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ed properties. In particular, a radio galaxy
may behave like the well-known tube of tooth-
paste when squeezed too hard.
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Recently, Penzias and Wilson' at the Bell
Telephone Laboratories have measured what
appears to be extraterrestrial microwave ra-
diation at 4080 Mc/sec at an intensity corres-
ponding to a "brightness temperature, " or equiv-
alent temperature of black-body radiation, of
3.5+ 1..0 K. Dicke, Peebles, Roll, and Wilkin-
son' have interpreted this radiation as the ex-
pansion-red-shifted remnant of black-body
emission from a very early stage of the universe
corresponding to an optically thick gas of elec-
trons, positrons, photons, and nucleons at
10" K. During the expansion of the universe,
the radiation retains its black-body character
while being adiabatically "cooled" to its pres-
ent value, supposed to be 3.5 K. The energy
density of black-body radiation at this temper-
ature is g = 1 eV/cm', while the mean photon
energy is (e)=10 ' eV. The number density
of these photons in the universe is then very
large: n=10' photons/cm'. The presence of
these cosmic photons has already been shown'
to have possible observable effects due to Comp-

ton collisions with relativistic electrons asso-
ciated with cosmic radio synchrotron radiation.

The purpose of the present paper is to point
out another effect of the presence of these pho-
tons. This is the effect of absorption of high-
energy photons traversing cosmic distances
due to electron-positron pair production in pho-
ton-photon collisions. Here we give the essen-
tial results of the effect related to experiments
on high-energy cosmic photons; full details
will be given in a subsequent paper. The bas-
ic process involved is well known4; it is just
the reverse of direct e+-e two-photon anni-
hilation. The pair-production process has a
threshold, since in the center-of-mass system
of the photons the total photon energy must be
greater than the electron-positron rest ener-
gy 2m (c= 1). In fact the cross section for the
process is a maximum near threshold corre-
sponding to eE~m', where e and F. are, respec-
tively, the low- and high-energy photon ener-
gies in the lab system. Thus, for e-10 ' eV,
we see that the process is most important for
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energies E & 3x10i4 eV of the high-energy pho-
tons. Moreover, since the cross section for
the process is' a-xp 10 "cm' near maximum
(r, is the classical electron radius), the absorp-
tion mean free path for the high-energy photons
can be as small as X —(no) '- 1022 cm, rough-
ly the size of the galaxy. This is very signifi-
cant, since during the past few years there
have been some attempts'~' to detect ultrahigh-
energy primary cosmic photons of energy &10"
eV. In these experiments, the procedure is
to look for extensive air showers (EAS) contain-
ing an abnormally low number of muons, which
would indicate that the showers were initiated
by an electromagnetic rather than a nuclear
process. In fact both the group' from the Lodz
Institute and the Cosmic Physics Laboratory
of the Centre d'Etudes Nucleaires operating
at sea level and the group' from the University
of San Andres, MIT, and the University of Tok-
yo operating at high altitude (5200 m) on Mt.
Chacaltaya in Bolivia have indeed reported
the occurrence of muon-poor or muonless show-
ers at a frequency about 10 of the number
of ordinary showers at primary particle ener-
gies of 10' eV. In addition, significantly, the
data on arrival directions of the low muon show-
ers shows essentially no anisotropy in galac-
tic coordinates, indicating that the (assumed)
photons are of extragalactic origin.

Attenuation of cosmic photons by the y+y'
-e++e process was first considered by Niki-
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FIG. 1. Absorption probability per unit path length
as a function of energy by means of the process y+y'

p++p for high-energy photons traversing a black-
body photon gas at 3.5'K. The absorption probability
for interaction with a black-body photon gas at other
temperatures may be computed with the help of this
curve and Eq. (1).

shov' for absorption by (-eV) optical stellar
photons; he showed that the effect can be ap-
preciable for high-energy photons of energy
-10"eV. Nikishov's formulation can be made
more general to give the absorption probabil-
ity from interaction with an (undiluted) black-
body photon gas at any temperature T. One
can show (details given elsewhere) that the
absorption probability per unit photon path
length for photons of energy Z is (8 = c = 1)

here ~abs is the absorption optical depth, a-'
=137, A =m ' is the electron Compton wave-
length, v=m'/EkT, and f(v) is a function com-
puted essentially from an integration over an-
gles and energies of the low-energy black-body
photon spectrum. It has the asymptotic forms

12 12-v
f(v)-'(m /2)v e, v» 1,

—(m'/3) v 1n(0. 117/v), v «1,
and has a maximum value =1 at v= 1. We give
the absorption probability as a function of en-
ergy for T=3.5'K in Fig. 1. It is seen that the
absorption probability drabs/dx is greater than
the reciprocal of the "Hubble radius" RH(-1028
cm) or "radius of the universe" for 10'4&Z & 10"
eV. For photons in this energy range, the ab-
sorption optical depth to the edge of the universe
would be greater than unity. That is, we could
"see" only out to a distance d - (drabs/dh)
in the universe. We see from Fig. 1 that for
E = 10"-10"eV, d is only about 10"cm. This
has an important consequence for the experi-
ments on muon-poor HAS. If, as it seems,
the (supposed) =10'4 eV photons are of extra-
galactic origin, they can be coming from
sources at distances =10' -10 ' cm. However,
recently' the experimental group on Mt. Cha-
caltaya have been accumulating data on larg-
er showers containing 10'-10' particles cor-
responding to primary energies of 10"-10"
eV. Of the 12638 of these showers detected
so far, none have been found to be muon-poor.
Our prediction is that no muon-poor showers
corresponding to primary energies of 10"-
10'7 eV will be found. For, as is seen from
Fig. 1, the photon absorption probability is
high for these energies. In fact, if there does
exist a primary high-energy cosmic-photon
flux, we would predict that its spectrum will
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show a, cutoff at about 10' eV due to the rap-
id increase in photon absorption for energies
above this value. Clearly, this would provide
-an independent test of the black-body photon
hypothesis.

Unfortunately, there is no way of distinquish-
ing between a photon-initiated and electron-
initiated shower. ' However, due to Compton-
scattering energy losses from collisions with
the low-energy thermal (3.5'K) photons, the
electron path length for energy loss would
be only E(d-E/dr '=4&&10" cm (about one-
tenth the size of the galaxy) for E = 10"eV.
Thus, under these conditions, electrons of
this energy would not be likely to exist in in-
tergalactic space unless they were produced
therein by, say, m-p. -e decay following pion
production in high-energy cosmic-ray nucle-
ar collisions. But due to the large energy-
loss rate for the high-energy electrons, if
they are produced in this manner, there would
be many more high-energy photons at the same
energy in the universe due to associated w'

decay. Still one might conceive of other means
of accelerating electrons either in the galaxy
or in intergalactic space. However, a cutoff
in the electron spectrum observed at the earth
could be expected at an energy where the path
length for energy loss is roughly the size of
the galaxy or gala.ctic halo. This occurs at
about 10"eV —about an order of magnitude small-
er than the cut-off energy expected in a cosmic
photon spectrum due to the y=y'-e++e pro-
cess.
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