
VOI UME 52, NUMBER 8 PHYSICAL REVIEW LETTERS 20 FEBRUARY 1984

Inflation with SU(5)

Qaisar Shafi
&«to& Resea«h Foundation of The Eranklin Institute, university of ~etaware, newark, Detaware ggpi6.

Alexander Vilenkin
Physics DePartment, Tufts University, Medford, Massachusetts 02155

(Received 18 November 1983)

A simple extension of the SU(5) Higgs system is presented and shown to yield a satis-
factory inflationary scenario.

PACS numbers: 98.80.8p, 12.1{).En, 14.80.6t

An inflationary scenario' may be termed suc-
cessful if it satifies the following requirements:
(1) The expansion factor during inflation is suf-
ficiently large,

aT~ 60,
in order to solve the horizon and flatness pro-
blems. Here 7. is the duration of the inflationary
phase and II is the de Sitter Hubble constant,

H' = (8&/3)Gp„, (2)

where p„ is the vacuum energy density. (2) The
density fluctuations resulting from the quantum
fluctuations of the scalar field, whose slow evolu-
tion leads to the inflationary phase, should be
sufficiently small,

(bplp). .. =» '.
(3) The number density of the superheavy magne-
ti.c monopoles should be suppressed to satisfy
the existing constraints. ' (4) After inflation,
there should be a way for the universe to reheat
and generate the baryon asymmetry.

Constraints 1 and 2 can be satisfied if the ef-
fective scalar potential is very flat near the ori-
gin (p =0). A Coleman-Weinberg potential of the
form

V(P) =A%'[ln(V'/M') + C]

is acceptable only if' A ~ 10 ". (Here M 1s an

arbitrary renormalization mass and C is a con-
stant of order unity. ) This rules out the possibili-

ty that the Coleman-Weinberg potential (4) is due
to gauge interactions, since in that case A-g
& 10 '. Some authors' have invoked supersym-
metry to find an acceptable scenario, but it now

appears that in supersymmetric models the con-
straints 1-4 cannot be satisfied in a natural way;
besides, supersymmetry introduces additional
complications with the cosmological term. ' In
this Letter we suggest a simple extension of the
Higgs system of the minimal SU(5) model which
gives a successful inflationary scenario. It re-
quires introducing a very weakly coupled SU(5)
singlet scalar field.

The basic idea behind our approach is rather
straightforward. We know that the Coleman-
Weinberg mechanism can give flat effective po-
tentials, but we also know that the gauge coupling
g' [-0.3 in SU(5)] is too large for our purposes.
On the other hand, Higgs and Yukawa couplings
are largely arbitrary, and it is not unusual for
them to be very small. We therefore introduce
a SU(5) singlet scalar field g which develops a
Coleman-Weinberg potential from its weak coup-
lings to the adjoint and fundamental Higgs fields,
4' and H„ thereby acquiring a nonzero vacuum
expectation value. In the spirit of Coleman-Wein-
berg philosophy, we require the tree potential to
be scale invariant. For simplicity we also im-
pose the discrete symmetries, p- —p and @

(The last assumption can be removed with-
out altering the main conclusions of the paper. )

The tree-level scalar potential is given by

V = ~a(Tr4')'+ sb Tr@~+ n(H, H, ) TrC'+ 4A(H, H, )'

We assume that the coefficients a, b, a, and & are -g, so that most radiative corrections in the (4,
H, ) sector can be neglected Below w. e shall assume a somewhat smaller value for the coefficient P,
which requires a small amount of fine tuning (see later) We also .take &„&,«1 (&„X,&0) and A.,
~ max(Z, ', X,2).

Radiative corrections due to the couplings p'Tr4' and p'H, II, induce a Coleman-Weinberg potential
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for p, which is given by Eq. (4) with

g=(64/ ) (2~ ~ y 10$ ~) (6)

(4') =[v/(15)" '] diag(1, 1,1,—~, —&),

where

u' =[30/(15a+ 7b)]A.,p'.

(7)

To produce density fluctuations of magnitude (3)
we need A- 10 "and ~„~,- 10 '-10 '

We would like to emphasize that the SU(5)-sym-
metry breaking in our model is not of the Cole-
man-Weinberg type. Once the singlet field p
develops a vacuum expectation value, we get an
effective SU(5) potential for 4 and H, with mass
terms -&,"'(p). (A potential of this kind has
been analyzed in detail in Ref. 6.') The SU(5)
symmetry is broken to SU(3) I3 SU(2) II U(1) when
4 acquires a vacuum expectation value

preinflationary hot period is absent, and the con-
dition (11) is unnecessary. In this paper we shall
take a more conventional approach assuming a
hot big bang, although most of the following dis-
cussion and all the conclusions of the paper apply
to both versions of the inflationary scenario.

At T -p„"'-I„the universe enters an infla-
tionary phase of exponential expansion with a
Hubble constant H -M„'/Mp - 10" GeV. (Here
Mp =1.2x 10"GeV is the Planck mass. ) The
initial thermal energy is rapidly reshifted, but
the gravitational effects in de Sitter space are
rather similar to those of finite temperature, "
and the terms given by Eq. (10) are still present
with T —T„=H/2n', the Hawking temperature. ""
Early in the de Sitter phase the false vacuum gets
destabilized by quantum fluctuations, and the
field starts 'rolling down.

" The rollover time is"

With 4 given by Eq. (7), the (p, C) sector of the
effective potential can be written as

V= v ——X, p'U'+Ay' (ln —,+C). (9)

7 -p~(6$ )» H

where &, =A ln (A.,M'/H') —20&,'.
Initially, the evolution of p is dominated by

quantum fluctuations and"

(12)

In Eq. (9) M is an arbitrary renormalization
mass; different choices of ~ correspond to dif-
ferent values of the constant C. If we choose C
= ——,'+ 15k.,'/4A(15a+ 7b), then the zero-tempera-
ture minimum of the potential is at p =M and v
= v„where v, is given by Eq. (6) with P =M.
The scale of the SU(5)-symmetry breaking is M„

M. Requiring that M„- 10' GeV gives Af
-10' GeV. We fine t;une the vacuum energy p„
to zero at present; then the energy density of the
false vacuum (p =@ =0) is of order M„'.

At high temperatures the scalar fields develop
temperature-dependent mass terms, '

V~ = yT p + OT'Tr4 + vT'll, H„
where

y =-A2+ ~A3,5

0 =+, (75 g + 130a + 94b + 100a + 10P),

v =~ (72 g' + 30k. + 240m + 48P ).
If we want the expectation value of p to vanish as
T —, we must require that y & 0 or

It has recently been suggested' that the universe
could tunnel quantum mechanically from a state
of pure space-time foam ( nothing") directly to
the inflationary phase with the field p at the top
of the effective potential. In this scenario the

(P') = H't/4n'. (13)
Strictly speaking, this equation applies only for a
massless field. In our case p has a small effec-
tive mass -~,'"TH, but it is easily verified that
the effect of this mass on the evolution of p is
negligible. When the classical evolution takes
over, p is given by (for 7 -t » H ')

(14)

The SU(5) symmetry is broken to SU(3) SSU(2)
U(1) when A.,P'/2 - o TH', that is when H(T -t)

The SU(5) phase transition is completed
in a few Hubble times, but the initial scale of
symmetry breaking is (4) - TH . As p continues
rolling down, this scale increases like (4) —&,"'p
and reaches its present value -M„by the end of
inflation. On the other hand, the direction of the
Higgs field is fixed in each horizon volume at
the time of the phase transition, and since the
phase transition occurs early in the inflationary
era, the problem of primordial monopoles is
solved. According to this scenario there are no
monopoles in our present universe, even after
reheating. By the same token, even though we
imposed a discrete (4- —4 ) symmetry on the
potential (5) there is no domain-wall problem.

Note that the vacuum expectation value (4)- ~,~'p has little effect on the subsequent evolu-
tion of p. It gives rise to a term of order ~,'p'
in the effective potential for p, which is similar
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in magnitude to the Coleman-Weinberg term.
Thus, the rollover pace is not substantially al-
tered and the model produces a huge expansion
factor as desired.

When p becomes -M, it starts oscillating about
the minimum of the effective potential. In fact,
because of. the coupling between p and 4, we
have coherent oscillations of both fields. The
frequency m ~ is found by diagonalizing the mass
matrix of the potential (9) at the minimum: m ~
=(8A)"'M-10" GeV. Since the frequency of
oscillations is small (m ~ «M„), the Higgs field
C follows p adiabatically, so that v is always
given by Eq. (8) v ~ A.,'"p.

The oscillations of p can be described by the
equation

p' —(3/8/)$2M&a2(t)(m 2 4m 2)&&2 (18)

particles, we must require that 2m, & m ~, that
is ~P( ~ 10 '. [Note that the SU(3) triplet H,
mediates proton decay which imposes the con-
straint ~P~ & 10 ', corresponding tom, ~ 10"
GeV. ) Radiative corrections to P are O(n')
-1.0 ', and some fine tuning is therefore re-
quired to implement these constraints.

To estimate the reheating rate, we note that
the relevant term in the potential takes the form

Qf'a(t) sin(m „t)H, H„
where g -PX,. To the lowest order of perturba-
tion theory in 0, the energy of H, particles pro-
duced per unit space-time volume is

y -M= a(t)M sin(m ~ t). (15) The rate at which the energy of the oscillating
field p is dissipated is

m, ' =(n + 0.3P)v'+ A, y',

m, ' = m, ' —(8/6) v'. (16)

Since v ~ p, both mass terms can be expressed
as p' multiplied by a combination of coupling con-
stants. The mass of the doublet has to be fine
tuned to be close to zero (~ m, ~

-M„). Then the
mass of the triplet is determined solely by the
coefficient P (P & 0) ~'~:

(17)

Because of the fine tuning, the effective coupling
of the doublet to p is extremely small, and the
corresponding reheating rate is negligible. " To
have a reheating through the production of H,

Here a(t) is a dimensionless amplitude which is
of order 1 when the oscillations start. The am-
plitude a(t) decreases with time because of the
expansion of the universe and because of particle
production.

The effective equation of state of the oscillating
field p is that of a pressureless gas, '4 its energy
density is p - —,'a'(t)M m ~', and so, as long as
particle production is unimportant, the universe
expands like R(t)~ t' ' and the amplitude decreas-
es like a(t)~ t '. (Here and below we set t=0 at
the end of the inflationary era. )

Efficient reheating is possible only through
creation of particles with mass smaller than rn ~.
In our model p couples only to the Higgs fields,
4 and H, . The mass of 4 bosons is -M„»m~,
and so their production is exponentially sup-
pressed. The Higgs 5-piet H, splits into a SU(2)
doublet H, and a SU(3) triplet H„ the correspond-
ing mass terms are given by

I' =p/p -P'A. ,M. (19)

The oscillations are damped out when the Hubble
time t becomes - I' ', and the universe reheats
to a temperature"

T„-(I'M, )"'. (20)

For III -10 ', we have m, -10"GeV and T„-3
x &0' GeV.

Baryon asymmetry can be generated in this
model through decays of the SU(3) triplet scalar
bosons. If & is the baryon number produced per
one triplet decay, the resulting baryon asym-
metry is q =n~/nz-eT„/m, ." In the minimal
SU(5) model e is & 10 ", and so q is far too
small. " We note that this problem is not peculiar
to our scenario, but is present in all cosmological
models based on SU(5) with one Higgs 5-piet.
The disease can be cured either by extending the
Higgs sector of the model or by working with a
larger gauge group. " The inflationary scenario
described here is easily extended to gauge groups
larger than SU(5).

To conclude, we have shown that a straight-
forward extension of the minimal SU(5) Higgs
system yields a sat:isfactory inflationary scenario.
A scalar field that transforms as a singlet under
the unifying gauge symmetry is all that needs to
be added. Such scalars automatically appear in
Kaluza-Klein theories. "
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