray origin in supernovae has been 
developed (31, 33). 

According to this theory, the rela- 
tivistic nuclei and electrons that fill the 
galactic volume originate in the tenuous 
remnants of supernova explosions, and 
perhaps in the ejecta of ordinary novae 
as well. The particles are somehow in- 
jected, and then accelerated by the ac- 
tion of magnetic fields in the supernova 
shell. The most prolific production of 
cosmic rays takes place in the early 

decades following the outburst (33), 
since in later epochs the continued ex- 
pansion of the nebula counteracts the 
acceleration; it tends to "cool" the par- 
ticles, much as a gas is cooled by adia- 
batic expansion. However, the particles 
are retained in the nebular envelope 
for a much longer time, perhaps several 
thousand years, after which the expand- 
ing shell is damped by and dissipated 
into the surrounding interstellar medi- 
um. The nebula tends to remain a 
"closed system" as long as its magnetic 
fields are much more intense than those 
in the interstellar vicinity, for then the 
ions tend to be reflected from the 

H V< < 1/2mv2 8r 

The volume Vt of the envelope is about 
10o5 cubic centimeters. If we take its 
mass 

m 0.1 M- = 2 X 1032g 

and velocity v = 10s cm/sec, then 

H < 5 X 10- gauss. 

From other considerations, Pikelner 
(62) has estimated H to be 3 X 104 

gauss. 

Supernovae as Cosmic Ray Sources 

Certain characteristics of supernovae, 
inferred from the observations and the- 
ories described in this article, suggest 
that the young remnants of a super- 
nova eruption constitute a powerful 
source of cosmic rays. Among these 
features are the following: an enormous 

energy release, a copious supply of rela- 
tivistic electrons, large-scale magnetic 
fields, extended masses of plasma mov- 

ing at high velocities, indications of the 
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Fig. 11. The Crab Nebula, taken through polaroid filters, showing polarization of the 
light of the continuum. The polaroid filter was so oriented that the plane of vibration 
of the electric vector in one photograph was normal to that in the other. [After Baade 
(59)1 
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boundaries of the gaseous shell. Once 
the expansion has proceeded to a point 
where the magnetic fields become more 
nearly comparable to the external field, 
the cosmic-ray particles are less effi- 
ciently confined, and they leak out into 
the galaxy. 

Then begins a process of slow diffu- 
sion, first in the galactic disk and then 
into the large volume of the galactic 
halo. The paths of the particles during 
their long period of diffusion are very 
tortuous, since they are not only spiral- 
ing in the magnetic fields of the galaxy 
but are also being scattered, from time 
to time, by drifting plasma clouds. 
Through these mixing processes the 
particles "forget" their original direc- 
tion and tend to acquire an isotropic 
distribution. Meanwhile, the electrons 
-and especially the higher-energy ones 
-lose energy by magnetic deceleration, 
the nuclei lose energy through nuclear 
collisions, and both steadily drop out of 
the cosmic-ray reservoir in the galaxy. 
Both must be replenished if this "reser- 
voir"- is to be maintained, and the 
theory asserts that a fresh supply of 
relativistic nuclei is provided by new 
supernova explosions. 

To ascertain the adequacy of the rate 
of supply, we can estimate the rate of 
particle loss and of energy loss and 
compare these with the output of super- 
novae. Since many astrophysical quan- 
tities are known only to within an order 
of magnitude, the reader should not 
consider the numerical values employed 
or deduced in the discussion that fol- 
lows to be precise. In fact, as V. L. 
Ginzburg has aptly remarked, a formu- 
la worth remembering in the present 
state of the theory of cosmic-ray origin 
is 

1 10 

We assume that the average density 
of cosmic rays in the galaxy has been 
constant in recent geologic time. We 
shall compare the rate of production of 
relativistic particles in supernovae with 
their rate of disappearance in the entire 
galaxy. From the theory of synchrotron 
radiation, observations of the nonequi- 
librium radio flux at the earth, and esti- 
mates of the magnetic intensity, it is 
possible to compute the total supply of 
electrons N, with energy exceeding 10' 
electron volts in the Crab, and in Cas- 
siopeia A, the most intense radio source. 
Shklovsky (63) has deduced Ne = 2 
X 10" and 10*", respectively, for these 
sources. We tentatively assume that the 
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number N of relativistic nuclei pro- 
duced is comparable to the number of 
electrons, and we take N = 10" as the 
total number supplied to the galactic 
reservoir by an "average" supernova. 
With a frequency of one galactic super- 
nova outburst per century (that is, of 
3 X 10-1" per second), the over-all 
cosmic-ray-source strength of super- 
novae in the galaxy is 3 X 10" particles 
per second. If we add to this the con- 
tribution of ordinary novae (discussed 
in subsequent paragraphs), the produc- 
tion rate could be higher. 

Next we estimate the rate of disap- 
pearance of relativistic protons from 
the galactic volume. We assume that 
the magnetic lines of force in the galaxy 
form a relatively closed system, so that 
reflection from the boundary will tend 
to keep particles in. (Some astrophysical 
data favor such a closed configuration.) 
Then the rate of loss of cosmic-ray 
nuclei-that is, their degradation to 
subrelativistic energies-will be deter- 
mined by their rate of collision (64). 
The number so degraded per cubic cen- 
timeter per second is of the order nvoc, 
where n is the mean density of galactic 
cosmic-ray nuclei, taken as 1.2 X 10-" 
per cubic centimeter, the value near the 
earth (see appendix, Eq. A5); v is the 
atomic density averaged over the galaxy 
(- 0.01 per cubic centimeter [the par- 
ticles spend most of their time in the 
halo]); a is the effective cross section 
for "destructive collision" of a proton 
[- 2.8 X 10-' cm' (that more than one 
collision is required for a relativistic 
proton to lose most of its energy is 
taken into consideration) (31)]; and 
c is the velocity of the particles, taken 
as equal to that of light. Hence, the rate 
of loss is 10-" nuclei per cubic centi- 
meter per second, and in the whole 
galactic volume of 10" cm', the rate is 
10' per second. When this number is 
compared with the average rate of pro- 
duction, the source strength appears 
adequate to account for the observed 
cosmic-ray flux. 

It should be remarked that if we 
adopted an "open" model for the gal- 
axy, with weak reflection of relativistic 
ions at the boundary, then leakage 
would enhance the rate of loss, and a 
larger rate of supply would be required 
to maintain the density in the galactic 
reservoir. However, this does not seem 
to present a serious difficulty, since, 
with due allowance for the uncertain 
values of the parameters, and for the 
possible contribution of novae, the rate 

of supply could be as great as 1042 per 
second or even higher. 

We have estimated that the rate of 
particle output from supernovae suffices 
to maintain a steady flux of galactic 
cosmic radiation. Another, and perhaps 
more exacting, test would be to deter- 
mine whether the energy lost by cosmic- 
ray particles in the galaxy can be sup- 
plied at an adequate rate by super- 
novae. The rate at which cosmic-ray 
nuclei lose energy in the galaxy can be 
estimated from the ratio: 

iV = cosmic-ray energy in the galaxy 
re lifetime of cosmic-ray nuclei 

where R, the mean energy density, is 
about 1.2 X 10-" erg/cm' (see ap- 
pendix, Eq. A7) and V is 10" cm'. To 
estimate the nuclear lifetime r, against 
destruction by collision, we take 

mean free path for absorption I 
re = ? ? L .? _ =_ 

velocity of particles orvc 

where r, the effective absorption cross- 
section for protons colliding with inter- 
stellar gas atoms, equals 2.8 X 10-" cm 
(see 31, table 5); v equals 0.01 atom 
per cubic centimeter; and c is the ve- 
locity of the particles (approximately 
equal to that of light). Thus, 

1.2 X 101 sec 

or 4 X 10' years. 
With this value for the lifetime, the 

rate of energy loss by cosmic-ray nuclei 
in the whole galaxy is 

1.2 X 10-12 X 10"6- = erg/sec 
1.2 X 1017 

The rate at which the cosmic-ray elec- 
trons in the galaxy lose energy by mag- 
netic deceleration has been estimated 
as 10" erg/sec (65). 

If supernovae were solely responsible 
for the entire production of galactic 
cosmic rays, then the cosmic-ray energy 
output required from an average super- 
nova outburst (assumed to occur about 
once per century) is approximately 

Rate of cosmic-ray energy loss in galaxy 
Frequency of supernovae 

10 erg/sec _ 3 X 1014 ergs 
3 X 10-"/sec 

This energy requirement is large, but it 
does not appear unreasonably so; it is 
comparable in magnitude to the turbu- 
lent kinetic energy in the nebular en- 
velope, and to the energy residing :in 
the magnetic field. Hoyle and Fowler 
(41) have estimated the total energy 
output from a type 1 supernova explo- 
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sion as 6 X 10 ergs. Thus, only a frac- 
tion of 1 percent of the energy released 
would be needed to satisfy the require- 
ment of a quasi-stationary cosmic-ray 
density in the galaxy. If ordinary novae 
were also contributing significantly to 
the cosmic radiation, the cosmic-ray 
energy output requirement for the su- 
pernovae could be correspondingly re- 
duced. 

Analysis of the nonequilibrium radio 
emission from the galaxy under the 
well-founded assumption that it is syn- 
chrotron radiation makes it possible to 
relate the observed frequency spectrum 
of this radiation to the energy spectrum 
of the electrons responsible for it. The 
differential energy spectrum so deduced 
can be expressed as a power law: 

I dW cc W-2' dW 

Thus, within the uncertainty of meas- 
urement, the exponent of this spectrum 
has a value indistinguishable from that 
of the primary cosmic-ray spectrum 
near the earth. This circumstance may 
be fortuitous, but it seems at least sug- 
gestive, notwithstanding the fact that 
the primaries observed at the earth are 
almost entirely nuclei rather than elec- 
trons. A possible explanation for the 

similarity in the spectra will be men- 
tioned below. 

In a previous section we have re- 
viewed the convincing evidence, both 

optical and radioastronomical, for the 

presence of rather strong magnetic fields 
in the Crab Nebula. In fact, we have 
seen how detailed studies of the polari- 
zation make it possible to map the mag- 
netic lines of force. How does the 

magnetic field arise? It might happen in 
the following way. Let us assume the 
existence of a magnetic field (for ex- 

ample, the general galactic field) in the 

vicinity of the presupernova. After the 
outburst, turbulent motions inside the 

expanding gas will snarl up the mag- 
netic lines of force and lead to inten- 
sification of the field. 

The mechanism of acceleration is one 
of the important aspects of any theory 
of origin. Ginzburg (66) has proposed 
a statistical process of the Fermi type, 
with the important difference that the 
conditions inside a young supernova en- 

velope are much more favorable for 
acceleration than those in interstellar 

space. The turbulent clouds of gas in 
the nebula have high velocities of the 
order of several hundred kilometers per 
second. Gradually, the kinetic energy 
of this large-scale mass motion is con- 
verted, in part, to the energy of cosmic- 

ray particles. 
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From our earlier discussion of the 
Fermi process we saw (Eq. 6) that the 

exponent y in the differential energy 
spectrum is related to the time T of 
acceleration and the lifetime r of cos- 
mic rays, as follows: 

T = 1 + T/r 

When the experimental value 2.5 is 
taken for y, T is of the same order as r. 

Under conditions of acceleration in 
interstellar space, T and T must both be 
of exceedingly long duration. Whether 
the lifetime be governed by collision or 

escape, r is of the order of 108 or 10" 

years, and the acceleration process is 

correspondingly slow. Under the special 
conditions in a supernova shell, the fre- 

quency of accelerating "collisions" be- 
comes much higher; thus T can be 
more nearly 100 or 1000 years, and the 
time r for escape by diffusion from the 

region of acceleration would be of the 
same order. Hence, the statistical ac- 
celeration process seems much more 
efficient within a supernova nebula than 
in the vast spaces of the galaxy. 

Other schemes of acceleration have 
been discussed (16)-for example, col- 
lisions between charged particles and 

hydromagnetic shock waves. I have al- 
luded briefly to the fast-moving "rip- 
ples," or wisps of light that are observed 
to travel outward several times a year 
inside the Crab Nebula. These have been 
attributed to hydromagnetic shocks, and 
the energy in a single ripple has been 
estimated as 10"4 ergs (60). Hayakawa 
et al. have concluded that a statistical 
mechanism would not be effective in 

accelerating electrons in the Crab, since 
their rate of energy loss by magnetic 
deceleration exceeds their rate of en- 

ergy gain by a Fermi process. We shall 
return below to the question of the 

origin of the relativistic electrons. 
Another apparent difficulty in apply- 

ing the Fermi mechanism to accelera- 
tion in supernovae has been discussed 

by Peters (67). If comparable numbers 
of electrons and nuclei are accelerated, 
this could lead to storage of an exces- 
sive amount of energy in the nuclear 

component. Since, in the statistical type 
of acceleration, the energy gained by an 
ion is proportional to its rest mass, the 

energy acquired by the nuclear com- 

ponent would be at least 2000 times 

greater than that acquired by the elec- 
trons. The total energy requirement 
would then be excessive. This difficulty 
would be mitigated if nuclei were ac- 
celerated less efficiently than electrons. 
This could result, for example, if the 

major part of the electron component 

originated in the decay of radioactive 
atoms (as discussed below). The elec- 
trons would then start off with rela- 
tivistic energies, and their subsequent 
acceleration would be greater. 

Colgate and Johnson (68) have pro- 
posed a hydrodynamic origin of cosmic 

rays in supernovae. According to their 
hypothesis, cosmic rays are the "blown- 
off" surface layers of an exploding su- 

pernova. The energy liberated in the 
core of the star generates a powerful 
shock wave that speeds up in the de- 

creasing density of the outer layers. 
The shock wave becomes relativistic 
well inside the mantle of the star, and 
the outermost layers are ejected with 
velocities close to that of light. 

Let us return to the question of how 
the relativistic electrons originate. From 
the nuclear processes involved in a su- 

pernova explosion, it is clear that the 

ejected material contains large quan- 
tities of various radioactive species. The 
beta decay of some of these nuclides 
could inject electrons into the envelope 
of the supernova, where further accel- 
eration could take place. These elec- 
trons, already relativistic at their initial 

energies (of the order of 1 Mev), would 
have a "head start" in the process of 
acceleration. 

Another mode of origin suggested foI 
the cosmic-ray electrons is that some, 
or even most, of them arise as progeny 
of pi mesons born in collisions of the 
nuclear component. The pi mesons de- 

cay into muons, and these, in turn, dis- 

integrate into electrons. In this process, 
whether it occurs in a supernova shell 
or in interstellar space, the energies ac- 

quired by the electrons can be fairly 
high, depending, of course, on the en- 

ergy of the parent nuclei. We have al- 

ready encountered two circumstances 
that tend to support this secondary 
mode of origin for the electrons. One 
is the similarity between the spectrum 
of the electrons responsible for the 
nonthermal galactic radio noise and the 

spectrum of the cosmic-ray nuclei ar- 

riving at the earth. The other is the 
observation that the rate at which the 
relativistic electrons stored in the ga- 
lactic volume lose energy appears to be 
less by an order of magnitude than the 
rate of loss by the nuclear component 
of the galactic cosmic radiation. This 
is what we should expect if the elec- 
trons were predominantly of secondary 
origin. Another result we might expect 
if this mode of origin were predomi- 
nant is the occurrence of comparable 
numbers of positrons and electrons, 
since positively and negatively charged 
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Fig. 12. Mapping of the degree of polarization in the Crab Nebula. At each point the magnetic field is normal to the direction 
of the electric vector. [After Woltjer (60)] 

pi mesons are generated in approxi- 
mately equal numbers. Evidence for the 
presence of positrons among the pri- 
maries in the vicinity of the earth would 
tend to confirm the hypothesis of sec- 
ondary origin. Experiments on the pri- 
mary electron component near the earth 
are still in their infancy, and we do not 
yet know the details of their charge 
composition or spectrum. 

It is, however, noteworthy that in 
recent balloon-flight experiments (17, 
18) a primary cosmic-ray electron den- 
sity at the top of the atmosphere of 
approximately 10-" per cubic centimeter 
has been detected. This density is of the 
same order as that which must be 
ascribed to the galaxy as a whole in 
order to account for the observed flux 
of synchrotron-type radio emission. 

Thanks to radio astronomy, we can 
now "observe" cosmic-ray particles in 
distant parts of the galaxy, both in 
sources such as supernovae and in the 
general galactic volume where they are 
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stored. However, it is only the cosmic- 
ray electrons whose presence is revealed 
in remote regions of the galaxy through 
their synchrotron radiation. Relativistic 
nuclei are too massive to lose energy by 
magnetic deceleration. Nevertheless, 
their presence (and their production) in 
supernova nebulae appears extremely 
likely. Whether the electrons acquire 
their energy through a Fermi process 
or through some other electromagnetic 
acceleration, there is no reason to doubt 
that positive ions present in the same 
region will also be accelerated. Of 
course, if a considerable part of the 
electron component originates as sec- 
ondaries (through wr-/-e decay) of 
nuclear collisions, this would imply a 
large flux of relativistic nuclei. 

If the cosmic-ray nuclei are acceler- 
ated in accordance with a Fermi sta- 
stistical mechanism, then they could 
acquire maximum energies about 103 

times as great as those of the electrons, 
since the energy gained is proportional 

to the rest mass of the particle. Hence, 
the energies per nucleon could go up to 
10 5 or 1016 ev, and the energy acquired 
by an individual nucleus (say iron) 
could be as high as 10'7 or 1018 ev. 

What, it may be asked, is the maxi- 
mum energy at which magnetic confine- 
ment within the galaxy is still effective? 
In other words, at what radius of cur- 
vature do particles readily escape from 
the galaxy? (For particles with higher 
energies, we may be compelled to seek 
an extra-galactic origin.) In trying to 
answer this question, let us base our 
estimate on a rather stringent require- 
ment for trapping: that the particle's 
radius of curvature be less by two 
orders of magnitude than the linear 
dimensions of the galaxy-that is, 

r < 102 cX 102 cm10cm 

or about 108 light years. It should be 
remembered that particles need not be 
confined to the galactic disk but may 
diffuse into the halo. When the average 
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magnetic field strength H in the galaxy 
is taken to be 2 X 10- gauss, we find 
from Eq. A4 (see appendix) that 

E, = EA < 300 ZHr..m 
EA < 6 X 1TZ ev 

For protons, E < 6 X 10" ev; for com- 

plex nuclei (A - 2Z), E < 3 X 10' ev; 
for iron nuclei, the energy per nucleus 
is E,= EA < 1.6 X 10'" ev. 

As mentioned earlier, the largest air 
showers detected thus far (6, 7) were 

apparently produced by particles with 

energies of several times 10" ev. If the 

upper limit of observed energies should 
continue to climb, as it has done 
hitherto, it may become necessary to 
ascribe an extragalactic origin to the 
most energetic particles. Whether we 
are already compelled to invoke this 

hypothesis to account for the observa- 
tions to date is at least debatable. 

Having sketched, albeit inadequately, 
the theory of cosmic-ray production in 

supernovae, I might list some of the 
features of the cosmic radiation that 
the theory seems capable of explaining. 
(i) The source strength appears adequate 
to account for the observed particle 
density and energy density in the 

galaxy. (ii) The energy spectrum of the 

primary cosmic-ray nuclei observed 
near the earth is consistent with a 

Fermi-type acceleration at the source, 
and with the galactic electron spectrum 
inferred from radio-astronomical ob- 
servations. (iii) The isotropy and time- 

independence of the galactic radiation 
are natural consequences of the assumed 
diffusion and storage in the galactic 
halo. (iv) The overabundance of heavy 
elements in the cosmic radiation is to 
be expected from the nuclear processes 
involved in both the presupernova and 
its explosion. (v) The primary electron 

density observed with particle detectors 
at the top of the atmosphere appears 
to agree with the predictions of the 
theory. 

I have mentioned the possible con- 
tribution of ordinary novae. These out- 
bursts, though much less spectacular 
than those of supernovae, must also 
give rise to large masses of gas in cha- 
otic motion; the conditions in their 
remnants could also favor the produc- 
tion of high-energy ions. The number 
of relativistic particles would be much 
smaller than those in a supernova, 
probably in proportion to the energy 
released by the explosion. In our 
galaxy, novae occur about 10' times as 
often as supernovae; the energy liber- 
ated in such an explosion is of the order 
of 10-' times as large. Hence, the net 
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contribution of the novae to the supply 
of cosmic radiation could be compar- 
able to that of the supernovae. It will 
not be easy to verify this directly, since 
the supply of high-energy electrons in 
the ejecta of a nova would probably be 
too small to produce radio noise of a 
detectable intensity, unless the exploding 
star were in our immediate galactic 
neighborhood. 

This last possibility brings up an 
interesting speculation by Krasovsky 
and Shklovsky (69). I have already 
mentioned indications from georadio- 
chemical studies that the galactic cos- 
mic-ray intensity in the vicinity of the 
earth has not differed much in recent 
geologic time from its mean level today. 
However, this situation may not always 
have prevailed. Suppose that at some 
remote epoch in geologic time a super- 
nova had flared up in the neighborhood 
of the solar system (say, at a distance 
from it of less than 50. light years). 
Then the cosmic-ray intensity at the 
earth may well have risen by a large 
factor. This could have significantly in- 
creased the rate of mutation in ter- 
restrial plants and animals. Since most 
mutations are harmful, the heightened 
exposure to radiation might have led 
to the rapid decline of many species (for 
example, the dinosaurs). 

In the present article I have con- 
centrated on a particular theory of 
cosmic-ray origin. Many other ideas 
on cosmic-ray origin have been ad- 
vanced, and some of these have been 
combined in the eclectic approach of 
Cocconi (70), Morrison (71), and 
Hayakawa et al. (16). These authors 
acknowledge that supernovae appear to 
be significant cosmic-ray sources, mainly 
in the energy interval 1012 to 10"1 ev. 
However, they attach considerable im- 

portance to the role, especially at lower 
energies, of sources such as red giants, 
supergiants, magnetic stars, and T Tauri 
stars. They regard the particles of very 
highest energy (say, above 1016 ev) as 

extragalactic origin. According to one 
view, the hydrogen and helium pri- 
maries originate mostly in red giants 
and supergiants, while the heavy nuclei 
come from supernovae (16). The ob- 
served power-law spectrum, notwith- 

standing its validity for the different nu- 
clear components, is not attributed to a 
single process of acceleration but is, 
rather, explained as the summation of 
several power laws, each valid over a 
wide energy interval (70). An inter- 
esting, and quite different, theory 
developed by Biermann and Davis (72) 
explores the possibility that the cosmic 

radiation originated at an early stage in 
the evolution of the galaxy. 

In conclusion, it should be remarked 
that the proponents of the supernova 
theory do not deny the possibility of 
contributions from other cosmic-ray 
sources. However, they consider these 
contributions to be of minor signifi- 
cance, and they believe that supernovae 
and ordinary novae can account for 
nearly all of the known facts about the 
galactic cosmic radiation. 

The difficulties confronting the 
supernova theory cannot be lightly dis- 
missed; we have been able to touch on 
only a few of them. Nevertheless, the 
impressive successes already achieved 
by the theory suggest that supernova 
remnants play a major role in cosmic- 
ray production. 

Appendix 

Notation, constants, and conversion fac- 
tors (73). 

I A.U. = 1.5 X 1013 cm 
1 parsec = 3.1 X 108 cm = 3.3 It yr 

1 It yr = 0.95 X 1018 cm 
1 ev = 1.60 X 10-1 erg 

1 Bev = 1 billion electron volts 
= 109 ev 

E = kinetic energy per nucleon 
W = total energy per nucleon 

= E + rest mass 
A = mass number of nucleus 

Wn A A W; E, = AE 
Unit of particle intensity: 

Peter (J) = particles 
m2/sec srad 

= 104 X particles 
cm2/sec srad 

c = velocity of light 
= 3 X 101" cm/sec 

Magnetic rigidity. The magnetic rigid- 
ity Rm of an ion moving normally to a 
magnetic field H is determined by the 
ratio of its momentum p to charge Ze: 

R, (in ergs per e.s.u.) =- Hr (A1) Ze 

Here c is the speed of light; pc is meas- 
ured in ergs, e in electrostatic units 
(e.s.u.), H in gauss, and r, the radius of 
curvature of the ion's path, in centi- 
meters. Magnetic rigidity has the di- 
mensions of energy per unit charge. It is 
expressible in volts, if p is expressed in 
ev/c, and is then numerically equal to p/Z. 
Moreover, 

Rm (in volts) = 300 Hr (A2) 

where the factor 300 arises in the con- 
version of e.s.u. volts to absolute volts. 
Thus, with p still expressed in ev/c, 

r I cm 300 Z cm(A3) 
300 H 300 ZH 

It should also be noted that at suffi- 
ciently high energies, Wn - En - pc; if 
the energy is expressed in electron volts, 
then 

En- AE= 300 ZHr (A4) 
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