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The origin of the universe as a quantum phenomenon leads to a self-consistently gener-
ated space-time structure in which the mass of the created particles is O(tt ) lVe. in-
terpret the origin of the universe as a phase transition in which the grand unified symme-
try is spontaneously broken.

A fascinating consequence of the hypothesis of
grand unification is the appearance of the Planck
mass (I & "' 10"GeV) as the scale ofbreak-
down of the unified symmetry into the strong and
weak-electromagnetic sectors. This scale has
come up in three independent ways (none of which
has anything to do with gravity): (1) fitting to the
lower bound of the proton lifetime to get the lepto-
quark mass, (2) with use of renormalization-
group estimates to get the Weinberg angle, and
(3) to get the ratio of strong to weak coupling
constants. '

In the present work, it is shown that the hypoth-
esis of the creation of the universe as a quantum
phenomenon2 leads to an approximate eigenvalue
condition for the mass of the particles that are
created: to wit, K"'m =0 (1). lt is then natural to
associate these particles with. the lepto. -quarks.
At the end of this note we show how the very spe-
cial structure of the very early universe could
give rise naturally to an estimate for the total
number of produced particles which is consistent
with the observed value (- 10'c). Furthermore,
we suggest the relevance of this special structure
to the understanding of matter-antimatter imbal-
ance in terms of CP-nonconserving effects in
lepto-quark decay. '

We restate the case from the beginning. ' If
there is no cosmological constant, present exper-
imental evidence points towards an open universe.
In such a universe the only way to avoid a mathe-
matical singularity in which the energy density
becomes infinite (the mathematical "big bang, "
not to be confused with the early hot fireball) is

that matter is produced in the early universe.
This is permitted by the conservation laws of
general relativity. The production mechanism
of I is that of a self-consistent process: A small
amount of mass produces space-time variation
of the cosmological gravitational field which in
turn produces more particles, the whole being a
cooperative process. If the matter so produced
tends to a constant energy density o,~ then the
space-time structure of the very early universe
tends to that of a de Sitter space. [Subsequent to
this stage, incoherence develops, production
stops, and the more conventional cosmological
models take over. ]

Adhering to the notation of I, the de Sitter met-
ric is given by g„„=e"[g„„]~;„&,„,&;, where

e =(1-r /r„m) ', ~„2=12/a'w, 0««, (1)

where r is the kinematic time of I [=- (t'-r')"'].
e is the background field which is responsible
for the generation of matter through the equations
of motion. For a boson field operator g, this is
(neglecting spin and charge complications) (CI
+m'e )g =0. This equation is to be solved in the
domain 7 &0, subject to the condition that there
be no matter at ~ =0. As ~ tends to ~„, it is
shown below that the energy density so generated
tends to a constant, thereby ensuring consistency
with the initial Ansats (1) in this asymptotic re-
gion. Clearly, for earlier times this procedure
is not consistent. A mechanism for restoring
complete self-consistency will be presented in
the last paragraph.

The usual harmonic decomposition on the hyper-
boloid' 7 is

g =(v 2v) 'f dk+C~, (r, 8, y)$«(mv)a» '+ H.c.;
I,m

4» are defined on the unit hyperboloid, parametrized by coordinates, r, 0, y. The resulting equation
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for $„ is

[~ d /dv +cd/dw+k +m w e ]$ k(mw) =0, 0(~ (r„,
subject to the Wronskian condition $$k*&, gk —)k&, )k*) =2i, required to satisfy the canonical commuta-
tion relations for g. The solution is gk = oq)k+pyk*, Io. I2 —

I pl'=1, and

q)k(x) = (x'"/Kk)(1 —x')""'"F(2+ iv, —,
' + i(v+i'2); 1+ iy; x'),

wher~ x-=&/~, v -=2 (m'~ ' —1)"', and F is the hypergeometric function. The condition that there be
no matter at ~ =0 is p =0.'

The number of particles produced in mode I2 is (N, (x)) =-, IQk(/)k I', where Q„=[2K„(x)] ~2[xe/ax
—iKk(x)], Kk(x)-=[i22+m2&„2x2/(1 —x')']"'. The corresponding total number density is

n(x) =[~„x/(1 x-)2] 'J, k2dk(N, (x))/27/2.

As ~-w we have

lim n(x) =lim, 2 p dpN(p/(1 —x )),7~ 2g 0

where N(p/(1 —x')) = (Nk«, „2&(x)). It is therefore required to evaluate lim„„.„1q)k(x) for k(1 —x')
=p, P fixed. The limit is obtained either from the defining series of F or directly from (2) in the a.s-
ymptotic region:

1/2 1 1/2

g,(x), (~. . e'"'z;„():(1—x)) —e '"'z;,().(( —x))I. (5)

One verifies that lim„, N(p/(1-x')) -=N(p) exists. It is also straightforward to show that N(p)-p ' for
large p and that there is no divergence in (4) for P-0. Thus n(x) is a, rapidly convergent integral and
tends to a constant in the asymptotic region x-1. Similarly the more interesting quantity, the energy
density, tends to constancy [see Eq. (7) below].

The above depends on the classical treatment of the gravitational field which can be valid only for
m~) 1. Hence it is interesting to evaluate the energy density e(l) =lim„p(x) for large mr„. In this
limit we are led to study q)k(x) for k (1-x') =p =2)7q as x -1 and then )7-~ at fixed q. Using the Debye
expansion' for 8;„ in (5), one obtains

q) (x) ~ (1- ) x1e/'2" / 1+ '. — ' +0-e " u, (T ') u2(7' ') 1
k x~1 ()7 7')1/2 1q q

2 n'. ' (6)

where T= cothy=—[1+0-2(1—x)2/q2]1/2. One finds from this form

N(2nq) (1/16@')(1+q') ';

this estimate is obtained from 2 IQkyk I, where it suffices to use only the leading term in (6). The cor-
responding energy density o „(1)is

1Ii
1 ~e /2

a' uK, (x)(N, (x))/2~2 = —, qdq 1 m

(1 + q')"' q' 96~2 ' (7)

The zero-point energy has been subtracted in (7). The prefactor containing the metric comes from
the conformal scaling by the Robertson-%alker scale factor A =~e "from the unit hyperboloid in Min-
kowski space to the corresponding hyperboloid in the de Sitter space.

The factor 1l
' in (7) is the source of the eigenvalue condition/(1/2m=0(1). Comparing (7) to (1) we

see that g can be eliminated leaving (/(''2m)„=12~27/. We have verified that/('/2m which is the only
parameter of the theory, remains, in fact, of order 1 when m~„varies in the range ~ to 1 while v(1)
varies according to (1).

A further consistency check is possible. The de Sitter space being a solution of Einstein's equation
requires the equation of state t =40, where I' is the trace of the energy-momentum. As g- ~,

t„(1) ~ lim I'e (g2)
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which give rise to the subtracted value'

lim m'(qe ~s) f~"k dkIlq„l —Kq '1/4& .
X~g

This is evaluated with use of Eq. (6); the correction u, and u2 now have to be included. The result is
"

q (1+6q')dq 1 m'
(1+q')"' q' 24m'

We have thus shown that I must be complement-
ed by the statement that the particles produced
in the very early universe have mass -~ " . We
then identify the very early universe as a quan-
tum state of equal numbers' of lepto-quarks and
anti-lepto-quarks (1.). These will decay into
baryons, leptons, antibaryons, antileptons, and
bosons of all sorts. One may ask two questions
at this point. How many L's are produced~ Can
they conceivably decay in such a way to give a
matter -antimatter imbalance?

The key to the answer to these questions lies in
the structure of the de Sitter space, the seat in
which these events take place before giving way
to the more conventional Friedman space after
the decay. A de Sitter space is characterized
asymptotically by a constant Hubble constant,
i.e. , d lnR/d&*= H=2/~„.—Here ~* is the proper
time given by d~*/dv =e ~s. We see that for a
de Sitter space R tends to an exponential increase
in the proper time R/Rc -exp2(i* —wc*)/w„.
is the time when particles begin to be significant-
ly produced; Ro/7', * =O(l). As we have pointed
out production stops for times ~* for which inco-
herence develops. This will happen within a re-
laxation time v~* which is expected to be compar-
able to the decay time (say - 10'm '). We shall
show below that each I. decays into O(1) ordinary
particles (and not 10"as one might naively ex-
pect). The number of presently observed parti-
cles is thus O([R(&s*)/R, ]'). Thus inN, b„„~
=6~a*/w„and it is not unreasonable that this
should give the required magnitude of O(10') (re-
call inN, b„„~—-200).

Concerning the decay of the L 's, . the exponen-
tially rapid increase of the scale factor R/R, im-
plies that the Inomentum of the emitted particles
will be scaled down exponentially~n the scale
of the lepto-quark mass t Within a few lepto-
quark Compton times the momentum of a decay
product will become O(1 GeV) which we take to
be the mass scale of ordinary particles. There
is thus no time to cascade a great abundance of
particles. It is then conceivable that CP-noncon-
serving effects of O(10 ') can give rise to the re-
quired matter-antimatter imbalance in the decay. '

! Our last point concerns the complete consis-
tency of the approach. In the first instance we
have verified approximate consistency every-
where by matching the de Sitter space to Minkow-
ski space on a hyperboloid v =7„where ~0 was
taken to be O(m '); the mass parameter in Min-
kowski space as well as the matter density is
taken to be zero. We interpret this calculation
in terms of a phase transition in which we en-
visage the "edge of the universe" as the phase
boundary (a skin 0c ~ ~ vo), through which the
mass changes from zero to its self-consistent
value. Symmetry is fully realized outside the
universe and is spontaneously broken within. In
this sense it is satisfying that the self-consis-
tent mass which we find is indeed that which
characterizes the scale of spontaneous breaking
of the grand unified symmetry. We conceive the
complete problem in terms of quantum mechani-
cal tunneling from one phase to another and we
hope that complete consistency can be realized
at a semiclassical level as in the droplet model. '
We should not be surprised if spontaneously brok-
en conformal symmetry plays a key role in real-
izing this program and that in so doing the nature
of gravity in quantum theory will be illuminated.
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