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R£SUM4B. — La presente raise an point est consacrde principalement a Vinterpretation des observations ricentes du 
rayonnement Xety des sources celestes. On estime les flux probables etonles compare aux observations. On calcule 
les spectres du rayonnement synchrotron, du bremsstrahlung et de Veffet COMPTON (inverse) par des electrons relati-
vistes. Oes derniers seraient produits (en passant par la creation de mesons) par les collisions nucldaires avec des 
rayons cosmiques, dans le milieu galactique et intergalactique. On calcule aussi les spectres produits par le 7 c 0 decay. 
On envisage les possibility d'emissions de rayons X par les etoiles a neutrons, les couronnes stellaires et les resits 
de supernovae. On considkre plus specialement les processus qui se produisent dans la Nibuleuse du Crabe. En se 
basant sur des considerations energetiques, on etudie remission de photons de grande energie par des objets extraga-
lactiques, particulierement les radio-sources internes en cours de formation. La possibilite de detecter des neutrinos 
cosmiques est aussi envisaged. 

Pour le moment, aucun processus particulier ne peut itre mis en evidence, dans aucun des cas oil du rayon
nement energetique est observe, bien qu'un certain nombre de conclusions puisse itre tire des resultats d'observation 
actueUement disponibles. En particulier certaines theories cosmogoniques peuvent deja etre confronUes avec ces 
observations. 

ABSTRACT. — This review concentrates primarily on the problem of interpreting the recent X-ray and y-ray observations 
of celestial sources. The expected fluxes of hard radiation from various processes are estimated (when possible) 
and are compared with the observations. We compute the synchrotron, bremsstrahlung, and (inverse) COMPTON 
spectra originating from relativistic electrons produced (via meson production) in the galaxy and intergalactic 
medium by cosmic ray nuclear collisions ; the spectra from n°-decay are also computed. Neutron stars, stellar 
coronae, and supernova remnants are reviewed as possible X-ray sources. Special consideration is given to the 
processes in the Crab Nebula. Extragalactic objects as discrete sources of energetic photons are considered on the 
basis of energy requirements ; special emphasis is given to the strong radio sources and the possibility of the emission 
of hard radiation during their formation. The problem of the detection of cosmic neutrinos is reviewed. 

As yet, no definite process can be identified with any of the observed fluxes of hard radiation, although a number 
of relevant conclusions can be drawn on the basis of the available preliminary observational results. In particular, 
some cosmogonical theories can be tested. 

PemMe. — HacToamaa oCJpaCoTKa nocBameaa rjiaBHHM o0pa3OM HHTepnpeTau;HH ae#aBHHX flatfjiioaeHHfi 
H3Jiy^e«Hfi X H Y He6ecm>a HCTOHHHKOB. ^ami oijeHKH BepoaTHHx HOTOKOB, KOTopue cpaBHema 
c E(a6jiK)#eSHaMH. BHracaeHH cneKTpu CHHxpoTpoHHoro H3.nyqeHHa, bremsstralhung H 3 $ $ e K T a KOMH-
Tofla (oSparaoro) fljia peaaTHBHCTKHx 3.ieKTpoHOB. 9TH nocjieflHHe AOJDKHO (JHTB nponsBefleHN (npo-
xofla ^epe3 co3flarae Me30H0B) aflepHHMH coy#apeHHHMH c KocMH^ecKHMH jiy^aMH, B rajraKTH^ecKofi 
H MeacrajraKTH^ecKofi cpe#ax. BtpracjieHH TaKace cneierpH npoH3Be#eHHHe pacna#OM. IIpe#BHfleHH 
B03M05KHOCTH 3MHCCHft Jiyiefl X 3Be3flaMH H3 flefiTpOHOB, 3Be3flHHMH KOpOHaMH H OCTaTKaMH CBep-
XHOBHX. Bojiee cneipajibHO paccMOTpeHH npoijeccH npoHCXOftamne B TynaHHOCTH K P A C A . OCHOBH-
Baacb Ha cooGpaaceanax aHepreraiecKoro nopaflica, nccjieflOBaHa 3MHCCHa $OTOHOB C CojiBmofi 9Hep-
rnefi BHerajiaKTH^ecKHMH oCfoeKTaMH, B ^acTHOcra, HHTeHCHBHHMH pa^noncTO^HHKaMH B COCTOHHHH 
o6pa30BaHHa. IIpeflBHfleHa TaKace BO3MO3KHOCTL oSHapyacHTB KocMH^ecKne HeflTpnHo. 

IIoKa *ITO, «HKaKofi ocofiHfi npoijecc a e MoaceT GHTB BHflBJieH HH B O^HOM HS cnyqaeB, Koiyja 
Ha6jiio#aeTca anepreraqecKoe H3Jiy*ieHHe, XOTSL HeKOTopoe IHC.HO s a x u u r c e ^ f i MoaceT (JHTB BHBefleHO 
H3 pe3yoiBTaTOB Ha0JiK)^eHHfi HMeiomnxca B flacToamee spei ia . B ^acTaocTH, HeKOTopne KOCMOTO-
anqecKHe TeopHH M o r y i yace 6HTB cpaBHeHH c 3THMH nafijiiofleHHaMH. 
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I . INTRODUCTION. 

Except for the possible existence of an inter
galactic gas, the bulk of the matter in the universe 
is in the interior of stars. Most of this stellar 
matter is at a temperature of ~ 106 °K, while 
in some stages of stellar evolution the temperature 
may reach 109 °K. Due to the high opacity 
of stellar matter the KeV-MeV photons emitted 
in the interior of stars are absorbed and degraded 
to lower energy before they reach the stellar surface. 
Thus, the visible stellar matter in the universe 
lies in the relatively cool photospheres where the 
temperature is about 103-105 °K and where the 
~ eV photons observed by optical astronomers 
are emitted. There are, however, a number of 
processes in the universe which are capable of 
producing observable high energy photons ; these 
processes usually involve high energy non-thermal 
electrons. Observations of these high energy 
photons are extremely difficult due to the necessity 
of carrying out the experiments above the earth's 
absorbing atmosphere by means of rockets, satel
lites, or balloons. Nevertheless, during the past 
few years a number of workers have succeeded 
in detecting fluxes of energetic cosmic quanta. 
Although these observations are very preliminary, 
it is clear that a great deal of knowledge may be 
gained from the interpretation of this data. Of 
special interest is the application of the observa
tions to the analysis and testing of cosmological 
theories (see Sect. 11 h, i). We feel that many 
cosmological questions may be answered in the 
near future by the analysis of observations of high 
energy photons and neutrinos. At present this 
relatively new field of research is in its infancy 
and our review will probably soon be out of date. 
It is our hope that it will be of some use as a 
guide for the interpretation of observations in the 
near future. 

We might summarize briefly some basic physical 
processes by which energetic photons are produced. 
First we list the processes which produce 
continuum radiation : 1) Bremsstrahlung is emitted 
in the interaction of charged particles with matter. 
It results from e — p Coulomb scattering at non-
relativistic energies and from both e — p and 
e — e scatterings at relativistic energies. 2) The 
Compton scattering of a low energy thermal 
photon by a high energy electron produces a 
high energy scattered photon, the energy being 
transferred from the electron. This process was 
first discussed by F E E N B E R G and P R I M A -

KOFF (1948). F E R M I pointed out that this was 
probably the mechanism by which electrons were 
removed from the primary cosmic ray flux. 
3) Electrons moving in magnetic fields emit syn
chrotron radiation ; this is the primary mecha
nism for radio emission in galaxies. Very high 
electron energies are required to produce high 
energy photons by this process ; cosmic synchro
tron spectra probably extend at most to photon 
energies in the keV-MeV range. 4) Gamma rays 
result form the decay of 7r°-mesons (n° -> 2y) 
following the production of mesons in collisions 
between primary cosmic ray particles and nuclei 
of the interstellar and intergalactic gas. Cosmic 
ray nuclear collisions are also a source of high 
energy electrons via charged pion production 
and (n -> (JL e) decay, as was proposed by 
B U R B I D G E and G I N Z B U R G in the early attempts 
to understand radio sources. A recent discussion 
applying to galactic radiation has been given by 
P O L L A C K and F A Z I O (1963) and by GINZBURG 

and S Y R O V A T S K Y (1964). 7r°-gammas are also 
produced following meson production in matter — 
anti-matter annihilation. Some processes which 
produce line radiation are: 5) Characteristic 
X-rays are produced following the ejection of an 
atomic inner shell electron by, for example, a high 
energy particle or photon flux. The resulting 
cascade transitions give rise to the emission of 
K, L, etc... — series X-rays. 6) Gamma rays 
are produced in the annihilation of electrons 
and positrons (e + + &~ -> 2y). Energetic posi
trons in the interstellar (but not intergalactie) 
medium come essentially to rest by various 
energy loss processes (see Sect. II) before annihi
lating, and the resulting y-rays are essentially 
monoenergetic at about 0.51 MeV. 7) The for
mation of deuterium via n + p -> d + y (the 
inverse of photodisintegration) produces a photon 
of energy 2.23 MeV. This is the only low energy 
nuclear reaction we have listed here which gives 
rise directly to y-radiation. There are many low 
energy reactions which give rise to y-rays either 
directly or indirectly, but in general they will 
occur only in stellar interiors so that the y-rays do 
not escape. However, there are some indications 
that nuclear reactions sometimes take place in 
stellar surfaces, so that these y-rays may be 
observable. Both the 0.51 and 2-23 MeV lines 
were mentioned in an early paper by M O R R I 

SON (1958) on the subject of gamma ray astro
nomy. 

Most of the basic photon-producing processes 
are considered in Section II where the background 
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spectra from synchrotron radiation, bremsstrah
lung, and the Compton process by high energy 
electrons and from 7t°-decay in the interstellar 
medium, the galactic halo, and the intergalactic 
medium are computed. The energetic electron 
spectrum is computed from secondary production 
via TC — (x decay with the pions produced in 
nuclear collisions (proton-proton) of cosmic rays 
with the interstellar and intergalactic gas atomic 
nuclei and from the various electron energy loss 
processes. In Section III we consider the pro
duction (especially of X-rays) by stars, in parti
cular from stellar coronae and from neutron stars. 
Supernova remnants are treated in Section IV 
where special consideration is given to the Crab 
Nebula. The possibility of observing extraga-
lactic discrete sources of energetic quanta is 
studied briefly in Section V. The problem of 
detecting cosmic neutrinos is considered in Sec
tion VI. 

We shall concentrate in this review in attemp
ting to give reasonable theoretical estimates of the 
fluxes of hard radiation which may be generated 
in a variety of celestial sources. However, we 
wish to stress again that our philosophy is that the 
detection of hard radiation as an observational 
science is still in a very rudimentary state and the 
observations to date cannot be used to refine the 
the theory in any significant way. We reiterate 
that we can only give plausible estimates of the 
fluxes to be expected, and some surprises of the 
kind that have been encountered in radio astro
nomy over the past fifteen years may well be in 
store. 

I I . PRODUCTION I N T H E INTERSTELLAR GAS, 

T H E GALACTIC H A L O , 

A N D T H E INTERGALACTIC M E D I U M . 

In this section we consider the general back
ground flux of cosmic photons produced in elec
tromagnetic interactions involving non-thermal 
particles. A source of high energy particles is 
provided by the ordinary cosmic rays, in particular 
the cosmic ray protons, whose energy spectrum 
is known and extends up to ~ 10 2 0 eV. The 
protons themselves are not efficient at producing 
photons in direct electromagnetic interactions, 
due to their large mass. However, high energy 
electrons can result from nuclear collisions of 
cosmic rays in which a shower of pions are pro
duced ; the charged pions then decay into electrons 
via 7r ( A -> e. The energetic " secondary " elec
trons which result can produce high energy pho

tons by a number of processes, and these will be 
considered later in this section. The photon 
spectrum produced by a specific process is deter
mined (among other things) by the electron spec
trum, which in turn is determined by the cosmic 
ray proton spectrum. We shall assume a universal 
cosmic ray spectrum, that is, except near local 
sources of cosmic rays, the cosmic ray flux at any 
place in the universe is assumed to be the same 
as that measured at the earth. G I N Z B U R G and 
S Y R O V A T S K Y (1963) have argued against a uni
versal cosmic ray flux and estimate that the inter
galactic cosmic ray density is smaller than the 
local (galactic) value by a factor ~ 10—3. How-
ver, their reasoning is based on equipartition 
arguments and is, in our opinion, not convincing. 
The intergalactic cosmic ray density is just one 
of a number of poorly known parameters with 
which one is confronted in making estimates of 
photon production processes ; for example, the 
gas density and magnetic field in the intergalactic 
medium can only be estimated roughly. Of course 
it may be that there exists a " primary " cosmic 
ray electron component, where by primary elec
trons we mean those which may have been acce
lerated by the same process and in the same sources 
that produced the cosmic ray protons. This 
question is open. Recent experiments by D E 
SHONG, H I L D E B R A N D , and M E Y E R (1964) measu
ring the electron/positron ratio in the local cosmic 
ray flux are certainly relevant to this problem 
but the experiments still do not allow a definite 
conclusion regarding the primary or secondary 
origin of these electrons and positrons. We shall 
consider only the contribution from secondary 
electrons. It might be remarked that the acce
leration of protons without an accompanying 
acceleration of electrons can be envisaged easily, 
since the electrons, with their smaller mass, lose 
energy by electromagnetic processes more readily. 

We shall take a universal differential cosmic 
ray flux given by 

(1) dJp = K P ifT* dyP} 

where dJP is the number of incident protons per cm2 

per second having Lorentz factors yv ( = Ep/m^c2) 
within dyv (centered at yv) ; here K» and Tv are 
constants. By appropriate choice of K*> and Tv the 
power law (1) can be used to describe the observed 
flux for any range of yv. The choice Tv = 2.6, 
K„ = 100 cm—2 s - 1 fits the observations (cf. SIN

G E R 1958) over many orders of magnitude of yv 

in the high energy range. At lower energies the 
actual flux is smaller than that described by this 
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choice of T99 Kp. The extrapolation from high 
energies is too large by a factor ~ 2 at y„ ~ 1 0 0 
and by a factor ~ 4 at yP = 10. Since we are 
interested in the effects of the high energy cosmic 
rays we shall adopt the above values for the para
meters r „ , in the calculations outlined in this 
section. Given the astronomical parameters (gas 
density, magnetic field, etc.) , the cosmic photon 
fluxes from various processes (synchrotron radia
tion, bremsstrahlung, Compton effect, etc . ) are 
essentially determined by the cosmic ray spectrum. 
However, due to uncertainties in our knowledge 
of the physics of certain processes, in particular 
that of meson production in high energy nuclear 
collisions, the calculated photon fluxes must be 
considered at best only order of magnitude esti
mates. Uncertainties in the astronomical para
meters further complicate the interpretation of the 
results. In view of this, a number of simplifying 
assumptions and approximations are made m the 
calculation of the physical processes. 

After discussing meson production in cosmic 
ray collisions (part a) the electron production 
spectrum is derived in (6). Electron energy 
losses in the galaxy and intergalactic medium are 
treated in (c) and (d) and the resulting electron 
spectra are derived in (e). The photon fluxes 
are calculated in (/) and a discussion and compari
son with the observational results follows. Some 
cosmological considerations of photon production 
in the intergalactic medium are given in (h), (i). 

a) Meson Production 
in Cosmic Ray Nuclear Collisions. 

All of the laboratory results on meson produc
tion are for incident proton energies less than 
1 0 BeV at which it is possible energetically to 
produce only a few relatively low energy pions 
per inelastic collision. Our knowledge of meson 
production by high energy protons is based pri
marily on theory, and the theories of meson pro
duction are very crude ; of course, an accurate 
theoretical treatment of the problem would be 
extremely difficult, probably beyond our present 
knowledge of elementary particle interactions. 
The simplest theory of meson production in high 
energy nuclear collisions is that of F E R M I (cf . M A R -

SHAK 1952) and is outlined briefly below, (i). 
The theory predicts the correct shape for the 
spectrum of high energy y-rays resulting from 
TZ°'S produced in cosmic ray collisions (ii). 

(i) Fermi Theory of Meson Production. 
Consider the oollison of a proton of (lab) energy 

y„ mpC2 incident on a proton at rest. In the center 
of mass (cm.) system the total energy of the two 

i 

protons is 2yPw^c2 = [2(yp + l ) ] 8 m p C 2 , where y„ 
is the Lorentz factor of the protons in the cm. 
system. Each proton carries a cloud of virtual 
pions ; in the proton's rest frame the radius of this 
cloud is approximately A^ = S/mwc, where mn is 
the pion mass. The interaction cross section is 
then a ~ TZ A£. In the cm. system each cloud is 
contracted in the direction of motion by a factor y„, 
and when the protons collide, the maximum com
mon volume of the meson clouds (which, presu
mably, is when the interaction is strongest) is 

(2) A V = ^ A » i 

For high proton energies it is possible energeti
cally to produce many pions in an inelastic colli
sion and F e r m i made the assumption that the 
interaction in the volume (2) was strong enough 
to produce a distribution of pion energies corres
ponding to thermal equilibrium with most of the 
initial proton kinetic energy having been fed into 
the pion gas. Also, the pions are predominantly 
highly relativistic and thus have a Planckian dis
tribution. The " temperature " for this distri-

i 
bution is easily shown to be JfcT ̂  yp* mwc2, so 
that in the cm. system the mean pion energy 
corresponds to 

_ i 
(3) < y * > ^ y * * , 

and in the lab system (where one of the protons is 
initially at rest) 

i 
(4) < y n > ^ y„ y p* ̂  y„ 8 / 4. 
F e r m i assumed that the distribution arising 

when the pion clouds of the colliding protons 
overlap is " frozen in ", so that equation (4) would 
apply to the pions produced in the collision. 
Equation (4) also implies that the multiplicity of 
pions produced is proportional to (and is, in fact, 

i 

roughly given by) y P

 4 . 
A number of attempts have been made to 

improve the F e r m i theory and some authors have 
taken a quite different approach to the problem. 
However, these alternative theories usually pre
dict a pion production spectrum not radically 
different from that of the F e r m i theory. The 
assumption of thermal equilibrium in the F e r m i 
theory has been questioned by L a n d a u (1953) , 

who has developed his own theory of meson pro
duction. Another defect in the simple F e r m i 
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theory is that the effects of the production of 
other unstable particles (for example K-mesons), 
which eventually decay into pions, has not been 
taken inf>o account. Nevertheless, for our pur
poses essentially the only result which need be 
specified is the relation between multiplicity 
(and mean pion energy) and Y*. The detailed 
shape of the pion energy spectrum produced by an 
incident proton of given energy need not concern 

us. 

(ii) Pion Production Spectrum. 

The number of pions produced per second per 
cm3 within the energy range dyn in p — p colli
sions would be computed from 

(5) 

where dJ* is the differential incident cosmic ray 
proton flux, nn the local density of hydrogen 
nuclei, a iz A2,) the total (excluding the multi
plicity factor) cross section for the event, and 
/ ( Y * \ Yv) the distribution function for the pion 
production spectrum. We approximate the spec
trum f(yn ; y*) by a product of the multiplicity 
( ^ Y*>3/ 4) a n d a function at the mean energy 
(^ y8/4) °f the pion spectrum for given y„ : 

(6) / ( Y * 5 YP) « Y * 4 S(YN — Y P 3 / 4 ) -

With a cosmic ray spectrum given by the power 
law (1) we then obtain 

(7) <7«(Y«) » (4w/S) A% KP nK Y N - R * 

The 8-funotion approximation (6) does not 
introduce appreciable error. For example, if one 
computes qn{yn ; yp), using the Wien approxima
tion to the Planck thermal distribution, one 
obtains a slowly varying function of y„ times Y * to 

the power — \{^v — ^j' *^ a t i * 8' e s s e n t i a U y the 

same result as equation (7). Moreover, the expo
nent in the spectrum (7) will be the same for the 
case where the mass of the incident cosmic ray 
particle is different from that of the " target " 
nucleus. In such a case the analysis follows 
analogously, since the Lorentz factors in the cm. 

i 
system are still proportional to y* (when y * s 

large), where y is the Lorentz factor of the incident 
particle in the rest frame of the target particle. 

(iii) An Experimental Test for ^ ( Y * ) -

For nuclear collisions at high energy the number 
of 7 T + , 7u—, and 7 r ° mesons produced are the same, 
as is their energy distribution. The TZ° decays 
via 7u° 2y, with the mean (lab) y-ray energy 
being roughly E K /2. Thus, a measurement of the 
y-ray spectrum from 7r°-mesons produced in pri
mary cosmic ray events would give the pion source 
spectrum q„(y„). Recently, K I D D (1963) has 
measured the spectrum of high energy y's from 
7r°-mesons produced by cosmic rays at the top of 
the atmosphere. By performing the experiment 
at high altitudes he was able to observe y's from 
n°'s produced predominantly in primary jets. 
K I D D found for the differential energy spectrum 
of the y-ray flux a power law with exponent 
T 0 = 2. 9±Q*2. The y-ray energy range observed 
by K I D D was 

0.7 X 10 1 1 eV < E 0 < 10 1 2 eV, 

corresponding to 
103 < YTT < 104 and 104 < yP< 2 X 105. 

At these proton energies the cosmic ray spec
trum is described by the high energy fit with 
Tv = 2.6. The corresponding Fn from equa
tion (7) is 2.8 and is consistant with the value ( r o ) 
measured by K I D D . We should like to emphasize 
that KTDD'S experiment confirms the results of 
the F E R M I theory, but not the fundamentals of 
the theory itself. 

b) The Electron Production Spectrum. 

In the charged pion decay (n* ji* + v) most 
of the center of mass kinetic energy released to the 
products [x, v is carried away by the neutrino 
whose energy is small compared with mnc2. The 
resulting lab energy of the muon is then appro
ximately (mjmn) E„, where E„ is the lab energy 
of the pion before decay. The electron resulting 
from the muon decay (jx* -> e± + 2v) is highly 
relativistic and behaves kinematically like the 
two neutrinos in the decay products. Thus, the 
mean energy in the spectrum of electron energies 

is about -m^c2 in the rest frame of the [x, and the 
3 

mean lab energy < E « > of the electron resulting 
from the n -> (x -> e decay is roughly 

thus, 

< y« > J W ^ e ) < y n > . 
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Approximating the electron spectrum f(ye ; Y«) 
by a S-function at this energy we get, for the elec
tron source spectrum, 

(8) fcfr.) dy<?*2-Jqn(yn) dyn8 (ye — £ ^ y«) <*Y« 

a factor - has been introduced because only Char-
tf 

ged pions decay into electrons. 
We shall consider production and energy losses 

of electrons with 1 0 2 < y« < 1 0 1 0 corresponding 
to 1 < Y« < 1 0 8 and to 1 < Y„ < 1 0 1 1 . 

c) Electron Energy Losses in the Galaxy. 

Here we consider the various processes tending 
to decrease the energy of high energy electrons 
in the galaxy. We calculate the average rate of 
energy loss in the galaxy which we consider as 
the region within the galactic halo of radius 
Ra ~ 5 x 10 2 2 cm. Actually, energy losses invol
ving interactions with the galactic gas occur pre
dominantly near the plane of the galaxy where 
most of the gas lies and where the gas is predo
minantly unionized. The volume of this disk of 
galactic interstellar gas is ~ 10— 2 of the volume 
of the galactic halo. 

(i) Ionization Losses. 

The energy loss due to ionization and excitation 
of the interstellar gas may be computed from 
Bethe's formula for the stopping power. For 
high energy electrons this formula is 

( 9 ) i i ) r ^ c * l n 2 Ig ' 

where I 0 is the mean excitation energy of the 
stopping material (hydrogen), and n is the 
number density of atoms of the material. 
The argument of the logarithm in equation (9) is 
very large and I 0 may be set equal to the Ryd-

berg energy - a 2 m«c2 (a""1 ^ 137) . We then have 
2 

for the ionization loss in a hydrogen gas of mean 
density < n > : 

(10) — < d y S t > z = 2ncr* <n>\n(2 TJ/a 4) 

Here r 0 ( = e2/w«c2) is the classical electron 
radius. The energy loss computed from equa
tion (10) is shown as a function of ye in Figure 1 

log Xe 
FIG. 1. — Eleotron energy loss rate in the Galaxy by syn

chrotron emission (S), leakage out of the halo (L), bremss
trahlung (B), Compton scattering (C), and ionization (I). 

for a mean gas density < n> = 0 . 0 3 cm- 3 . 
This mean galactic gas density corresponds to a 
mean density near the plane of the galaxy of 
3 cm- 3 . This value (3 cm—3) is about three 
times the observed density of atomic hydrogen. 
The higher value may be more appropriate if 
there is a high abundance of interstellar mole
cular hydrogen (GOULD, G O L D and S A L P E T E R 1963) 

(ii) Bremsstrahlung. 

The energy loss rate by bremsstrahlung emission 
would be computed from 

•» 

(11) — (dE/dt)B nude*, 

where n is the density of hydrogen nuclei and d<JB 
is the differential cross section for the emission 
of a bremsstrahlung photon of energy within ftdco ; 
in equation (11) the integral is over to from 0 to 
Y« me c2/^. For das we take the approximate 
simplified expression (see J A U O H and R O H R -

LIOH 1955) 

da? & 4arg co""1 du> In 2Y« 
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and calculate the mean bremsstrahlung loss 
rate: 

(12) < dyejdt > B ^ 4c arj < n > y€ IN y«. 

This is the bremsstrahlung loss rate for interaction 
of electrons with protons and would be appropriate 
for calculating the energy loss in regions of ioni
zed hydrogen. Actually, most of the galactic 
bremsstrahlung is likely to be produced near the 
galactic plane where the gas is predominantly 
atomic or molecular, and a correction for the asso
ciated shielding effects of the atomic electrons 
must be made. In fact, for the electron energies 
of interest the strong shielding expression would 
be more appropriate. In this case the argument 
of the logarithm in equation (12) should be replaced 
by ~ 137 (see HEITLER 1954). Using this cor
rected expression the bremsstrahlung loss rate 
was computed for < n> = 0.03 cm- 3 and is 
shown in Figure 1. 

(iii) Synchrotron Losses. 

It is well known that a highly relativistic elec
tron of energy E« in a magnetic field H moves in 
a circle with a Larmor radius 7*L = E«/eH and 
radiates energy by the synchrotron process at a 
rate 

(13) <dEe/dt>s = - cr*<W > YJ. 

The frequency spectrum of the radiation consists 
in a continuum with a maximum around VL y% 
v L (= eTLfeizmeC) being the Larmor frequency. 
The loss rate — < dye/dt > s is shown in Figure 1 
for a magnetic field H = 3 X 10 - 6 gauss corres
ponding to the galactic halo. 

(iv) Compton Scattering by Stellar Photons. 

The Compton process, whereby a high energy 
electron makes an elastic collision with a thermal 
stellar photon, and transfers some of its kinetic 
energy to the photon, has been considered in some 
detail by FEENBERG and PRIMAKOFF (1948) and 
by DONAHUE (1951). More recently, F E L T E N and 
MORRISON (1963) have suggested this process as 
a mechanism for producing energetic photons. 
Consider the collision between an electron of 
energy ye me c2 and a thermal photon of the galac
tic radiation field of initial energy zr. Let zr 

denote the photon energy after scattering ; let e* 
denote the initial energy of the photon in the rest 
frame of the electron ; e* ^ y« zr. For z* <C me c 2 

the cross section for the scattering process is given 
by the THOMPSON limit : 

(14) 
3 °' 

while the mean energy loss per scattering may 
easily be shown, by the kinematics of the problem, 
to be 

(15) (Sr)l » YE Sr. 

For collisions with very high energy electrons 
in which e* > me c2, the KXEIN-NISHINA formula 
must be used to compute the scattering cross 
section. For high energies this formula approa
ches 

(16) m, c2 

Gil - > 7 ^ 0 l n 

z* "~ m€ c2' 

while the mean energy loss per scattering is now 
comparable to the initial energy of the electron : 

(17) (zr)n fe* y e me c2. 

The electron energy loss is computed from 

(18) < dEe/dt > c = c < I anr (zr) zT dzr >, 

where nr(zr)dzr is the number density of photons 
of energy within der in the radiation field. We 
shall lump the stellar radiation field into one mean 
photon energy er. Then 

J nr (zr) dzr = nT p r /e f , 

where p f is the radiation energy density and nr 

the number density of photons. For a thermal 
(black body) radiation field zr is approximately 
3 &T0, where T 0 is the temperature of the thermal 
distribution. By employing the expressions for 
a and z'r for the low energy region (I) where 
Y« < ^ c2jzr and the high energy region (II) 
where y€ > me c2fzr we get for the energy loss 
rates : 

(19 I) 

(19 II) 
at 3 m, c 

- < a > ™ = m ° m < c I f - l n W ^ ' 

It is interesting to note that at low energies 
the energy loss rate is proportional to the radia
tion energy density < p f > while at high energies 
it is essentially proportional to < nr > / e f . Most 
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of the contribution to the radiation field in the 
galactic halo comes from the relatively cool stars 
in the nuclear region of the galaxy. We shall 
take zr = 3 eV and < p f > = 10— 1 3 erg/cm3 as 
representative values for the radiation field in 
the halo. The corresponding energy loss rate is 
shown in Figure 1. The curves for regions I and II 
were joined smoothly. 

(v) Leakage Out of the Galactic Halo. 

Even for electron energies as high as ye ~ 1 0 1 0 

the Larmor radii are only ~ 1 pc, which, presuma
bly is much less than the scale of " magnetic field 
condensations " in the halo. For this reason the 
high energy electrons moving in the halo are 
likely to penetrate only the outer edges of the 
magnetic field regions, and the paths of the elec
trons would resemble that of Brovmian motion. 
The mean free path would correspond to motion 
between magnetic field condensations and, because 
of the smallness of the electrons' Larmor radii, 
would be independent of energy if the magnetic 
field between the condensations were very small. 
The mean leakage time TL for escape from the 
halo would be roughly 

(20) T l — R|/Xc, 

where R*(^ 5 X 1 0 2 2 cm) is the radius of the 
halo and X is the mean free path for Brownian 
motion. The appropriate value of X to be used 
to calculate TL is very uncertain. In the galactic 
disk the mean distance between gas clouds 
is ~ 100 pc ; X for the halo is probably lar
ger than this. Taking X = 1 kpc we cal
culate T L ^ 3 X 1 0 1 5 s. 

In a leakage process the energy of the electron 
is not lost gradually ; instead essentially the total 
energy of the particle is lost (to the intergalactic 
medium) instantaneously. The equivalent loss 
rate is then 

(21) — < dye/dt > h = Y, /TL, 

and this quantity is plotted in Figure 1 for 
T L = 3 X 1 0 1 5 s. 

d) Electron Production 
and Energy Losses 

in the Intergalactic Medium. 

The calculation of processes in the intergalactic 
medium is made difficult by our lack of know
ledge of the astronomical parameters such as the 
gas density and magnetic field. Here we shall 
present results for assumed values of the para

meters. The calculated production rated and 
energy losses are simply related to the parameters 
and can be easily revised when better astrono
mical data are available. Actually, it may be 
that some additional knowledge of these poorly 
known data may be gained from further inter
pretation of the high energy cosmic photon expe
riments. 

As mentioned earlier, we assume a universal 
cosmic ray flux. The pion and electron produc
tion rates are then proportional to the intergalactic 
gas density and this gas is very likely to be predo
minantly hydrogen. Observationally, the upper 
limit to the intergalactic density of atomic hydro
gen is ~ 1 0 - 5 cm- 3 (FIELD 1962 ; D A V I S 1964) ; 

the amount of ionized hydrogen is unknown. The 
usually assumed total density of intergalactic 
hydrogen is < nm > ~ 10— 5 cm—3 ; this is the 
so-called cosmological (x) value and is the figure 
which we shall adopt. Also, we shall assume that 
the intergalactic hydrogen is fully ionized. We 
adopt 1 0 - 7 gauss for the mean intergalactic 
magnetic field. Certainly the intergalactic me
dium must have Some, if only random, magne
tic field. The intergalactic radiation field can 
be estimated with some reliability. The contri
bution from all galaxies in the universe results 
in a radiation field similar to the galactic (halo) 
field but diluted by about a factor of ten. Thus 
we take < pr > = 10— 1 4 erg/cm3 and, again 
zr — 3 eV. 

Assuming the above values for the gas density, 
magnetic field, and radiation density in the inter
galactic medium the various processes can be 
calculated readily by employing the relations 
given in part (c) of this section for galactic pro
cesses. However, for the bremsstrahlung contri
bution one must include the effects of electron-
electron bremsstrahlung B«« (see J A U C H and 
R O H R L I C H 1955) as well as the contribution 
from BeP. Since the cross section for high energy 
T&ee is approximately equal to that for B e p , and 
since ne = np for the assumed fully ionized inter
galactic medium, the total bremsstrahlung loss 
— < dyejdt > B is given by simply twice the 

( x) Several cosmological theories including HOYLB'S for
mulation of the steady-state theory, lead to values of this 
order for the mean density in the universe. One can arrive 
at thief result by simply setting E 0 + V s= 0, where E 0 

(=5 Mc 2 ; M is the " mass of the universe ") is the rest energy 
of the universe, and V ( ^ — GM 2 /R ; R is the "radius of 
the inverse " or HUBBLE radius) is the gravitational energy. 
The resulting mean density is about two orders of magnitude 
greater than the observed smeared out density (r^ 3 x I Q " - 8 1 

gm/cm 3) from galaxies. The bulk of the matter in the universe 
is then attributed to the unoondensed intergalactic gas. 
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expression (12) with < n > = 10— 5 cm—3 

The " ionization losses " for the fully ionized 
intergalactic medium actually correspond to pro
duction of plasma oscillations. The associated 
expression for the electron energy loss at high 
energies reduces to (see H A Y A K A W A and 
K I T A O , 1956) 

(22) - < d ^ > ^ ^ r l c < n > l n ^ ^ 

where co* ( = [4ra2 < n > /me]1/2) is the plasma fre
quency. The result is plotted in Figure 2 . 

log ft 

FIG. 2. — Electron energy loss rate in the intergalactic medium 
by synchrotron emission (S), cosmic expansion (E), Compton 
scattering (C), bremsstrahlung (B), and excitation of plasma 
oscillations (P). 

For the intergalactic medium one should consi
der another " effective " energy loss process. 
The expansion of the universe results in an effec
tive energy loss for the electrons in a given volume 
of 

(23) — < dfe/dl > = YE/TB. 

(!) Although Bee . . Bjp for highly relativistic electrons, for 
non-relctiivietic electrons Bee <^ Bev. Essentially, this is be
cause the photon emission by the non-relativistic system 
results from the dipole moment formed by the e-p system. 

where T e is the characteristic expansion time 

given by ^ H ~ 1 0 1 7 s. (H—1 = Hubble constant) 
o 

The factor - takes into account the fact that the 
o 

expansion is three dimensional, that is, H ~ 1 is 
the characteristic time for the one dimensional 
expansion. The effective energy loss due to 
expansion is plotted in Figure 2 for TE = 1 0 1 7 s., 
along with the energy losses due to bremsstrahlung, 
synchrotron radiation, and Compton scattering. 

e) The Electron Energy Spectrum 
in the Halo 

and Intergalactic Medium. 

Here we consider the electron spectrum which 
results from production (via iz — fx — e decay) 
in nuclear collisons of cosmic rays and from the 
various loss processes. Let ne (Y«) dye denote 
the number of electrons per cm3 with energies 
within meC2dye. The spectral electron density 
ne(ye) satisfies a continuity equation in ye (energy 
space : 

*> ^ + £ . ( • • 
In Equation (24) the terms on the right hand 

side (r. h. s.) represent sources and sinks of high 
energy electrons corresponding to production, 
annihilation, and to processes leading to a sudden 
loss of a large fraction of the energy of the elec
tron ; terms representing leakage out of the halo 
or the expansion of the universe would also be 
included on the r. h. s. The factor dye/dt repre
sents the total gradual energy loss from processes 
described earlier. We shall consider steady state 
conditions, so that 7>ne (ye)lU = 0. 

(i) Electron Spectrum in the Galactic Halo. 

From Figure 1 we see that for ye < 1 0 4 (region I) 
the effective energy loss is primarily by leakage 
from the halo and the continuity equation 
reduces to 

(25) 0 = qe (ye) — ne (Y«)/T L , 

where qe(ye) is the production spectrum given 
by equation (8) and is of the from ke y7'Iny a ^d 
TL is the leakage time. Thus, for ye < 10 4 , ne(ye) 
is of the form 

(26) n?> (Ye) = K?> V?1*.- K? } = T L h. 
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The electron spectrum in region I is essentially 
the same as the production spectrum, that is, 
the electrons escape froin the galaxy without 
losing an appreciable amount of their original 
production energy. 

For ye ^ 105 (region II) the electrons lose their 
energy primarily by synchrotron radiation for 
which dyejdt = — bye

2

9 and the continuity equa
tion reduces to 

(27) - b ± ( YJ ne(ye)) = ge(ye) = h Y7 r *. 

The solution is then 

(28) n™(y<) ^ • K i n , Y 7 c r " + 1 , 

K<n> = i./6('r„ —1). 

With the assumed values for the parameters 
and with ke computed from equations (7) and (8) 
the calculated spectral electron density is shown 
in Figure 3. The solutions for ne(ye) in regions I 
and II were joined smoothly. 

(ii) Electron Spectrum in the Intergalactic Medium. 

The approximate spectrum of the intergalactic 
electrons is calculated by similar procedures. 
We approximate the effective energy loss for 
Y« < 105 (region I, see Fig. 1) by the expansion 
loss and for ye > 106 (region II) by synchrotron 
losses. The electron spectrum in the two regions 
is then given * by expressions similar to equa
tions (25) and (27) for the halo, essentially with t l 
replaced by t e . The calculated spectrum, the 
curves for the two regions joined smoothly, is 
shown in Figure 3 for the previously stated assu
med values of the astronomical parameters. 

f) High Energy Photon Flux 
from Various Processes. 

The photon production spectrum by a given 
process may. be computed from the electron 
(energy) spectrum ne(ye) and the expression for 
the photon emission spectrum by this process 
as a function of ye. Denote the photon energy 
by e. The energy loss by an electron of energy E« 
in time dt due to the emission of dN photons of 
energy within de is 

(29) dEe = e dN = /(E„ z) dz dl, 

where /(E«, s) is the emission spectrum. The 
number of photons emitted per cm3 per second 

-12 
i 1 1 1 r I 1 

- Os^-HALO 

-20 
•o MEOIUM ŝX 

J - 2 4 -
"1-28 
cr • 
o 

-32 

-
-

-36 -
-40 -

- J 1 L 1 1 1 1 

i o g y e 

Fio. 3. — Calculated energy spectrum of relativistifj electrons 
in the galactic halo and in the intergalactic medium. 

per interval of e by an electron spectrunji ne(ye) 
would then be 

( 3 0 ) ra = T = J * ' n ^ ) r a • 
We now approximate the emission spectrum 

by a S-function at the characteristic photon 
energy zc : 

where zc = ec(Y*)- The photon spectral flux due 

to emission along a line of sight of path / ds = R 

would be 

, « ^ v dJ Sdniz) - dn(z) ^ (32) m = - = J - U d s = < - A ± > R . 

The incident photon spectra from both the 
galaxy and tne intergalactic medium are readily 
calculated from the equations (30), (31) and (32) 
using the derived electron spectra ne(ye) and the 
expressions for the energy losses — < dyejdt >. 
For synchrotron emission zc ^ S c o l y*2 > f ° r 

bremsstrahlung zc ^ me c 2 ye ; for the Compton 
pjrppess from electrons with 

ye < me c 2 / i r , s c ^ zr y2 ; 

for the Compton process from electrons with 

ye > me c 2 /e r , zc & me c 2 ye. 

Taking a path length R = 5 X 10 2 2 cm (the 
radius of the galactic halo) for the galaxy and a 
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path length R = 5 x 1 0 2 7 cm (half the Hubble 
Radius) for the intergalactic medium, the resul
ting photon spectra are shown in Figure 4 . The 
spectra are for synchrotron, radiation, bremsstrahl
ung, Compton scattering, and 7c°-decay. The 
spectra from 7c°-decay are calculated directly from 
the pion production spectrum [eq. (7) ] . One third 
of the pions produced are 7r°'s, and each n° gives 

two photons of mean energy ^ y nm nc 2 . In Fi-

gure 4 the photon energy is given with respect to 
mec2 ; that is, TJ = e/m«c2, j(yj) = djjdr\. 

The galactic photon fluxes plotted on Figure 4 
are averaged over all directions. Actually, the 
photon flux per steradian from bremsstrahlung 
and 7c° decay would be greatest in the direction 
along the galactic plane where the production 
takes place. The synchrotron radiation and Comp
ton photons would also show a moderate aniso-
tropy due, at least, to our off-center position in the 
galaxy. We have not computed the spectrum 
from positron annihilation. The cross section for 
direct positron (energy : yemec2) annihilation 
with an electron at rest is, at high energies, 
(JAUCH and R O H R L I C H 1955) . 

(33) Ga w Tzr2 

Ye 
so that the bremsstrahlung spectrum dominates 
the annihilation spectrum by a factor ~ <xye 

for ye ^ 10 2 - At lower positron energies 
(ye < 1 0 2 ) ionization losses are dominant (see 
Fig. 1) and the positron comes essentially to rest 
before annihilating, giving two photons each 
of energy T J ^ 1. 

To calculate the photon flux from the interga
lactic medium we have taken essentially a static 
Euclidian universe cut off at R = 5 x 1 0 2 7 cm. 
It is natural to inquire into the effects of the 
expansion (differential red shift) and detailed 
structure of the universe on the resulting photon 
spectra. It can be shown that only if the photon 
production spectrum is a power law, will the 
observed flux show the same shape spectrum 
(power law with the same index), independent 
of the structure (including expansion) of the 
universe. This results essentially because the 
Doppler-shifted photon energy is proportional to 
the unshifted energy. As a result, our calcula
ted spectra, which are of the power law type in 
different energy regions, depend on the detailed 
structure of the universe only regarding the energy 
at which the spectra change their slope (at iq ~ 1 0 5 

for B and C, Fig. 4 ) . The shift in this critical 

energy is likely to be less than an order of magni
tude, however. 

Interstellar and intergalactic photon absorption 
have also been neglected. Absorption is unim
portant except possibly for the long wavelength 
end of the X-ray region (see G O U L D and B U R 

BIDGE 1963) and also for the high energy region 
around 1 0 1 2 eV in the intergalactic medium At 
photon energies around 1 0 1 2 eV the absorption 
cross section for e+—e— pair production by 
(photon-photon) collisions with the thermal quanta 
of the intergalactic radiation field reaches a maxi
mum (NIKISHEV 1962 , see also G O L D R E I C H and 
MORRISON 1964) . Around this energy the mean 
free path for photon absorption may be an order 
of magnitude smaller than the cut-off distance 
R ~ 5 X 1 0 2 7 cm which we have employed in 
calculating the photon flux from the interga
lactic medium. 

We should like to emphasize again that the 
calculated photon fluxes are only approximate, 
and this should be kept in mind when we attempt 
possible interpretations of the observations. In 
particular, our treatment of meson production 
in cosmic ray collisions is very rough, especially at 
low energies where the F E R M I theory should be 
invalid. Moreover, as mentioned earlier, our 
assumed cosmic ray spectrum is too large at the 
low energy end ; this effect alone would produce a 
bend in the calculated photon fluxes at low ener
gies such that the low energy ends of the curves 
in Figure 4 should be reduced by about an order 
of magnitude. 

g) Comparison 
with Observations — Discussion. 

The experimental points exhibited in Figure 4 
correspond to the observed cosmic background 
photon fluxes as summarized in Table I below(1). 
The observations are in essentially four energy 
regions and are over ranges such that AYJ/YJ ~ 1. 
There is, of course, another range of energies 
where cosmic photons are observed, namely, the 
radio range. The radio spectrum is represented 
fairly well by the low energy range (not included 
in Fig. 4 ) of the calculated synchrotron radiation 

( l ) In this discussion we have taken the observational values 
given in Table I at their face value. However, as was stressed 
by Dr. KRAU^HAAR in his paper at the Liege meeting, it 
appears now that, while the background X-ray fluxes have 
been detected at the levels quoted, the y-ray results are more 
uncertain and should all be treated as upper limits to the fluxes 
whioh may be present. That we are, therefore, only discus
sing possible explanations of hypothetical y-T&y fluxes in this 
section is to be emphasized. 
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T A B L E I 

T H E OBSERVED HIGH ENERGY COSMIC PHOTON SPECTRUM 

AUTHOR 

GIAOCONI et al. (1962) 
B O W Y E R et al. (1964) 
ARNOLD et ah (1962) 
KRAUSHAAR and CLARK (1962) 
DUTHIE etal, (1963) 
FIRKOWSKI et al. (1962) \ 
SvGAetal. (1962) J 

DESIGNATION 
in Fig. 4 

G 
B 
A 

K — C 
D 

E A S 

ENERGY 

* 2-3 keV 
•> 2-3 keV 
- lMeV 
* 100 MeV 
- 100 MeV 
* I0ii eV 

X 1 0 - 8 

X 1 0 - * 
2 

2 0 0 
2 0 0 

X lOe* 

?(*)) 
(cm- 2 s- 1) 

4 x 1 0 8 

J X 10* 
0 . 0 8 
4 x 1 0 - 5 

3 X 1 0 - 4 

XQ-20 

spectram. We shall return to this question of the 
radio spectrum shortly. 

We now consider the possibilities of interpre
ting any of the observed photon fluxes in terms 
of the various calculated spectra represented in 
Figure 4. First consider the X-ray observations. 
The flux j ( T Q ) for point X (Fig. 4 ) is five orders 
of magnitude above the curve S' and six orders 
of magnitude above S. This discrepancy is, in 
our opinion, sufficient to rule out the interpreta
tion of the point X as due to synchrotron radia
tion, at least if the high energy electrons are of a 
secondary origin. The curves C and C do not 
extend to lower energies because we have conside
red electrons with y« ^ 1 0 2 , and in our approxi
mate calculations have assumed that 

giving < a >e > 3 0 keV. However, due to the 
distribution of thermal photon energies there is, 
of course, a distribution of photon energies which 
can be produced by an electron of given energy. 
Moreover, for a pion decaying at rest there is still 
an appreciable probability for a low energy (say, 
y« ~ 3 0 ) electron being produced. Therefore, the 
Compton spectra C and C certainly do extend 
to the X-ray region. In spite of this, we do not 
believe that the X-ray point can be due to the 
Compton process, if the electrons responsible 
for the scattering have a secondary origin. For, 
as previously mentioned, the actual cosmic ray 
spectrum which produces the low energy pions 
and finally electrons is smaller by about a factor 
of 1 0 than the power law spectrum used to compute 
the curves in Figure 4 . A realistic extrapolation 
of, for example, the curve C to the X-ray region 

would still fall about three orders of magnitude 
below the observational point B. 

F E L T E N and MORRISON ( 1 9 6 3 ) suggested that 
not only the X-ray flux, but also the photon 
fluxes at ~ 1 MeV and ~ 1 0 0 MeV (see Table II), 
are due to the Compton process in the intergalac
tic medium. They suggested that the sources 
of the high energy intergalactic electrons are the 
strong radio sources. We can see from the 
curve C in Figure 4 that the intergalactic spec
tral density ne (y«) required to explain the results 
is about 2 0 - 3 0 times as large as the density which 
we estimated to result from secondary production 
in intergalactic space. The Compton spectrum 
must, of course, extrapolate to the X-ray region 
and this precludes a secondary origin for the 
electrons, unless they are produced by a cosmic 
ray spectrum which has a much higher intensity 
at low energies than that for cosmic rays observed 
at the earth. We cannot rule out the F E L T E N -

MORRISON hypothesis ; in fact, elementary consi
derations of the necessary number of sources 
(radio galaxies) of high energy electrons in the 
universe suggest that the hypothesis is reasonable 
quantitatively. As we have shown, for our 
Galaxy this relatively low energy part of the elec
tron spectrum, that is, the radio electrons, does 
escape from the galaxy into the intergalactic 
medium before losing an appreciable amount 
of their initial energy. As we shall show pre
sently, if the F E L T E N - M O R R I S O N idea is correct, 
the amount of synchrotron radiation which these 
electrons would produce places an upper limit 
to the intergalactic magnetic field. 

Finally, we should like to mention another 
possible explanation for the observed background 
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X-rays. If we assume that the strong discrete 
X-ray source in Scorpius is at a distance ~ 1 0 kpc 
(roughly the distance to the galactic center), 
that is, if we assume essentially that it is a galactic 
source, we can compute its intrinsic X-ray lumi
nosity. If we then assume that on the average 
every galaxy in the universe has an X-ray source 
of this luminosity we can compute the background 
flux from this hypothetical distribution of X-ray 
sources in galaxies out to the Hubble radius. 
When one performs this elementary calculation 
(GOULD and B U R B I D G E , 1963) , one obtains a 
background flux of roughly the observed magni
tude. Clearly, this calculation makes no assump
tion as to the nature of the individual X-ray sources 
in galaxies, but only that the source in our Galaxy 
is of average magnitude. 

We had originally assumed the strong galactic 
source to lie in the center of the galaxy. Although 
the NRL group ( B O W Y E R etal., 1964) seems to have 
established that the strongest X-ray source lies 
in Scorpius, about 2 0 ° off the galactic center, more 
recent work by both the NRL and MIT groups 
has indicated that there in indeed a fairly strong 
X-ray source in the direction of the galactic 
center. We were led to consider the galactic 
center as a source of X-ray after performing a 
theoretical analysis of the apparent excitation 
conditions in external spiral galaxies (see B U R 

BIDGE, GOULD and POTTASCH 1963) . We found 
that the stellar ultraviolet radiation in galactic 
nuclei was insufficient to balance the apparent 
rapid cooling rate of the interstellar gas in nuclei, 
and postulated the existence of a flux of corpuscular 
particles (protons, and/or electrons) in galactic 
nuclei. Such a particle flux can produce X-rays 
in the interstellar gas either by bremsstrahlung 
or by K-series emission by certain elements after 
the ejection of a K-shell electron. H A Y A K A W A 

and M A T S U O K A (1963) have also considered the 
possible existence of a similar flux of " supra-
thermal " particles in the galactic spiral arm 
regions and the associated X-ray continuum and line 
radiation. The particle flux which they envisage 
is that originally suggested by H A Y A K A W A as a 
heating mechanism in interstellar H I regions. 
However, this heating source is not really needed 
to explain the observed temperature of H I regions 
(see G O U L D , GOLD and SALPETER 1963) . Although 
the hypothetical particle fluxes which were consi
dered by H A Y A K A W A and K I T A O and by us may 
not exist under the original exact conditions, the 
computed associated X-ray spectra may still be 
relevant. Quite independent of the specific par

ticle energy spectrum, it appears that the amount 
of X-radiation emitted in lines (K-series X-rays) is 
about 1 0 % of the integrated continuum radiation. 
Thus it appears that with only moderate spectral 
resolution one, may be able to observe cosmic 
X-ray emission lines. 

Regarding the possible interpretation of the 
observations at 1 MeV (A, Fig. 4 ) , we see that the 
observed flux is about an order of magnitude 
above the calculated curve C . In view of the 
inaccuracies involved this " agreement " within 
an order of magnitude indicates that Compton 
scattering by secondary-produced intergalactic 
electrons provides a possible explanation for the 
observed photon flux at 1 MeV. Of the calculated 
processes represented in Figure 4 this appears 
to be the only possible association with the obser
vations at 1 MeV. The spectrum from 7c0 decay 
certainly does not extend below log y] = 2 
( E & 5 0 MeV), and the bremsstrahlung spectra B 
and B' must be less steep below log YJ = 2 since, 
although the energetic secondary electrons can 
emit a bremsstrahlung spectrum extending to the 
lower energies, the corresponding bremsstrahlung 
photon would then carry away only a small frac
tion of the electron's energy, and the photon pro
duction process would be less efficient. 

It would appear from Figure 4 that the 
~ 1 0 0 MeV photon flux which K R A U S H A A R and 
C L A R K first reported could be accounted for by TZ°'S 

produced in the galaxy or in the intergalactic 
medium. However, our calculated 7 c ° spectrum, 
based on the F E R M I theory, is very unsatisfactory 
at the low energy end. For low energy p — p 
collisions it is primarily TZ+ mesons that are 
produced and a more accurate treatment of meson 
production than our extrapolation of the F E R M I 

theory must be employed. Now, in the K R A U S -

H A A R - C L A R K observation the photon flux 
observed included essentially the whole spectrum 
from decays of TZ°'S of all energies, and most of 
the TZ°'S produced are of low energy. By emplo
ying the available data on meson production by 
incident protons of energy less than 1 0 BeV and 
the observed low energy cosmic ray spectrum, 
P O L L A C K and F A Z I O ( 1 9 6 3 ) have computed the 
rate of production of pions by p — p, p — a and 
a — p collisions per hydrogen nucleus as the rate 
of production of 7 t ° decay and ppsitron annihilation 
(after 7u+ -> (x -> e+ decay) photons : 

7r°-decay : q° & 1 x 10— 2 6 photons/s-sterad. 

positron annihilation : 
q+ & 2 x 10— 2 6 photons/s-sterad. 
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The 7u°-decay photons have energies above 
about 7 0 MeV and the galactic positron annihi
lation photons have energies of about 0 . 5 MeV, 
since the positrons come essentially to rest before 
annihilating. The 7t°-decay photon flux from a 
region of density < nn > of extent R would 
then be 4 izq0 < UR > R and in this manner we 
estimate fluxes of 2 X 1 0 - 4 photons/cm2-s 
and 6 X 1 0 - 8 photons/cm2-s from the galaxy 
and intergalactic medium respectively; the 
galactic flux is a directional average. TheKRAUS-
HAAR and CLARK flux is roughly the same as the 
calculated contribution from the intergalactic 
medium while the flux observed by D U T H I B et al. 
is an order of magnitude larger. The origin of 
the discrepancy between the KRATJSHAAR-CLARK 

and D U T H I E et al. observations may lie in the 
latter's extrapolation of their balloon observations 
to zero atmospheric depth. At any rate, it is 
clear that an upper limit to essentially the pro
duct of the intergalactic cosmic ray flux and gas 
density is established by these observations. The 
calculated intensity of the positron annihilation 
line using POLLACK and FAZIO'S value for q+ and 
again the " standard " intergalactic gas density 
( 1 0 ~ 5 cm- 8 ) is 1 X 1 0 - 2 photons/cm2-s which is 
just below the upper limit of 1 . 5 X 10— 2 pho-
tons/cm2-s established by A R N O L D et al. Howe
ver, intergalactic relativistic positrons do not slow 
down before annihilating (see Fig. 2 ) and would 
not produce a 0 . 5 1 MeV line but rather an annihi
lation continuum extending to higher energies. 

The point denoted by EAS in Figure 4 results 
from observations of Extensive Air Showers (FIR-
K O W S K I et al. 1962 , STTGA et al. 1 9 6 2 ) in which an 
abnormally low number of muons were observed, 
indicating possibly that the shower was initiated 
by electromagnetic processes rather than by a 
nuclear collision. If these showers result from 
primary photons the flux of these photons would 
be ~ 1 0 - 3 times the flux of cosmic ray protons 
at the same energy. The results of these experi
ments are questionable and may only represent 
an upper limit to the primary cosmic photon flux 
at these high energies. In Figure 4 we see that 
the EAS point lies 2 or 3 orders sf magnitude 
above the curve corresponding to the decay of 
high energy secondary-produced 7t°-mesons in the 
intergalactic medium. 

As was mentioned in the footnote at the begin
ning of this section, it is necessary to emphasize 
the prehminary nature of all of these observations 
of high energy photons. While the existence of 
cosmic X-ray sources seems well established, the 

I I 1 1 I I l I I I I I 1 I i i t i -i 

log t] 
FIG. 4. — Calculated high energy photon background fluxes 

from synchrotron radiation, Compton scattering, bremss
trahlung, and 7T°-decay. The unprimed-designated spectra 
represent the galactic contributions and the primed denote 
the spectra from the intergalactic medium. Observational 
points are denoted by circles. The letters next to the 
points refer to the observers (see Table I). 

existence of positive fluxes at higher energies 
(the ~ MeV, 1 0 0 MeV, and 1 0 1 5 eV observations) 
is not established. The fluxes given for these 
higher energy photons probably should all be 
taken as upper limits until the observational 
situation is clarified. For example, the ~ MeV 
observations may be plagued by radioactivity 
induced in the crystal of the scintillation detector 
(see P E T E R S O N 1964) . 

We conclude our discussion here with a few 
remarks about the observed cosmic radio spectrum 
from the galactic halo, which is undoubtedly due 
to synchrotron radiation by relativistic elec
trons. We attempt to answer the question as 
to whether the electron spectrum can be accounted 
for by secondary production by cosmic rays. 
This problem has been considered by a number 
of authors in a manner similar to our treatement. 
However, our view differs somewhat in that we 
consider leakage from the halo as the primary 
loss process for the radio electrons. 
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If the energy radiated per second per interval 
of frequency by an electron of energy yemeC2 is 
P(v> Y«)> the spectral intensity (erg/s-cm2-sterad 
frequency interval) of radiation received from a 
direction r is 

(34) I v = dE/dt dA dCl dv 

= ( ^ R 1 j Q T n e ( Y e ) P(v, ye) dy€ dr9 

where ne(ye) dy€ is the differential electron density. 
For an electron spectrum ne(ye) = Ke y~Te the 
intensity I v may be computed approximately by 
taking P(v, ye) to be equal to the expression (13) 
for dlEe/dt times a 8-function 8(v — vly?) at the 
frequency where P(v, ye) is a maximum. Assu
ming a constant magnetic field H and a path 

length Jdr = R&, the halo radius, we obtain a 

familiar result : 

(35) 

I V (127T)- 1 cr§ K , Rh H 2 v f ' ~ 3 ) / 2 v~< rr-D/2 . 

a power law spectrum with exponent 
a = (T* — l)/2 

is also obtained using the exact expression for 
P(v, Y E ) . The constant Ke may be determined 
by the observed value (500 °K) of the radio 
brightness temperature T& = I v X2/2& at 100 MHz 
in the direction of the galactic pole. Employing 
equation (35) with H = 3 X 10—6 gauss, 

R, = 5 X 10 2 2 cm, Te = 2.8 (a = 0.9), 
we obtain K« = 1 x 10—6 cm—3. This number 
is to be compared with the value calculated from 
the production and loss processes. By equa
tions (7), (8) and (25) we get for the calculated Ke: 

(36) Ke *t (8tc/9) A2 K ^ m / 6 " 1 Kv < nn > T L . 

Using the previously assumed values 
Y^p = 100 cm- 2 s- 1 , < nn > = 0.03 cm- 3 , 

u = 3 X 10 1 5 s. we calculate K e = l x 10~ 6 cm- 3 ; 
the agreement with the radio value is fortuitous. 
Actually, the observed radio spectrum has an 
index a & 0.7-0.8, and we have adopted the 
" theoretical " value 0.9. This discrepancy may 
not be serious ; the observed slightly flatter spec
trum could be accounted for by a slight variation 
with Y« of the effective value of TL. For example, 
if TL were slightly shorter for the low energy 
electrons (caused, perhaps, by another energy 
loss process at low energy) the smaller value of 
a and I \ could be understood. A more accurate 

treatment of the production spectrum could also 
indicate a smaller value for a and I \ . Further, 
we might mention that with our assumed values 
of the parameters (density, magnetic field, etc.) 
for the intergalactic medium the calculated syn
chrotron intensity in the radio region from the 
intergalactic medium is comparable to that from 
the halo, while, as is seen from Figure 4, the cal
culated intergalactic synchrotron radiation is 
actually greater by ~ 10 at the high energy end. 
Admittedly, our calculations are based on many 
assumptions, but these assumptions may well 
be valid, and much of the observed non-thermal 
radio background radiation may be coming from 
the intergalactic medium. 

It is of interest to consider the requirements 
on the intergalactic magnetic field a if the F E L T E N -

MORRISON idea is correct. From Figure 4 we 
see that for the curve C to pass near the points X , 
A, and K-C, the value of Ke must be larger by 
a factor ~ 30, or must be ^ 3 X 10~ 7 cm—3. 
One can then compute the intergalactic magnetic 
field, by equation (35) with R A - > 5 X 10 2 7 cm, 

- the Hubble radius, necessary to produce a 

brightness temperature of 500 °K at 100 MHz. 
One then finds 1 X 10—8 gauss for this magnetic 
field. Thus, if the F E L T E N - M O R R I S O N idea is 
correct, the intergalactic magnetic field must be 
less than 1 X 10—8 gauss. 

Finally, we should like to mention a further 
check on the calculated spectrum of the 
halo electrons. Recently the French-Italian 
group (AGRINIER et ah 1964) has reported the 
measurement of a primary cosmic ray electron 
flux of 6.6 X 10 - 4 particles/cm2-s-sterad for 
Ee > 4.5 BeV, corresponding also to an electron/ 
proton cosmic ray ratio of 1 X 10—2. This 
measurement of the primary electron flux at 
fairly high energies is probably more reliable 
than results of measurements at lower energies 
which are influenced by solar activity. The mea
sured flux is to be compared with that from the 
calculated spectra above 

4.5 BeV (y, > Yo = 4.5 BeV/me c2). 

One finds, with Ke = 1 X 10~ 6 cm--3, Ye = 2.8, 
a flux 

/ " C O 

(47T)- 1 / cKe Y R R * dyt 1 X 1 0 ~ * 

•S Yo 
particles/cm2 s-sterad. 

This flux is somewhat smaller than the observed 
one. but in view of the uncertainties involved in 

14 
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the calculations, agreement within an order of 
magnitude is all that one could hope for. 

h) The Hot Universe Model — Bremsstrahlung 
from the Intergalactic Medium. 

GOLD and H O Y L E (1958) have suggested a 
cosmological model in which the intergalactic 
medium is at a very high temperature ( ~ 1 0 9 °K) . 
The high temperature is supposed to arise from 
the ~ 1 MeV electrons which would result after 
the decay of spontaneously created neutrons as 
envisioned in the steady-state theory. Galaxy 
formation within the framework of this model 
was considered by B U R B I D G E , B U R B I D G E , and 
H O Y L E (1963) . An observational test of this 
model can be made, since such a hot intergalactic 
medium would emit thermal bremsstrahlung 
photons in the X-ray region where observations 
have been made ( B O W Y E R et al. 1964) . For a 
mean thermal electron energy < E« > = 5 0 KeV, 
and a density ne == np = 1 . 2 X 10— 5 cm—3 the 
rate of production of bremsstrahlung photons 
within the energy range of the observations is 
about n = 1 . 1 7 x 1 0 ~ 2 5 photons/cm3-s (GOULD 

and B U R B I D G E 1963) . Taking a cut-off radius 
R = 5 X 1 0 2 7 cm for the universe, one calculates 
a flux fb = n R/47C ^ 5 0 photons/cm 2-s-sterad 
to be expected at the earth. This flux is ~ 1 0 
times the observed X-ray background flux and is 
evidence against the hot universe model (and 
the steady-state theory with spontaneous crea
tion of neutrons). Actually, if the appropriate 
intergalactic density to be used is four times the 
usually adopted 2 x 1 0 - 2 * gm/cm3, as suggested 
by SCIAMA (1964) , the disagreement with obser
vations is even more violent. In any case it 
appears that the X-ray observations have esta
blished an upper limit of 1 0 7 °K for the tempera
ture of the intergalactic medium. 

i) Matter and Anti-Matter 
and the Steady 

State Cosmological Theory. 

The attractive feature of the steady state 
is its simplicity. The unique feature is a 
spontaneous creation rate of " new " matter 
dnjdt ~ 3 Hn, where n ~ 1 0 - 5 c m - 3 is the mean 
matter density in the universe (taken to be the 
mean hydrogen density in the intergalactic 
medium) and H is the Hubble constant 
(3 H ~ 10— 1 7 s—1). One might expect that in 
the spontaneous creation process, to conserve 

baryon and lepton number, particles and anti-
particles are created. Since the expansion rate 
constant 3 H is about two orders of magnitude 
greater than the annihilation rate (see below), 
B U R B I D G E and H O Y L E (1956) suggested the possi
bility of an appreciable abundance of anti-matter 
in the universe. This idea can be put to a test, 
since the end products of matter and anti
matter annihilation are observable high energy 
y-rays. 

Let us suppose that (p, e~) and (P, e+) are spon
taneously produced and have a steady state 
mean number density n — 1 0 ~ 5 cm—3 and an res
pectively, where a denotes the mean ratio of 
anti-matter to matter (or vice-versa). The elec
tron-positron annihilation cross section at non-
relativistic energies is (JAUCH and R O H R L I C H 1955) 

aa = TURO/P, where r0 is the classical electron 
radius and (3 = v[c. The annihilation rate is 
then 

dnaJdt = an2
 7rr£ c ~ a x 10— 2 4 c m — 3 s— 1 , 

and the expected flux of 0 . 5 1 MeV photons from 
the intergalactic medium out to a distance 
R ^ 5 X 1 0 2 7 cm is 2 R dnajdt ~ a X 1 0 4 pho
tons/cm 2-s. This can be reconciled with the upper 
limit of 10— 2 photons/cm 2-s suggested by 
A R N O L D et al. ( 1962) only if 5 < 1 0 ~ 6 . This 
means that if there is appreciable anti-matter 
in the universe, it must be separated from matter, 
so that it cannot annihilate and produce obser
vable y-radiation. 

A limit on the amount of anti-matter in the 
universe can also be provided from an analysis 
of the y-ray experiments at higher energies which 
can detect 7t°-deeay y's. In the proton-anti-
proton annihilation ~ 5 pions are produced, some 
of which are TZOIS which produce y-rays of energy 
^ 1 0 0 MeV in their decay. In each p — p 
annihilation about 4 y-rays are produced. Taking 
an annihilation cross section 

TT A 2 ~ 6 X 1 0 - 2 6 c m 2 

and a mean relative —p velocity (x) of ~ 1 0 7 cm/s, 
one computes a flux of ^ 1 0 0 MeV y-rays of 
~ a photons/cm2-s. The experiments of K R A U S -

H A A R and C L A R K and D U T H I E et al. would then 
imply a < 1 0 ~ 2 . Thus, it appears that in the 
steady state cosmology matter and anti-matter 

(*) This corresponds to a thermal velocity at ^ 10 5 ° K 
which is the latest estimate of the temperature of intergalactic 
matter (SCIAMA, 1964a). The relativistic electrons and posi
trons from the decay of charged pions produced in p-p anni
hilations would not be thermalized in a time ( 3 H ) _ 1 and would 
produce a weak annihilation continuum. 
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cannot be created in comparable amounts in the 
same region. 

Finally, regarding cosmological tests, we should 
like to mention the recent discussion by SCIAMA 

( (19646; see also G O U L D and SCIAMA 1964) . SCIA

M A indicates how the measurement of the shape 
of an emission line, smeared into a continuum by 
the cosmic differential red shift, would provide 
information about the structure of the universe 
at great distances. 

III. H I G H E N E R G Y RADIATION FROM STARS. 

a) Hard Radiation from Stellar Coronae. 

Since the Sun is the only star whose corona is 
directly detectable, all theories concerning the 
origin and conditions in a corona have stemmed 
from it. The first question that arises is therefore 
whether it is plausible to suppose that other stars 
have coronae similar to that of the Sun. To 
answer that question it is necessary to consider 
the probable origin and source of heating of the 
solar corona. The theory of the expanding solar 
corona (cf. P A R K E R , 1963) is based on the concept 
that the convection below the photosphere gene
rates wave motion (both acoustic and hydroma-
gnetic waves have been discussed) which propa
gate upward and dissipate, and it is the dissi-
pative heating which leads to coronal expansion. 
It therefore may be supposed that all stars which 
have extensive outer convection zones will main
tain expanding coronae. This would imply that 
all main sequence stars below about 

F2(M < 1 .5 M q ) 

would have extensive coronae and these stars 
comprise a considerable fraction of the mass of 
a galaxy. Also, all stars in the giant stage of 
their evolution would have coronae. The critical 
question next is to estimate the average tempe
rature of such hypothetical coronae. 

P A R K E R (1963) has pointed out that coronae 
heated at their bases will have temperatures given 
approximately by the relation GMmH/RsT > 4 , 
orT < 5 , 8 X 1 0 6 (M/R) °K with (M/R) measured 
in solar units. 

For stars on the main sequence M/R is of the 
order unity so that coronal temperatures in the 
range 1 0 6 - 1 0 7 degrees are to be expected. For 
giant stars M/R is < 0 . 1 and for supergiants 
it is < 0 . 0 1 . Thus the temperatures of the hypo
thetical coronae of giant are expected to be 
< 1 0 6 degrees, while for super-giants they are 

< 1 0 5 degrees, and it would appear that only 
main sequence stars are likely to have hot enough 
coronae to emit X-rays. P A R K E R has given 
various arguments for supposing that more 
massive main-sequence stars also may have coro
nae. However, the spectroscopic evidence for 
extended atmospheres in these stars suggests 
that the gas has temperatures only - > 1 0 4 degrees 
(the heating is by dilute stellar radiation). Thus 
it is highly improbable that they have hot coronae. 

It is of interest to estimate the expected X-ray 
flux from the coronae of all the stars in the galactic 
disk. The problem of estimating this flux, made 
difficult by our lack of knowledge of the density, 
temperature, and volume of stellar coronae, was 
considered by W A L L A C E T U C K E R at UCSD. We 
shall outline his calculations briefly and present the 
results. The X-ray emission from a hot corona in 
the 2-8 A region (where there are observations) is 
produced principally by bremsstrahlung, radia
tive recombination, and by line emission follo
wing K-shell electron collisional excitation. In 
computing the fluxes due to these processes the 
methods employed by E L W E R T (1952 , 1954, 1961) 

were used, whereby the ions are assumed to be 
hydrogen-like and proper correction factors (Gaunt 
factors) are introduced when necessary. The 
power radiated by each element is proportional 
to the product m ne of the electron and ionic 
density, so that the ionization equilibrium (mjne) 
must be computed. This has been done by 
H O U S E (1964) for the elements from H to Fe for 
temperatures up to 11 million degrees, using the 
classical ionization theory developed by E L W E R T 

and others. The values of mfnt arrived at in 
this manner by H O U S E and the element abundances 
for the solar corona as determined by POT-
TASCH (1960) were used to compute the 2 -8 A X-ray 
power Pa radiated per unit volume by a M A X W E L -

LIAN gas for different temperatures given in 
Table II. The bremsstrahlung is due mainly 
to hydrogen while the recombination and line 
radiation are produced predominantly by other 
abundant light elements such as He, C, O, Mg, 
Si, S, and Fe. 

B U R G E S S and S E A T O N ( 1 9 6 4 ) have pointed out 
that the inclusion of (radiation-less) dielectronic 
recombination increases the recombination rate 
significantly (~ 2 0 times) for iron at coronal 
densities. Since dielectronic recombination can 
occur in any ion with an autoionizing level suffi
ciently close to the bound levels and possessing 
a large probability for a transition to some bound 
level, it appears that the ionization equilibrium 
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calculations of H O U S E must be revised. The net 
effect) is to depress the degree of ionization, and 
to reduce the power radiated by recombination 
and line emission, since the bulk of the radiation 
from these processes in the 2-8A region comes 
from highly ionized atoms. For this reason the 
numbers given in Table II for recombination and 
line emission must be viewed as upper limits to the 
actual rates which are probably closer to the 
bremsstrahlung contribution. 

T A B L E I I 

POWER RADIATED B Y A MAXWELLIAN GAS 

In this manner ? dV was determined from 

T.(°K) px = PA/wJ (erg-cm 2/s) 

1 0 6 

2 x 10 6 

4 X 10 6 

6 x | 1 0 « 
8 X 1 0 6 

10 7 

BREMSSTRAHLUNG 

9 x 1 0 ~ 3 2 

5 x 1 0 - 2 8 

6 x 1 0 - 2 6 

3 x 1 0 ~ 2 5 

6 x 1 0 - 2 6 

1 x I O - 2 4 

RECOM
BINATION 

3 X 1 0 ~ 3 0 

8 x 1 0 - 2 7 

X 1 0 ~ 2 5 

X 1 0 - 2 5 

8 x 1 0 - 2 5 

1 x 1 0 - 2 4 

LINE 
RADIATION 

1 
4 

I O - 3 1 

1 0 - 2 7 

1 0 - 2 5 

I O - 2 4 

1 0 - 2 4 

1 0 ~ 2 4 

F R I E D M A N (1961) has made several measure
ments of the X-ray emission of the Sun. Taking 
the largest flux measured for the quiet corona 
( ~ 1 0 4 counts/cm2-s), a temperature of 
T c ~ 4 x 1 0 6 °K and an integrated electron 

density ofJ*n2 dVc ~ 6 x 1 0 4 8 cm—3 are requi
red for agreement between theory and obser
vation. The contribution to the volume integral 
is thought to come from condensations whose 
density is comparable to that of the chromosphere. 

The question arises as to how to &xjn2dV and T 

for coronae of other stars. If the volume is 
taken to be a constant fraction of the stellar 
volume, then V oc R 8 , where R is the stellar radius. 
The density can be established roughly (de J A -
G E R 1960) by setting the amount of mechanical 
energy in acoustic waves fed into the chromosphere 
per unit area per unit time (oc p VJ, where 
p = ftetfiH is the density and V8 oc TJ/2 is the sound 
velocity ; T, = chromospheric temperature fe sur
face temperature) equal to the amount of energy 
(oc Hnf T T / 2 ) radiated in recombination in a 
chromospheric gravitational scale height 
H(oc T, R2/M,R = stellar radius, M = stellar mass). 
Then *e oc T, M/R2, and n\ R 3 oc T 2 M«/R. 

T„ M and R for all stars by normalizing to the 
value (6 X 1 0 4 8 cm- 3 ) for the Sun. The coronal 
temperature was assumed proportional to M/R 
and was also normalized to the assumed solar 
value 4 x 1 0 6 <>K. 

To calculate the X-ray flux F » to be expected 
from all stars in the galactic disk one must sum 
over all stars in the volume V« of the disk. This 
is accomplished by introducing the main sequence 
luminosity function <p(M*) which gives the number 
of stars per cubic parsec with absolute visual 

1 1 
magnitude between M* — - and Mv + It was 

assumed that <p is constant throughout the galactic 
disk except in the ^-direction that is, 

<p(r, M.) = <p(* = 0, M.) exp (— 

where <p(z = 0 , M*) is the luminosity function 
for the solar neighborhood and (3 = p(M»). Using 
the data on T,(M„), M(M„), R(M„) and p(Mv) given 
by A L L E N ( 1 9 6 3 ) one computes, neglecting galactic 
absorption (cf. G O U L D and B U R B I D G E 1963) , a 
flux 

-» •% /% 

(37) Fx = IJ / dVe <MV dVi&nr*)-1 p9(M*) <p(M.) 

& 4 X 10"" 1 1 erg/cm2 — s 

with most of the contribution coming from the 
hotter stars with M» < 0 for which 

T C ~ 6 — 8 X 1 0 6 ° K . 

If, as previously mentioned, only the cooler stars 
have coronae, then the flux from stars with say, 
M r > 3 is about an order of magnitude less. We 
might mention that, if one assumes a constant 

value ofJ*dVe n*2 for all stars fixed by the solar 

value, the flux from stars with — oo < M v < oo is 
about 1 /10 as large as (37) with the main contribu
tion now coming from the cooler stars. 

These calculations are for quiet coronae. Mea
surements have been made of the enhancement of 
the solar X-ray flux as a result of flares. The 
mean measured flux for the disturbed corona was 
found to be enhanced by a factor ~ 4 0 0 ( A L L E R 

1963 , F R I E D M A N 1 9 6 1 , see also part b of this Sect.). 
Of course,there is no reason to suppose that the 
solar corona is typical but it is conceivable that 
such an enhancement can occur in the coronae 
of other stars. All known uncertainties consi
dered, we would estimate that the expected X-ray 
flux from the coronae of all stars in the galactic 
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disk to lie within 10- 1 2 -10~ 8 erg/cm2-s. The 
observed background intensity is 

4 X 10—8 erg/cm2-s. 
( B O W Y E R et ah 1964). It appears that although 
it is unlikely that stellar coronae produce a signi
ficant X-ray flux, they cannot definitely be ruled 
out. 

b) Hard Radiation 
Emitted Following Violent Activity 

of Stellar Surfaces. 

We now turn to the possibility that temporary 
violent activity gives rise to fluxes of detectible 
hard radiation from stars. Apart from stellar 
explosions which will be discussed later, this acti vity 
is often manifested through a mechanism which 
generates an outburst of high-energy particles 
on the star's surface. These particles, by one or 
several of the processes described earlier, will 
give rise to energetic photons. Again the only 
method of estimating the fluxes is to consider 
what is observed from the Sun. As has been 
described by F R I E D M A N (1961) flare activity 
gives rise to a great enhancement of the X-ray 
flux (Table VII of F R I E D M A N ) . It appears that 
the radiation is increased because the temperature 
is increased and also because a flux of high-energy 
particles (as manifested by the Type IV radio 
burst) is generated. 

From FRIEDMAN'S table we see that the enhan
cement of the X-ray flux amounts to a factor 
~ 105 at times of maximum flare activity so that 
the maximum solar X-ray luminosity is 
L* < 10 2 6 erg/s. We may therefore consider what 
the maximum intensities of the fluxes that we 
might expect from stars could be. We take 
three representative cases : 

a) A single solar-type star at distance d = 1 pc. 
6) A galactic star cluster (100 members reaching 

maximum flare activity at the same timg) at 
distance 100 pc. 

c) 10 1 0 stars near the galactic center all at 
maximum flare activity at a distance of 104 pc. 

The fluxes Laj/47ud2 to be expected in such 
circumstances are 

I O - 1 2 , 10- 1 4 , and 10~ 1 0 erg/cm2-s 
for cases a, b and c respectively. All of these 
fluxes are appreciably smaller than the flux 
~ 10—7 erg/cm2-s detected from the Scorpius 
X-ray source by B O W Y E R et al (1964). 

Radiation harder than a few KeV can only be 
emitted from a star's surface in nuclear reactions, 
by bremsstrahlung, the synchrotron mechanism, 

or possibly by the Compton process. D O H L A N 

and F A Z I O (1964) have recently given a faMy 
extensive discussion of the processes which may 
be expected to produce y-rays from the Sun. 
From an observational point of view only y-rays 
with energies < 0.5 MeV have so far been detected 
from the Sun (PETERSON and W I N K L E R 1959) and 
this during a flare. The flux that they observed 
from a y-ray burst was ~ 30 photons/cm2-s of 
energy ~ 0.5 MeV. If we use this as a standard 
to make estimates of the fluxes from the repre
sentative aggregates a, b and c above we obtain 
10- 9 , 1 0 - 1 1 and 1 0 - 7 photons/cm2-s respecti
vely. It appears that these fluxes are too weak 
to be observed. Nuclear reactions undoubtedly 
occur in solar flares but again it is exceedingly 
difficult to make estimates of the final products 
or the total fluxes of hard radiation which may 
be expected here, because of the uncertainty in 
the total flux of particles which is present in a 
flare. 

c) Neutron Stars. 

It has been pointed out by Cmu (1964) and 
F I N Z I (1964a) that, since it is possible that neutron 
configurations may be reached as an end phase 
of stellar evolution by processes which leave the 
star extremely hot, such configurations may, for 
rather a short period, be thermal X-ray emitters. 
However, from the theoretical standpoint it 
must be conceded that at the present time we 
cannot demonstrate conclusively that stable neu
tron configurations are ever formed or can exist 
if formed. The presumption of these authors 
is that the neutron configurations are formed 
during a supernova outburst, as was first proposed 
by B A A D E and Z W I C K Y (1938) and Z W I C K Y (1938) 
many years ago. Since there has been a distinct 
tendency in the recent literature to suggest rather 
strongly that the observations of X-ray sources 
in Scorpius and in the vicinity of the Crab show 
that neutron stars do exist, it is probably worth
while mentioning some of the theoretical uncer
tainties associated with neutron configurations. 
The observational uncertainties will be discussed 
in the concluding section. 

It is well known that there is a critical mass for 
a degenerate neutron configuration above which 
no stable equilibrium is possible. This result 
was first derived by L A N D A U (1932) and calcula
tions by O P P E N H E I M E R and V O L K O F P (1939) gave 
a value of about 0.7 M Q for this observable mass 
limit. While in later calculations this mass limit 
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has been slightly revised, it is clear that the mass 
limit lies near 1 M Q . Even the doubtful assump
tion of a hard-core nuclear potential, which is 
known to be incorrect from relativistic conside
rations, only extends the maximum mass to 
about 3 M Q . In- fact it is clear from the earliest 
considerations (cf. L A N D A U 1932) that the maxi
mum mass is very insensitive to the equation of 
state at nuclear densities and above. For masses 
above the critical mass it appears that implosion 
must occur (DATT 1938 ; O P P E N H E I M E R and 
S N Y D E R 1939). For a modern review see H O Y L E , 

F O W L E R , BURBIDGE and B U R B I D G E (1964) . Thus, 
if neutron configurations which can exist long 
enough to be detected as sources of X-rays come 
from supernova outbursts, it is required that in 
the supernova outburst sufficient mass is ejected 
so that the resulting configuration falls below 
the limit for support by a degenerate neutron 
configuration. None of the attempts to unravel 
the processes of supernova outbursts have yet 
given any real indication that such conditions 
can be achieved. The attempts by the Califor
nia-Cambridge group (BURBIDGE, B U R B I D G E , F O W 

LER, and H O Y L E 1957 ; F O W L E R and H O Y L E 1 9 6 0 ; 

F O W L E R and H O Y L E 1964) have not been able 
to answer this question. Even the range of 
masses of stars which become supernovae is in 
doubt, but it appears highly probable that the 
Type II supernovae are stars of quite large 
mass ~ 3 0 M Q (cf. F O W L E R and H O Y L E 1964) . 

All of the discussion of the supernova outbrust 
as it applies to the last phases of nucleosynthesis, 
and neutrino emission, etc... have been carried 
out by neglecting the effects of rotation. Howe
ver, as has been shown by H O Y L E et al. ( 1964 ) 

this may have the effect of allowing a massive 
star to fragment, either into white dwarf ,or into 
neutron configurations (cf. Equation (45) of that 
paper). In the work of CHIU (1964 ) no conclu
sion as to whether a degenerate neutron confi
guration with a mass below the critical mass is 
left has been reached. The only attempt at a 
hydro-dynamical calculation of the implosion of 
a supernova before relativistic effects become 
important is that by COLGATE and his colleagues 
(1963) . This calculation follows the collapse 
until nuclear densities are reached, but then it is 
supposed that a bounce occurs and the outer 
envelope is ejected. The calculation is not able 
to determine what fraction of the mass is left 
as a degenerate neutron configuration. 

The only supernova remnant which can be 
studied in any detail is the Crab Nebula. While 

there are uncertainties in the mass of the nebula, 
analysis shows that it is only ~ 0 . 6 4 M Q ( O ' D E L L , 

1962) so that if the outburst originated from a star 
with a mass in excess of about 3 M q (and the type 
of supernova involved is still uncertain, as is the 
relation of type with mass) it must be concluded 
either that a large remnant has imploded or 
else that it is fragmented into a number of neutron 
stars. 

Finally there is some question about the sta
bility of neutron configurations. The question 
of their dynamical stability has recently been 
considered for a range of models by M I S N E R and 
Z A P O L S K Y (1964) who have concluded that dyna
mically stable solutions exist for stars below the 
maximum mass for cold static equilibrium. With 
these uncertainties in mind we turn to the calcula
tions of the fluxes of X-rays which may be emitted 
by neutron stars. Such calculations have been 
made by C H I U and S A L P E T E R ( 1 9 6 4 ) and M O R 

TON (1964) . The calculations are in fairly good 
agreement and we reproduce as Table I I I the table 
of CHIU and SALPETER giving the emission 
characteristics of a 0 . 5 M Q neutron star of 
radius 1 0 km for various values of the core 
temperature (*). 

We shall not discuss here the recent very 
beautiful lunar occultation X-ray observations 
(FRIEDMAN 1964) of the Crab Nebula and the 
associated interpretation. These results are to 
be found in a paper presented at this Symposium. 

I V . SUPERNOVA R E M N A N T S . 

Of the possible sources of energetic photons 
and neutrinos in the Galaxy one is led immedia
tely to consider the supernova remnants. Hard 
radiation may be emitted during and immediately 
after a supernova explosion, and since large 
fluxes of relativistic particles are known to be 
present in supernova remnants for periods of 
< 1 0 0 0 years after the explosions occurred, 
fluxes of hard photons may be generated for 
longer times. 

We consider briefly the hard radiation that may 
be emitted at the time of the explosion, and then 

( l) Very recently FINZI ( 1 9 6 4 6 ) and SALPETER (private 
communication) have concluded that, while the neutrino 
emission rates which determine the lifetime of a neutron star 
are still rather uncertain, the time scales may have been over
estimated in the work of CHIU and SALPETER and may only 
be of order 1 — 1 0 years. If this is the case then the chance 
of detecting a neutron star by means of its X-ray emission 
while it is still hot is very small, and X-rays from the CRAB 
cannot have come from such a source. 

https://doi.org/10.1017/S0074180900179628 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900179628


HIGH ENERGY COSMIC PHOTONS AND NEUTRINOS 2 1 5 

F L U X FLUX 
CORE TEMPERATURE ABSOLUTE LUMINOSITY OPTIMUM X (erg/s) (erg/s) T 

(°K) (photons) (A) DISTANT DISTANT (YEARS) 
erg/s 100 pc 1000 pc 

1 X 10 9 8 X 10° 6 3 . 1 7 x 1 0 - « 7 X 1 0 - 8 1000 
5 X 10* 3 X 10 6 3 . 9 2 . 5 X 1 0 - 6 2 . 5 X 10—8 1000 
2 x 1 0 8 3 x K T 5 6 . 8 2 . 5 x 1 0 ~ 7 2 . 5 X 1 0 ~ 9 1500 

consider in more detail the conditions in the Crab 
nebula. 

Present theory of supernova outbursts makes 
no detailed prediction of the flux to be expected, 
but two processes may be important. These 
are : 

a) Nuclear y-rays emitted in the process of 
nucleosynthesis at the time of the outburst. 

b) y-rays emitted through the early interaction 
of a cloud of relativistic particles with the magne
tic field and material in the expanding shell. 

a) If, in a supernova outburst the inner part 
implodes and the outer part is suddenly heated 
so that hydrogen burning takes place very rapi
dly, we can suppose that the bulk of the energy 
released is degraded through its passage through 
the material, but some fraction, perhaps the energy 
released in burning 0 . 0 1 M Q of hydrogen, will 
be emitted as y-rays in the MeV range. Thus 
we might suppose that 1 0 5 0 ergs is emitted in 
~ 1000 seconds. For a galactic supernova at 
assumed distances of 1 and 1 0 Kpc this gives 
fluxes at the earth of 1 0 3 and 1 0 5 erg/cm2 s"1, 
fantastic rates. However, the appearance of a 
galactic supernova is highly improbable. From 
extragalactic supernovae at characteristic dis
tances of 1 0 and 100 Mpc the fluxes would be 10—5 

and 1 0 - 7 erg/cm2 s — 1 respectively. These rates 
are obviously uncertain by several powers of 10. 
at might also be expected that some part of the 
flux is degraded to the energies of a few kilovolts 
and is emitted as X-rays. As an upper limit we 
might suppose that this flux is of comparable 
intensity for a few days with the flux at maximum 
light from the supernova. If we suppose that 
it reaches a value of M r = — 1 8 this corresponds 
to 1 0 4 3 erg/s and at distances of 1 Kpc and 1 0 Kpc 

(Galactic) and 1 0 Mpc (extragalactic) fluxes at 
earth of 1 0 - 1 and IO*-3 erg/cm2 s - 1 (Galactic) 
and 10— 9 and 1 0 - 1 1 erg/cm2 s" 1 may be expected. 

b) A large flux of relativistic electrons is curren
tly present in many supernova remnants, and 
it is possible that this in part is the remnant of a 
much larger flux of relativistic particles which 
was produced at the time of the outbursts. Let 
us suppose that some 1 0 5 0 erg of particles, largely 
protons, was generated in the explosion. If they 
are originally confined in an expanding shell 
containing a magnetic field (they are the relati
vistic plasma component), then because of the 
high density in the shell in the first hours they 
will largely be destroyed, and their energy will 
be dissipated in the form of neutrinos, y-rays, 
and electrons and positrons which radiate in the 
magnetic field. A large flux of high energy 
O 1 0 0 MeV) y-rays will thus be generated and 
we might expect fluxes to escape over this period 
at a rate of perhaps lO^-lO4 5 erg/s. For rea-
sonnable magnetic field values the synchrotron 
radiation will not lie in the X-ray or y-ray range. 
However, it is possible that some part of the 
electron-positron flux will be dissipated by Comp
ton collisions with thermal photons in which 
y-rays are emitted. It is obvious that these 
suggestions are highly speculative. However, it 
is clear that detection of a supernova explosion 
by X-ray and y-ray telescopes would give much 
information on the conditions at the early phases. 
For example, if there are no high energy y-rays 
emitted this might be interpreted as meaning that 
there was no early generation of a large flux of 
relativistic protons. 

We turn now to a consideration of the hard 
radiation from the Crab some 1 0 0 0 years after 

TABLE III 

FLUX FROM A NEUTRON STAR OF 0 . 5 M Q 

(Taken from CHIU and SALPETER) 
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the supernova exploded. This question was consi
dered by SAVEDOFF (1959) . The Crab is one of the 
strongest radio sources in the sky and both its 
radio and optical (polarized) continuum are un
doubtedly due to synchrotron radiation by 
relativistic electrons which are capable of pro
ducing energetic quanta by a number of processes. 
In this section we shall consider what can be 
inferred about the nature of the physical processes 
in the Crab from observations of the photon 
spectrum at high energies. Our discussion of 
possible neutrino emission from the Crab will be 
given later in Section VI. 

Observations of continuum radiation emitted 
by the Crab have been made in essentially three 
frequency ranges : the radio range, the optical 
range (see O ' D E L L 1962) , and the X-ray range 
( B O W Y E R et al. 1 9 6 2 ) ; Figure 5 summarizes the 
results. The radio spectral flux F v [w. m - 2 H z - 1 ] 
is of the form Cr v- a , where a = 0 . 2 7 , and C f can 
be determined by the value 

[ 1 . 2 3 x 1 0 - 2 3 w . m - 2 Hz - 1 ] 
af F v at v = 4 0 0 MHz ( C O N W A Y , K E L L E R M A N N , 
ond L O N G 1963). The synchrotron spectrum 
apparently retains this form up to a frequency 
vm = 1 0 1 4 Hz at the beginning of the optical 
region. Designating this region v < vTO as the 
radio range the radio luminosity L R can then be 
computed from an assumed distance d = 1 0 3 0 pc 
to the Crab : 

(38) L f = 4nd2 C r v-01 dv 

= 4nd2 C,(l — a) - 1 vjp* 
7.4 X 10 3 6 erg/s. 

The luminosity in, for example, the visible 
range (v = 4—8 x 10 1 4 Hz) of the optical regionis 

L, ^ 1.7 X 10 3 6 erg/s, 

while the luminosity in the region (X = 1.5 — 8A) 
of the X-ray observations is also 

La & 1.7 X 10 3 6 erg/s. 

Assuming the radio spectrum Crv—a is due to 
synchrotron emission by relativistic electrons, an 
energy spectrum 

ne(ye) = Ke te~Te with Te = 1 + 2a = 1.54 
is implied. If the mean magnetic field in the 
Crab is H » 10- 4 gauss ( O ' D E L L 1962) the 
Larmor frequency is VL = 280 Hz, and the fre
quency vm = 10 1 4 Hz would be emitted prima
rily by electrons with 

(Y«)m = ( V m / V L ) 1 ' 2 & 6 . 0 X 10*. 

The optical radiation from the Crab would be 
emitted by slightly higher energy electrons. 19 
the radio emission originates from a volume 

dV = V 0 , the radio flux F v is related to V 0 , d, 

Ke, H by [see Eq. (34)]. 

(39) 
F 0 (127W*2)-1 V 0 K e erf H 2 vf*-™ 1 v< r«- 1» 2. 

From the value of the product V 0 K « determi
ned from the radio brightness we can compute 
the total energy of the radio electrons in the 
Crab. 

(40) E , =ydVK e me c 2 Jdye yT^1' 

= V 0 Ke me c 2 ( 2 - T , ) - 1 ( Te) 2- r« 

^ 1.0 X 1048erg. 
The age T of the Crab is 910 years and we see 
that Er/T = 3.5 X 10 3 7 erg/s > L„ L v , L*. 
For the assumed magnetic field 10- 4 gauss the 
electrons lose energy at a rate 

[EN. (13)] — yTx{dyeldt) ye x 1.94 X 1 0 - 1 7 s-1 ; 

for ye < 1.8 X 106 (v = vL fe < 9.0 X 10 1 4 Hz), 
-y7\dyejdt) < T - ! . 

Thus, for the radio and optical electrons the 
characteristic time for energy loss by synchrotron 
emission is greater than the age of the nebula. 
The rough coincidence of the critical electron 
energy and synchrotron emission frequency with 
the value (Fig. 5) above which the spectrum is 
apparently reduced or perhaps cut off may be 
interpreted as an indication that the relativistic 
electrons in the Crab were produced in the initial 

12 
log v 

FIG. 5. — Observed radiation from the Crab Nebula in the 
radio (R), optical (O) and X-ray (X) regions. 

https://doi.org/10.1017/S0074180900179628 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900179628


H I G H E N E R G Y COSMIC PHOTONS A N D NEUTRINOS 217 

supernova outburst. The absence of any conti
nuous production of high energy electrons would 
preclude any interpretation of the X-ray point 
in Figure 5 as being due to electron synchrotron 
emission, since the lifetime against energy loss 
through synchrotron emission by the energetic 
electrons necessary to produce this synchrotron 
frequency is about 3 5 years < T. An important 
parameter in this discussion is the strength of the 
magnetic field in which the electrons radiate. We 
have chosen a value of H = 10— 4 gauss so that the 
lifetimes of the radio and optical electrons are 
longer than 1 0 3 years. However, if the assumed 
value of H is increased perhaps to 5 X 1 0 - 4 gauss, 
the lifetimes of the electrons emitting the same 
synchrotron frequencies are decreased by a factor 
of ( 5 ) 3 / 2 ( = 1 1 . 2 ) and the optical electrons have 
lifetimes less than the age of the nebula so that 
continuous injection of such electrons is required 
to explain the optical radiation. Since the magne
tic field strength is uncertain we shall consider 
the possibility of continuous injection of electrons 
in what follows. We also might mention that as 
GINZBURG, P I K E L N E R , and S H K L O V S K Y (1955) 

have shown, there might exist in the Crab an 
energy loss by scattering by magnetic field conden
sations in the expanding nebula. These scatte
rings lead to a Fermi-type statistical deceleration 
of the electrons. The corresponding energy loss 
is approximately — dye\dt ^ y« V/r, where V is 
the expansion velocity of the nebula and r its 
size ; thus r/V & T, the age of the nebula. This 
energy loss process, if it is operative, dominates 
synchrotron losses for the radio and optical elec
trons but is negligible for higher energy electrons. 
With only this type of energy loss (oc ye) the elec
tron spectrum ne(ye) retains the power law shape 
of its production spectrum g«(y«). 

Consider the case where the radio electrons of 
the Crab are produced continuously and, for 
simplicity, at a constant rate since the origin of 
the nebula. Neglecting energy losses (*) the conti
nuity equation (24) reduces to 

^ne(ye)flt = qe(ye) = K Y 7 R * 5 

and so the electron spectrum at the present times 
would have become 

(41) ne(ye) =zqe(ye) = K € Y R R # . 

If the continuous production is via meson pro
duction in nuclear collisions, as was proposed by 

(*) A similar result would be obtained if the Fermi-type 
statistical deceleration were operative since the characteristics 
loss time for this process is approximately T, the age of the 
nebula. 

one of us (BURBIDGE 1958), there will also be 
continuous production of TC° -decay photons, and 
it is of interest to compute the resulting 7c°-photon 
flux. For a pion production spectrum 

the 7i°-decay photon production spectrum is 
approximately 

(42) dno/dri dt &\ A; 7 t (2m, /m 7 C ) - ( r - 1 ) 7)- r «, 
o 

in which it is assumed that ~ of the pions produced 

are n°9s and each n° of energy yn mn c 2 decays into 
two photons of half this energy. The observed 
spectral flux of TT°-photons would then be 

(43) j°(ri) = dJ/dri = ^ T c d 2 ) - 1 Jdv(dn°ldr^ dt). 

Employing the relation (8) between kn and ke 

and equations (39) and (41) to determine kn from 
the radio spectrum we find 

(44) ?°(v)) = 1.0 X 1 0 - 4 X vr 1 - 5 4 

For photons of energy around 
Y) = 200 (E — 100 MeV) 

the integrated spectrum with AY)/Y) ^ 1 gives 

f d f \ ~ 1 0 ~ 4 T 0 - 5 4 ^ 5.7 X 10- 6 pho-
*. 

tons/cm2-s. This photon flux is almost four or
ders of magnitude smaller than the upper limit 
established by K R A U S H A A R and C L A R K . 

One can also calculate the high energy proton 
flux required to produce the pion production 
rate necessary to account for the secondary elec
tron density and the radio spectrum. From 
this proton flux one can then compute the amount 
of K-series and X-rays in the wavelength range 
of the observations of B O W Y E R et al. produced 
following K-shell ionization. The calculated 
X-ray flux, for a low energy proton cut-off yP = 1 
is about 7 orders of magnitude smaller than the 
observed flux. 

A more definite conclusion regarding secondary 
electron production in the Crab Nebula may be 
provided by an analysis of the observations of 
F R U I N et al. (1964). By employing Cerenkov 
light detectors to observe light pulses from sho
wers in the atmosphere they were able to set upper 
limits for the high energy photon flux from the 
Crab Nebula and also from the quasi-stellar radio 
sources 3C 147, 3C 196 and 3C 273. The threshold 
energy for their detection system was 5 X 10 1 2 eV 
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TABLE IV 

UPPER LIMITS TO THE HIGH ENERGY PHOTON 
FLUX FROM VARIOUS SOURCES 

(After FRUIN et al.) 

SOURCE 
PHOTON FLUX 

SOURCE (photons/cm2-s) 

Crab Nebula 1 x i o - 1 0 

3C 147 1 x 10- 1 0 

3C 196 5 x 10- 1 1 

3C 273 3 X 10- 1 0 

If photons of energy 73 = 107 result from the 
decay of TZ°'S produced in nuclear collisions, the 
corresponding synchrotron emission frequency in 
the Crab's magnetic field by electrons resulting 
from the decay of charged pions of the same energy 
is about v = 10™ Hz for H = 10~ 4 gauss. This 
frequency is about midway (on the logarithmic 
scale) between the optical and X-ray frequencies 
at which the Crab has been observed (see Fig. 5). 
It is of interest to compute the 7t°-photon flux 
at 7] = 107 from the Crab on the assumption that 
the optical — X-ray flux (if it exists) from the 
Crab is due to synchrotron emission by seconda
ry — produced electrons. 

In the region around v = 10 1 6 Hz ; the appa
rent index of the synchrotron spectrum (Fig. 5) 
a = 1.1, so that the electron spectrum in this 
region is of the form 

ne(ye) = K , with Te = 3.2. 

Moreover, for these high energy electrons the 
dominant energy loss process is synchrotron emis
sion and KE is related to the electron production 
spectrum 

qe (Y.) = h ^ ( F * = Te - 1) 

by [cf. Section 111(e), Eq. (28)] 

(45) K , = i,/6(r„ - 1), 

with ke related to kn by equation (8). Calculating 
the 7t;0-photon flux as in equations (41) and (42) 
and again determining the parameter 

(4TU d 2 ) - 1 V° ku 

from the supposed synchrotron emission rate 

[Fv 1.45 x IO- 2 7 w/m2 Hz at v = 101 6 Hz] 

For photons of energy 73 = 107 we find the 
integrated spectrum with ATJ/TJ ~ 1 gives 

j j°(ri) dv\ ~ 2.2X vp1-2 — 8 X 109 photons/cm2, s . 

This calculated photon flux is almost two 
orders of magnitude above the observational upper 
limit (Table IV). Thus, the present preliminary 
observations are inconsistent with the interpre
tation of the X-ray emission from the Crab as 
synchrotron radiation if the necessary continuous 
production of high energy electrons is through 
secondary production via Tz-p-e decay. If elec
trons are produced by secondary processes at a 
lower energy and then accelerated by Fermi 
processes to energies at which they will radiate 
synchrotron X-rays, it may be possible to explain 
the observed X-ray flux vithout coming into 
conflict with the results of F R U I N et al. 

In summary, regarding synchrotron radiation 
and the relativistic electrons in the Crab, provided 
that the magnetic field is as weak as 10—4 gauss, 
the view that the energetic electrons respon
sible for the radio and optical radiation in the 
Crab were produced in the initial supernova 
outburst is quite consistent. In fact, the appa
rent reduction below the extrapolated radio 
spectrum F v = Cr v~a in the optical region may 
possibly be interpretated as a result of energy 
losses by the more energetic electrons ; that is, 
higher energy electrons would have already decayed 
in energy since the birth of the nebula. On the 
other hand, the electrons required to produce 
synchrotron radiation on the X-ray region would 
have to be continuously produced. 

It should be pointed out that X-rays can also 
be emitted by the synchrotron process if electrons 
spiral into regions of much higher magnetic field. 
Since the critical frequency is proportional to H ± 

this means that the field must be increased by a 
factor of (va;/v0) ~ 103. Thus this would imply 
that there are regions in the Crab with magnetic 
field strengths as high as 10—1 gauss. There are 
many difficulties associated with such a model 
partly because it would require continuous pro
duction of particles which move into regions of 
high field, since the lifetimes are proportional to 
(HJ—2. Also, the mechanism by which such 
concentrations of magnetic flux can be maintained 
is difficult to understand. These questions will 
be considered in more detail in a separate paper. 

(7) ^ 107). The established upper limits of the one calculates a 7c°-photon spectrum given by 
photon fluxes are listed in Table IV. = 2 . 2 ! TJ—2#2. 
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Finally, we should like to mention another 
possible explanation for the observed X-rays 
from the Crab, namely the recent suggestion by 
H E I L E S (1964) . According to HEELES the high 
temperature region behind the shock front of the 
nebula expanding into the interstellar gas would 
emit thermal bremsstrahlung X-rays at a rate 
corresponding roughly to that observed for the 
Scorpius and Crab Nebula sources. This pro
blem probably needs further investigation ; among 
other things, it is not clear how the required shock 
wave is initially produced. 

Apart from the generation of hard radiation 
by the processes described above in the supernova 
explosion which gave rise to the Crab, conside
rable amounts of radioactive nuclei may have 
been synthesized (BURBIDGE, B U R B I D G E , F O W L E R 

and H O Y L E 1957). While in more recent years 
it has been proposed that the light emitted in a 
supernova outburst may not be predominantly 
due to such elements as Cf2 5 4, (cf. H O Y L E , F O W 

LER, B U R B I D G E and B U R B I D G E 1964) a test of the 
different hypotheses may be possible. The flux 
of y-rays emitted by such nuclei as Cf 2 5 1, Cf2 4 9, 
Am 2 4 8 , Am 2 4 1 , U 2 3 3 , Pa 2 3 1 and R a 2 2 6 has been 
estimated by SAVEDOFF (1959) . The energies 
lie in the 100 KeV range and the calculated fluxes 
range from 0 . 0 1 1 cm—2 s - 1 (from Cf 2 5 1 ) to 
4 . 2 X 1 0 - 5 (fromU 2 3 3). 

V. EXTRAGALACTIC DISCRETE SOURCES. 

The only discrete sources of high energy cosmic 
photons which have been established with some 
certainty are the Scorpius source from which 
an energy flux of JE ~ 10—7 erg/cm2-s is observed 
in the X-ray region and the Crab Nebula from 
which a flux about 1 /10 as large is observed. It 
is of interest to consider the possibility that the 
Scorpius source is of extragalactic origin as well 
as to consider the common assumption that it 
is a galactic object. If the Scorpius source were 
at a typical galactic distance (that is, within our 
own Galaxy) da ~ 1 0 kpc, its X-ray luminosity 
would be 

L0 = 4nd* J E 1 0 3 9 erg/s. 

If it were at a typical iwter-galactic distance 
(the distance to a nearby galaxy) d%— 0 ~ 1 Mpc, 
its luminosity would be Li—g ~ 1 0 4 3 erg/s, while 
if it were at a cosmological distance (to a distant 
galaxy) dc ~ 1000 Mpc, its luminosity would 
be L c ^ 1 0 4 9 erg/s. We now make several ob-
ervations concerning the energetics of the pro

blem of establishing the distance to and nature 
of the Scorpius source. For a supernova remnant 
of age 

T , ~ 1 0 1 0 s, L, T , ~ 1 0 4 9 erg. 

Since this is comparable with the light energy 
emitted by a supernova and also with the kinetic 
energy, and may be some fraction of the total 
energy released, this means that a galactic super
nova at a distance ^ 1 0 kpc could supply the 
energy radiated in X-rays by the Scorpius source 
for only a relatively short time ( ^ 1 0 1 0 s). On 
a cosmic time scale (X) T C ^ 1 0 1 0 yr. the energy 
Li— g T ^ 3 x 1 0 6 0 ergs is small compared with 
the optical energy radiated by a normal galaxy 
( ^ 1 0 6 2 erg), but a normal galaxy would be 
expected to radiate a very much smaller amount 
of energy in X-rays. No unusual external gala
xies are observed in the direction of the Scorpius 
source which is about 2 0 ° off the galactic center, 
although interstellar extinction of our own Galaxy 
prevents observations at lower galactic latitudes 
(say < 10°) . However, there are no strong radio 
sources in the direction of Scorpius. Regarding 
the possibility that the Scorpius source is a dis
tant galaxy, we note that L c T C ~ 3 X 1 0 6 6 erg, 
much greater even than the rest mass energy 
Mp c 2 of a galaxy. Moreover, in the matter-
anti-matter annihilation of a galactic mass which 
we might conceive took place in a time <C T c , the 
photon energies would be > 0 . 5 MeV, not X-ray 
(keV) energies. On the other hand, the size 
of a small radio source, for exemple a quasi-
stellar object, is s ~ 1 0 kpc and the time T s for 
a light signal to propagate this distance is 
sjc ~ 1 0 1 2 s. The product L c TS is then ~ 1 0 6 1 erg 
roughly the energy E r of strong radio sources which 
may be stored in the relativistic particles. 

In summary, it appears that normal distant 
galaxies (including radio galaxies) are incapable (2) 
of producing the observed energy flux J E corres
ponding to the Scorpius source over evolutionary 
time scales ~ 1 0 1 0 yr. However, an outburst 
over a shorter time might be capable energeti
cally of producing the required X-ray luminosity. 
Let us consider further such a hypothetical 
outburst in a galaxy at a distance d involving the 
release of an amount E of energy, of which a 

( x) This time is also roughly the characteristic time for the 
evolution of a galaxy. 

( 2) For example, we compute an X-ray flux from the 
COMPTON process in the quasi-stellar radio source 3C48 about 
9 orders of magnitude smaller than the flux from the Scorpius 
source. The source 3C48 is a small radio object with a high 
optical luminosity, so that the thermal photon density in the 
region of the radio electrons is fairly high. 
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fraction / Y is emitted in high energy photons of 
mean energy If the outburst occurs during 
a time T, the observed resulting photon flux would 
be 

For E = 1 0 6 0 erg, d = 1 0 0 0 Mpc and with E Y 

in MeV and T in years we have 

J Y ^ 1 7 0 / Y / E Y T photons/cm2-s, 

and for E Y ~ 1 0 0 MeV (mean energy from ^-de
cay) and T ~ 1 0 0 0 yr (time scale for outburst), 
JY /-^ 10— 3 / Y photons/om2-s. Unless / Y is very 
small, a flux of this magnitude could be observable. 
The detection of such a discrete souroe of y-rays 
(or X-rays) might then possibly be interpreted 
as the observation of the birth of a strong radio 
source. Finally, we might mention that 
D U T H I E et al report a possible ( ~ 1 0 0 MeV) 
y-ray flux of ~ 0 . 0 0 2 photons/cm2-s from 
Cygnus A which is at a distance ~ 1 0 0 Mpc 

VI. N E U T R I N O SOURCES. 

Any review of the fluxes of hard radiation which 
may be present in the universe would not be 
complete without mention of neutrinos. In prin
ciple detection of neutrino fluxes would give 
valuable direct evidence concerning conditions 
in stellar interiors and also if high energy neutrinos 
could be observed iiiformation on the high energy 
particle flux could be obtained. Moreover, evi
dence of the energy density of neutrinos in the 
universe may have cosmological significance. The 
subject of neutrino astronomy has been discussed 
and reviewed ad nauseam in the last two or three 
years following developments in the theory of 
weak interactions and the realization that neutrino 
emission processes will become the dominant 
energy loss mechanism in the final stages of 
stellar evolution. Recent papers and reviews 
which have given some account of these processes 
and their repercussions on stellar evolution, 
nucleosynthesis, supernovae and cosmology and 
in which full references can be obtained are by 
PONTECORVO ( 1 9 6 3 ) , F O W L E R and H O Y L E ( 1 9 6 4 ) , 

B U R B I D G E ( 1 9 6 2 ) , W E I N B E R G ( 1 9 6 2 ) , F O D O R . 

K O R V E S S Y and M A R X ( 1 9 6 4 ) and C H I U ( 1 9 6 4 ) . 

We only give a very brief summary here. 
While the energy density in the flux of neutri

nos is very considerable, so that, for example, for 
a normal galaxy it will be some 4 % of the total 

luminous flux or about 4 x 10 4 8 erg/s, the very 
small interaction cross-sections ( ^ 10—44 rj2, cm*), 
(unless resonances are present, cf. below) obviou
sly make the fluxes very difficult of detection. 
Moreover no method of detecting low energy 
neutrinos with energies below those necessary 
to induce inverse beta decays is known. We 
illustrate the problems by discussing the work 
on solar neutrinos and then consider fluxes from 
more distant stars and galaxies. 

Neutrinos (ve) are emitted in the normal hydro
gen burning processes in stars. About 2 % of 
the energy released in the p-p chaik and about 6 % 
in the CNO cycle is emitted as neutrinos. At 
present there is no feasible way known of detecting 
neutrinos emitted in H 1 (p, ev) D 2 because they 
have a maximum energy of 0 . 4 2 Mev and are 
thus not able to induce most inverse beta deoays. 

Undoubtedly the Sun is likely to be the stron
gest apparent source of neutrinos and direct 
detection of them is of the greatest importance. 
Following an early suggestion of PONTECORVO, 

B A H O A L L ( 1 9 6 4 ) and D A V I S ( 1 9 6 4 ) have considered 
in detail the possibility of the detection of neu
trinos emitted in Be7(e—, v) Li 7 and B8(e+, v) Be 8 

through their absorption CI 8 7 (v, e—) Ar 8 7 ; the 
aotivity of Ar 3 7 is then measured. On the basis 
of the best solar models (SEARS 1 9 6 4 ) B A H O A L L 

has estimated that the fluxes at the earth's 
surface will be 1 . 2 x 10 1 0 neutrinos/cm2/s 
and 2 . 5 x 107/cm2 s from the decay of Be 7 and B 8 

respectively. From B A H C A L L ' S analysis of the 
cross-sections for CI 3 7 (v, e~) Ar 3 7 D A V I S has 
concluded that the expected neutrino captures 
in 105 gallons of C 2 Cl4 in a mine would be about 
4 — 11a day which would be an order of magni
tude above the background produced by the 
production of Ar 3 7 by cosmic rays underground 
through A 3 7 (p, n) Ar 3 7 . The flux of detectable 
neutrinos from the central bulge of the galaxy 
will be less than that from the Sun by a factor 
107 — 108 while the flux to be expected from a 
nearby galaxy such as M31 would be less than 
the Sun by a factor ~ 10 1 1 . While neutrinos 
are emitted in the normal energy producing 
cycles in the stars, neutrinos and anti-neutronos 
are emitted with positrons and electrons respec
tively by beta unstable nuclei in the processes of 
energy generation and element synthesis beyond 
hydrogen. However, for a galaxy in a steady 
state it is easily shown that the fluxes to be 
expected are small compared with those emitted 
in hydrogen burning. 

In the high temperature phases of stellar evolu-

https://doi.org/10.1017/S0074180900179628 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900179628


HIGH ENERGY COSMIC PHOTONS AltD NflRTJTRiNOS 221 tion (for core temperatures ^ 5 X 108 degrees) 
neutrino pair emission becomes the dominant 
mechanism of energy loss. They arise by a 
variety of reactions in all of which they replace 
photon emission. An important process is 

e+ + e— -> v + v. 

While this mechanism of energy loss is important 
from the point of view of the evolutionary pro
cess, an individual object (perhaps the immediate 
forewarning of a supernova) would be very 
difficult to detect even if a mechanism of detecting 
low energy neutrinos were found, because of the 
very short time scale associated with such evolu
tionary phases. Thus, for exemple, F O W L E R and 
H O Y L E (1964) have calculated that if one solar 
mass in the center of a massive star reaches a 
temperature of 3 . 5 X 1 0 9 degrees, the neutrino 
flux will amount to ^ 1 0 4 7 erg/s. However, 
this phase will only last a few seconds. At a 
later stage, after a star has exploded and if a 
neutron configuration remains, the initial neutrino 
flux for a core temperature of 2 X 1 0 9 degrees 
will be about 4 x 1 0 3 9 erg/s (CHIU and SALPE

T E R 1964) and the time scale associated with 
this phase will be about 1 0 years. 

We turn finally from the low energy neutrinos 
emitted in stellar evolution to consider the possi
bility as to whether high energy neutrinos 
(E v ^ 100 MeV) are emitted in supernova out
bursts and from radio sources in which large 
fluxes of high energy particles are present. Neu
trinos are produced whenever a flux of high energy 
nuclides (protons) interacts with the nuclei of 
the local gas atoms to produce pions. In the 
TC -> [i e decay of the charged pions both neu
trinos and antineutrinos of the electron and muon 
type result. That is, in the pion decay 

(48) 7T+ - > t i + + »x, 

7U— — > {JL— + 

while in the muon decay 

(49) fx* -*e+ + v, + "n, 

[x— e+ + v« -+ v̂ . 

Thus, a single charged pion pair 7u+, T T - results 
in 

2(v |X + + ( v . + v . ) ; 

twice as many ^-neutrinos as e-neutrinos are 
produced. In the pion decay the muon is essen
tially non-relativistic in the rest frame of the 

pion and most of the energy is carried away by 
the neutrino ; here 

E 0 ^ (ran — m^) c2 m -mn c2. 

In the muon decay the mean neutrino energy 
is about 

1 2 1 2 

in the rest frame of the muon and pion (see 
Sect. 116). Thus, the mean lab energy of the 
neutrinos in both decays is about 

1 1 
- y* rnn c2 = - E K . 

The (anti) neutrino production spectrum is 
readily computed from the pion production spec
trum and is of the form similar to that for the 
production spectrum of 7t°-decay photons [see 
Eq. (41) ] , that is, efoiv/d7)v dt cc 7 ) 7 R 7 C , where Tn is 
the index of the pion production spectrum. The 
ratio of the (anti) neutrino^production spectrum 
(or of the spectral flux) tojjhe 7c°-decay photon 
spectrum at the same Y J is, assuming equal num
bers of 7 T + , 7 T - , 7 c ° produced, roughly 

(50) ( v ^ / y W v) 2 - , r * - 2 > 

( V . / Y W M y\ 2-< r *- 1 >. 

B A H C A L L and F R A U T S C H I (1964) have discussed 
the detection of high energy neutrinos and have 
considered the possibility of observing a neutrino 
flux from the Crab Nebula and other radio sources. 
They assume neutrino production via n — [L 
decay, which implies also continuous production 
of pions and Tc°-decay photons. Assuming a 
continuous constant production of high energy 
radio electrons through TC — (x decay in the Crab 
since its birth, the associated Tc°-decay photon 
flux was calculated in Section IV [Eq. (44)] . 
The corresponding neutrino flux is of the same 
form 

(51) 7V(Y)v) = fcY)7R*, 

with r„ = 1 . 5 4 . For {x-neutrinos 
™ 2 0 4 6 X 1 . 0 X 1 0 - 4 cm- 2 s - \ 

1 

while for e-neutrinos ke ^ - k^. This neutrino 
spectrum and also the 7i;0-decay photon spectrum 
is associated with (if there is continuous produc
tion) the radio synchrotron spectrum for 
1 0 7 Hz < v < 1 0 1 4 Hz and with electron energies 
2 0 0 < Y« < 6 X l°5- T n e range of YJv over 
which equation (51) should represent the neutrino 
spectrum is the same as the range of ye, that is 
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for 100 MeV < E V < 3 0 0 BeV. A neutrino spec
trum similar to equation (51 ) was derived by 
BAHCALL and FRAUTSCHI. However, we doubt 
that such a neutrino flux will ever be observed 
from the Crab. In Section IV we showed that 
there is evidence against continuous production 
via 7i — [ A decay of very high energy electrons 
which would produce synchrotron radiation in the 
optical — X-ray range ; moreover, the lifetime 
against synchrotron losses for the radio and optical 
electrons in the Crab is longer than the age of the 
nebula. We therefore feel that probably there is 
little or no continuous production of radio electrons 
in the Crab and no associated neutrino or 7i°-decay 
photon production. 

Regarding possible neutrino production in other 
radio sources, in particular in extragalactic 
objects, similar considerations apply. If there 
does exist continuous production of radio elec
trons via 7T — (jl decay, and a steady state exists, 
then the energy radiated in neutrinos would be 
comparable to the total energy emitted in syn
chrotron radiation by the relativistic electrons 
produced with the neutrinos For " normal " 
radio galaxies with steep spectra (index a ^ 0 . 8 ) 
most of the neutrinos produced would have 
fairly low energies ( E V ^ 1 0 0 MeV), while sources 
with flat radio spectra (e. g., Crab Nebula, M 82) 
might be expected to emit predominantly higher 
energy neutrinos (say, E V ~ 100 BeV). The 
strong extragalactic radio sources and quasi-
stellar objects would be emitting lower energy 
neutrinos with E V ^ 1 BeV at power levels of 
1044 _ 1045 e r g / s 

However, it appears probable now that such 
steady 3tate conditions are not present in these 
sources, so that even if large proton fluxes are 
present, the neutrino fluxes will be much lower 
than this (cf. B U R B I D G E , B U R B I D G E and S A N 

DAGE 1963). On the other hand it is possible 
that at an early phase when a violent outburst 
in a galaxy gives rise to some 1 0 6 0 ergs of high 
energy particles (perhaps over a period of 
1000 years), a large fraction of which may be 
protons, the collisions of some part of these with 
the interstellar gas before they escape into regions 
of very low density might give rise to a flux of 
high energy neutrinos several orders of magni
tude greater than the values corresponding to 
steady state conditions. Thus one might expect 
to observe both neutrinos and 7x°-decay photons 
from a violent outburst in a galaxy (see Sect. V). 

The possibility of detecting such fluxes of high 
nergy neutrinos has been considered by B A H C A L L 

and F R A U T S C H I (1964) . They have pointed out 
that the very small cross sections for the interac
tion of neutrinos with matter mean that from 
very strong radio sources with a dominant pro
ton flux only one neutrino-induced event per day 
would be experienced in a 1 0 5 ton absorber. 
However, as B A H C A L L and F R A U T S C H I have 
proposed, the possibility exists that resonances 
in neutrino interaction processes are present. 
As they suggest, the reaction 

(52) v, + e- - > V + [x+ 

may have a resonance and may be detected by 
neutrino interactions with material in the earth's 
crust. Clearly a great deal of information might 
be gained from observations of neutrinos from 
extragalactic objects. Thus the most pressing 
requirement is to devise a neutrino telescope 
which has good angular resolution. B A H C A L L 

and FRAUTSCHI have suggested that the muons 
ejected in (52) may enable this to be achieved. 

VII. CONCLUSION. 

We have tried to summarize those mechanisms 
which may give rise to hard radiation in the uni
verse. At present, apart from observations of the 
Sun, there is little observational evidence which 
can be used in conjunction with the theoretical 
estimates. The brilliant work of the NRL and 
MIT groups has shown that there are sources of 
X-rays at flux levels which are detectable with 
present techniques. Moreover the absence of a 
large isotropic flux of X-rays has enabled us to 
set limits on the temperature of the intergalactic 
medium. As far as y-rays are concerned it is 
not yet clear whether high energy y-rays are pre
sent at the flux levels calculated in Seotion III. 
The detection of high energy neutrino fluxes 
would be very exciting but the preliminary results 
(cf. C O W A N et ah 1964) must be viewed with cau
tion. 

What are the possibilities for further investi
gations in this field ? To us the parallel of this 
field of research with that of the early days in 
radio astronomy is strong. There is one major dif
ference, however and this concerns the theoretical 
expectations in the field. 

The discovery of significant fluxes of radio 
emission from the cosmos was totally unexpected, 
and in the first decade after the war theoreticians 
only gradually came to understand that the pro
cess by which the non-thermal sources radiate 
is the synchrotron mechanism. Of course the 
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process of thermal emission was well understood 
but could not explain the strength or the spectral 
characteristics of the bulk of the radiation. 
During this period there was much confusion 
because of the unexpected nature of the disco
veries and it was the interplay between the theory 
and optical observation which led to the elucida
tion of the mechanism by which the sources radiate. 
The theoretical problem then devolved into that 
of understanding how the vast fluxes of relativistic 
particles and magnetic field originate. 

As far as the hard radiation is concerned, the 
physical mechanisms by which such radiation can 
be emitted are well known and the level at which 
fluxes have been detected (or not detected) sug
gests that no objects with the unexpected cha
racter of the radio sources are likely to be found 
by observational techniques in this energy range. 
If hard radiation is emitted by hot bodies, then 
they must have very hot surfaces and hence they 
will cool very rapidly and soon cease to emit 
hard radiation. Otherwise the mechanisms by 
which hard quanta are emitted all stem from the 
interaction of fast charged particles with matter 
radiation, or magnetic fields. Knowledge gained 
through cosmic-ray and radio astronomical disco
veries enables predictions to be made of the fluxes 
of hard radiation to be expected with a range of 
parameters associated with the present uncer
tainties in these quantities. Thus detection and 
even non-detection of hard radiation will be most 
valuable in determining the state of matter and 
radiation in the universe. 

The parallel between the developments in radio 
astronomy and X-ray, y-ray, a n d neutrino astro
nomy is very close when we consider the problem 
of the discrete sources. In the early days in radio 
astronomy resolution was very poor and at least 
one of the strongest sources was put in the wrong 
constellation by one notable group of investigators. 
All of the major developments in the study of 
discrete radio sources have come in step with the 
increase in prescision with which positions of 
sources could be determined. This has enabled 
the objects to be observed optically with large 
telescopes. With optical identification has come 
measurement of distance and with this a beginning 
of quantitative study of the physical conditions 
in the sources. It is the absence of a method 
of determining the distance of an extragalactic 
source which has required the cooperation of opti
cal and radio telescopes (*). The same situation 

(J) In principle the 21 cm line is a powerful tool for deter
mining distance by redshift measurements, but in practice it 

appears to apply in y-ray and X-ray astronomy, 
since the flux emitted in lines will in general be 
small. A vast improvement in resolution is 
required in order to determine better positions 
for the X-ray sources in the directions of Scorpius 
and the Crab. The lunar occultation observation 
of the NRL group is a first step in this direction. 
Such an improvement in resolution together with 
greatly increased sensitivity will be required, for 
example, before it can be established or denied 
that neutron stars have been detected. In prin
ciple the problem is even more difficult than this, 
since it would be necessary to prove that the 
object is of stellar size or less, and even if its 
angular size were shown to be infinitesimally 
small its distance would still not be known from 
observation (x). The location of a small source 
within the Crab would not in itself be adequate 
proof of the existence of neutron stars since other 
mechanisms could provide the observed flux 
(cf. Section IV). Conversely, the establishment 
of an extended source in the Crab does not defi
nitely rule out the neutron star hypothesis, since 
a cluster of such stars might be involved, Apart 
from theoretical arguments concerning the life
times of hot neutron stars, determination of the 
form of the spectrum of the radiation and the 
setting of limits to the flux of y-rays which is 
present would be a good observational test of 
the neutron star hypothesis. 

It is clear that the various theoretical estimates 
of fluxes which we have given in this paper 
suggest that a great increase in sensitivity of 
detectors as well as good resolution will be needed 
to exploit this field to the utmost. Finally, it 
is not out of place to remark that the X-ray obser
vations have already shown that the universe is 
not very hot, and it may in fact be rather cool. 
In this case, apart from the neutrino flux which 
is part of the general cosmological thermal radia
tion field, the flux of hard radiation may be rather 
weak. 

We are indebted to many friends and colleagues 
who have provided much material prior to publi
cation. This research has been supported in part 
by the National Science Foundation and in part 
by NASA through contract NsG-357. 

cannot be used since to detect the feature in galaxies at only 
very modest distances « 20 Mpc) is beyond the capability 
of present day radio telescopes. 

(*) After all, it should be remembered that a persistent 
heresy in the radio astronomical field is that the large bulk 
of the sources are nearby stars. There is no direct disproof 
of this, though all indirect arguments are against it. 

Manuscrit re$u le 19 octobre 1964. 
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Discussion 

M. SAVEDOFF. — In early stages of white dwarf 
formation, we have smaller radii than solar radius, 
hence possibility of large coronal temperatures. This 
should be watched as at these stages, the luminosity is 
quite high, 2 0 0 L Q and photospheric temperatures are 
10 5 ° K . Although crude models seem stable against 
convection, our ignorance of magnetic effects may 
permit formation of coronae at T ̂  5 . 1 0 7 ° K with 
lifetimes of 3 . 1 0 6 years. 

J. E. FELTEN. — It should be pointed out that 
most strong radio sources will produce gamma rays by 
inverse Compton effect from the fast electrons which 
they contain ; in general, however, the expected source 
strengths due to this process are one or two orders of 
magnitude below the expected gamma source strengths 
of the same object due to other processes. It is only 
in regions of low gas density and magnetic field that 
the inverse Compton effect becomes important. 

G. BURBIDGE. — That is generally true, but in 
extraordinary objects like quasi-stellar sources. 

R . J. GOULD. — Objects, in which the photon 
density is large. 

G. BURBIDGE. — Exactly, in these objects, in 
which the photon density is very great due to the 
enormous release of optical energy, the Compton 
process again contributes significantly. 

E. SCHATZMAN. — Dr. BURBIDGE mentioned the 
y flash of Supernovae due to nuclear reactions. I 
think it should be necessary to consider also the 

gamma-ray emission by synchrotron radiation at the 
early times of the 1054 Supernova. It is quite pos
sible that for a few days or a few weeks, very energetic 
electrons could radiate in a magnetic field stronger 
than the present magnetic field. It is quite difficult 
to estimate the flux of gamma-rays coming from the 
Crab nebula at the time of the outburst, as backward 
extrapolations are quite uncertain. The trouble is 
that the flux of gamma-rays and X-rays might have 
been large enough to have a genetic influence on the 
human beings. 

G. BURBIDGE. — Dr. GOULD and I have briefly 
considered this point in the text which will be pu
blished. 

A. J. DEUTSCH. — The BURBIDGES and SANDAGE 
have recently assembled evidence of the occurrence of 
catastrophic events at the center of a variety of 
massive galaxies, possibly including our own. On the 
charts that Dr. FRIEDMAN has shown the sources in 
Scorpio and Sagittarius appear to be not too clearly 
separated from each other. Is it, therefore, possible 
that both represent the X-rays generated in the 
remnants of such an event at the center of our Galaxy, 
X-rays which suffer small-angle scattering in the dust 
that lies between the center of the Galaxy and the sun ? 

G. BURBIDGE. — The source at the Galactic center 
might be due originally to an explosive event. I 
doubt whether the Scorpius source could be explained 
in this way. 
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