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We quantize the massless minimally coupled scalar field in de Sitter space, and find a one-
complex-parameter family of O(4)-invariant Hadamard Fock vacua which break de Sitter invari-
ance. The different Fock spaces corresponding to the different choices of vacuum are subspaces of a
single space of states. We make some remarks about the existence of E(3)- and O(1,3)-invariant

Fock vacuum states.

I. INTRODUCTION

The quantum theory of the massless, minimally cou-
pled scalar field propagating in de Sitter space is of funda-
mental importance in the cosmological context of the very
early Universe. It plays a central role in the phenomenon
of inflation! and it might imply the instability of de Sitter
space and thus explain why the cosmological constant is
so small today.?

It is well known® that the Green’s functions for a scalar
field in the Euclidean vacuum [which is O(1,4) invariant]
are infrared divergent in the limits £—0 and m—O0
(where §& and m are, respectively, the coupling constant
and the mass of the quanta). This infrared divergence
corresponds to the fact that there is no de Sitter-invariant
vacuum for the massless minimally coupled scalar field.*
However, it is possible to look for vacua which break de
Sitter invariance but which have as much symmetry as
possible,4 i.e., vacua which are invariant under the six-
parameter subgroups of the de Sitter group: O4), E(3),
and O(1,3). [These subgroups are not maximal. There ex-
ists a seven-parameter subgroup DOE(3) of O(1,4) con-
taining an additional dilation D. However the orbit of
this subgroup (acting on a point of the de Sitter space-
time) is the whole spacetime. Thus it is not as interesting
as the other subgroups, whose orbits are three-dimensional
foliations of the spacetime.]

In this paper we clarify some aspects of the quantiza-
tion of a massless minimally coupled scalar field. In or-
der to simplify the treatment we choose to work only with
Hadamard states, i.e.,, with vacuum states in which the
two-point functions have the Hadamard singularity.’
After a description of the de Sitter manifold and some
properties of the O(1,4), O4), E(3), and O(1,3) groups in
Sec. II, we review some aspects of the quantization of a
massive scalar field propagating in de Sitter space in Sec.
III. In Sec. IV we explain the existence of the infrared
divergence in the Euclidean vacuum and we construct a
two-real-parameter family of O(4)-invariant Hadamard
vacua, which are well-defined Fock states. This family
contains a one-parameter subfamily of states which are
also time-reversal invariant. This construction clarifies
the status of the E(3)-invariant Hadamard ‘“vacuum”
found by Allen* and of the O(1,3)-invariant one. In Sec.
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V we explain why the O(1,3)- and E(3)-invariant “states”
are not vacuum Fock states but only idealizations.

Our spacetime conventions follow those of Hawking
and Ellis® and we work in units i=c =1.

II. DE SITTER SPACE

de Sitter space® is a maximally symmetric spacetime
having a positive constant curvature R and topology

R!'xS3 It is locally characterized by the relation

Rgbed =15 R(8ac8bd —8ad8hc) and it can be easily

represented as the four-dimensional hyperboloid
Napxx°=H~? (a,b=0,1,2,3,4) .1

embedded in a flat five-dimensional space R> with metric

g =diag(—1,1,1,1,1) . (2.2)
The curvature is then
R=12H?. (2.3)

The symmetry group O(1,4) of de Sitter space is ten di-
mensional and has three subgroups O(4), E(3), and O(1,3)
which are six dimensional.

Given two points x and x’ on the hyperboloid, it is use-
ful to introduce the real quadratic form

Z(x,x")=Hgx°x"® . (2.4)
Z is invariant under the group O(1,4) and has the proper-
ties

Z(x,x")>1 if (x,x') are timelike related ,

Z(x,x")=1 if (x,x’) are null related , (2.5)

Z(x,x') <1 if (x,x’) are spacelike related .

The relationship between Z and the geodesic distance is
172
, (2.6)

Z(x,x')=cos %a(x,x’)

where o(x,x’) is one-half the square of the geodesic dis-
tance between x and x’'.
As is well known, different coordinate systems can be
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used to parametrize de Sitter space.®” In particular, there
are three coordinate systems which correspond to three
different ways of slicing the manifold into space and time.
These correspond to foliations with closed, flat, or open
spatial sections that are, respectively, O(4), E(3), and
O(1,3) invariant. We will frequently use the subscript
+ 1, 0, and — 1, respectively, to refer to the time coordi-
nates in these three cases.

The closed coordinates (¢,,X,60,¢) (see Figs. 1 and 2) are
defined by the following transformation of coordinates:

ds?= —dt,*+ H ~2cosh*(Ht,)[dX?*+sin’X (d 6 +sin’0 dp?)]

and the quadratic form Z(x,x’) can be written as

Z(x,x')= —sinh(Ht)sinh(Ht})+cosh(Ht )cosh(Ht )cosQ ,
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x°=H ~sinh(H1t,) ,

x'=H ~'cosh(Ht,)cosX, — oo <t; <+ o ,

x2=H ~'cosh(Ht,)sinX cosh, O0<X, O<, 2.7
x3=H ~Icosh(H1,)sinX sinf cosp, 0<¢ <27,
x*=H ~'cosh(Ht, )sinX sinf sing .
The line element ds? is
(2.8)
(2.9)

where () is the angle between the spacelike components of x and x’ on S

cos{) =cosX cosX’+sinX sinX’[cosf cos8’ +sinfsinf’cos(p—¢')] .

The coordinates (z,,X,0,¢) cover the whole de Sitter man-
ifold. The spatial sections ¢, =const are spheres S> of
positive curvature and are Cauchy surfaces. O(4) is the
set of transformations of de Sitter space which leaves in-
variant these hypersurfaces. It is also useful to define the
conformal time

n1=2arctan(em1), O<n, <7 (2.10)
and the coordinate system (z,,X,60,¢) for which
ds*=H ~*(sinn )~ —d 7> +dXx?
+sin’X(d6?+sin’0d¢?)] . (2.11)

The flat coordinates (1¢,p,0,¢) and the open coordi-
nates (f_,A,0,¢) do not cover all the de Sitter manifold.
In the flat coordinates the line element is given by

geodesic normals
X =const

—t1=0(nq=7/2)
— ty=const (my=const )

FIG. 1. de Sitter space is a hyperboloid embedded in a five-
dimensional flat space (two dimensions are suppressed in the
figure). Coordinates (1,,X,0,¢) or (1,,X,0,¢) cover the whole
manifold. The spatial sections ¢; =const (1, =const) are spheres
S? of positive curvature and are Cauchy surfaces.

ds?= —dte*+ H 2% "[dp?  pHd6* + sin*0 d )]
(2.12)

with — 0 <t9< + o and 0<p < + o. Using the confor-
mal time n9o=—H ~'e " ° and allowing 7, to range over
all real numbers, we can cover the whole manifold with
the system (1g,p,0,¢). In this coordinate system the
metric takes the form

ds’=H *ny [ —dno’+dp* +pHd6* +sin*60de?)] .
(2.13)

The spatial sections mg=const (or t,=const) are flat.
E(3) is the set of transformations of de Sitter space which
leave invariant these sections.

In the open coordinates (r_;,A,0,p) (with
—ow <l_j <+ o and 0 <A < + «) the metric becomes

J T*(ty=+0r M=)

X=const —— 1
ty =const (ny=const) 4;
1
f : ty=0(m,=n/2)
| |
| |
L 1
X=1 X=0 X=7

I ({ty=—c0rm4y=0)

FIG. 2. Penrose diagram of de Sitter space. Null lines are at
45°. The left and right edges of this diagram must be identified
along the dashed lines. de Sitter space has a past and future
spacelike infinity, for timelike and null geodesics. The surfaces
t; =const (n;=const) are O(4) invariant.
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ds*=—dt_ >+ H ~*sinh®(Ht _)[d\*+sinh’A(d6* +sin*0 d ¢?)]
or, using the conformal time 7 _,=2arccoth~![exp(H?_,)],

ds*=H ~*(sinhn_,)7’[ —dn_*+dA*+sinh®A(d6* +sin’0d¢?)] .

The spatial sections 7_,=const (or ¢_,=const) are
O(1,3) invariant. (For more details about the flat and
open coordinate systems see Ref. 7.)

III. QUANTIZATION OF THE MASSIVE
SCALAR FIELD

In this section we review the canonical quantization of
a real scalar field ¢(x) propagating on de Sitter space, pre-
viously studied by Chernikov and Tagirov, Schomblond
and Spindel, Allen, Mottola, and other authors.*’— 10

In order to quantize the scalar field obeying the wave

equation
(O—m2—ER)$=0 (3.1)

we must obtain a complete set of mode solutions of (3.1),
which are orthogonal under the inner product

W) =—i [ dZ*V,93) (3.2)
(where 2 is a Cauchy surface), i.e., satisfying
(Upytty) =8, (Up,upn)=0. (3.3)
We then expand the field ¢(x) in the form
(3.4)

¢:2(anun +anu:)

and we quantize the theory be adopting commutation re-
lations for the operators a, and a,:

[an aarf’ ] =8nn’ ’

bt (3.5)
[anran']=[an’an’]=0 .
We then define a vacuum state |0) by
a,|0)=0 Vn (3.6)

and by operating on |0) with the creation operators a,f

one can construct a Fock space. A particularly interesting
object which contains all the information about the Fock-
space structure is the vacuum expectation value of the an-
ticommutator function:

GV(x,x")=(0|d(x)p(x")+¢(x")p(x) | 0)

=3 [up(X)uy (x")+u,(xuy(x)] . (3.7
n
In order to obtain a complete set of orthonormal modes
of (3.1) we must specify a coordinate system. In the
closed coordinates (7,,X,0,p) the wave equation can be
solved by separation of variables. We look for modes hav-

ing the form
uk1m(x)=H sinka(m)YkI,,,(X,G,qD) , (3.8)

where the Y}, are S spherical harmonics obeying
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(2.14)

(2.15)

A3Yim = —k(k +2) Yy (3.9)
and where m=—L—I+1,...,+1I;, I=0,1,...,k and

k=0,1,.... (The properties of the S* spherical harmon-
ics can be found in the Appendix of Ref. 7.) It should be
noted that we have the orthogonality relation

[ dx d6desin®X sinb Yy, (X,0,@) Y m (X, 0,@)

:8,(,('8”18,,,,,,' (3.10)

and that the {Yy,,},, form a basis for the (k +1)-
dimensional representation of SO(4). Substituting (3.8) in
(3.1) we obtain

d>X,
d7712

+{(k4+1)*+H  %sinn, " [m?+(£—+)R1} X, =0
3.11)

while the relations (3.3) become (taking for = a surface
71 =const)

X2 xr—xr9 x, —i. (3.12)
an, an,
The general solution of (3.11) can be written
Xk('r]])=(Sin7]1)1/2[AkP]€+1/2( —COS?’]])
+BkQ)l‘)+1/2(‘—COS77])] , (3.13)
where
9o 12 172
|2 12, >
v= | R (m“4+£&R) (3.14)
and the normalization condition (3.12) reduces to
. . (k43 —v)
AxBy — By Ay =i———— . (3.15)
k45 4v)

There is an infinity of 4; and B, satisfying (3.15) and
therefore an infinity of vacua. As is well known,*”? if we
only require the de Sitter invariance for the vacuum
states, we find there is a one-complex-parameter family of
such states, the Euclidean vacuum being a particular
member of this family. In this paper we choose to work
only with Hadamard vacua. If we require the vacuum
state to be O(1,4) invariant and of Hadamard type, i.e., the
G'" function in this state has the Hadamard form for
small o (i.e., |0R | <<1and |om?| << 1),
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G“’=;2 L Lm? = DIRIIno+0(0%)
2m)* | o
(3.16)
then the A, and By are uniquely determined. We have® 10
172
3
A= EM Rz
4 T(k+3+v)
. (3.17)
Bk: _z’LAk ’
T

and the corresponding vacuum is the Euclidean vacuum.
From (3.7), (3.8), (3.13), and (3.17) G'!(x,x’) can be
calculated. When x and x’ are spacelike separated

G(x,x") is given by'®

G P(x,x")=G"(Z(x,x"))
R -V
967 cosmv

$u,d oy L) +Z;x’x L,

(3.18)

where F is a hypergeometric function. When x and x’ are
timelike separated [Z(x,x')>1], G"V(x,x’) is obtained
from (3.18) by taking the real part of the function analyti-
cally continued around the branch cut of F from Z = +1
to + oo. The expectation values {(¢*), and (T, ), in
the Euclidean vacuum are given by'!

2 1 R 2 1 3 3 R
(¢ ),enz—’lm _E+[m +(E—%)R] [Y(5+v)+d(5—v)+1n am? || (3.19)
(Tuyren= — 2 2 m2 4 (E—DIR] |92 +0)+ (2 —0) 4 In—2
# 647° 12m?
—mHE—+)R—Fm*R—+(E—+)PR*+ R® | (3.20)
6 18 2 6 2160
I
(The arbitrary renormalization mass has been removed by 61R? )
requiring that ($*),, and (T}, )., vanish in the flat- (Tyydren=— 138 24072 8uv+O(m’R) . 4.3)

space limit R —0).

In this section we have described the quantization of
the massive scalar field using the closed coordinates. In
fact it is also possible to work with the flat® or open coor-
dinates and to construct in these systems the modes giving
rise to the Euclidean vacuum.

IV. THE MASSLESS MINIMALLY COUPLED
SCALAR FIELD: O(4) HADAMARD VACUA

In this section we study the breakdown of de Sitter in-
variance for the vacuum state of a massless minimally
coupled scalar field, and we construct well-defined Ha-
damard Fock vacua which are O(4) invariant.

Let us take £=0 and m?—0 in the formulas (3.18),
(3.19), and (3.20). One finds

R? R 1
GV(x,x")= —In(1—2)
1927*m?  487% | 1—-Z
+0(m?), 4.1)
(e —R L O(m?) 4.2)
N 3847im 2 ’ ’

(In the previous relations we have dropped the constant
terms which do not depend on m? and on the coordinates
of x and x'.) The infrared divergence which appears for
G'V(x,x’) and ($?) e, defined in the O(1,4)-invariant Ha-
damard vacuum is well known® and corresponds to the
breakdown of de Sitter invariance for the vacuum states
of the massless minimally coupled scalar field: Allen* has
shown that no de Sitter-invariant vacuum state exists for
this field while other authors"!'?!3 have shown that the
vacuum expectation value of ¢?, for the massless minimal-
ly coupled field, must be time dependent. The time
dependence of {$?) necessarily breaks O(1,4) invariance
because if the vacuum state was de Sitter invariant, it
would require ($?)=const [note that for m?=0,£=0,
(T4 ) ren remains O(1,4) invariant].

The origin of the infrared divergence for the O(1,4)-
invariant Hadamard vacuum can be easily understood.
For m2=0,6=0 the modes u,(X), up,(x) given by
(3.8), (3.13), and (3.17) are well defined if k=40 while the
“zero modes” ug(x) and udy(x) diverge as m —!. More
explicitly, using relations between the Legendre functions
P} ,,,Q%,, and the hypergeometric functions,'* we find
after a tedious calculation that, for £=0 and m?—0, the
zero-mode term in the two-point function is
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. - R? R , ) o 2
000X oo (X ") + 0o (Xt Joo (X ) = — + 5 [In(2 sinn,) +1In(2 sinn}) +sin“n, +sin“n]+0(m*) . (4.4)
1927°m 48

Here again we have dropped the constant term. It will be useful to consider the mode sum, identical in form to the sum
(3.7) which defines the two-point function, but without the zero modes. We denote this by G2y (the subscript means

“no zero modes”):

G X )= [t (Ut (X") + i (X Vit (X)]

k,I,m
k#0
Rl (1—Z)—In(2sinmg,) —In(2 sing) — sin’7y, —sin?7)] 4.5)
487> | 1-Z
P

It should be noted that G\ (x,x’) is not the expectation vooo(x)=H[A(n, — +sin2n, —7/2)+B]
value of the anticommutator function in some vacuum
state because the modes {uyj, (x)} .0 do not form a com- X Yo00(X,60,9) , 4.8)

plete set of modes solutions of the wave equation.

However the wave equation (3.11) with k =0, m?=0,
and £=0 allows us to obtain nondivergent zero-mode
solutions of the form

vooo =H[ A(n;— 5sin2n, —7/2)+B]1Y00(X,0,p) .  (4.6)
The constants 4 and B are normalized by the relation
A*B—AB*zé. 4.7)

Let us now consider the complete set of modes
{Vkim (x)} xim which are solutions of the wave equation
0O¢ =0, and are defined by

G E(,x" ) = 3 [Vktm X )08 (%) 4 Vgt (X V051m (%]

Vi (X) = éiné U (x) if k520 .
mz_-»O

Because this set now forms a complete set of orthonormal
modes, one can expand the field ¢ as

$(x)="3 [axim Vkim (X) + At Vi (%)] 4.9)
kim
and define a vacuum state |0) 4 5 by
Apim | 0) 4,3=0 VkIm . (4.10)

Thus, we find that there is a family of Hadamard vacua,
depending on the parameters 4,B. The vacuum expecta-
tion value of ¢(x)d(x’')+d(x")p(x) in these vacua is

kim
=G Nom (X, X ")+ V000 (X0 doo () + Voo (X 0 oo (X) (4.11)
or more explicitly
Gy xx=—R— | L In(1—Z)—In(2sinn,)—In(2 sing}) —siny, — sin’s’
4,8(x,x")= a8 | 1-Z n(l—2Z)—In(2sinn)—In(2 sinn;) —sin“n,; —sin“n,;
R * 1. 1 ,
+ T [244% (g, — 5sin2n; —7/2) (5| — 3sin2n|—7/2)
247
+(AB* +BA*)(n, — 3sin27n,+ 1| — +sin2n} —7)+2BB*]+const . (4.12)

Obviously, the vacua |0) 4 p break O(1,4) invariance but
are O(4) invariant. Because a change of phase
A,B—>¢'®4,¢%B is unobservable, there exists a two-real-

parameter set of vacua, for 4 and B given by
A=—ia,
. (4.13)
B=a "X+ +iP).

Here the real numbers a and B lie in the range

a€(0,4+ o), BE(— 0,4+ ).

Now consider the effects of time reversal on the state
|0) 4.5- The antiunitary operator of time reversal will be
denoted by T, and changes the time coordinate of a space-
time point from 7, to 7 —17:

T, Q)T =¢(m—7,,Q) , (4.14)

where Q=(X,6,¢) denotes the angular coordinates on S°.
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If the state |0) 4 p is invariant under the transformation
T then its two-point function G'! transforms in the fol-
lowing way:

G r—n,Q;m—71,0)=GV(n,,Q;7,,Q) . (4.15)

Condition (4.15) implies that time-reversal-invariant states
obey

AB*+BA*=0. (4.16)

Together with the normalization condition (4.7) this gives
a one-real-parameter family of time-reversal- and O(4)-
invariant vacuum states:

A=—ia, B=(4a)" !, 4.17)

where a is a real number a >0. In fact it can be easily

shown that this is because the time reversal of the vacuum

state |0) 4 p is
T|O>A,B: ‘O>—A*,B* .

Thus in the two-parameter family of O(4)-invariant va-
cua labeled by (a,f) it is only those states with =0
which are time-reversal invariant.

In summary, we see that although there is no de Sitter-
invariant Hadamard vacuum for the massless minimally
coupled scalar field, there does exist an infinity of O(4)-
invariant Hadamard vacua, which are well defined and
whose correlation functions are free of infrared diver-
gences.

A calculation of the renormalized vacuum expectation
value of the stress tensor in the vacuum state 10) 4,B can
be easily done using the Hadamard formalism.'> We find
that

119R?
(Tphy) 4= (4.18)

457 138 24077 B
(T, ) 4,5 (1) is de Sitter invariant, (2) does not depend on
€

ren

A and B and (3) is different than the value given by con-
sidering the limit £—0, m2—0 of (3.20), which is given
in (4.3). Thus one can see that the stress tensor in a
0O(1,4)-invariant Hadamard vacuum state does not see the
infrared divergence but the breakdown of O(1,4) invari-
ance changes the value of the stress tensor.

The vacuum expectation value of ¢? can also be easily
found:

(¢?) 4 p=const — R 3 (In2 sinn, +sin®7n,)
ren 481

+ | A(q,—+sin2n,—7/2)+B |2 .

2472
(4.19)

In the early and late-time limits |¢; | —0,+ o we find
that this is asymptotic to

H3

2
<¢2>A,B:const+§{~2~ {B|2+._2(AB*+BA*)II
m T

4
(3416 4 D240, |Hey| <1,
T

(4.20)
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3
(8?) 4 gt

p @.21)
ren T

ltll, [Ht1|>>l.

The quantization of the massless minimally coupled
scalar field done previously and the existence of an infini-
ty of vacua linked to an infinity of possible choices for the
zero modes can be understood in another way. We follow
DeWitt’s treatment of a massless field in a compact and
stationary universe.!® Although de Sitter space is not sta-
tionary a construction similar to that developed in Ref. 16
can be done here. We define the Hermitian operators P
and Q by

PEAa0+A*a2; ,
QEZ(BaO—{—B*aI)) ,

(4.22)
(4.23)

and we write the field operator (4.9) as

)= [t Vs (%) + A Vi (%)]
P

N H
2V 27

o+ -‘/—}_;-P(m —Lsindy,—7/2)  (4.24)
T

with the operators ak,m,a,j,m( k+#0) and Q,P which satisfy
Lakim>aktm 1=akm,Q21=[a1m,P1=0,

[ Qkim @t 1= 81k St S » (4.25)

[Q,P]=i.

All reference to the constants 4 and B [introduced in the
zero modes (4.8)] has now disappeared but the construc-
tion of the space of states does not proceed as usual. The
operators of the theory are represented in a space spanned
by the a;,m(k;éO) and e”€ acting on an unnormalizable

“ground state” denoted |p=0) and defined by
Apm | P=0)=0 Vk,,m, k=0,
(4.26)
P|p=0)=0.

The “state” |p=0) can be considered as carrying “zero
momentum” and an eigenstate |p) of “momentum” p is
defined by

|p)=e?2|p=0), 4.27)
and satisfies

Plp)=p|p),

apm |p)=0 Vk,Im, k0, (4.28)

(plp"Y=8(pp—p').
A basis of the space of states is given by the vectors

+ i

(ak gm, )" (@ 1 m, )" | p=0) . (4.29)

The connection between the two different ways of con-
structing the space of states can be easily made by re-
marking that up to a phase

1/4

exp

|0>A,B= i4B* Q2 ‘p-——O) . (4.30)

_m
2BB*




Using the states {|g)}, which satisfy Q |g)=¢|q),
(q'|q)=8(g—q’), and (q|p)=(2m)~12e®, one can
also express the Fock vacuum state in the form

1/4
1 L A*
10) 48= BB [ 1a)exp by q*|dg  (4.31)
and
1 1/4 B*
[0)45= SoAA” [ 1pYexp —I’A*P2 dp .
(4.32)

Note that these integrals converge because the normaliza-
tion condition (4.7) implies that Re(i4*/B*)<0 and
hence that the integrals (4.31) and (4.32) contain a Gauss-
ian damping factor.

Obviously the new space of states contains an infinity
of Fock spaces constructed from the vacua |0),p. It
may be that these different Fock spaces are related to the
invariance of the Lagrangian under the global transforma-
tions ¢—>¢ + const.

V. MASSLESS MINIMALLY COUPLED SCALAR
FIELD: E(3) AND O(1,3) HADAMARD
“VACUA”

Here we make some remarks about the E(3)-invariant
“vacuum” found by Allen* and about the analogous
O(1,3)-invariant “vacuum.”

Working in the flat coordinates (1,0,6,¢), Allen has
found a family of E(3)-invariant “vacua.” Let us consider
the Hadamard ‘“vacuum” of this family. In flat coordi-
nates the Green’s functions are defined by continuous
sums of the type fm dk f(k), where m is an infrared cut-
off, or regulator. These integrals are not finite as m —0.
The expectation value of the anticommutator in the Ha-
damard “vacuum” is*

R 1
(1) n__ - 4
G'(x,x")= 182 | 1-2 —In(1—2Z)—1n(2n¢7n)
R m?
In—— +const . (5.1
T VR T

In light of Sec. IV we can understand the regularization
process of Allen as follows: the introduction of a regula-
tor m drops the contribution of the zero modes, i.e., it ex-
cludes the range k €[0,m] from the mode sum.

But this means that one does not have a complete set of
modes. Thus the “state” giving rise to (5.1) is not in fact
a Fock vacuum state. Here, because the spatial sections
are not compact, it is impossible to save the situation by
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introducing new normalized zero modes, as we have done
in Sec. IV. In fact, Ford and Vilenkin!” have shown that
Allen’s E(3) “vacuum” can be considered as the unrealiz-
able limit of a continuous family of Fock vacuum states.
Thus the E(3)-invariant “vacua” of Allen are an idealiza-
tion.

Similar considerations apply to the open coordinates
(n_1,A0,p) and the corresponding O(1,3) vacua. In the
same way one should be able to show that there exists an
0O(1,3)-invariant Hadamard *vacuum” which is not a
physical vacuum state but is also an idealization and
whose symmetric function is given by
1

I—_—Z—-—ln(l—Z)—ln(ZSinhT]_l)

R

G M(x,x")= -
481

—In(2sinhy’_|)+sinh?y_,

2

R ln-m—-i—const
4872 R '

+sinh®y"_, |+

(5.2)

VI. CONCLUSION

The quantization of the massless minimally coupled
scalar field in de Sitter space necessarily breaks de Sitter
invariance. For this reason, it is interesting to look for
vacua which break de Sitter invariance as little as possible.

We have constructed a two-real-parameter family of
Fock vacuum states which are invariant under the O(4)
subgroup of the de Sitter group. This family contains a
one-parameter subfamily which is also invariant under the
time-symmetry reflection 7. It is noteworthy that the
stress tensor in these states is independent of the state, and
that it is not equal to the naive §—>O,m2—>0 limit of the
massive de Sitter-invariant one. There are no infrared
“problems”: the two-point functions of these vacua ap-
proach zero at large spacelike separations. We have given
a construction of the complete Fock space of states, for
each choice of a vacuum, and have shown that they are
embedded in a larger “overcomplete” space of states.

Finally we have shown that the E(3)-invariant states
constructed by Allen are not Fock vacuum states because
they correspond to a regularization procedure which
leaves out the zero modes.
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