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The finite-temperature one-loop effective potential for a scalar field in static de Sitter space-time
is obtained by using the (-function method. Near the zero and Hawking temperatures, the de Sitter-
invariant state, the effective potential is represented as a power-series expansion of the temperature,
and its behavior is studied. The analysis shows the important role played by the curvature on the
absolute minima of the potential. The effects of conical singularities of the space, appearing in the
functional integral formalism for the thermal averages, are also discussed in connection with the

scaling properties of the theory.
PACS number(s): 03.70.+k, 98.80.Cq

I. INTRODUCTION

The hypothesis that the early Universe might have un-
dergone an exponential expansion might explain a num-
ber of essential questions. Why, for example, the ob-
served space is homogeneous and isotropic and the en-
ergy density in it is so close to the critical value [1]. In
the exponentially expanding epoch the Universe has the
de Sitter geometry with a fixed radius. If the radius is
sufficiently small, there may be interesting effects aris-
ing from the behavior of quantum field theories in such
curved space. In this way gravitation can influence the
properties of the effective potential and can change the
symmetry-breaking pattern in gauge models.

In the one-loop approximation and assuming a de Sit-
ter space-time this problem has been studied for scalar
electrodynamics [2, 3] and for the more realistic SU(5)
gauge theory [4, 5]. These papers show that gravita-
tional effects change the phase structure of the theory,
but analysis there was restricted to a particular choice
for the quantum state of the system, i.e., to the state
which is invariant under transformations of the de Sitter
group [6]. All observers moving freely register it equally
as a thermal equilibrium state at the same temperature
(2ma)~! (Hawking temperature), with a the radius of the
space [7].

Note that the thermal equilibrium state in de Sitter
space-time is always possible in static coordinates where
the external gravitational field does not depend on time.
Thus, a natural question arises: how does symmetry
breaking occur in the de Sitter universe if a given quan-
tum field is in an arbitrary thermal equilibrium state dif-
ferent from the invariant one? For this purpose, the study

*Electronic address: fursaev@theor.jinrc.dubna.su
tElectronic address: miele@napoli.infn.it;
miele@vaxnal.cern.ch

0556-2821/94/49(2)/987(12)/$06.00 49

of finite-temperature quantum field theory in a static de
Sitter space-time is necessary.

This subject is also interesting by itself. Let us re-
call that a freely moving observer in this space has an
event horizon separating from the whole space-time the
region he can never see. The presence of horizons can
have interesting consequences. It is known, for instance,
that there is a close connection between event horizons
and thermodynamics [7]. However, although the ther-
mal properties of Green functions in Rindler, de Sit-
ter, and Schwarzschild spaces were considered [8], finite-
temperature effective potentials and symmetry breaking
in the static spaces with horizons were not investigated.

The present paper studies the quantum theory of a
scalar field in the static de Sitter space-time at an arbi-
trary temperature denoted by 3~!. The analysis of the
scalar case turns out to be rather simple, and can help
us to understand the specific features of more realistic
gauge theories.

The paper is organized as follows. Section II is de-
voted to the quantization of a scalar field ¢ in the static
de Sitter space. The energy operator in that space can
be introduced and divided into two commuting parts, de-
fined in causally disconnected regions. This enables one
to formulate the functional integration formalism for the
thermal averages in each region. It turns out that the in-
tegration here goes over the field configurations placed on
the compact four-dimensional space Sg with a Euclidean
signature. This space is infinitely sheeted along the imag-
inary time 7 hypersphere S 4 of the radius a where points
(7,2%) and (7 +/, z') are identified. At the Hawking tem-
perature, when 3 = 2wa = By, the space S’; becomes a
four-sphere S*. In the general case it has conical singular-
ities where the Killing vector field generating translations
along 7 is null.

In Sec. III the finite-temperature effective potential
V (¢, B) is introduced in the framework of the functional
integration formalism for averages. Studying the spec-
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trum of the Laplace operator on S[‘; we are able to find
the expression of the one-loop effective potential as an
expansion in B87!. We use here (-function regulariza-
tion [9, 10]. The suitable forms of V(¢#,3) and of the
average energy E(¢,3) are given for the ground and de
Sitter invariant states. It is shown that, in the limit of
asymptotically small space-time curvature, they both co-
incide with the vacuum effective potential computed in
Minkowski space.

The differences of the symmetry breaking pattern in
the ground and in the de Sitter invariant states are shown
in Sec. IV for a real self-interacting scalar field. It is
pointed out that in the ground state a discrete symmetry
of the classical theory is always spontaneously broken,
whereas at the Hawking temperature it can be restored
at a certain value of the space radius a.,.

Finally, in Sec. V the value of the {-function ¢(0,3)
and scaling properties of the theory are discussed, paying
attention to the effects of the conmical singularities that
appear on the space Sg. Conclusions and remarks are
then presented.

The technical details needed for the explicit evaluation
of the ¢ function near 8 = By and in the ground state
are reported in Appendixes A and B, respectively. The
results of Appendix A can be used to estimate the tem-
perature corrections to the potential near the de Sitter
invariant state.

II. STATIC DE SITTER SPACE-TIME
AT NONZERO TEMPERATURES

A. Quantization in the static de Sitter space

de Sitter space-time is a solution of the Einstein equa-
tions with a positive cosmological constant. In the static
coordinates the line element can be written in the form

ds? = cos? xdt® — a*(dx* + sin? xd#? + sin? x sin® 0d¢?)
= gudt® — gy;dadz? (i,5 =1,2,3) (2.1)

and —co <t < oo, -t <x <m, 0<6,6 <m, aisthe
radius of space. The properties of the static coordinates
are discussed in [11]. One has to mention here that they
cover only part of the space-time and that the regions
x| < m/2 and |x| > m/2 are separated by the surface
B = S? and are causally disconnected.

We can always choose in de Sitter space a Killing vec-
tor field generating one-parameter group of isometries, a
subgroup of SO(1,4). The coordinates (2.1) correspond
to the time-like part of a Killing vector field associated
with translations along the time ¢. These coordinates are
restricted by the bifurcate Killing horizon [12] on which
the Killing vector field is null. It coincides with the event
horizons of observers with trajectories being completely
inside the static frame (2.1). The two-surface B is the bi-
furcation surface that is left unchanged under the action
of the given one-parameter group.

The quantization procedure for a real scalar field in the
curved space-time is given in terms of the commutation
relations for the field variables [6]:

[b(=), )] =0, (2.2)

(8,u(2)do*(x), b0 (y)do” (y)] = O, (2:3)

[ @)(). bl ) = (=) (24)
where the points z and y belong to a spacelike hypersur-
face T, such that the Cauchy data on ¥ define uniquely a
solution of the classical equation in the whole space-time.
For the static spaces we can introduce the energy opera-
tor H which is associated with a generator of the unitary
transformations of the field ¢ under translations along
the time coordinate ¢. In the static de Sitter space (2.1)
H depends on the time component T, t of the energy-
momentum tensor:

H= VegdzT,?t.

t=const

(2.5)

It is split into two parts H; and H, depending on the
field variables and acting in the regions |x| < 7/2 and
|x| > /2, respectively (g is the determinant of the metric
(2.1)). For the model of the real self-interacting scalar
field with the action and the energy momentum tensor
given, respectively, by

5= [d'a v=3 10,606~ V(9)] . (2.6)
and
§S
Ty = 2("9)_1/26517 ) (2.7)

from (2.2)—(2.4) it follows that

AR /B d0° /G0 (0:hOuh + BadBd) = 0,
(2.8)

where do® is the surface element of B; the operators H,
and H, commute because the time component of the met-
ric tensor g vanishes on the bifurcation surface. In par-
ticular, the last equality shows explicitly that there is no
energy exchange between the two causally disconnected
regions.

B. Functional integration formalism for the averages

We can choose now (in an oscillator approximation)
the creation and annihilation operators of particles asso-
ciated with the Hamiltonian (2.5), this allows us to con-
struct the representation of the commutation relations
(2.2)—(2.4) given on the corresponding Fock space.

Let us consider, for instance, a canonical ensemble of
particles at temperature 37!, placed in the causally con-
nected region characterized by |x| < 7/2. The thermally
averaged value of a physical variable O measured in this
region reads

(0)p = Z; ' Tr(OePH) | (2.9)

where Zg is the partition function determined by the
eigenvalues E,, of the operator Hi:
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Zg = Tr(ePH) = ePEn

n

(2.10)

The parameter 3~ coincides with the local temperature
measured by the observer being at the origin of the static
coordinates at x = 0, and the average (2.9) does not

989

depend on the behavior of the system in the rest of space.

To obtain the functional integral representation for the
average values (2.9), let us make the coordinates x* dis-
crete (with intervals Az*) on the surface ¢t =const. Then,
in the region |x| < 7/2, the transition amplitude from the
state |¢') to the state |¢) for the infinitesimal imaginary
time € turns out to be

U($,¢') = (le”™|¢) = lim (
where

S(4,#) = 5 Y V9@ Az’ Az’ A

1/2
—g(m)g“(m)AmlezAm3) oS

According to this definition the functional ¥(e,¢) = [ d¢'Uc(¢, ') ¥(¢') has the following properties:

U(e, )le=0 = ¥(9) ,

—0.U(€,¢)|e=0 = H1 () -
H, is the Hamiltonian in the region |x| < 7/2

- V=g &z [3 + 16(@d) + V()] |

[x|<m/2

- (2.11)

(o) (DL g (gl 2N sv) . ew
(2.13)

(2.14)

(2.15)

connected with the stress tensor via the formula (2.5). On the surface ¢ =const (that is on $3) IT = (gy) /28,6 is
the quantity proportional to the canonical momentum in the coordinate representation

) 1 5
[i(z) = i(detg;;) /2 6¢(x)

The transition amplitude for the final imaginary-time interval 3 is given by the integral

Us(¢,¢') = /DJ) e—Sa(6:9") )

where

/2
L V=g gt Az Az?Az3\ 1
pi= s, TL TI( ;

2 AT
0<n<p =

S5(¢, ') ar,pcm0 = /< - V94 detg;; drd’z [%gtt(atd;)z +39%(8:9)% + V(J’)] )
0<r<

v~vith the boundary condition (}3(9:,7 = f) = ¢(z),
¢(z, 7 = 0) = ¢'(z). The representation for the aver-
age value of an operator O follows from (2.9) and (2.10):

(©) = 25" [ Do Ofgl =, (2.20)

Zg = /D¢ e Se(#) (2.21)
where D¢ = dpDé and Ss(4) = Sp(p,4). From the
definition (2.19), the integration in (2.20) goes over the
field variables placed on the compact space Sg with line
element

(2.16)
(2.17)
b(z,7) , (2.18)
(2.19)
[
ds® = cos?® xdr? + a*( dx? + sin® xdb?
+sin® x sin® 8d¢?) | (2.22)

which is the Euclidean form of the line element (2.1), and
the periodic parameter 7 ranging from 0 to 3.

When 3 = By the space Sj is the four-dimensional
hypersphere §%. The two-point thermal Green function,
defined in agreement with (2.20), for 8 = By coincides
with the Green function of the de Sitter-invariant quan-
tum state, that in static coordinates also turns out to be
a periodic and analytic function of the imaginary time
[7], with period 2wa. This state is the vacuum, but its
field excitations, which are defined in an observer inde-
pendent way [6], cannot be interpreted as particles of a
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certain energy. All observers moving freely register this
state as a thermal equilibrium at the same temperature
By = (2ma)~! 7). Let us point out that thermal equi-
librium at the Hawking temperature only in the given
part of static frame (|x| < m/2) does not mean the de
Sitter-invariant vacuum because the quantum state of the
system in the other casually independent part of space
(Ix| > m/2) can be quite arbitrary.

If 3 =n"18g (n = 1,2,...), the integration in the
representation (2.20) for the averages goes over the fields
on the hypersphere S* on which the points (7,z!) and
(T + B, ') are identified. Such space is an orbifold [13].
At zero temperature S3 = S and is an infinitely sheeted
sphere S%. For the arbitrary temperatures S'g is the fac-
tor space of S, over the cyclic rotation group with period
(3 leaving the two-surface B unchanged. In all the points
out of B it has the geometry of an hypersphere, but in the
domain of B, when |x| = 7/2, it looks like the product
space cone ® S2. The volume of Sf, is BV where V is the
volume of the spatial part of space-time (V = 4wa®/3).

I1II. THE EFFECTIVE POTENTIAL

A. Basic formalism

Phase transitions in curved spaces at arbitrary tem-
peratures can be investigated as in the flat one apply-
ing the effective potential method. The effective poten-
tial V (g, B) in our case can be introduced via the path
integral representation for the partition function (2.21).
For this purpose let us consider in (2.21) the static part
v = (V)" fs., V3 d*z¢(z) of the field variables on Sj

[g is the determlnant of the metric (2.22)]:

2y = /D¢ e—Sa(tb):/D((p‘{_q&') o= Sa(ot4")

:N/dcp e AVVIeR) - (3.1)
where N is a normalization constant. The potential V is
defined by the integral

e=BVV(0.8) = /D¢’ e—Sale+d) (3.2)

over the fields obeying the condition

. Vg diz ¢'(z) =0. (3.3)

If V(¢,B) is a known function of ¢, the partition func-
tion can be found from (3.1) by the method of station-
ary phase. The points ¢; of minima of V (g, ) corre-
spond to various field configurations with the average
field strength in the considered volume V equal to ; in
the one-loop approximation. The real part of V (g, )
is a sum of the classical potential energy V(¢) and of
the quantum corrections to it. If a field configuration ¢;
is unstable, then V(p;, 8) has a nonvanishing imaginary
part determining its decay rate [14].

To calculate the one-loop effective potential, one has
to expand the functional Sg(¢+¢') in (3.2) on ¢, taking

into account the condition (3.3), and to approximate it
by the expression

Sa(p +9¢") = (VB)V(p)

+ [ Vid= d@Q0sE) . (3

where Q(¢) = -0 + V"(¢) (O is the Laplace operator
defined on S3). The integration in (3.2) can be performed
as usual if we use the completeness of the eigenfunctions
Yn(x) of O, so that the field ¢(z) can be expanded as

=Y bntnlz)

where the eigenfunctions are normalized as

(3.5)

o \/57 d4$ ¢n($)¢m(z) = ‘sn,m B (36)

and change the measure (2.18) by the measure D¢ =
[1,.(27)~%/2udé, with u a normalization constant . In-
tegrating over ¢, we get from (3.2),

Vi, B) = V() + 5w {ln[det(n2Q)] — ln[u*V"(¢)]} .

Zﬂv
(3.7)

According to (3.3), we eliminate from V(¢,3) the con-
tribution of zero mode of the Laplace operator. The last
term is important for analytical properties of the effective
potential when the space-time curvature is large [15].

If all field configurations are stable, the one-loop par-
tition function can be derived from (3.1) considering the
minima with the zero imaginary part Im V(¢;,3) = 0.
In the given approximation it turns out to be

2n N :
— —BVV (¢:i,B)
ZE‘Z(VH( )ﬂV) € ¢ .

Taking into account the normalization of the zero mode
¢ in (3.1), (3.5), (3.6), and (3.7) we can substitute N
with u(ﬁV)l/Z and represent Zg in the form

(3.8)

Zp = Ze_ﬁvv(“’*’ﬁ) , (3.9)
where
V(e B) = V(p) + m—vln [detw2Q)] . (10)

It is obvious that in the flat-space limit, when the radius
and volume of space tend to infinity, both the quantities
V(p,B) and V(p,B) coincide.

The field average ($(z))s in the one-loop approxima-
tion can be found from (2.20) in a similar way, and is

(B(=)s =D PiB) ¢i (3.11)
where the coefficients
—ﬂVV(wnﬁ)
Pi(B) = m ZP(ﬁ =1, (3.12)



49 FINITE-TEMPERATURE SCALAR FIELD THEORY IN STATIC. .. 991

in the equilibrium state are the probabilities for a given
field configuration ¢; to appear. From (3.9) we can also
obtain the average energy as the sum

(H)s = =35 9 1z, = EP () VE(¢:,8) , (3.13)
where the quantities
E(pusf) = 55 [0V (0:,) (314)

are the energies of the configurations ¢; per unite volume.

’\n,m(ﬁ) =a"?

n=0,1,2,...; m=0,1,...,n

[n—m+ (Br/B)m][n —m + (Bu/B)ym + 3] + V"(¢) ,

In the trivial case of a free scalar field the effective
potential V(p,3) has only one minimum at ¢ = 0, as
in the classical theory, because the determinant in (3.7)
does not depend on the field .

B. ¢ function

To regularize the determinant in Eq. (3.7), the (-
function method [9] can be used because the eigenvalues
An,m of the operator —O+ V" (p) on Sg can be found ex-
actly. They are characterized by two non-negative num-
bers n and m and depend on the temperature 8~ 1:

(3.15)

The multiplicity g, m of the eigenvalue A, ,, is (n —m + 1)(n —m + 2) if m # 0, and (n + 1)(n + 2)/2 for m = 0.
In the case of the Hawking temperature ,6,_,1 this operator turns into the operator on the hypersphere $* with

A =a 2n(n+3) +

n
= E Inm =
m=0

+ V() and the multiplicity

%(n+ 1)(n+2)(2n +3) .

(3.16)

The renormalized 1n det(Qp,'z), the effective potential V (¢, 3) and the average energy E(¢p,3) expressed in terms

of the generalized ( function

C(Z,IB) = Z Z In,m (az)‘n,m)—z , (3.17)
now read

In (det(472Q)) = - [¢'(0,) +In(u*a?)((0,8)] , (3.18)

V(0.8) = V(e) - 75 [€0.8) +n(s2a®)((0,8) + 1 (V" (0)u™)] (3.19)

E(p,B) = V(w)—ﬁﬁ [¢(0,8) + In(1?a?)¢(0,8)] , (3.20)
where ('(2,8) = £((z,8).

Let us find a more suitable form for the ¢ function (3.17). If we express (a2, ) ~* as an expansion with parameter

A = 9/4—a?V"(p) and point out that Y oo o S°7 _ o f(m,n)

the summation on the n index in (3.17) obtaining

=Y o > _o f(m,n+m), we can immediately perform

Z ck(z)A'*{ 3 [Cr(2z + 2k — 2, (Br/B)m + 3/2) — 2(Bu/B)mCr(2z + 2k — 1, (Br/B)m + 3/2)

m=0

+ ((mBu/B)? — 3)¢r(22 + 2k, (Bu/B)m + 3/2)] — 3[Cr(2z + 2k — 2,3/2) — 3(R(2k + 22, 3/2)]} ,

where the coefficients C(z) are defined by

I'(z+k)

Ck(z) = W .

(3.21)

(3.22)

With the following integral representation for the Riemannian (g function,
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_ 1 S ys 1, —ay
Cr(s,a) = T(s) /c; gy dy , (3.23)

we are able to sum up over m. For instance, one can get

oo B 1 oo yg—l sy, 1
S Calos(Bu/0)m +3/2) = 5 /0 ety (3.24)
for Re(s) > 2. Thus, inserting (3.24) in (3.21) we have
224+2k—3 1 coth (yﬁﬁ)
k y____ -] 2 \%)
((z,8) = ch(zA /0 dy T— e {F(2z+2k—2)
2
12
(%) sinh™ (Lz%‘i) (%) coth (%) sinh (3%) Lcoth( o6 ) (3.25)
T(2z + 2k — 1) T(2z + 2k) ' ‘

Note that from (3.25), if the variable z is close to zero, {(z,3) is determined by the behavior of the integrand only in
the vicinity of the lower limit of integration. In this case one can use in (3.25) the definition of the Bernoulli numbers
By,

oC
x B
= § —z" (3.26)
(valid for |z| < ), to get a representation for ((z,3) as an odd-power-series expansion of the temperature:

- £ ch(z A"Z 123;;, (%)

F(2z + 2k + 2n -
'(2z + 2k)

[CR(2z +2k +2n —3,3/2) — 1(r(22 4+ 2k + 2n — 1,3/2)] . (3.27)

This representation holds for z close to zero and can be applied to compute ¢(0,3) = lim,,¢((z,) and its first
derivative, obtaining for ((0,3) the exact simple expression

[51—60(,@H/,3)2—8(ﬂH/,3) 2(5H/ﬂ) Sas Lazl. (3.28)
2880 24 12

_p

At the Hawking temperature this result coincides with the expression obtained by other authors [3]. To compute the
first derivative of (3.27) we observe that

BT Ay, (3.29)

d
g; (Rl nt1a)) P

z=0

with n integer > 0. Unfortunately, as far as ¢’(0,T) is concerned, it can only be expressed in terms of an expansion:

con=—tfa(52) S (3]s (32) -t (23]
e RGIRC =

B B
2 2n+2 4 2n+4
T Z [ Bt AT )@t 1) T2 GnrH@nt3)@nt 2@t 1)]

2'n

x% [(2n +2)(2n + 1)y (2) - %zp(z"“) (g)]

2
_% Y B (‘/;k?% 7;7: [(z n + 2k — 2)(2n + 2k — 3)p(2nF2k—4) (3) - i—w‘““’“") (g)] , (3.30)

where T = By /B. The last equations (3.28) and (3.30), once inserted into (3.19), define explicitly the effective
potential as an expansion in the temperature 3~1. This expansion is especially useful to investigate the potential
V(p,B) at the low temperatures. Another expansion of V (¢, ) around the Hawking temperature can be found in
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Appendix A. However, in the most interesting cases we are going to consider, the potential can be written in a more
suitable integral form.

C. Vanishing temperature and Hawking temperature

The effective potential for the space of radius a at the Hawking temperature 85" can be found from (3.19) substi-
tuting in it the expressions of ¢’(0, 3y) obtained in [3], and of ¢(0,8y) from (3.28). It reads

1+va i-vA
V(p,Bu) =V(p) — W%[‘% (/; +/_ ) u(u— 3)(u — 1)¢(u)du

2

—

A 17

2
+_1_A2 + —71—2A + In(p?a?) (% - = ——) +In (V"(p)p™?) ] +const, (3.31)

12 24 2880

where 1 (u) is the psi function. We can also derive the average energy (3.14) in this state by using the expression for
¢(z,0) as a power-series expansion of parameter (8 — 3)/6 (Appendix A):

3 4 973
E(p,8r) = V(9) + { ATy 2

(4m)2a%) 8 144° 5760

J,il5 (% - A) (% - A) [¢(3/2 +VA) +9(3/2-VA) - ln(uzaz)] } (3.32)

From (3.19), (3.20), and (3.27) the effective potential at zero temperature coincides with the vacuum energy. A
connection between zeta-functions at 8 = co and 8 = By, described in Appendix B, implies

V(p,00) =V(p) -

+
—

At the points of minima the imaginary part Im[V (¢, 00)]
gives the decay probability I' of metastable vacuum con-
figurations calculated in the quasiclassical approximation
' = —2Im[V(p,0)]. When VA > 3/2 or if V"(p)
< 0, the integrand in (3.33) has the simple poles due to
the psi function and integration contour should be chosen
so that Im[V(p,00)] < 0. This can be achieved simply
by changing V" () with V(p) —i€e/2 (e > 0), which cor-
responds to go around the poles in the lower part of the
complex plane.

A similar way to regularize the integral part of V (¢, 3)
can be taken at 8 = [y, but here the situation is
different. The vacuum energy (3.33) is singular when
V" (p) = 0 where both E(p, By) and V(p, Bg) are finite.
The singularity and imaginary part coming from the inte-
gral in (3.31) when 3/2 < /A < 5/2 are totally canceled
by the last term In[V"”(p)u~2]. Consequently, in the vac-
uum state one has instability when V" () < 0; whereas
at the Hawking temperature, when V"' (p) < —4a~2 (or
VA > 5/2).

Asymptotic expressions for V(p,o0), V(y,Bu), and
E(p,Bn) at the large radius a are written in the Ap-
pendixes. One can thus show that all three quantities
in the limit ¢ — oo coincide with the vacuum effective
potential in Minkowski space:

e [ (/j”Z ""“K) w(u-g- VE) (1= 1) (u)d

1 2, 7 2 2y (27 _
+%A +24A+ln(p,a)

2
?2 % + §1610) + const . (3.33)
|
V()
= V(p) + ﬁ [V"((p)]2 (1n[V”(<p);r2] — g) .
(3.34)

This property can be easily explained observing that the
Hawking temperature (2mra)~! vanishes in the flat-space
limit. On the other hand, the effective potential calcu-
lated at 8 = By coincides with the one in a de Sitter in-
variant state and can be turned, when a — oo, only into
the potential in the Poincaré-invariant vacuum state.

To complete the calculation of the renormalized
V(p,B) we have to add to it finite counterterms and ex-
press the parameters through the measured quantities.
It will be done for a particular model in next section.

IV. THE MODEL

We study here, as an example, the model of a real
quantum scalar field with symmetrical potential

V(g) = —%azd’z + 2454 (4.1)

(62,1 > 0) and compute the effective potential in the
ground and de Sitter-invariant quantum states.
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The discrete symmetry ¢ — —¢ inherent in the classi-
cal model (4.1) is known to be broken in the ground state
in flat space-time: in this case the zero-field configura-
tions are unstable. The symmetrical phases correspond
to the configurations with zero field strength and their
relevance at nonzero space-time curvature may be found
from the results derived in Sec. III.

From these results we draw immediately the conclusion
that there cannot be stable symmetrical phases in the
ground state at any curvature because V" (0) = —0% < 0
and the effective potential has a nonzero imaginary part
at @ = 0. On the other hand, symmetry can be restored
at the Hawking temperature ﬁ;ll at a certain value of a
if the following conditions hold:

Vie,Bu) =Vi(p) -

2

V'(0,8u) =0, V"(0,Bg) >0, V'(0) > —4a™2. (4.2)
The first condition is always true for this model as far as
V(¢) depends only on the square of the field. To inves-
tigate the second one we have to fix the meaning of the
constants ¢ and A in terms of the measurable quantities,
obtained for instance in flat space.

Following the standard renormalization procedure we
can eliminate the scale parameter u from V (¢, 8u), Eq.
(3.31), by absorbing it into the definition of the finite
counterterms that should be added to the effective poten-
tial. These counterterms have the same structure as the
initial potential (4.1). Thus, the renormalized V (¢, Bg)
turns out to be

A
) u(u — %)(u - 1)y (u)du

3 1 ;+\fd N H -VA
(4m)2at 3\ [

+5A%+ 5A+1n (V”((p)az)} — 160%¢p% + 16Xp* + const . (4.3)
In the limit of asymptotically small curvature (¢ — o0) (4.3) takes the form
1
Vam(e) =Vip) + 6an? (V"(9))? [In (V"(p)a®) — 2] — 160%p® + L6Ap* + const | (4.4)
and the renormalization conditions for it can be chosen as
V]{J(‘P)‘cp?:oz/z\ = 0, V&((p)l({,z:d'z/)‘ = 20’2 = mz. (45)

They just define the positions of minima of the asymptotically flat V (¢, 3y) and the physical mass m of the field as
in the classical theory (4.1). Moreover, they fix the values for the constants do% and 6):

Ao? 9\2

2 _ 2 2 _ 2 2

do* = —@(3 In(26%a®) + 6), 6\ = T In(20%a*). (4.6)
The flat-space potential (4.4) so obtained recovers the already known result reported in [1]:
. Lo A, (3/\cp2—02)21 BAp? —o?) | 2% 2t 47
(0 Br)lacsoe = —5070" + 40 64m2 T\ 20 64n2 12872 | o0C (47)
f

The same renormalization conditions (4.5) and con-  The third condition (4.2) holds if m2a?. < 8, which is

stants (4.6) can be chosen at zero temperature because
V(p,00) and V (g, Bu) have the same flat-space limit.

We can now investigate the second derivative
V'"(0,8u) that follows from (4.3) and (4.6) and takes
a particularly simple form at sufficiently large curvature,
when a? << o7 %:

V”(O, ﬁH) — _0_2 4

602
+W [2+ 1n(202a2)] ,
where v = 0,577, ..., is the Euler constant. As one can
see V" (0, Bu) changes sign and becomes positive at some
critical value of the radius a = a;. It can be found ne-
glecting the last term in (4.8) with respect to the second
one and reads

o2 (1+6y) A

16m2a? (1+67)

(4.8)

e 82 m2?

(4.9)

true for not very large values of A.

As a conclusion, we have shown in this paragraph that,
while in the ground state the symmetry is always spon-
taneously broken, the stable symmetrical phases can ap-
pear at the Hawking temperature at some finite values of
the space-time curvature. The nature of the given phase
transition can be understood by considering the global
structure of the effective potential with the help of ex-
pressions (4.3) and (4.6).

V. SCALING AND THE TRACE ANOMALY

A remark concerning expression (3.28) for ¢(0,0) is
worth being made. It is known that the generalized zeta
function {(z) of an elliptic operator O is related with the
trace of its heat kernel Tr(e~*") by the Mellin transform
[9]. By using this, the value of {(0) can be represented
in terms of the first coefficients of the asymptotic heat
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kernel expansion in powers of the proper time s [9]. For
smooth manifolds it turns out to be a geometrical quan-
tity that is expressed through the Riemann tensor and
its covariant derivatives. If a space, like Sg, has conical
singularities, the expansion of the trace of the heat ker-
nel is modified {16, 18] and ¢(0, 3) acquires an additional
contribution coming from the singular points. This gives
rise to an explicit dependence on 3 and it is the reason
for the difference from the { function computed on the
hypersphere S*. A more complete analysis of (0,0) in
the space Sf,, a two-dimensional analogue of 537 can be
found in [16].

The value of {(0,5) is also interesting since it deter-
mines the scaling properties of the theory. To demon-
strate this let us consider the conformally invariant scalar
field theory with the potential V(¢) = (R/12) ¢2, where
R is the scalar curvature, R = 1A2a‘2 for de Sitter space-
time. The energy operators H of conformally related
static metrics §,.(z) = a?(z)gu. (z) have the same eigen-
values [19] and, in this case, the scale invariance of the un-
renormalized partition function Zg follows immediately
from the definitions (2.18) and (2.19) of the measure D¢
and the Euclidean action Sg(¢) in (2.21).

In the conformally invariant scalar field theory, the log-
arithm of the renormalized partition function is defined
by (3.9) and (3.18) and reads

InZs =} [¢'(0,8) +1In(s*a*)¢(0, )] .

For the constant scale transformations of the metric
Guv(z) = a’gu.(z) we have /\nm =a i ,m ,C(z B) =

a??((z,0) and therefore the following equality for the
partition function, as a function of g,, and the renor-
malization parameter u, holds:

(5.1)

Zp(Pgu, ) = P Zg(gy, 1) (5.2)

where ((0, 3) appears as an anomalous dimension of Zg.

Equation (5.2) can be used to define an integral quan-
tity of the trace anomaly of thermally averaged energy
momentum tensor. The latter in static space-times does
not depend on time and can be determined by function-
ally differentiating the free energy F(8) = —8 'InZs
(19]:

2 OF(B)
V=g ég*(z)

(z* are three spatial coordinates). Thus, one can write for
the integral of its trace [T, ¥(8)] over the spatial volume

V the equation
=5 e

/ dsd’ v—9g Ta a(ﬂ7
v
1 0 2
=-4 da In Zﬁ(a Guvs ﬂ)

a=1

(5.4)

Tuu(ﬁ, 1') = - (5.3)

é61ln Zﬁ ‘w
sg# ()’

(z)

Finally, Egs.(5.1) and (5.2) give

/v Bz /=G T, °(Brz) = —B(0,8) . (5.5)

Substituting here the derived expression (3.28) for {(0, 3)

in the conformal case (A = 1/4) we get the integral of
the trace anomaly at the temperature 87 1:

[ ¢ V=2 T, *(6.2) = 7o [+ (Bu/P)"]
v

(5.6)

7201ra

Remarkably, it is a function of 37! compatible at the
Hawking temperature 85" = (2ma)~! with the correct
trace anomaly and energy-momentum tensor of the de
Sitter-invariant state:

T, (B, ) = (9607%a*)"1g,,(z) . (5.7)

Our analysis includes in particular the zero-
temperature limit that corresponds to the static confor-
mal de Sitter vacuum where the renormalized stress ten-
sor was calculated exactly [20]. Its anomaly turns out to
be the same as anomaly at 8 = By, whereas the integral
quantity (5.6) depends on the temperature. So far as
the {-function method employed here agrees with other
methods in Euclidean theories [21], both results must be
reconciled. For this aim the effects of conical singularities
on the two-surface B of the space Sg have to be taken into
account since they produce delta-function-like contribu-
tions on B. These contributions do not affect the local
renormalized quantities, such as the expectation value of
the energy momentum tensor, but appear in the integral
ones, such as (5.6) or the effective action, that include
the singular points [16]. However a detailed analysis of
this problem is outside the aim of the present work.

We confine this discussion to remark that a similar sit-
uation occurs in quantum theory on the cosmic string
space-time where the additional terms appear on the
string world sheet in the one-loop effective action [16-18].
However, as distinct from this case, the conical singular-
ities in the considered problem are not caused by a real
distribution of the matter. For this reason their effect
on the physical quantities may be an artifact of the Eu-
clidean formulation of the theory in the path integral
representation (2.21) for the partition function. There-
fore this issue should be further examined, if the analy-
sis of the finite-temperature theory in de Sitter space at
B # Py is based on the (-function method presented in
the previous sections.

Finally, it is worthwhile to make some comments about
the calculation of the average energy, defined in Eq.
(3.13), and expressed in terms of the renormalized func-
tion E(p,Bx) (3.32). In the conformal case, which we
are studying here, it is simply equal to VE(0,Bx), with
A = 1/4 and the average value of the field ¢ = 0, and
does not depend on the scale parameter p. Further-
more, the so-obtained energy is different from the quan-
tity (H)s = [ dc /=g T; *(Bx,z) defined through the
anomalous energy momentum tensor (5.7). This differ-
ence can be explained by the known fact that the path
integral and thermodynamic definitions of the partition
function, from which the quantities E(0,8y) and (H)s
can be derived using (3.13), are not quite equivalent [22].
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VI. CONCLUSIONS AND REMARKS

We have evaluated the finite-temperature effective po-
tential for a scalar field theory in de Sitter space-time.
The expression found enables one to study the symmetry
breaking in two of the most interesting cases: at low tem-
perature and at a temperature close to the Hawking one.
The analysis is explicitly performed for the bare scalar
potential reported in (4.1) and shows how strongly the
presence of the temperature affects the phase transition
of the system.

It is well known that in Minkowski space-time the clas-
sical symmetry of a scalar potential under the discrete
transformation ¢ — —¢ is spontaneously broken by the
quantum effects. Remarkably, at low temperatures the
symmetrical phase under this transformation is unstable
for every value of the radius a, whereas at the Hawking
temperature, this symmetry can be recovered for some
finite value of a. Thus, the tendency can be outlined as
follows: the instability of the symmetrical phase increases
at low temperatures and for the small space curvatures.

J
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For a generalization of these results to more realis-
tic gauge theory, one has to find the eigenvalues and
multiplicities of the corresponding wave operators of the
bosonic and fermionic fields on the compact space Sg,
which appear in the integral representation for thermal
averages.
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APPENDIX A: ({ FUNCTION AT 8 ~ By

To discuss the expression of the effective potential near
the Hawking temperature, it is useful to represent ((z,3)
as a power-series expansion of parameter (8g — 3)/6. In
fact from (3.15) and (3.17), we can write

3 1 3
{ZCR <2Z + 2k — 3, 5) - ZZCR (22 + 2k — 1, 5)}

PPz 4 p+ k)

T(z + 1)plk!

)(t21 t—(1-2""")By)

1 r k
Ces9) = et + 5538 L
k=0
Shhs k(_1\pop—r [ P Bu — 0
T3S ARy () (P
p=1r=0k=0 , J
p+r+3 (p+r)! (t—1)(t —2)
 (ptr+3-t) #
i (2z+2k+p+r~2’2)( e
(2o v 2eerer=13) (G255
3 BP+T+3
+z<R(2z+2k+p+r’2) (_(p+r+3)+

p+r+1

p+r+1) Z (P+7"+1) (-1 ece

where we have used the well-known relation

Z (Bp+1(n+1) = Bpy1)

p+1

1 Bp+r+1 )
4 (p+r+1)
(2z+2k+t-1,g) (L2t - (1 —21‘t)Bt)}, (A1)
(A2)

where B, (z) (B,) are the Bernoulli polynomials (numbers). It is worth pointing out that the expression (3.28) for
¢(0,0), derived from another expansion (3.27), can be also obtained from (Al).
The ¢ function at 8 = By was found in [3] and is given by the series

¢(=, ﬁ)(ﬁ=33:1 =(u(z,48)

1 2k .
=3 chck(z) (VA)™ [¢(22 + 2k - 3,3/2) - 1¢(22 + 2k — 1,3/2)] . (A3)
=0
Its derivative has the integral representation
1 VA 1_JA
/ _ L : AV
¢(0,8) = —3 (/ +/§ )u(u 2)(u 1)¢(u)du
2 1
2 = / _ . ’ ‘1 «
a7 A ] [G(-3.3/2) - [Ch(-1.3/2)| ™
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From (A1) it is quite easy to obtain the approximate expressions for ((0,3) and ¢'(0,3) for 8 = Bu; in fact, we have

A A 17 A? A 3
(0.8~ T~ o oo+ (1 Bu/B) ( oy 6—4) , (45)
i+vAa i-va
¢(0,6) ~ {—§ ( [+ ) u(u — 3)(u — Dp(w)du
2
P B 2 [h(-5,3) - 11, %)]}

+(,BH/,8—1){14414A—98— %+I§§(16A2—40A+9)(¢( +VA) + (2 - VA))| . (A6)

Inserting (A5) and (A6) in (3.19) and (3.20) we obtain the expressions for the one-loop effective potential and energy
density at a temperature approaching the Hawking value. Next temperature corrections can be also estimated.

The asymptotic behavior of V (¢, 8x) and E(p, Bx) at large a when —A = a?V"(p) > 1 can be found from (3.19)
and (3.20) by the asymptotic form of the psi function [23]. For instance,

Re ($(1/2 + 1)) lusoo =Inu — Hu™2 — ;Lu ™+ O(u™®). (A7)
One can thus obtain
3 (A2 A 17 we -2y AT A
= — —_——-— = - — A8
V(i) = V() + gy [ 081 ™) (55~ 55~ 75m5) B OO - T+ 5 (A8)
APPENDIX B: { FUNCTION IN THE GROUND STATE
The expression for the effective potential in the ground state follows from (3.19):
3
V(p,00) =V(p) - (@m)2at [7'(0,4) + In(4?)£(0,4)] , (B1)
where f(z,A) = limg_,o [87'((2,8)]. Using (3.27) one can see that
2k
f(z,A) = i Ck(z)—(—\/i [¢(2z + 2k — 3,3/2) — 1((22 + 2k — 1,3/2)] (B2)
’ o 2z4+2k—-1 ’ 4 ’ ’

since f(0,A) can be found using (3.28) we only need to compute the derivative & f(z = 0,A). Remarkably, f(z,A)
turns out to be connected with the zeta function (g (z,A) in the de Sitter invariant state. Compa.rmg (B2) and (A3)
one can see that

d 2z—1 2—1
= [f(z,A) (va) ] = 30" u(z,A) , (B3)
and consequently
d 1 1. ., _
75 (F510.8)) = £ 86a(0.8) ~2£(0,8)] (B4)

This equation has the solution
VA dy
f’(Oa A) = \/K‘/O ;2' [3(<}I(Oa y2) - C}i(o’ 0)) - 2(f(0’ yZ) - f(O, 0))] - (3C}I(Ov0) - 2f(0’ 0)) . (B5)
To find f(0,y?) we take into account (3.28) and (A5), so obtaining

f(0,A) = (/;%+\/Z+/%_\/Z) u (u—— 3 - \/Z) (u — )¢ (u)du

+36A2 + 274A + 3 480 [Ch(—373/2) - %Gf(—l’:}/z)] ’ (B6)

where in (B6) we have integrated by parts to eliminate one integration. This result can be inserted into (B1l) and
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V (@, 0) takes the form (3.33). The asymptotic form of V (¢, 00) can be obtained using (A7). It is

A? A

3 -2
Vl:09) = Vi) + gmyaas [1n (810 ?) (5

where —A =~ a?V"(p) > 1.

8

17 A

A? A
66—())——8—-’1-8:‘7 (B7)
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