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It is demonstrated that in the new-inflationary-universe scenario based on a Coleman-
Weinberg —type potential all the bubbles evolve through the SU(4) U(1) local minimum.
The transition from this local minimum to the SU(3) SU(2) g'U(l) global minimum is
first order, and so the scenario does not solve all of the cosmological problems.

PACS numbers: 98.80.Bp, 12.10.En

The inflationary-universe scenario, first pro-
posed by Guth, ' resolves the horizon, flatness,
and primordial monopole problems of standard
hot "big bang" cosmology by abandoning the as-
sumption of adiabatic expansion of the early uni-
verse. Instead it is assumed that there is a peri-
od in which the universe supercools in a "false"
vacuum and the vacuum energy is dominated by a
cosmological constant proportional to the value of
the Higgs potential at the symmetric point y =0.
This cosmological constant leads to a period of
exponential expansion that explains the homoge-
neity and flatness of the universe and dilutes the
density of primordial monopoles to acceptable
levels.

Despite the elegance and intuitive appeal of the
scenario, it suffers from a serious problem; in
order to reach the stable asymmetric SU(3)
@SU(2)@ U(1) phase the universe must undergo
a strongly first-order phase transition that oc-
curs through the appearance of Coleman' bubbles
of the asymmetric phase within the symmetric
universe. The phase transition is completed
when the universe is filled with those bubbles.
Since all the energy gained from the phase transi-
tion is stored in the bubble walls, matter is gen-
erated by collisions of bubble walls, which leads
to excessive inhomogeneity. "

To resolve this problem, Linde' and Albrecht
and Steinhardt' developed the new-inflationary-
universe scenario, in which the symmetry break-
ing is due to radiative corrections of the Coleman-
Weinberg (C-W) type. ' In this scenario the phase
transition occurs in two distinct stages. As the
temperature of the universe drops the Higgs field
p supercools in the false symmetric minimum.
At T = 10 '0, where o is the scale of the C-W po-
tential, the potential barrier around the symmet-
ric point at the origin is entirely due to finite-
temperature corrections. This barrier is low
enough that thermal fluctuations lead to the forma-
tion of a bubble of (cp) = 10 'o and the second stage
of the transition begins. During this stage the (cp)

field evolves semiclassically toward the minimum
of the potential at (p) =0. Because of the flatness
of the C-W potential near the origin the (y) field
evolves very slowly, and through most of its evo-
lution the vacuum energy is dominated by a cos-
mological constant that leads to exponential ex-
pansion. A detailed numerical study of the evo-
lution equation' indicates that the expansion is
sufficient to accommodate the observed universe
within a single bubble. Matter is generated when
the scalar field falls into the deep minimum in
the C-W potential, heating the universe to - 10"
GeV, and then oscillates about the minimum while
cooling. This scenario is known to produce fluctu-
ations in the scalar field with too large an ampli-
tude. ' In this paper we discuss another difficulty
with this scenario that is independent of the fluc-
tuation amplitudes.

We reinvestigate the new-inflationary-universe
scenario, keeping in mind that the Higgs field
has more than one dimension. Although we shall
consider only Higgs fields belonging to the ad-
joint representation of SU(5), our results can be
easily generalized to larger representations for
the Higgs and to other groups. Previous studies
of the new-inflationary-universe scenario have
considered Higgs fields limited to one direction
in the group space:

1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 —15
0 0 0 0

for which the potential is

0
0
0
0

—1.5.
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We allow the field Qp) to evolve in the full 24-di-
mensional space of the adjoint of SU(5) in order
to determine whether there are minima in which
the field might become trapped in directions other
than SU(3) SU(2) g U(1).
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We do not, in fact, have to consider the evolu-
tion of the full 24-dimensional adjoint of Higgs
field. We can limit ourselves to diagonal 5& 5
traceless matrices for the following reasons. At
the instant the bubble of nonzero (y) forms we as-
sume that (cj) = 0 and (y) is some arbitrary 5&& 5
Hermitian traceless matrix. We can then per-
form a global gauge transformation to diagonalize
(y); of course, this gauge transformation pre-
serves (y) = 0. As can be seen from the evolution
equations for the full matrix, (y) will then re-

main diagonal. We choose to write (y) in the
form

Qi
0
0
0

, 0

0 0 0 0'
n2 0 0 0.
0 Ot, 0 0
0 0 ot4 0
0 0 0 n„

where p~, n, =0.. The general C-W potential for
an adjoint of Higgs field with one-loop correc-
tions due only to the gauge fields included is then

4 5 7 5 2 5 2

1 i-1 — s p 2
(2)

% he'x'e Vp is chosen to make the value of the poten-
tial 0 in the SU(3) @SU(2) U(1) minimum, b is a
dimensionless parameter, g is the gauge-field
coupling constant, and p. =

& v. We have arranged
the potential in this way to reproduce Eq. (1) in
the SU(3) SU(2) U(1) direction. We discuss
limits on the allowed values for 5 later.

The classical equations of motion for the a, 's
are

ii, + (3R/R + ag !p! )n,. + 8V/&n
&

+ x = 0,

where X is a Lagrange multiplier chosen to en-
force+a,. =0, !y!=(Pn )"',

p, = 4(R/-R)p, +~a'IV IZ ~&',

p —zion', +p~ + V,

and

(6)

where v =0, + 1. Following Albrecht et al. ' we
have. included a friction term ag'! y!g n, 'to ac-.

count for the loss of energy to radiation.
We can gain considerable insight into the evolu-

tion of (y) by looking more closely at V(y) around
the SU(3) SU(2) CSU(1) direction. In the tangent
directions the first derivatives of the potential
are zero and some of the second derivatives are
negative for (y) & (1.2)'"p exp(- —,

' —b/120) for b

)0 and (q) & (1.2)"'p exp(- —,
' —b/45) for b & 0,

where we have normalized try' to 1. So for (y)
in that range the bubble falls away from the SU(3)
g SU(2) S U(1) direction. Furthermore, for b & 15,
there is a local minimum in the SU(4) Is U(1) di-
rection into which the bubble can fall, and for b

& —151n(1.5) this minimum becomes the global
minimum. Furthermore, the SU(4) U(1) mini-
mum always lies at a smaller (q) than the SU(3)
g SU(2) U(1) minimum and is therefore more ac-
cessible to a (y) starting from the neighborhood
of the origin. So for b (15, it seems likely that
the evolution of the y field will depart ma, rkedly
from the SU(3) SU(2) I3 U(1) direction.

To place a,n upper bound on the allowed range
of b, recall that the general quartic Higgs coup-
ling

X, try'+ X,(try ')'

was written as
4

256m 30 2567t
~, b trey'- —(try')' +,b'[10trq +6(try')'],

where the second term in Eq (7) was . included in
the one-loop correction due to the vector bosons.
In order that the C-W potential be a, consistent ap-
proximation we need b'-O(1), ' and so a natural
choice for X, and X, will be x„x,™O(n'),which in
turn will make b - O(1), A more concrete bound
can be imposed if we demand that the one-loop
correction due to scalars be no larger than 10%%uo

of the usual C-W terms. Renormalizing the po-
tential at the SU(3) SU(2) g U(1) minimum fixes

b' to be ~. A comparison of the vector and sca-
lar one-loop contributions for y-10' GeV (n - ~)
yields b ~& 10. In this calculation we use the
running coupling for the terms that multiply b'

and the vector loop, but for the terms multiplying
5 we hold e fixed at ~ because to leading order
bg' is invariant under a change in the renormali-
zation point p, . We note that this stringent bound
on b is due to the fact that the terms proportional
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to b' already come very close to making up 10%
of the usual C-W potential. As a result our bound
is very sensitive to the value of n used and the
fact that we have demanded that the scalar loop
be less than 10'%%ua of the vector. For example,
changing the limit to 20'%%uo raises the bound on 5

by more than an order of magnitude. A more
conservative bound would be obtained by neglect-
ing the terms proportional to b' and demanding
that the terms proportional to b alone be less than
10% of the vector loop, in which case we find that
b «500.

We have numerically solved the evolution equa-
tions for a number of initial conditions and values
for the parameters b &10 and a of O(1). We have
used the zero-temperature potential since after
the bubble has formed the temperature is always
at least two orders of magnitude less than (y).
Our initial conditions are (y) = 10 'p, and we
start in a direction close to (within 10% of) SU(3)
SU(2) SU(1). Clearly the probability to tunnel
exactly in the direction SU(3) C3'SU(2) S U(1) is
zero and need not be considered. In addition,
even if we start exactly in this direction, since
we are on a ridge quantum fluctuations will break
up the bubble and move the pieces away from the
ridge. We do not let the gauge coupling run since
that would affect only the time scales in the prob-
lem, not the directions in the group space into
which the bubble evolves. We also hold the Higgs
coupling 5 fixed.

Our results demonstrate that the evolution of
(y) is initially away from the SU(3) SU(2) C33 U(1)
direction and towards the SU(4) U(1) minimum.
For all values of g, a and 5 & 1000. If 5 & 14.5
then the bubble gets trapped in the SU(4) U(1)
minimum for all values of g and a. In the range
14.5&b & 15, the bubble classically always passes
through the SU(4) S U(1) minimum, but depending
on the value of g and a either gets stuck in the
SU(4) S U(l) minimum, or continues its evolution
towards the SU(3) g SU(2) U(1) minimum. In the
case when it gets stuck in the SU(4) U(1) mini-
mum, it always goes to the SU(3) SU(2) U(1)
minimum by a strongly first-order transition,
which leads to the usual problems. '

To summarize our results, we have found that
the new-inflationary-universe scenario based on

a Coleman-Weinberg type potential does not cure
the defects of the original Guth scenario. This
failure is due to the presence of an additional lo-
cal minimum in the SU(4) U(1) direction in the
C-W potential and slopes in the potential that lead
away from the global SU(3) @SU(2)U(1) mini-
mum and towards this local minimum. The only
way out that we can see is to choose an unnatural-
ly large Higgs coupling b. In that case one should
for consistency include the Higgs loop in the po-
tential, which could radically change the nature
of the potential and destroy the features that
made it attractive in the first place. Moreover,
since the Higgs loop is formally of O(g') we must
include all other radiative corrections of O(g')
and O(g'). If corrections of such high order are
important, the consistency of perturbation theory
is doubtful. It would still be worthwhile, however,
to explore this possibility in greater detail.
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