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and
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ABSTRACT

The observed isotropic cosmic X- and gamma-rays maybe  produced
by some combination of four possible types of extragalactic interactions.
We show here that spectra from these interactions have important dis-
tinguishing- characteristics in the 1-100 MeV energy range. By normal-
izing the theoretical spectra to the observed intensities, we have deter-
mined theoretical intensities of metagalactic cosmic-ray protons and
electrons needed to account for the observed radiation.
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PREDICTIONS Or EXTRAGALACTIC GAMMA-RAY FLUXES
BETWEEN 1 AND 100 MEV

I. INTRODUCTION

Recent theoretical studies have indicated the necessity for observations of

isotropic cosmic-gamma-radiation in the 1-100 MeV energy region. Such ob-

servations will enable vis to determine the relative importance of the various

processes which may produce the observed isotropic X-radiation below 1 MeV

and gamma-radiation above 100 MeV. The first process to be examined as a

possible explanation for the radiation below 1 MeV was that of Compton inter-

actions between metagalactic cosmic-ray electrons and photons of the universal

microwave radiation field 1 a Recently, additional processes which may be of

importance in producing extragalactic gamma-radiation have been discussed by

the authors. These processes are cosmic-ray electron bremsstrahlung with

intergalactic matter, 5 collisions of cosmic-ray nuclei with intergalactic mat^R;r

which result in the production of pi- mesons 6.7 and the mutual annihilation of

matter and antimatter on possible boundary regions of baryon inhomogeneity in

the universe . $ The purpose of this paper is to discuss some implications of the

results of these studies in distinguishing the gamma-ray spectra produced by

these various processes and placing upper limits on the metagalactic cosmic-

ray electron and nuclear fluxes. In particular, these results indicate that

observational studies of isotropic gamma-radiation between 1 and 100 MeV are

1
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critical for determining the dominant gamma--ray-producing processes in the

metagalaxy and their cosmological implications.

II. CALCULATION OF GAMMA-PAY SPECTRA

For the purpose of this paper, we wish to point out the similarities in the

determination of gamma-ray spectra from the various processes mentioned

above. Three of these processes involve collisions between high energy cosmic-

rays and an ambient gas with the various components listed in Table 1.

Table I

Collisional Gamma-Pay-Producing Processes

Process	 Primary Particles	 Primary Ambient Gas

1. Compton	 electrons	 blackbody microwave photons

2. Bremsstrahlung	 electrons	 intergalactic hydrogen

3. Inelastic Strong	 protons	 intergalactic hydrogen
Interactions	 nuclei

The fourth process, annihilation, also involves the interaction of two components,

viz. ambient matter and ambient antimatter.

The gamma-ray fluxes from the processes given in Table I may be deter-

mined by evaluating a general integral of the form
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where cii o 1 l,0 28 em, z is the cosmological redshift, n ^ is the ambient gas

density at z 0, l(z) ,is the flux of cosmic-ray electrons (or protons) at redshift

Z ' X 
0	 9^

is the flux of this cosmic-ray component in the galaxy and G (L ) is de
d

fined as the local. (non-redshifted) gamma-ray spectrum generated by the galac-

tic cosmic-ray flux, I 9 , in travelling through a thickness of x particle per cm' in

the ambient medium. (For example, in the case of inelastic strong interactions,

G9 (E y ) is the same as the quantity I(EI/ )/nL calculated previously by one of the

authors 9, 10 The upper limit of the integration, z roux, is defined as the redshift

corresponding to the epoch when the metagalactic cosmic-ray flux first came

into existence. The exponent, a , is determined by the cosmological model taken

and is found to equal 2.5 for an Einstein-de Sitter universe and 2 for a low

density universe. 5 - 7 These cases approximate the limits of a closed universe

and a universe with mean density comparable to the lower limit derived by

Oort. 11

In the case of matter antimatter annhilation, the integration is carried out

over the product of interacting matter and antimatter densities instead of the

product of a cosmic-ray flux and a gas density. The other difference in the

treatment of annihilation radiation is that z 	 for the annihilation case is of
max

the order of 10 12 , corresponding to the epoch when matter and antimatter were

in equilibrium with the radiation field whereas for the other cases, z max , is

restricted to values ti 100 (see Reference 7).
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111, RESULTANT GAMMA-RAY SPECTRA

The resultant gamma-ray spectra from bromsstrahlung,'xnd inolastic strong

interactions have been calculated for two cosmological models (viz,, an Einstein-

-do Sitter (flat) universe with no 10 - 5 cni -3 and an open universe with n o •, 10 I

cill- ,I ) and three models of cosmic ray production (viz., a burst model where all

the cosmic rays were produced at some initial opoeh, a constant leakage model

where cosi-nio-rays have leaked out of radio sources at a constant rate since

t(zm,lx ) , and an evolving source model as suggested by Longairl 2 where the

cosmic-ray production rate varies as (1 + Z)3 ). These models have been dis-

cussed previously 
in 

References 6 and 7. The annihilation gamma-ray spectra

have been discussed for flat and open universes in Reference 8. The charac-

teristics of the gamma-ray spectra from these various processes are outlined

in Table 11. Figure I illustrates the types of gamma-ray spectros. which fit the

present observational data.

The relativistic bremsstrahlung results are, presented here for the first

time and require some discussion. We have investigated two types of meta-

galactic cosmic-ray electron spectra. In one case, we assumed that the meta-

galactic electron so ,,irce spectrum above 1 1 MeV had the same power law form

E-e 1, 6 ) as the observed galactic spectrum and that the spectrum would steepen to

E —2,6
e	 at a critical energy given by

EC = 8.3 (1 + Z)-,,'2 MeV
	

(2)
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.

due to Compton collisions with the universal blackbody radiation. It was found

that the cosmic-ray electron flux needed in this case would be in all cases

greater than the observed galactic value of 1.1 x 10-3r, 0 
1 em" 2 see- 1 sr' 1 GeV""

in order to produce the observed X-radiation. For the second case, we con-

sidered a power law spectrum with an exponent of 2.6 as observed for galactic

electrons above 2 GeV together with the hypothesis that the true galactic spec-

trum is given by an extrapolation of this power law 13 to lower energies, i.e.,

1.26 x 10-2 E. . Again, we have considered steepening due to Compton colli-

sions. The bremsstrahlung gamma-ray spectrum is then given by 14

d EQ Z (Ee , z

C
T (z) G& u(Ey ► z) = 3 x 10- 26	

y	 E
y

where le (Ee ) is the differential electron energy spectrum.

IV. METAGALACTIC COSMIC-RAY FLUXES IMPLIED

BY PRESENT OBSERVATIONS

By calculating the gamma-ray spectrum produced by metagalactic strong

interactions, it becomes possible to make use of the recent observations made

by the OSO-3 gamma-ray telescope 16 to place limits on the metagalactic flux of

cosmic-ray protons, as has been done by one of us in Reference 6. Similarly,

one may use the bremsstra, hlung calculations (assuming a galactic electron

spectrum of the form 1.26 x 10-2 E 2.6 CM-2 sec -1 sr -1 GeV- ') to calculate

the flux of metagalactic electrons needed to produce the observed X -ray flux in

(3)



O'

w

o

C7

I4

t a
a
^ ^ a

W

U U

a3 a

a
o ,^

o ^

td

C^

^	

v	

q e^`i

"P4
m U

aQ)Y

0)
{ ocra	

'fin

`°4

W
o	 LO

44)	

W	

N	 o

H	 F4

40-1	 40-4	 pq

	

__	 r

oP4,^+	 o

o a o	 d a o	 o c' 	 Op'

"0

^	 ^ ►^	 o to e^,o U	
4-4
	

o

p p

0	 " H CY, ^^	 -.2 4°	 N	
Q

U	 'VC U	 t-̂t	 O	 •C.7 r^ O	 U e-1 C7

O r "b (	
rd 

O	 rN^	 O I I I

Lo

P+ ^ .	 M 4a	 a^	 0 4-1	 P-,	 W C... C-,

0O

o

i

r

G

F



the vicinity of I ATeV. Referring to the local metagalactic oosmic-ray flux

(z -_­ 0) as 1,0 and the Walactio cosmic-ray flux as I 9 ,  we have plotted In Fig-

ures 2 and 3 the values of log, 0 (1,,/1,) versus log 10 (1 + zmax ) nkieded In each

case to explain the observations.

We hope that the experiments now being developed by various gamma-ray

astronomy groups to investigate the 1-100 MeV energy region, will soon allow

us to choose the mechanism, or combination of mechanisms of gamma-ray

production which predominate in the metagalaxy, When this determination has

been made we stand to gain valuable information in the fields of cosmology,

cosmogony and cosmic-ray astronomy.
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Figure 1—Observed and Predicted Forms

of Extragalactic Gamma-Ray Spectra
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