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%'e report results of an investigation of elementary particle creation in expanding uni-
verses.

If one considers the covariant quantized free-
field equations of elementary particles in an ex-
panding universe, then it becomes evident that
the particle number is not a constant of the mo-
tion, but only an adiabatic invariant, even though
the gravitational field is not quantized. There-
fore, a creation of elementary particles will take
place in a universe with no particles or a small
particle density initially present. We wish to re-
port here on the results of an extensive investiga-
tion into the particle creation in expanding uni-
verses. ' This and related topics are presently
being investigated also by other authors. ' ' How-
ever, the present author's thesis' appears to be
the earliest investigation in print of the particle-
creation rate in expanding universes, and it is
the results obtained there that we wish to report.
We will present only the main ideas and results,
since it would be impossible to do more in a
short article. A detailed exposition will be pub-
lished in a series of articles elsewhere, and may
be found in Ref. l.

The covariant equations for quantized fields of
spin 0 and spin & were considered for arbitrary
mass, while for zero mass the covariant equa-
tions for particles of higher spin were also con-
sidered. The main investigation was carried out
for metrics of the form

dt2+ R(t)2(d~2+ dym + dg )

It was shown that the creation rate would be of
the same order of magnitude for closed univers-
es with

ds' = dt'+ R (t)'(dg-'+ sin'gd tt'+ cos'ydy') . (2)

Particle creation occurs because, according to
the covariant equations for the fields in the Hei-
senberg picture, the positive- and negative-fre-
quency parts of the fields become mixed during
the expansion of the universe, so that the crea-
tion and annihilation operators at one time t are
linear combinations of those at an earlier time.
The particle-creation rate was investigated main-
ly at the present stage of the expansion, for which
R(t)/R(t) - H, where H is Hubble's constant. Up-
per bounds were found for the creation rate per

unit volume of various elementary particles.
These are extremely small because the particle
number is an adiabatic invariant and the present
expansion rate is small. Because the creation
rate is presently so small, the reaction of the
particle creation back on the gravitational field
could be neglected. The creation rate in the ear-
ly stages of a Friedmann-type expansion is also
under investigation. This primeval creation rate
was certainly much larger than at present, al-
though exact quantitative results are not yet
available for the early stages of the expansion.
Some results for the present stage of the expan-
sion are reported below.

n -meson creation. —The equation governing the
spin-0 field was the Klein-Gordon equation with
covariant derivatives V'~ in place of ordinary de-
rivative s7:

With g t, given by Eq. (I) [or by Eq. (2)j, the
space- and time-dependent parts of the equation
are separable. Making use of the spatial isotro-
py and homogeneity of the problem, we were able
to define time-independent modes k, and to ex-
pand the field at any time in terms of its Fourier
components with respect to 4'. As a consequence
of the dynamical equations, the time-dependent
Fourier coefficients could be consistently re-
quired to obey at all times the usual commutation
relations for annihilation and creation operators,
indicating a unitary time development.

To find the correct operator corresponding
uniquely to the observable particle number in the
present stage of the expansion, we required that
the particle-number operator satisfy the follow-
ing conditions: (a) It is Hermitian, its eigenval-
ues being the non-negative integers (since a di-
rect measurement of the particle number gener-
ally involves a counting procedure, which can on-
ly yield a non-negative integer result). (b) When
the expansion is stopped slowly, the operator be-
comes the well-defined particle-number operator
for the static universe. (c) It should be mea-
sured in the slowly expanding universe by essen-
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tially the same apparatus as in the static case.
Thus, for example, it should be free of extreme-
ly high-frequency oscillations which are in prin-
ciple unobservable by such apparatus.

In order to satisfy these requirements, espe-
cially the third, we found it necessary to use an
approximation procedure based upon a compari-
son of the separated time-dependent equation for
the field with the differential equation satisfied
exactly by the adiabatic solution of the first equa-
tion. ' The method of approximation is also use-
ful in other problems involving adiabatic invari-
ants. ' To within the degree of approximation,
the particle-number operator could be shown to
be unique. The creation rate can be determined
by comparing the particle number at two times
separated by an interval large with respect to the
time needed for a single measurement of the par-
ticle number [which must be large compared with
the inverse particle mass (k = c = 1) to avoid cre-
ating particles in the measuring process]. Since
the particle number is an adiabatic invariant of
the motion, the particle-creation rate in the
present slow expansion of the universe is ex-
tremely small, although not zero. We obtained
an upper bound on the expectation value of the
present creation rate per unit volume summed
over all modes, which depends on the present
density of matter in the universe (~10 ' g/cm'),
on the present rate of expansion (H- 10 " sec '),
and on the mass of the particle involved. For ~

mesons the upper bound is 10 ' '
g cm '. This

corresponds to less than one m meson per second
in the observable universe (-108' cm').

Some additional interesting results are these:
(1) The particles are created in pairs with net
momentum zero, equal amounts of matter and
antimatter being created. (2) Attenuation of the
momentum and energy of a free particle takes
place as the universe expands, just as predicted
by classical general relativity. (3) In the Fried-
mann universe with metric (1) in which radiation
is predominant [R(t) ~ f"2], exactly no creation
of mass-zero mesons is predicted, while in the
Friedmann universe in which matter is predomi-
nant [R(t) ~t '3] exactly no creation of massive
mesons is predicted in the limit of infinite mass.

Spin-& particles. —The equation governing the
free fields was the general relativistic Dirac
equation:

in the notation of Bargmann. ' A calculation

analogous to that in the scalar case, although
somewhat more involved, showed that results (1)
and (2) above also hold for spin-2 particles. An

upper bound on the present expectation value of
the creation rate per unit volume was also ob-
tained. For protons the upper bound is 10 ~

g
cm ' sec ', and for electrons it is 10 ~

g cm
sec '. The largest of these creation rates is
less than one particle per liter of volume every
10 years ~ For massless neutrinos there is no
creation through the mechanism considered here.

Particles of zero mass and nonzero spin. —The
covariant equations governing the massless fields
of nonzero spin s were expressed in the two-com-
ponent spinor formalism following Penrose. ' In
his notation, the equation is

V gj. ( 0
1 v2 - ~ v2

These equations, which include Maxwell's equa-
tion for s = 1, are conformally invariant under
the transformation

g. -g
jk jk jk'

s+1=0
v1' ' ' v2s v1' ' ' v2s vl ~ ~ v2s

where 0 is an arbitrary function of position and
time. " As a consequence of the conformal in-
variance, it can be shown that the positive- and
negative-frequency parts of the field are not
mixed by an expansion of the universe, so that
there is no creation of massless particles of non-
zero spin.

Conclusion. —The particle creation in the ex-
panding universe at the present time resulting
from the mechanism considered here is quite
negligible. However, for the early stages of a
Friedmann expansion it may well be of great
cosmological significance, especially since it
seems inescapable if one accepts quantum field
theory and general relativity. In considering the
large amount of particle creation taking place in
the early stages of an expansion, it is necessary
to take into account the reaction of the matter
created back on the gravitational field. Further-
more, it may be necessary to consider the ef-
fects of the quantization of the gravitational field.
Therefore, no conclusive quantitative result can
yet be reported here concerning the primeval
creation. It should be emphasized that equal
amounts of matter and antimatter would be cre-
ated by this mechanism. This factor would tend
to favor a cosmological theory with equal amounts
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of matter and antimatter, such as the theory of
Alfven and Klein. "

The author would like to thank Professor S.
Coleman for bringing this topic to his attention,
as well as for helpful discussions. It is also a
pleasure to acknowledge stimulating discussions
with Professor B. S. De%itt, Professor G. Carri-
er, Professor S. Deser, and Professor F. A. E.
Pirani.
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LORENTZ POLES IN EQUAL-MASS SCATTERING FROM ANALYTICITY AND FACTORIZATION*
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It is shown, by means of factorization, that the daughter Regge trajectories implied
by analyticity in unequal-mass scattering amplitudes constitute a single Lorentz pole
when they couple to an equal-mass channel. At zero energy the equal-mass elastic am-
plitude has the form const xD (0) 2 (-z).

In the past few years, two different approaches
have been used to study the properties of Regge
poles and S-matrix elements at zero total energy
(u =0). The first involves analyticity' and the
second uses group theory. ' The analyticity ap-
proach can be employed when the particles in the
u channel have unequal masses (like pion-nucleon
scattering). In this case an apparent conflict
arises between the presence of poles in the angu-
lar-momentum plane and the requirement of ana-
lyticity in the total energy at u =0. The conflict
is resolved by introducing a set of daughter Reg-
ge trajectories at n(0)-k (k = 1, 2, ~ ~ ~ ), where
n(0) is the leading or parent trajectory.

If the masses in the u channel are pair-wise
equal, the foregoing conflict with analyticity does
not arise, but one may invoke the O(4) [or O(3,
I)] symmetry of the scattering amplitude which
results from the vanishing at u =0 of Qu, the to-
tal center-of-mass four-momentum in the u
channel. Poles in the u channel are classified
according to irreducible representations of O(4),
and then each such Lorentz pole n(0) gives rise
to a sequence of daughter Regge poles with the
parent trajectory located at o. (0) =n(0). The

daughter sequence lies below o.(0) with a spacing
of two units, o.(0)-2n (n =1, 2, ~ ~ ~ ) if the scat-
tering particles are spinless, and a spacing of
one unit if the particles have spin. The ratios of
the residues of the daughter trajectories are also
determined by expanding the Gegenbauer function
in terms of Legendre functions. On the other
hand, the group theoretic approach cannot be im-
mediately applied to the scattering amplitudes
for unequal-mass particles, essentially because
the center-of-mass three-momentum becomes
infinite at u =0.

It is naturally desirable to attempt to bridge
the gap between the analyticity and group theoret-
ic treatments of daughter trajectories, and to
see if the analyticity and group-theory daughters
are really the same in some sense. Some insight
on this question has been achieved by relying
heavily on sophisticated group theoretic tech-
niques. ' However, it would be nice to have a dis-
cussion which embodies directly the tools of S-
matrix theory, such as analyticity and factoriza-
tion of residues. It is the purpose of this note to
provide such a discussion and to prove that the
daughters deduced from analyticity in unequal-
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