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We consider homogeneous field transitions in a background de Sitter space by reducing the field theory to an
equivalent quantum-mechanics problem. These transitions prevent spontaneous symmetry breaking from occurring in de
Sitter space. We apply our formalism to the Hawking~Moss transition in the new inflationary cosmology.

1. Introduction. In the inflationary cos-
mology [1], phase transitions occurring in an
approximately de Sitter nature of the universe
during the inflationary period can have an im-
portant impact on these transitions. For exam-
ple, transitions can occur which are homo-
geneous across an entire spacelike surface as
first discussed by Hawking and Moss [2]. In this
paper, we study homogeneous transitions in a
background de Sitter space. We show that they
can be analyzed by reducing the four-dimen-
sional field theory to an equivalent one-dimen-
sional quantum-mechanics problem. This prob-
lem can be solved by WKB methods or other
techniques. One interesting consequence of
homogeneous transitions is the absence of
spontaneous symmetry breaking in de Sitter
space. This is discussed in section 2. In section 3
we apply our methods to the Hawking—Moss
transition. The nature of this transition is partic-
ularly clear in our formulation. Finally, we
analyze an issue of relevance to the new
inflationary scenerio [3].

2. Formalism and absence of spontaneous
symmetry breaking. Throughout this paper we
will work in a de Sitter space with cosmological
constant A. A convenient coordinate system is
one in which the metric takes the form
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dr?=dr*— L? cosh?(#/L)

X [da®+ sina (d6? + sin?0 d¢?)] , 2.1
where
L=/, 2.2)

We begin by considering a scalar field with the
action

s=[exVogligradas-vel. @I

To evaluate homogeneous transitions we
consider field configurations which are functions
of time only

¢ =q(1). 24

The action for such configurations is
S =2m2L> J dt cosh(¢/L)[3*— V(q)] (2.5)

This is just the action for a one-dimensional
quantum-mechanical system. Corresponding to
the action (2.5) is the Schrédinger equation #

# 'We can generalize (2.6) to include gravity as follows. To
the lagrangian in (2.3) we add the scalar curvature term,
—(16wG)!R. Since the transitions are homogeneous [in
the coordinates (2.1)] we can take R to be a function of ¢
only. We represent this by generalizing (2.1) to

d7? = de? - p¥(t) dQ? .

Then the Schrédinger equation (2.6) is replaced by a
similar one, but with two independent variables, g and p.
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(/2m2L3) g ot
= {[-1/2Qm2L? cosh*(1/L)] 6%/ 3q?
+ cosh®*( L)V (g)hyp . (2.6)

Note that in (2.5) and (2.6) the role of # is
played by the quantity 1/2#°L3. In the flat-space
limit L goes to infinity so the effective % goes to
zero. This means that in flat space g behaves
classically and, for example, symmetries of V(g)
can be spontaneously broken. However, in de
Sitter space with L finite, the effective # is not
zero and as in any one-dimensional quantum
system the ground state is unique and spon-
taneous symmetry breaking is impossible.

Consider, for example, a potential V(q) with
degenerate minima at g = =a and a discrete
q —~ —q symmetry. Classically the symmetry is
broken and this result also holds for the quan-
tum theory in flat space. However, in de Sitter
space the symmetry is restored by homogeneous
transitions. There are two ways that the tran-
sition from ¢ = —a to ¢ = +a can occur. First,
because the hamiltonian in eq. (2.6) is time-
dependent energy is not conserved and the time
dependence can induce hopping over the top of
the barrier separating the g = =a states. This is
the Hawking—Moss type of transition. It will be
evaluated for a general potential in the next
section. Second, a tunnelling may occur between
the g = *a states. We will assume that the
tunnelling process occurs quickly on the scale of
L. Note that the barrier height for the potential
in eq. (2.6) goes like cosh®(¢/L). It is therefore
smallest at + = 0 and so the tunnelling amplitude
is dominated by transitions occurring at ¢ = 0.
This does not imply any breakdown of the de
Sitter symmetries. We have chosen a particular
coordinate system and in this system homo-
geneous transitions occur on the hypersurface
t = 0. Of course transitions along any other
hypersurface which can be obtained from this
one by a de Sitter transformation are equally
likely.

If we set t =0 in eq. (2.6) we get the simple
Schrédinger equation

(12w Lol ot = {[~1/2QmL3?16* dg* + V(g .
Q.7
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This can be evaluated, for example, by WKB
techniques. In this approximation, tunnelling
introduces a splitting between the degenerate
ground states *2 :

AE=A exp<~27r2L3 f dq[2 V(q)]m) . (28

where A is undetermined since it depends on
the effects of the other modes which are not
spacially uniform. The unique ground state in
this approximation is the symmetric com-
bination 27'%(|a) + |-a)).

Restoration of continuous symmetries also
occurs in de Sitter space. Consider, for example,
a complex scalar field with U(1) symmetry and a
potential V with a minimum at |¢[>= a2. We
can evaluate homogeneous transitions by con-
sidering field configurations

¢ = a exp[id(t)/V2a]. 2.9)

The action for such configurations is

S = 27203 f dt cosh¥(t/L)5? . (2.10)
Once again for the flat-space case L goes to
infinity and (2.10) describes a classical rotor. For
finite L, quantum effects are relevant and the
ground state is a symmetric S-wave state. Note
that in this case there is a gap in the spectrum
indicating the absence of a massless Goldstone
excitation.

Thus, during the de Sitter phase of an
inflationary cosmology spontaneously broken
symmetries are restored by homogeneous tran-
sitions. When the de Sitter phase ends the uni-
verse is left in a symmetric superposition of
states like 27%(la) + |—a)) or the S-wave for 6.
However, the normal effects of spontaneous
symmetry breaking will reappear as soon as the
transition amplitudes between classically
degenerate states become negligible. For opera-
tors which are singlets under the symmetry
group it is easy to see that, in the absence of
transitions between different vacuum states,

2 This agrees with the result of Coleman and DeLuccia (ref.
[4]) in the limit € -0 if a factor of two is introduced for
application of their formalism to degenerate minima.
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matrix elements between a symmetric super-
position of states are equal to those between
any particular non-symmetric ground state. On
the other hand, if a matrix element of a non-
symmetric operator is measured the vacuum
wavefunctional will immediately collapse into a
non-superimposed state which will then be
stable.

3. Hawking—Moss transitions. Up to now we
have largely been ignoring the time-dependence
of the hamiltonian in eq. (2.6). Transitions
caused by this time dependence can change the
energy (as defined below) of the quantum sys-
tem and lead to transitions of the type con-
sidered by Hawking and Moss [2]. In their lan-
guage the energy non-conservation of these
transitions is due to thermal fluctuations caused
by the non-zero Hawking temperature. To
evaluate transitions for a time-dependent
hamiltonian, we must imagine that the time-
dependence is adiabatically turned off in the
far past and future. Then the probability for a
transition between two states with asymptotic
energies E, and E; induced by a time-dependent
hamiltonian is given in the WKB approximation

by [5]
P=A exp(— % Im f(lsl ~Ey) dt) , 3.1)

where 1, is the (imaginary) time for which

E(to) = Eo(to) - 3.2)

A is an undetermined constant. Hawking and
Moss considered a transition between g = g and
q = q, where g is a minimum of V and g, the
local maximum of V at the top of the barrier.
For this case

Ey=cosh*(/LYV(qo), E;=cosh®*(/LYV(q,),

(3.3)
and
h=1727%L3.
Setting E, = E; we find that t, = i3wL and
P = A exp{-37’L{V(q) — V(g)}} - (34)
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In performing this calculation we have con-
sidered a constant background spacetime and
have ignored the effect which the difference
V(q:1) — V(qo) has on the cosmological constant.
Thus, our calculation is valid in the limit
87G{V(q:)— V(qo)] € A. In this limit (3.4)
agrees with the result of Hawking and Moss.

After the transition to the top of the barrier,
q = q1, the transition to the new vacuum state
occurs classically. If the classical transition from
the top of the barrier to the minimum of the
potential is rapid, then in the coordinate system
we have been using, the transition looks as in
fig. 1A. That is, at a certain time (shown there
as t = 0) a transition from old vacuum to new
vacuum occurs homogeneously over a complete
spacelike section. It is interesting to see what
this homogeneous transition looks like in the
more conventional coordinates in which

dr? = df? — eI (dx + dy> + dz?). 3.5)

This is shown in fig. 1B. In these coordinates
the transition looks like the collapse of a bubble
of old vacuum. Note that the transition occurs
completely inside the event horizon.

An issue of relevance to the new inflationary
cosmology [3] is the velocity, ¢, when g appears
at the top of the barrier, g = ¢, after the

New Vacuum
New Vacuum

Event Horizon

/// ;d/v// ; v
A B

Fig. 1. Appearance of a homogeneous transition occurring
at t = 0. Fig. 1A shows the transition in the coordinates (2.1)
and fig. 1B in the coordinates (3.5). In the latter coordinates
the transition looks like the collapse of a bubble of old
vacuum inside the event horizon. The shaded area
represents old vacuum.
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Hawking—-Moss transition has occurred. When

g = ¢q1 and ¢ is non-zero the energy is

Eq(1) = cosh*(i/L)[3¢* + V(q1)] - (3.6)

Thus, according to our formalism, the prob-
ability for the system to appear at q; with veloc-

ity g is

L]
P@G)=A €:xp(~477'2L3 Im j dt cosh(#/L)
0

x [4g>+ V(g - V() (3.7)

where 1, is the imaginary time for which
cosh3(t/L)[3¢*+ V(q1)] = cosh*(/LYV(q0).  (3.8)

Thus, once again, #, = i;mL. The expectation
value of |q| is then given by

Gy =L ?g c'? 'I',g()') = (3/4m) L2 (3.9)

In terms of the Hawking temperature, Ty =
1/2wL, this is

gl = 127y T%. (3.10)
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This is of the order of magnitude of what had
previously been guessed on dimensional grounds
[6], although we find the rather large factor -
(127)Y2. However, in the classical equations of
motion for g(¢) it is the ratio of (|¢|) to (3/L)
that is relevant and this is still small. For a
Coleman—-Weinberg potential we find that (3.10)
is small enough so that the amount of inflation
is not significantly reduced by this non-zero in-
itial velocity.

We wish to thank A. Guth for helpful dis-
cussions.

References

[1] A. Guth, Phys. Rev. D23 (1981) 347.

[2] S. Hawking and 1. Moss, Phys. Lett. 110B (1982) 35.

[3] A.D. Linde, Phys. Lett. 108B (1982) 389;
A. Albrecht and P. Steinhardt, Phys. Rev. Lett. 48
(1982) 1220.

[4] S. Coleman and F. DeLuccia, Phys. Rev. D21 (1980)
3305.

[5] See, for example, L. Landau and E. Lifshitz, Quantum
mechanics (Pergamon, Oxford, 1965) Sec. 53.

[6] See, for example, L. Abbott, E. Farhi and M. Wise,
Phys. Lett. 117B (1982) 29.



