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Abstract:
New gamma-ray observations have provided what
may be evidence for primordial cosmic-ray sources
existing out to redshifts of the order of 100, These
sources, here called "protars", may be galaxies and quasars

in their initial stages of formation. They may have provided

the basic energy source for ionizing the intergalactic gas.,

I have recently proposed that the isotropic component of cosmic
gamma~radistion at energies gresicr than 1 MeV is a remnant of an
earlier epoch in the evolution of the universe and.ié the result of
interaction of primordial cosmic-rays which may have been produced in
large quantities as a by-product of the galaxy formation process.l’eia
Recent measurements®,> of cosmic gama-rays having energie: greater
than 1 MeV have now provided evidence in support of this proposal®
and suggest that the galaxy formation stage may have begun at a redshift
of ~ 100.

In particular, ‘he new data of Vette, et alS, which provide the

first measuréments of cosmic gamma-rays in the 1-6 MeV energy range,
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have already yielded valuable information. Their preliminary results are
shown in Figuxre 1, These measurements are consistent with the well known
power-law X-ray spectrum below 1 MeV, However, they indicate a marked
departure from the power-law above 1L MeV, For example, the 6 MeV point
1s an order of magnitude higher than what would be expected on the basis
of a power-law extrapolation of the X-ray data, These data, taken with
the data of Clark, et al%, being interpreted as a real flux, fit the
shape of the theoretical gamma-ray spectrum from cosmic-ray p-p‘interactions
integrated to a maximum redshift of ~ 100 for a burst or evolving source
mrdel where cosmic-ray production was higher in the past,l” 3,8  They do
not seem consistent with other theoretical spectra for energies above 1 MeV,
Vette, et al.” have interpreted their results to indicate a new component
of the cosmic gamma-ray spectrum above 1 MeV which they find to be con-
sistent with the theoreticél interpretation presented here, In addition,
Clark, et alf, have reportel qualitative results indicating that the
isotrogic component of cosmic gamma-radiation above 100 MeV has a softer
spectrum than the galactic component. This result is also 1n agreement
with the theoretical predictions presented previously,Z,S

These suggestive results make it even more imperative to obtain other
gamma-ray observations in the 1-100 MeV region in order to confirm the
present data and to extend the range of the measurements. However, on
fhg.basis of these first results, I present the following interpretation,
Comparison of the predicted spectra with the gamma-ray observations
indicates that extragalactic gamma-radiation may be due to the decay

ef neutral pi-mesons produced in inelastic collisions of extragalactic
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cosmic-ray protons and gas, The peak in the resultant gamma-ray spectrum,
which normelly occurs at ~ 7O MeV, is redshifted down to ~ 1 MeV enzrgy,
This effect is due to the increased collision rate at larger redshifis
when our expanding universe was in a more compact state as well as
increased cosmic-ray production at large redshifts., A cosmic-ray
production rate which is constant over all redshifts will not account for
the new observations.® The assumption of various time-dependence models
for cosmic-ray production ieads to different requirements for the present
metagalactic cosmic-ray flux needed to produce the observed gamma-rays,S
The maximum redshift needed to fit the observations is ~ 100 which
corresponds to an epoch when the age of the universe was 107 - 108 years
and the temperature of the universal radiation field was .~ 270°K. This
may correspond to the epoch when objects of gelactic mass were beginning to
form from the metagalactic medium®, There is mounting evidence that radilo
rources were more active (or prevalent) at earlier epochs®~1l and it is
plausible to speculate that in these sources, where electrons are accelerated
‘to cosmic-ray energies, protons maey also be accelerated to these energies,
Whereas electrons have short lifetimes at high redshifts due to Compton
nteractions with the universal radiation £ie1dl®» 13 possibly restricting
their radio emission stage to redshifts of ~ 10 or less, the protons do
not undergo significant depletion from Compton interactions, Thus, the
sources producing gaemms-rays at redshifts of ~ 100 will not be visible as
radio sources, They may also be unobservable in the opticall? and X-ray
15,16 |

region since a dense intergalactic medium becomes opague to X-rays

gt redshifis <10, Thus our best chance of studying these sources comes
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from gemma-ray observations and their study should be of prime importance
to the -young field of gamme-ray astronomy,

I will henceforth refer to these primordisl cosmic-1ay sources as
"protars"., It seems reasonable to speculate that protars may be early
stages in the evolution of quasars and galaxies, i.,e,, objects of high
mass which are in the initial stages of condensing out of the metagalactic
medium, The subsequent release of gravitational energy coupled wlith the
generation of strong magnetic fields during the contraction, could then
‘provide energy for the acceleration of cosmic-rays, Recent microwave
observations'? have indicated that the intergalactic medium may have
become ionized at a redshift of ~ 100, Cosmic-rays from proﬁﬁrs would
provide a natural source for heating the intergalactic medium at this
epoch, It can be shown® that once the ionization occurs, the medium
would then remain ionized due to subsequent cosmic-ray heating up to the
present epoch, Thus, the protar hypothesis provides a connecting link
between the gamma-ray and microwave observations,

It should be pointed out that the redshifts of ~ 100 proposed here
for the protars may indicate that they are neaxr the limit of observability
for gamma-ray observations. Rees'® and, independently, Arons and McCray®
have considered the absorption of gamma-rays by intergalactic gas due to
Compton interactions and pair production. In an Einstein-de Sitter
universe with a gas density of 10 ° cm's, The gamma-ray absorption
coefficient varies as the 3/2 power of redshift., For a high density
_ universe.and a redshift of z = 100, Arons and McCray have calculated

an optical depth near unity for gamma-rays between L and 100 MeV,
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Thus, for a high-density universe, the gamma-rays reaching us
may be partially depleted by absorption effects, Of course, for models
with no<lom5 cmua, ebsorption effects are negligible at z == 100. For
a low-density model where n, = 1077 cm-s, the universe is transparent
to gamme~rays out to redshifts of = 3000,

It should also be noted that in a high-density model at redshifts
of the order of 100, cosmic-ray attenuation by nuclear collisions will
elso become important, The eross section for cosmic-ray attenuation by
nuclear collisions is of the order of 1,5 x 10 2© cm®, Using this
value, we find that in a high-density universe, attenuation effects
become important for z = 100. Thus, we must increase somevhat the
cosmic-ray production requirements for the high-density model., However,
for present densities less than 0.5 x 10 ° cm 3, attenuation is
negligible. It has been previously shown® that the gamma-ray opacity due to
interactions with blackbody radiation is negligible for z = 100 and
B < 5000 MeV.

Teking absorption effects into account, and considering models

3, we can conclude that

where the present gas density is 1077 - 105 em”
if the protar hypothesis is correct, protars have filled intergalactic
space with remnant cosmic-rays having a present density of 10™% - 10 =
the galactic value®, i.e., 10 1% - 10715 erg/cm®.
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Figure Captions

Figure 1. Theoretical® and Observed®sSs18:19 pytragalactic Photon Spectra.
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