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current. Therefore, the proposal made in Ref. 2,

of abandoning the identification of the group gen-
erators with integrals of local currents, should
be understood in the sense that one must re-
nounce either the local commutativity of the
transformed field, or its transformation law
under the Poincaré group being the same as
for the original field.

(c) One might argue about the necessity of
working with interpolating fields; however,
the Hall-Wightman theorem applies just as
well to the asymptotic fields. Thus it is pos-
sible to find a unitary representation of the
transformation 7 for the asymptotic (“in” or
“out”) fields if and only if the masses show
the degeneracy imposed by exact symmetry
under T.

(d) 1t is possible to drop the hypothesis of
a unique vacuum. This would allow for a “spon-
taneous breakdown” of an exact symmetry, as
suggested by many authors.® However, in this
case one is faced with the well-known problem
of the massless particles,” unless one is pre-

péred to renounce the idea that the symmetry
is generated by conserved currents.®

We are grateful to Professor L. A. Radicati
for useful discussions on this subject,
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We have now a second point! on the spectrum
of the microwave background,? and it is con-
sistent with the idea® that this is black-body
radiation, the primordial fireball left over
from the “big bang.” If this is confirmed by
further observations at shorter wavelengths
we will have learned the present temperature
of the universe, and we will be able to trace
back from this temperature to find something
about the history of the universe. At an early
stage in the expansion of the universe, thermal
reactions would have produced deuterium and
helium: This is the old big bang theory of the
formation of the elements. The purpose of this
note is to present the results of a recent cal-
culation of the primeval element abundances
issuing from the big bang. These depend on
two observable quantities, the temperature
of the fireball radiation and the mean mass
density in the universe. The abundances are
high enough that an observational test appears
quite possible. The details of the calculation
will be described elsewhere.
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The computed helium and deuterium abundances
are shown in Fig. 1. The best estimate for the
mean mass density in the universe would be in
the range 7x107% g/cm?® (the estimated mass
in galaxies?) to 2x107*° g/cm?® (the mass den-
sity required to close the universe). For this

density range, if the present temperature of

the fireball is 3°K,!’? the computed primeval
helium abundance is 27 to 30% by mass. If
the average mass density in the universe were
a factor of 30 below the accepted estimate of
the mass in galaxies, it would lead to a much
lower primeval helium abundance.

It would be very interesting to compare the
helium abundances in Fig. 1 with the composi-
tion of the oldest stars in our galaxy, but at
present very little is known about the helium
abundance in these stars. From the composi-

tion of solar cosmic rays and spectroscopic
heavy-element abundances, and from solar

models, the helium abundance in the sun is
thought to be about 25% by mass,® and an abun-
dance as high as 30% would not be excluded.
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FIG. 1. Helium and deuterium production in the
early universe. The abundances are given as functions
of the temperature of the primordial black-body radia-
tion in the present universe. The three scales for the
radiation temperature correspond to three different
assumptions about the mean mass density in the pres-
ent universe.

An important question here is whether the
solar helium abundance could be accounted for
by production in earlier generations of stars.
It has been emphasized that the present rate
of hydrogen burning in the galaxy is not enough
to produce this much helium over the lifetime
of the galaxy, possibly indicating a high pri-
mordial helium abundance.® Also, the rapid-
ly evolving massive stars which would have
produced the elements in the solar system ac-
tually may produce less helium than heavier
elements,””® implying a helium production less
than the heavy-element abundance, roughly
2% by mass. On the other hand, we know from
the rapid increase of heavy elements through
the population-II stars that the early galaxy
was much more active than it is now, and stellar
evolution theory is not well enough established
to exclude a high rate of helium production in
massive stars in the young galaxy. The high
initial helium abundance required by the the-
ory therefore remains quite possible, but it
appears that a definite test of the theory must
await improved observational evidence.

The deuterium abundance shown in Fig. 1
.can exceed the upper limit on the abundance

of interstellar deuterium,® but deuterium would
have been burned out of the hydrogen in the
cycling of material through stars. Since we
thus can imagine deuterium being produced

or destroyed in the galaxy, with the present
state of knowledge the deuterium abundance
cannot provide a very clear test either for or
against the theory. The computed He®/He*
abundance ratio is somewhat less than the abun-
dance ratio found in primordial gas in meteor-
ites, so apparently it should be assumed that
some He® was produced in the galaxy. There
appear to be no reactions capable of producing
appreciable amounts of elements heavier than
helium.

The abundances in Fig. 1 were obtained with
two basic assumptions; that general relativity
is valid, and that the universe may be treated
as homogeneous and isotropic. It has been
pointed out'® that if we relaxed the condition
of isotropy, and allowed a homogeneous shear
motion, the expansion time scale in the early
universe could be decreased almost at will.
This is an important point, but there is a gen-
eral difficulty with the idea that the early uni-
verse may have been highly anisotropic, or
irregular. We know from galaxy counts and
red-shift observations that the universe is,
in the large, homogeneous and isotropic about
us out to a red shift of perhaps Z=0.2. Assum-
ing that the new microwave background is the
primordial fireball, we have also a measure
of isotropy at a much larger distance. If the
early universe were highly anisotropic it would
require a very special choice of the free param-
eters of the solution to assure a nearly isotrop-
ic universe now. Given the freedom of start-
ing with a highly anisotropic universe it is dif-
ficult to believe that these parameters would
have been just such as to present us now with
an isotropic universe. More generally, if we
introduced any appreciable perturbation to the
expansion time scale or density distribution
in the early universe, we must expect that the
perturbations would only grow worse with time.
There do exist solutions in whnich the perturba-
tions grow smaller, but, just as in convention-
al perturbation problems, we would never ex-
pect to observe a decaying perturbation when
a growing perturbation exists, because it would
require so very special initial conditions.

Element production in the big bang is based
on the ideal!! that if we can trace the expansion
of the universe back to a temperature well above
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10'°°K (1 MeV), we find that the thermal pair-
production reactions flood space with electron
and neutrino pairs, and these leptons react
with nucleons, the most important reactions
being

pre” —n+v, 6y

p+U—n+et, (2)

The resulting neutron abundance was first com-
puted in detail by Alpher, Follin, and Herman.'?
The neutrons can react with protons to form
deuterium, but photodissociation keeps the abun-
dance very low until the temperature has dropped

to about 10°°K. The amount of element forma-
tion thus depends on the nucleon density in the
universe when the temperature has dropped to
10°°K. On the plateau at the left-hand side of
the helium abundance curve in Fig. 1, almost
all the neutrons which survive to the time nu-
clear burning becomes possible react to form
deuterium, which burns to helium. The helium
abundance increases slowly with decreasing
temperature because fewer neutrons decay
before nuclear reactions commence. For a
high primordial fireball temperature the nu-
cleon density would be low when nuclear burn-
ing could begin, so little deuterium or helium
would be produced. The deuterium abundance

is maximum at the shoulder of the helium curve:
In a hotter universe little deuterium is produced,
and in a colder universe a good deal of deuteri-
um is produced but most of it burns to helium.

The rate of expansion of the universe depends
on the energy density and pressure of the elec-
tromagnetic radiation, electron pairs, and the
two kinds of neutrinos. It may be assumed that
these all are in thermal equilibrium in the ear-
ly universe, but when the electron pairs re-
combine, at 10'°°K, the energy goes into ra-
diation, and the radiation temperature ends
up higher than the neutrino temperature by the
factor (11/4)/8,

The reaction rates for (1) and (2) were ob-
tained from the V-A theory, neglecting elec-
tromagnetic corrections, and the coupling con-
stants taken from a recent review.'* The elec-
tron density was computed using the free-par-
ticle approximation. The half-life for neutron
decay was taken to be 11.7 min, with no cor-
rection for partial degeneracy of the electrons
and neutrinos because by the time any appre-
ciable number of neutrons can decay the par-
tial degeneracy extends to an energy well less

412

than the decay energy. For the same reason
we can neglect the three-body reaction which
is the reverse of neutron decay. From a nu-
merical integration taking account of (1), (2),
and neutron decay, the neutron abundance was
found to be consistent within 5% with the pre-
vious calculation of Alpher, Follin, and Her-
man.,'?

The important nuclear reactions are'*n+p
-d+y, d+d-He*+n, d+d—~t+p, He3+n—~t+p,
and {+d -~ He*+n. There are many other pos-
sible reactions, but for conditions of interest
none would appreciably affect the final deute-
rium abundance. In some cases the He® abun-
dance would be lowered if we took account of
other He3-burning reactions. With regard to
the He* abundance, we know quite generally
that it is a question of how completely the nu-
clei can relax to thermal equilibriuin. The
introduction of any new nuclear reactions could
only increase the relaxation rate, and so in-
crease the final abundance of helium (or heav-
ier elements).

The experimentally determined reaction cross
sections were fitted to simple formulas, the
cross section taken to be inversely proportion-
al to velocity for the neutron-capture reactions
and a formula of the Gamow type assumed for
the charged-particle reactions, and the results
numerically integrated against a Maxwell ve-
locity distribution to obtain the reaction rates.
The six differential equations for the abundances,
taking account of reactions (1) and (2), neutron
decay, the above mentioned nuclear reactions,
and the reverse of each of these reactions,
were numerically integrated from an initial
temperature of 10'2°K, through the completion
of nuclear burning. The results of a typical
integration are shown in Fig. 2.

If the universe contains gravitational radia-
tion, or perhaps a new kind of neutrino field,
the time scale for expansion is reduced. This
increases the neutron abundance coming out
of the bang, and so raises the level of the pla-
teau on the left-hand side of the helium-abun-
dance curve in Fig. 1. If we introduce new ra-
diation energy density equivalent to a new kind
of (two-component) neutrino field, the result-
ing helium abundance by mass is increased
from 0.30 to 0.32. The additional radiation
also moves the shoulder of the curve to the
left, the radiation temperature at the shoulder
varying inversely as the sixth root of the total
energy density in the form of primeval radia-
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FIG. 2. Abundances of the elements versus time.
It is assumed here that the present primordial fireball
radiation temperature is 3.5°K and the present mean
mass density in the universe is 7 x 1073! g/cm3,

tion and neutrinos. Assuming that the nucleon
mass density now is at least 7x107% g/cm?,
with the addition of an amount of radiation con-
sistent with the limits implied by the accelera-
tion parameter the first effect is more impor-
tant, and the primeval helium abundance is
increased.

For a reasonable value of the mean mass
density in the universe we have concluded that
the theory requires a large primeval helium
abundance, and if this agrees with observation
it must be considered a remarkably stringent
test of general relativity. On the other hand,
if the primeval helium abundance is found to
be low, and the presence of the 3°K primordial
fireball confirmed, we believe that the result

will be difficult to explain on the basis of con-
ventional general relativity.

It is a pleasure to acknowledge fruitful dis-
cussions of this problem with R. H. Dicke,
D. T. Wilkinson, P. G. Roll, and R. J. Tayler.
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