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from self-consistency requirements, the latter as ei-
genvalues, in the simplified version even-state ener-
gies are taken from experiment or from RPA calcula-
tions. In this simplified theory there is no intimation
of large diagonal matrix elements.

130f course the method of intermediate coupling as a
way of studying the properties of odd nuclei—assuming
that one knows the properties of the neighboring even
nucleus—has been widely used in several versions
since the work of D. C. Choudhury, Kgl. Danske Vid-
enskab Selskab, Mat.-fys. Medd. 28, No. 4 (1954). For
a recent application see D. C. Choudhury and E. Kujaw-
ski, Phys. Rev. 144, 1013 (1966). A version of the phe-
nomenological theory, more sophisticated in principle,

in which allowance is made for a deformation of the 2%
state as well as for its transition amplitude to the
ground state, has been developed by V. K. Thankappan
and W. W. True, Phys. Rev. 137, B793 (1965). It is in-
teresting (and was of some inspiration to the present au-
thors) that in a study of the energy levels of Cu®, the
best fit was obtained for diagonal and off-diagonal quad-
rupole matrix elements of Ni® of comparable size. It
is our opinion, however, that for a truly accurate de-
scription of the one-phonon state and of its parent or
daughter odd-nucleus states, one will have to study
transitions to states symmetrically disposed with re~-
spect to the states of interest and not just transitions

to the ground states.
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In cosmological theories questions have of-
ten been raised as to whether the symmetry
property between particles and antiparticles
is reflected in the over-all particle and anti-
particle populations of the universe.! In this
Letter we shall show that, according to current-
ly accepted world models and the observed mi-
croscopic properties of matter, had the total
number of particles and antiparticles been equal
at the time when the universe was still in a
highly condensed state, all but a small fraction
of particle pairs would have annihilated into
photons or 7 mesons as the universe expand-
ed, and the radiation energy density of the pres-
ent universe would have been much greater than
what is observed.? A detailed report on the
early evolution of the universe will be published
elsewhere.

The following conclusion is based on the as-
sumption that sometime in the past the temper-
ature and density of the universe were so high
that an equilibrium between particle-pair cre-
ation and radiation can be assured. In the case
of nucleon pairs this requires a temperature
of the order of 10'?°K.

In the early epoch of an expanding world mod-
el, the radiation energy dominates. For the
case of no interaction between radiation and
particles, Alpher, Follin, and Herman® give
the following expressions for the Hubble con-
stant H,, temperature 7, and the particle num-

712

ber density » as functions of the time after cre-
ation #:

Hy(f)=1/2t, (1)

T(t) = T't™2, (2
and, if the total number of particles is conserved,

n(t) =n't~3/2, (3)

Different cosmological theories will give some-
what different values of 7’ and n’. Alpher et al.
give 7' =1,5x10Y°K. The evaluation of n’ is
different from the evaluation of 7', because

the present universe is a matter universe for
which

T(8) ct ™23, (4)
n(t) c T®cct™2, (5)

Hence n’ must be evaluated from the equation
n(t) =n'(T/T")%. (8)

Using the present value of n=107" and the con-
stant 7’, one finds that »’=10%, if the age of
the universe is taken to be ~10'° years. The
proper inclusion of interactions between par-
ticles and antiparticles will alter only slight-
ly the numerical character of our result.*
Using Egs. (1) and (2), the Boltzmann trans-
port equation describing the nonequilibrium
processes in an expanding universe is solved
for the case in which (a) the initial particle-
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pair density is many times greater than the equilibrium pair density, and (b) the transition probabil-
ity ov for the annihilation process is constant. If the value of the antiparticle density n_ at time ¢,
is n_ 9, then the solution for the case in which the numbers of particles and antiparticles are equal
is

n ©

n+ =n__ = (1 + 201/‘"_ (O)to)(t/to)S/Z_zovton_ (0)(t/to) ’ (7)
and the solutions for the case in which the particle number density n, exceeds that for the antipar-
ticles are

ny-n_=Aan't"3?
_ n_(O)(tﬁo)—S/Z (8)
"=l +n_9%32/an' ] exp{(2an'ov/t A [1=(ty/t) 2]} ~n_ Ot 32 /An"’
where An’ is a constant. The first equation l
in Eq. (8) expresses the conservation of bary- ture is not very different from that at which
ons [cf. Eq. (3)]. It is easily shown that Eq. (8) the equilibrium density is also 10%®/cm®, on
reduces to Eq. (7) in the limit An’ - 0. Com- account of the steep temperature dependence
paring Eq. (7) with Eq. (3), we see that the pair of the pair density. The value of ov for p-p
density is quickly reduced by a depletion fac- annihilation at zero energy is a constant and
tor 1 +2tg/7, after a time of the order of £, has ov=2x10"" cm3/sec.® We therefore find that,
elapsed, where 7, =[ovn_]™! is the mean life- in the case of Eq. (7), the depletion factor 1
time of a particle (or an antiparticle) against +2ty/7, is of the order of 10°. Thus, had the
annihilation at ¢=#,. In the case of Eq. (8), how- universe been created with an equal number
ever, the depletion factor is of particles and antiparticles, most pairs would
n ©p8/2 2Aan'ov\ n_ ©¢3/2 have annihilated in the first few hundredths of
14— e ( 172 ) =0 a second after creation, and the present uni-
An ¢, An - . s
verse would have been richer in radiation en-
which can be very large if An‘ov/tt/%> 1. ergy than what is observed. Further, unless
Now we apply Egs. (7) and (8) to the case of there is a mechanism, not yet known to us, which
nucleon pairs. First we must find a set of ini- can cause a complete separation between par-
tial density and temperature of the universe ticles and antiparticles to take place before
at the earliest possible epoch for which the as- the formation of galaxies, an even larger frac-
sumptions under which Egs. (7) and (8) are de- tion of nucleon pairs will annihilate during ga-
rived are still valid. We choose £,=0.01 sec. lactic and star formation, resulting in a num-
The initial temperature and density are then ber of 75-MeV photons from the decay of 7°
computed from Egs. (2) and (3): They are 1.5 mesons produced in p-p annihilations. Since
x10 K and 10®/cm®, respectively. The equi- the present observations exclude such a high-
librium proton-pair density #'\¢/ is given by energy flux,® we conclude that the assumption
Jiom 33 [2\%2 of an equal r‘numbgr of particles and a}ntipart.i-
e ___ "p_ (_ -3 cles at the time of creation of the universe is
T4 (@) e incompatible with both observations and pres-

= 38 8/2 - ently accepted physical laws and world models.
1.2X10%T,,*%exp(~109/T ), If the universe is initially richer in particle
Ty, = T/10"°K, 9) population, then Eq. (8) tells us that as long
as An’ov/t}/?>1, virtually all antiparticles

where created at the early epoch will have annihilated
m c? 1.09x10'3 in the first few hundredths of a second after
&= ka = T , creation. The present universe is therefore
free of any residual antiparticle associated
and m, is the proton mass. Using Eq. (9) we with the creation of the universe. This is con-
find that at 7=1.5%x10!°K, the equilibrium den- sistent with the available data on cosmic-ray
sity 7(€) is much less than 10%/cm®, so that antiproton fluxes. The present calculation ex-
assumption (a) is fulfilled. But this tempera- cludes the presence of antigalaxies.
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It is argued that if the Dirac magnetic monopole has a finite size R, the consequent
quantization of charge applies only to the total charge of all particles within a distance
R of each other. Then if quarks carry third-integral charge and R is of order of a clas-
sical hadron radius, quarks can move freely within hadrons but cannot escape as indi-

viduals.

A number of papers that have appeared re-
cently! have shown that many experimental ob-
servations on baryons and mesons are in re-
markably good agreement with a simple addi-
tive quark model. This model assumes that
quarks and antiquarks interact with each oth-
er within hadrons with much the same freedom
that nucleons interact with each other within
nuclei. There is, however, the striking differ-
ence between the two situations that nucleons
are quite easily knocked out of nuclei and ob-
served by themselves, whereas individual quarks
have thus far not been observed. As pointed
out in a recent note,? this can be understood
if there is a selection principle that has a range
built into it. This selection principle would
not only require that the over-all baryon num-
ber for any system of quarks and antiquarks
be an integer, but that the baryon number for
each mutually interacting cluster of quarks be
an integer. At the same time, the quarks should
be able to move rather freely within each clus-
ter, without being greatly inhibited by the se-
lection principle. A model for such a selection
principle in terms of many-particle interactions
between quarks was proposed? and is now be-
ing considered in more detail.

The present paper proposes a completely dif-
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ferent mechanism for the selection principle.
This mechanism requires that the total electric
charge of any cluster of particles within a cer-
tain small range of each other be an integral
multiple of the electronic charge e, although
the individual charges need not be. Thus if
quarks have third-integral charge, the bary-
on number of any cluster will be limited to in-
teger values. This mechanism is based on an
idea of Dirac®* which relates the value of e

to a hypothetical magnetic pole of strength g.
Dirac found that the requirement that the phase
of the wave function of a particle of charge e
be well defined when the gauge associated with
the vector potential of the magnetic pole g is
transformed, leads to the condition eg/fic =4n,
where n is an integer. On the other hand,
Schwinger® found that rotation and Lorentz in-
variance of a quantum field theory of charges
and poles interacting with the electromagnet-
ic field demand that eg/fic be an integer, or
possibly an even integer. For definiteness,

we shall adopt the value eg/fic =1 for the rela-
tion between the electronic charge e and the
elementary magnetic pole strength g. Then
£=13T7e, and the coupling constant of the pole
to the electromagnetic field is g2/nc =137, in
contrast with the coupling constant of an ele-



