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It is demonstrated that three reasonable physical criteria yield a unique Feynman propa-
gator in a linearly expanding Robertson-Walker universe.

I. INTRODUCTION

The generalization of quantum-field-theory (QFT)
propagators from flat to curved space-time is not yet
solved (cf. Refs. 1—3), and there are different cri-
teria to define these Green’s functions in arbitrary
geometries. On the other hand, to find the right cri-
terion, i.e., to define a good particle model in curved
space-time, is a very important problem not only for
QFT in a curved background but also for quantum
gravity.

This work is intended to be a concise mathemati-
cal study of four of these criteria, focused on the
definition of the Feynman propagator in a
Robertson-Walker universe with linear evolution
a(t)=t. All these criteria have an “exact” statement
in common, i.e., they can be formulated indepen-
dently of a power development (for criteria stated in
a power development, see DeWitt,* Parker,” and
Castagnino et al.’).

First, we shall see how they work in flat space-
time, and afterwards it will be shown that in a linear
evolution three of these criteria single out a unique
propagator, introduced for the first time by Chitre
and Hartle.® Charach and Parker’ made a deeper
study of this original work and showed that the con-
ditions stated by Chitre and Hartle were insufficient
to define the propagator uniquely. They added a
new condition that is studied and compared with the
other criteria below (condition 2). Thus this work
can be considered as a continuation of this line of
thought.

Section II is devoted to establishing the basic
properties of the Feynman propagator and its
development in the “proper time” formalism. In
Sec. III, we introduce the four criteria and use them
in flat space-time. Later, in Sec. IV, we do the same
in a linearly expanding universe. Finally, we discuss
the results in Sec. V.

II. PRELIMINARIES

In this section, we review the principal equations
and results, referring the reader to Refs. 3 and 8 for
a complete treatment of the subject.

We shall study the problem in a Robertson-
Walker universe. Its metric is

ds’= —dt*+a*(t)dx*+dy*+dz?) (2.1)

where a(t) is the radius of the universe, that we
shall choose with a singularity at ¢ =0, and with
R —0 when t— «. The Klein-Gordon equation

(—V,V¥+m?+ER)p=0 (2.2)
can be solved by a function gb?(x):e"r"'?z/)k(t) if
¥ (1) satisfies

1 d

PRty Ye=0. (2.3)

a4 St ‘-—+m +£€R

Let {P7}U{P%] be the “out” basis, ie, P
(P3) is the particle (antiparticle) model wave func-
tion in the far future (when R << 1), and let

P el K% .
X = (27 )3/2 ¢k(t) ’ (2.4a)
3 iK%

PT = (2 7 i (t (2.4b)

The 9 (¢) function is a solution of Eq. (2.3) that sat-
isfies the normalization condition

. d d e —i

kg Ve~ Yk g Yk = PERE 2.5)
This condition yields

(PL,Pt)=

—

—(P%,P3.)=8(k—K"), (2.6a)
(PL,P7)=0, (2.6b)
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where (, ) is the Klein-Gordon product
(gh)=i [ d3,(g*d"h —hd'g*) . 2.7)

If functions g and A are solutions of Eq. (2.2), this
product is independent of the spatial integration sur-
face =.

Let now {F7} U {F%} be the “in” basis. Both in
and out bases are arbitrary, but we shall suppose
that the in basis fixes the particle model at the
singularity, i.e., at the time origin. The in basis can
be obtained from the out basis by a Bogoliubov
transformation,

Ft =B, Pt +CPT (2.8a)

-

F3=BgP3 +C{P% . (2.8b)

As a result of the spatial homogeneity of the metric,
the By and Ci can only depend on the length k, of
k, and not on its orientation. F% and F7 satisfy a

set of equations similar to (2.4), (2.5), and (2.6) with
the normalization

| By |2— | Cr |*=1. (2.9
J

’ . d3k ,']Z.(}’_}") %
Gp(x,x")=i | ——e Wt (e )+

(2m)?

Here t, =max(z,t'), t . =min(s,¢'). If we consider
Gp(x,x') as a function of x only, and t=4t', it is
clear that it is a solution of Eq. (2.2). At¢=t’, 9,Gg
is not continuous. In fact, taking Eq. (2.5) into ac-
count,

3 )2 gur-r— Loz
atGp(t ) atGp(t )—a38(x X'). (2.14)

Therefore Gp. is a solution of
(=V, V¢ +m2+ER)Gp(x,x")

1
=—7=8(
[a (]

We can try to write Gp(x,x’') using an integral
representation (cf. Schwinger® and Parker?),

Gp(x,x')=i fow dse—m*(xs [x’,0),

X—X"6(t—t'). (2.15)

(2.16)

where the kernel (x,s | x’,0) is the solution of
i%(x,s [x',0)=(—V,V¥+£R) (x,s |x',0),

(2.17a)

L (2.17b)

a)

(x,0|x',0)= 8(x —x') .

—k
B,

The field ¢(x) can be developed either in the out
or the in basis as

¢(x)= [d’k[apPE(x)+a’ £PT(x)]

= [dk[ApFEx)+4T cF3 (0] . (.10
The creation and annihilation operators satisfy the
usual canonical commutation relations, and they are
related by

ap=Bdp+Cia o, (2.11a)
a' p=Cap+Bia’ ;. (2.11b)
We define the Feynman propagator as
Gr(x,x")=i {04y | 0) 7!
X {Ogut | T(d(x)(x")) |01 , (2.12)

where |0;,) and |0,,) are the in and out vacua,
respectively, and T means the time-ordered product.
Taking into account the symmetries of the problem,
we can write Gy as

(2.13)

¢k(t)¢k(t')] .

I

This integral representation is a natural generali-
zation of the Schwinger representation of the Feyn-
man propagator in flat space-time. Thus, we could
state that only the real physical propagator can be
developed in this way. In order to study this conjec-
ture, that later on will prove to be wrong, it is in-
teresting to find the inversion formula of Eq. (2.16),
i.e., given G, the way to find (x,s | x’,0). A natur-
al idea is to consider Eq. (2.16) as a Laplace or
Fourier transform and thus to take into account the
set2 of all Gg(x,x’,m?) as functions of the parameter
m*.

Since m~ is real and positive, at first sight we can
take {x,s |x’,0) as the Laplace transform of
Gr(m?). Nevertheless, we shall not find Eq. (2.16)
in this way, but a similar one with positive sign in
the exponent and integration bounds o0—i« and
o+ in the complex variable o +is.

If we consider Eq. (2.16) as a Fourier transform
of (x,s |x’,0), this problem disappears, but now
both m? and s are to be considered as real variables,
also taking negative values, and some ambiguities
show up.

Anyhow, let us suppose that it is possible to find a
function I'z(x,x’,a) that satisfies

2
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(a) Trplx,x',a)=Gp(x,x’,m?) if m*=a>0.

(b) (—V“V"+a+§R)FF(x,x’,a)=%S(x —x') for all aER,
a

(2.18)

(c) For all x,x’, I'r is a tempered distribution for the variable « .

(d) The Fourier transform of 'y ,
F[Trl=yx,x's)= [ dae™Tp(x,x",a)

vanishes when s <0.

Then, putting
1
’ '70 =5 _. ’ " ’
(x,s | x',0) 2my(xx s)

Eq. (2.16) is nothing else than the Fourier inversion
formula. We can also find Eq. (2.17) from (2.18);
for it we transform (2.18b) side by side, and we ob-
tain

a 21
" O __ 2T ’
(—=V,V¥+ER)y—i s = 43 8(x —x")8(s) .

(2.19)

Here dy/3s is the derivative of ¥ as a distribution.
Taking into account the discontinuity of y at s=0,

9y _9y
3s — 3s +y(0)8(s) . (2.20)
On the right-hand side, dy/ds is the ordinary
derivative. Putting (2.20) back into (2.19), we get
(2.17a) for s#0 and (2.17b) for s=0.
We can put (2.18d) in a slightly different manner.
If R (a) and I(a) are the real and imaginary parts of
I'(a), (2.18d) proves to be equivalent to

R(a)

1 ©
I =— d .
(ao) s f—w aa—ao

(2.18d")

d3k ei.l:'(Y—_x"')

Later on we shall see that not all Gr of Eq. (2.13)
have a 'y that satisfies (2.18). But in all cases we
shall have

Grlx,x',m?)=i f_ ds e~ ™’ (x,s |x’,0)
=i fowds[e"i'"zs(x,s [x',0)

+em’s(x,(—s)|x",0)] .
2.21)

We shall also call this integral representation a
“proper-time formalism” to avoid the invention of
an additional name.

III. THE FEYNMAN PROPAGATOR
IN FLAT SPACE-TIME

As an example, let us see what happens in flat
space-time. The most general solution of (2.3) is

e—iwkt eiwkr
Qo) + B (Zwk)”z , (3.1)
where o, =(k?+m?)!/2, Condition (2.5) gives
law |~ |Be |*=1, (3.2)

and the most general Feynman propagator is

Yr(t)=ay

Grlx,x")=i [
’ (2m)} 20
—iw, (t_—t_) o (t —t_) —iw (t+t') iw, (t+1t')

X [lag|?e > <4 |Br|% T < oy Bre k +Brake ¢
*

Cr 2 —ioplt+t) o iwg(t+t) —iop(t—t') o (t—t")

+ B, [ar’e +Bi’e +apBrle +e 1. (3.3)
k

In flat space-time it is natural to demand that the real physical propagator must be invariant under space-

time translations. This requirement yields

*

ag B;"_ (277 =0’

~k
By,

(3.4a)
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=0. (3.4b)

From Eq. (3.2), a;#0 as

1 (C /Bi)*
(Cx /By) 1

1

det 0.
BT

Using Eq. (2.9), we have 3; =0, and now (3.4a) gives C, =0. We can choose a; and By real [the Gy of Eq.
(2.13) is invariant under phase transformation of the basis], and thus a; and B; become fixed by Egs. (2.9) and
(3.2). Finally, the Feynman propagator turns out to be

3 iK(¥-%" _,
d’k e e——uuk(t>—t<).

Ap(x,x')=i
F J Q7P 2wk (3.5)
Let us define now
onla)= (k*4+a)'?if k2 +a>0, ]
gy —i(|K+a| )2 if kK> +a <0, (3.6)
and
3 iK(X=X" _; _
)=if d’k e e i)t t<)' (3.7)

27} 2wila)

This definition provides a generalization of Ay to negative values of m2.

conditions (2.18) and its Fourier transform leads us to the Schwinger formula

It can be shown that I'; satisfies

(t—tP—(X-X')?

4s

i —i

.

e
(41ris)?

Let us now give some alternative definitions of the physical propagator.

The invariance requirement under translation, that defines the physical Ar among all the possible propaga-
tors in flat space-time, has no analog in the Robertson-Walker universe, because the metric itself is not invari-
ant under time translations. Therefore, it is interesting to find another criterion that can be generalized from
flat to curved space-time. We shall study the most usual criteria that can be found in the literature on the sub-
ject.

Criterion 1 [see Schwinger (Ref. 9) and DeWitt (Ref. 4)]. The physical Gy can be developed as in Eq. (2.16),
i.e., it is analytic in the lower semiplane of the variable m 2.

We recall the development!®

1 —iwy |t —t' o —iwy s e —iT/4
— ek | - f idse ¥ ———e
0 2

—i(|t—1"|2/as) , (3.9)
2(1)k ws

which comes from the spatial Fourier transform of Eq. (3.8). Using both Eq. (3.9) and its complex conjugate,
we can write the most general G as
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Gl " © i d e—i1r/4
pex)= [, ids
@k iviz-3)
(2m)3
X e—imzse—ikzs[ |ak |2+ Kk akBk e—i(t—t')2/4s
By
C *
+l aBi+ {—" 2|H(t+1")
By
*
Brak + B_ Bk2]H(—(t +1')) }e‘“'*"’zf“‘]
._eimzseikzs [ | Be |2+ B ei(t~—t')2/4s
+l Bro + B |H(t+1")
*
+ |aBi+ E— 2H(—=(t+1) e"<‘+">2/4~‘” : (3.10)
T
where H is the Heaviside function. Therefore cri- ol .
terion 1 yields Ak B, ai+Bk (3.12b)
*
Bk [Bk+ -B— ag | =0, (3.11a) B: lay + TBk_ B:|=0. (3.12¢)
k
B —k Bt +a; | =0, (3.11b) These equations yield a; =0 and so they are incom-
By patible with Eq. (3.2).
* Criterion 3 [see DeWitt (Ref. 4)]. The physical G
a s |1 =2 | o |=0. (3.11c) is the analytic continuation of the unique Green’s
k|Bk By k function of the operator (—A,+m?2) in the four-

This system is equivalent to Egs. (3.4), so it has
the same unique solution B; = Cj =0 that yields Ag.

Criterion 2 [see Charach and Parker (Ref. 7)].
The physical Gr can be developed as in Eq. (2.21)
with the square-integrable kernel in Euclidean space.

We can go to Euclidean space-time by writing
t = *is. On the other hand, it is necessary to change
s mto o =is, in order that function e™ 2745 becomes
e~*/% and turns out to be 1ntegrab1e Then the
function e ~"**/% becomes e“ /42 which is integra-
ble, and the function e*it’/4s becornes et /4o
which is divergent. Therefore, criterion 2 also yields
system (3.11).

If we choose o= —is instead of o= +is, we will
find, besides the divergence in e +x2/40 , the equations

af |ax+ —Bf Bt =0, (3.12a)

dimensional Euclidean space.

Here A, is the Laplace operator in n dimensions.
Let us call 7 the Euclidean time. The unique solu-
tion of

82

9 A
—32 ~hatm’

J(x,x")=8(X—-X")8(r—7") ,

(3.13)
that is a tempered distribution, is

—wplr —71_)
dk_iwzx-zne * > <

J(x,x')= )
(2m)? 204
(3.14)
where o =(k24+m?)!/2, Going back to Minkowski
space-time, we can change 7 for t = —ir or t =iT.

The first choice yields Gg(x,x’)=Ap(x,x’), up to an
irrelevant phase factor. The second choice yields
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again system (3.12) and, as we already know, an in-
compatible result with Eq. (3.2). Therefore, the
method works if we define the Euclidean time as
T=it,t =—IiT.

Criterion 4 [see Schwinger (Ref. 9), DeWitt (Ref.
4) and Rumpf and Urbantke (Ref. 11)]. The physi-
cal Gy is the limit, when z—m?2—i0%, of the
unique Green’s function of the operator —[+z in
Minkowski space-time.

Let z=m?+ie, €>0. The quoted Green’s func-
tion is
d*k  ivv_z
(x’xl)___ elk (X =X")
¢ (2m)?
—im(t t')
¢ . (3.15
f—w 27 wpltie—w? (3.13)
We use the formula
— L sinsix) . (3.16)
e—~0xtie x
|
3 iK(¥-%") .
Gp(x,x’)—f d’k e {e—lwk(t>-—-t<)+

and we can choose (Cy /B;)* in infinite ways such
that the second term in the parentheses would be
regular at the origin. In this way, Gy and Ay will
have the same singular structure.

Let use remark that all these choices have a com-
mon limit (Cy/B;)—0 when k— 0, because the
Fourier transform interchanges regularity with van-
ishing at infinity.

Where these criteria are used, normally it is stated
that (Cy/B;)=0 implicitly by choosing a power
development in k or x that automatically eliminates
terms in (Cy /By ). Therefore, the asymptotic parti-
cle model for k— oo is only a local value around the
point where the development is made. Although
they are useful, and well proved by their success in
renormalization methods, they do not fit to solve
our problem.

IV. ROBERTSON-WALKER UNIVERSE
WITH LINEAR EXPANSION

(See Nariai and Azuma,“’ Chitre and Hartle,® and
Charach and Parker.”) Let us cons1der Eq. (2.3)

with a(t)=t, R =6t~% and £=- (conformal cou-
pling). The general solution is
HF(mt) H{(mt)
hO=ay———+B— , 4.1)

After an elementary integration we can see that we
find the correct result with the minus sign, i.e.,
z=m?—i0%, while the plus sign yields again (3.12).
Therefore, the limit we must take is z—m?—i0*.

Other criteria. A natural condition, that we can
suppose the physical Feynman propagator has in the
case of arbitrary metrics, is that G “resembles” Ap
of flat space-time when x —x’ (see Castagnino and
Weder,'? and Ceccato et al.!*> An attempt to make
this statement precise is to ask that both Gy and Ay
have the same singular structure when x —x’' (see
Castagnino et al. Ref. 5). When we have a universe
such that R —0 when t— «, we can also choose as
the out solution a (WKB) approximation.

But, as we shall see immediately, these “inexact”
criteria do not lead to a unique Gy even in flat
space-time. If we put B; =0, a; =1 in Eq. (3.3), we
have

*
—iw (t+1')
e k

) (3.17)

where H{"® are the Hankel functions that satisfy

[HP(2)]*=HY(z%), (4.2a)
HY(z2)=e™"H{(2),

H%(2)=e ""HP(2), (4.2b)
HP 2 H? (2)—H " (2)HP (2)= %. (4.20)

The normalization equation (2.5) turns out to be

e oy |2~k | By |2=% : 4.3)

Now we can introduce the Bessel functions
WD) =2[H (2)+HP(2)], (4.4a)

J_a2)=5[e?MHL(z)+e~MHP(2)] . (4.4b)

The most general Gr becomes
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2i d *k 1_1:'(7(’—?')(1_

(217_)3 e—2k1r)—l

Gr(x,x")=

X 1HZ(mt Wy (mt _) {e kT ay | 2—e *Ta, B +

—H % (mt ) _y(mt )

HP (mt Wy (mt )|——e k7| By | 24+e ¥ o Br +

— H(_lik(mt )J_,'k(mt< )

We proceed now to test criteria 1—4.

—e* | B | e TMa B+ | -

C
—k (akBk—e 2kﬂak2)
By
—3k7m 2 —kmw * Gk ) —2kwr 2k, 2
e loy | “—e "B+ Bk ( arPr—e ai”)
Ck
Bz akﬁk)}

*

(B®—ayBx) l l (4.5)

Criterion 1'. We shall use an integral representation of the product of Hankel and Bessel functions (see Wat-

son,!® p- 439),

HP @I &= [7 %1, |2 |exp ‘(i/2) s+Lz2 422 } (4.62)
im Y0 5 is s

HO 2=~ [~ &, [ expl——(i/Z) s+1z2422) ] (4.6b)
im Y0 g s

where Re(v)> —1, |Z | > |z |, and I,(z) is the
modified Bessel function I (z)-—t v, (lZ). If we
change the variable s to 2m?2s, with m?2>0, it is
clear that the terms rejected by criterion 1 are those
with HJ or HY, i.e., the last two terms in the

curly brackets in (4.5).!¢ Therefore we have

Bk [__e—k‘rrB*;c te —kvai

*

C
+ |22 | (Br—e%7g,) | =0, (4.7a)
By,
B [—e*Bi+e el
G |*
+ |—= | (Bx—ay) |=0. (4.7b)
By

Taking (4.3) into account, we find
—e k"Bt +e o} B —e KTy

det _
—e*"B% +e Ky Br —ay

=_—47T~(1—e_2k")7£0 . (4.8

The system (4.7) implies that 3; =0, which coin-
cides with the WKB solution for the out basis (see
Chitre and Hartle® and Charach and Parker’), but
Gr is not fully determined because C) /By remains
undefined.

-

Criterion 2'. We must use the Euclidean metric
ds’=dr’+71XdE* +dE +dES?) .

From our previous experience in flat space-time,
we make the changes ¢ = —i7 (see criterion 3) and
S = —io (see criterion 2). But these transformations
alone are not enough, and we must also change the
spatial coordinates. We have now two possibilities,
X==i& and the correlative change k=Fi7, in
order that 77 remains the canonical conjugated co-
ordinates of €. Nevertheless, the magnitudes of
physical relevance have spherical symmetries and
both possibilities lead us to the same physical re-
sults. Furthermore, we must treat n=(,7)'/* as a
positive number, but, as (7,7)=—(k,k)=—k?,
thus n=*ik.

Let us consider again Eq. (4.6) and the integral
representation (see Watson,!” p. 181)

1 1 o+ o 2
Iv(2)=2—m—.(72)" f_wdrr v—l,r+22/4r

(4.9)

If we take n=ik and we go back to (4.5), we find
(a) the second term has a

tt’'

—77
2is

—ik I

in its proper-time development, and by (4.9) a
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(—77/40)~" term, divergent when 7,7—0. (b)

‘/_

_ 1/2k1r
The third and fourth terms have the exponential G="5¢ Bi= 4.112)
i+t /4 _ o (r24172) /40 By =(1—e—2%m1/2
in their proper-time development, and so diverge Cr=e k(1 —e—2%m)—=1/2 (4.11b)
when 7,7— . From (4.7) we know that this leads .
us to B; =0, and therefore from (a) we conclude Therefore theﬁout basis turns out to be
c Pt— e’} Vi VT2 ()
2 b
e —3km ' a | 2__ _ék_ e—2k1rak2=0 ) (4.10) (277)3/ 2t 4.12)
B .
Pp= e'k X ‘/—e—l/ZkﬂH(l)(mt)
3/2
Taking ay, By real, from (2.9) and (4.3) it follows (2m)*% 2t
that and the in basis is
|
ei?-? \/_ _ _ _
F{’= (277_)3/2 Y T (1—e 2k‘rr) 1/2[ek1r/2Hi(k2)(mt)+e 3k"/2H,-(k1)(mt)] ,
- 4.13)
ik-X ‘/— .
7= = (1—e M)~ 2~k 2[ V(1) 4 e 72 H P (mi1)] .
(27) 2t
|
More concisely, iT €
X% /o Qr(&,8 f __ZL : h(r T, &)
Fa=f YT (| —2%km)| 2=k Ly (mi) . TT
k (277_)3/2 2t (4.17)
These bases appear for the first time in the work of Thus 4 must satisfy
Chitre and Hartle® as a consequence of a generaliza- X X
tion of the Feynman path integral from flat to a AP 1 8 h _(m24 Ty
curved space-time. Charach and Parker’ found ar’ '

again these bases by requiring that the kernel
(x,s | x'0) would be square integrable, and the out
base be the WKB basis. As we can see, the last con-
dition is redundant.

If we take 7= —ik, the divergence in the origin
appears in the first term of (4.5), so we are led to
C *
e kg2 [1— | =5 | ek | =0 . (4.14)
By

This is incompatible with (2.9) and (4.3).

Criterion 3' [see Mensky and Karmakov (Ref. 18),
Wald (Ref. 19), and Candelas and Raine (Ref. 20)].
The Euclidean metric is

ds?=dr +mdE2+dE}+dES?) (4.15)

with R = —67~2. In this metric the Euclidean ver-

sion of Eq. (2.15) is
38, 1 20, L
BTZQF ; aTQ - A3QF-|-m Or 1_ZQF

—:12— F—T)E—E).  (4.16)

Let us write Qr(£,£') a

= = 8= TE . (4.18)
-

The solution of this Bessel equation that is regular
for all 7 is (see Courant and Hilbert!’, Vol. I, Chap.
VII, pp. 470 and 501)

h(r)=A(E", 7, ), imT) fO<T<T,
(4.19a)
H(”(tm'r) ifr'<t<o .
(4.19b)

h(T)—B(§ T

At 7=7', h must be a continuous function, but its
first derivative oA / E}Z must be discontinuous, with a
jump of —(1/7')e ~* 7§, Therefore

B(E',r H(”(zmr)
—A(§ ’T"ﬁ)Jn(imT')=0 5 (4203)

B(E", 7, HH " (im7)
—AE" 7, W (im7') = —— e=iTE' | (4.20b)
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This system has a determinant 2(rm7')~! and its
solution is
A(E',T',ﬁ’)z%Hﬁ,”(imT’)e ~i7E s (4.21a)
BE i) =T (imr)e—iTE (4.21b)
) 77’ - 2 1] .

The final result is

N AT dP imE-E
F(68) =5 5 2m? ¢
XH (imr )W, (imT_) .
(4.22)
We note that t = —ir, and
Hﬁ,”(im7'>)=Hi7l)(-mt> )=—H(_217(mt> ),
(4.23a)
Jplimr )=J,(—mt )= —J_,(mt_) .
(4.23b)

So if we try to return to Euclidean space by taking
n=ik as in criterion 2’, we find the incompatible
Eq. (4.14), but if we put n= —ik, we lead again to
Chitre and Hartle’s solution, up to a numerical fac-
tor.

Criterion 4'. Now we shall try to solve Eq. (2.15)
by translating, to the linear expanding universe, the
Feynman prescription for displacing the poles of the
propagator in the @ complex plane. In flat space-
time, the prescription is to turn (w?>—k?—m?) to
(0*—k?—m?—ie€). This can be achieved by adding
a negative imaginary part to m? (as is usually stat-
ed), but also by adding it to k2, or both.

Although a divergence may appear when the

el K% term is integrated, it is not essential, because
1t disappears if this integration is postponed to the
end.

If we put -

, d3k ek‘('f'i")
GF(X,X) f (2‘”_)3 '

then 4 must satisfy

he(,t',X,X"),

oh 1on | , K
azz+zat+[ +t2h
=i,5(i_sz')5(z—t'). (4.24)

Now we “dlsplace the poles” by putting k?—i7 in-
stead of k2, and m2—ie instead of m2. If we define

A=a —ib, u=c—id, a,b,c,d >0 ;
AM=k%—in, u’=m?—ic.

Then the solution of (4.24) that is regular for all ¢ is
A" )y (ut) if 0O<t <t

Plb Y=\ B EP () i ¢ <t < oo

(4.25)

Repeating the calculations of criterion 3’, and
then going to the limit €,7—0, we shall find the
Chitre and Hartle propagator.

DISCUSSION AND CONCLUSIONS

The remarkable coincidence of criteria 2’, 3’, and
4’ to single out the Chitre and Hartle propagator
must be based on any of the following causes.

(a) The studied criteria are basically equivalent.

(b) The Chitre and Hartle propagator is the real
physical propagator for the linear expansion.

(c) The Robertson-Walker universe with linear ex-
pansion and conformal coupling is such a special
case that all criteria give the same reasonable result.

Obviously, proposition (b) can neither be accepted
nor rejected by now, until we have at our disposal
more soundly based physical criteria working in
every kind of geometry. As regards proposition (c),
we must also say that the problem with linear ex-
pansion and conformal coupling is really exception-
al. In fact, it is the only metric plus coupling where
the definition of the particle model via Hamiltonian
diagonalization works, giving a finite creation of
particles [see Fulling (Ref. 21)]. The propagator of
this particle model is again the one of Chitre and
Hartle.

Finally, on the possible equivalence of the dif-
ferent criteria, proposition (a), we would like to
make the following remarks.

(i) Criterion 2 is basically a refinement of criterion
1. The conclusion we get in criterion 1’ is that in a
general metric the Cauchy data [Eq. (2.17b)] is not
enough to single out a unique solution for Eq.
(2.17a), but it should be obvious from the structure
of this equation that, if we add boundary conditions
over the kernel (x,s |x’,0), when x and x’ g0 to «
or to the singularity, we get uniqueness. The most
natural choice of that boundary value is the homo-
geneous one. So we can think of Parker and
Charach’s ansatz as being a particular way of im-
posing null boundary conditions and regularity at
zero over Schwinger’s kernel. Nevertheless, we
stress the fact that formally criteria 2 and 2’ are in-
dependent of criteria 1’ because the terms with the
wrong dependence upon m?s are also divergent in
0 .

(ii) Both criteria 1 and 4 use the same idea, i.e., to
make the analytic continuation of Gy to complex
values of m?2. Nevertheless, criterion 4 gives a more
definite result because it has stronger restrictions on
the behavior of Gy at the singularity and at infinity.
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These restrictions are completely natural since one
tries to Fourier analyze Gy (in criterion 4’ this
transform is only spatial, but it remains physically
implausible that Gy diverges when time goes to zero
or moreover to o when the metric is “almost” flat).
On the contrary, it does not seem natural to impose
arbitrary limits to the growth of kernel {(x,s | x'0)
at infinity, since neither this kernel nor the parame-
ter s have a clear physical meaning.

On the other hand, criterion 4 is only a formal-
ized version of the commonly used shift of real poles
to the complex plane, before integrating a function
using the residue theorem, while the proper-time
formalism appears to bear different motivation ac-
cording to different authors (see Schwinger,” Chitre
and Hartle,® and Parker?). It is the authors’ hope
that their treatment of the proper-time formalism as
a Fourier transform could give a better insight into
this subject in the future.??

(iii) Criteria 2 and 3 are based on a very common
idea in the current literature: i.e., to shift problems
of the pseudo-Euclidean metrics to Euclidean ones.

Again, we can see that criterion 3 has regularity
requirements on the propagator that are not explicit-

ly stated, but implicitly in the fact that the propaga-
tor has a Fourier transform, and in the physical
meaning of both times involved, the Euclidean 7 and
the physical time . On the other hand, in criteria 2
and 2’, we demand that the kernel be L2, when real-
ly we only want to eliminate some divergences, that
can equally be excluded by weaker conditions, e.g.,
that the kernel would be a tempered distribution.?

Nevertheless, there are some ambiguities in the
concept of “Euclidean techniques,” e.g., the subtle
role played by the 7 sign in criteria 2’ and 3’, that
can be a serious drawback for these methods in more
general metrics.

We conclude that the Chitre and Hartle propaga-
tor, in a linearly expanding universe, has so many
properties belonging to the Feynman propagator of
flat space-time that it is impossible to deny that it is
a good candidate to play that role.

Nevertheless, it is premature to draw conclusions
until other geometries have been studied and we
have a deeper knowledge of the physical foundations
of our methods. These are the lines that we shall
follow in our future research.
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