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We obtain a momentum-space representation of the Feynman propagator G(x,x’) for scalar and spin-
1/2 fields propagating in arbitrary curved spacetimes. The construction uses Riemann normal coordinates
with origin at the point x' and is therefore only valid for points x lying in a normal neighborhood of x'.
We show that the resulting momentum-space representation is equivalent to the DeWitt-Schwinger proper-
time representation. Our momentum-space representation permits one to apply momentum-space techniques
used in Minkowski space to arbitrary curved spacetimes. The usefulness of this representation in discussing
the renormalizability of interacting field theories in curved spacetime is illustrated by an explicit
renormalization, to second order in the coupling constant, of a quartically self-interacting scalar field theory

in an arbitrary spacetime.

I. INTRODUCTION

In Minkowski space there are well-developed
momentum-space methods for dealing with ultra-
violet divergences which arise in the theory of
interaction quantized fields. In a general curved
spacetime, the homogeneity required for the exis-
tence of a global momentum-space representation
is lacking. Consequently, it would appear that.
one must forego the convenience of momentum-
space techniques and work directly in configura-
tion space, except perhaps for spacetimes which
are sufficiently homogeneous, or which can be
treated as weak perturbations of homogeneous
geometries. Nevertheless, one feels intuitively
that because ultraviolet divergences involve only
the short-wavelength behavior of the theory, and
because, according to the principle of equivalence,
curved spacetime can be viewed as approximately
flat in a sufficiently small region, one ought to be
able to apply Minkowski-space techniques to ul-
traviolet divergences of interacting fields in
curved spacetime. On the other hand, one cannot
expect the problem of renormalizing such diver-
gences to be reducible to the corresponding prob-
lem in Minkowski space, as additional divergent
terms involving the Riemann tensor are present.

In this paper, we introduce a local momentum-
space representation near any given point in a
general curved spacetime, and show how this
enables one to apply standard techniques to the
renormalization of ultraviolet divergences of in-
teracting quantized fields. The transition to local
momentum space is carried out by using Riemann
normal coordinates! 2 with origin at the point un-
der consideration. An event is specified by the
normal coordinates y* =7t*, where £ is the unit
tangent vector (at the origin) to the geodesic which
joins the origin to that event and 7 is the arc length
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along that geodesic. Riemann normal coordinates
are valid in normal neighborhoods of the origin
in which the geodesics from the origin do not in-
tersect. Becausethe divergences under considera-
tion involve arbitrarily short wavelengths, they
should be adequately described in terms of local
normal coordinates. At the origin of those coor-
dinates, the metric is Minkowskian and the first
derivatives of the metric vanish, so that the de-
scription of the local dynamics is as nearly like
that of special relativity as is possible in a gen-
eral curved spacetime.

In Sec. II, we consider a scalar field in an ar-
bitrary curved spacetime and give the local mo-
mentum-space representation of the Feynman
propagator. In Sec. III, we derive the well-known
proper-time representation of the propagator from
the above momentum-space representation. In
Sec. IV, we use the momentum-space representa-
tion of the propagator to show that the theory of
a quartically self-interacting scalar field in an
arbitrary curved spacetime is renormalizable to
second order in the coupling constant. This gen-
eralizes earlier results obtained using momentum-
space representations in conformally flat space-
times.?=% In Sec. V, we give the local momentum-
space representat‘ion of the Feynman propagator
for a spin-} field in curved spacetime. A momen-
tum-space representation based on the normal
modes used in adiabatic regularization is discussed
in the Appendix.

1. MOMENTUM-SPACE REPRESENTATION OF THE
FEYNMAN PROPAGATOR OF A SCALAR FIELD

Consider a scalar field ¢ satisfying the field
equation

V'V, 9+ m*+£R)p=0, (2.1)

where V, denotes the covariant derivative, R is
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the scalar curvature of the spacetime, £ is an ar-
bitrary real number, and m is the mass. [We use
units with Z =c =1, metric signature (—+++), and
the conventions of Ref. 6.] The Feynman Green’s
function is a solution of

(-v"vy, +m?+ER)G (x,x") =g Y2(x)o(x -x') ,
(2.2)

where g(x) = |detgy,(x)|. Introducing Riemann
normal coordinates y* with origin at the point x’,
one has?”

=Mur = 5Ruavs Y92 = ERuawp:y ¥ yﬁy’

+(=% uavﬁ;76+ FlRaus\R yus)y yy?
e (2'3)
J

g=1-4R ,0y"yP= 4R o5, ,y*Py7
+ ('f's'RaBRyé "7916R>\aBKR>\] 8K _"'}61{016;76)
XyyPyTybeees (2.4
where the coefficients are evaluated at y=0 and
Ny denotes the Minkowski metric. All indices
on the right-hand side of (2.3) and (2.4) are raised
and lowered with the Minkowski metric n,,. Work-
ing in normal coordinates about x’ and defining
G(x,x') by
Glx,x') =g~ 4x)Glx, " )g™" 4(x’)
=gV 4(x)G (x,x') (2.5)

one finds after some calculation that G(x,x’) satis-
fies the equation

7"78,8,G =[m?+ (£ = L)R]G — 4R ’y*0,G +R" [V 1y*yP5,0,G

- (g "'l)R-ay

=4 (& =R, 459"V C + (—-HR Ry g+ &R

HA
+(-5R" a;8y * TR as y

B v H AV
+('216R a6;75+_11§R axﬂR Y 6>y

where y® are the coordinates of the point x and

y = a/ay“. We have retained only terms with coef-
ficients involving four derivatives of the metric

or fewer. This will prove sufficient for dealing
with all ultraviolet divergences that arise in the
course of renormalization. The above equation

is valid in » dimensions.

In normal coordinates with origin at x’, G(x,x’)
is a function of y (and x’). We introduce the mo-
mentum space associated with the point x’ (y =0)

by making the n-dimensional Fourier transforma-
tion

Glx,x')= f(z e e*G(R) , (2.7

where ky=k,y*=1"k,y,. Note that G(k) is a
function of x": G(k)=G(k;x'). Strictly, G(k) is
defined by the inverse of Eq. (2.7), which requires
discussion of the behavior of G(x,x’)=G(y;x’) for
all y. As we are only interested here in the sin-
gularity structure of G(x,x’) as x approaches x’,
we may take G (k) to be defined as the Fourier
transform of a function which coincides with a sol-
_ution of Eq. (2.6) in an open set containing x’ and
which also has compact support in a normal neigh-
borhood of x’. This procedure does not affect the
singularity structure as x approaches x’, so that

the Fourier transform G(k) so defined will be suf-

ficient for finding that singularity structure, al-
though not for finding the global behavior of |
G(x,x').

G+ (-ER s +ER g™y v P0,C +4R" 5, vy Py78,0,G
“a o n t R R s
- R Ry + T R ar Ry )y *yPy18,G

*y 87y, 8,G = =6(9) ,

= TR s + HOR g)y“y*G

(2.6)

r
Before writing down the equation satisfied by

G(%) [the Fourier transform of Eq. (2.6)] it will

be convenient to indicate how the solution G(k) is

to be obtained. An iterative procedure will be used

which is obtained by writing

G(k)=Cy(k) +T, (k) +C (k) +++ - (2.8)

and
C,l,x') = f(z TR (=0,1,2,...),

(2.9)

where Ei(k) has a geometrical coefficient involving
¢ derivatives of the metric. On dimensional
grounds, it follows that G, (k) is of order =" so
that (2.8) is an asymptotic expansion of G(k) in
large k. 1t is not difficult to see that the lowest-
order solution is the Minkowski-space solution

Golk) = (k2 +m?) ™t (2.10)
and that

T, (k) =0. (2.11)
Then G,(x,x’) satisfies

- (£-DR G, -3R,"y%,G,
+3R" 2 5y%y88 ,8,G,=0. (2.12)

¥ Y9,9,G,—m%G

But now G,(x,x’) is Lorentz invariant so that it is
a function only of 1 45y%*y®=y"y,. For such a

function,
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3R, y%9,Go+3R"  gy*28,0,G,=0 (2.13)
so that (2.12) becomes
nuvauav-éz'm?(-;.z—(g ’%)RE(;:O- (214)

In momentum space this is

(k2 +m2T k) + (£ —~L)RG,(k)=0. (2.15)
J

(4R, s+ R ug™")y*yP0,Co+ 4R" 5, v ¥°978,8,G,=0,

Hence
G,k) = (% —£)R/(R?+m?)2. (2.16)
The Lorentz invariance of G,(x,x’) leads to

further simplifications of (2.6) when G, and G,
are calculated, namely

(2.17)

(=56R" o BY +'110_Rocﬂzuy '_é‘B'RKa"BR'q""iLs'RKaMR:y My %y Py70,G,+ (R auﬂ:yé""i%Rua)\BRx "e)y°y°y7y%0,0,G,=0.

Y &
(2.18)

In addition, (2.13) continues to hold with G, replaced by G, since G,(x,x’) is also Lorentz invariant and
hence a function only of y,y*. Thus (2.6) simplifies to the following equation for G to fourth order in deri-

vatives of the metric:

7"78,8,G —[m?+ (£ —PRIG = (£ =3)R,0y°G ~ 3 (£ = +)R, (gy*y®GC
+(= BRI Ry g+ SR R x + S RM oRyurp = TR, o + 25 0R )y yPG = —0(y) . (2.19)

Converting to momentum space using (2.7),

[£2 +m2+ (5 - )RIC(k) +i(§ — )R, 0 “Clk)

+[—%(€ ‘%)R;aﬂ__llzzR;ocB +-516DR018 _“:%"RaXR)\B +_616RKaXBRKX +—616RU KotRMl Kﬂ]aaaﬂ—é(k) =1, (2'20)

where
9%G (k) =G /oky,.

The complete solution up to fourth order in der-
ivatives of the metric is

G(k)= (R2+m?) 1+ (4 = £)R(R2+m?)™2
+i(d =R, o (RE+m?) 0% (RE+m?) ™
+(& = £)2R3(k2+m?)~3
+a gk +m?) 1% (k2 +m?) " (2.21)
where
Aop=3(E =R, ap + 558  as R as
+ R Ry g =R o pRn — BN “oRrpis -
(2.22)
The Feynman propagator is obtained by replacing
m? by m?-ie, with € an arbitrary small positive
real quantity to be taken to zero at the end of any
calculation, and carrying out the momentum inte-
grations along the real axis. Alternatively, the
propagator can be evaluated in a Euclidean space-
time for which 7,5=0645: The derivation given
here is equally valid for this case.
Equations (2.7) and (2.21) give the momentum-

space expression for G(x,x’) which is related to
G(x,x') by (2.5). The Fourier transform of

Glx,x') itself can readily be obtained by performing

integrations by parts to absorb the factor g~/ %(x)
expressed as a polynomial in y* [see Eq. (4.20)

f
below]. The Fourier transform of G(x,x’), Eq.
(2.21), is sufficient for treating divergences.

III. RELATION TO PROPER-TIME FORMALISM

The well-known proper-time representation of
the Feynman propagator in curved spacetime®'®
can be derived from the momentum-space repre-
sentation obtained in Sec. III. This approach by-
passes the introduction of the formal mathemati-
cal objects used in the conventional derivation.
Using

(B2 +m?)1a% (k2 +m?) 1= Lo (k2 +m?) "2,
(k2+m2)—lada 6(k2+m 2)-15_§aaaﬁ(k2+m2)—2

~208k2+m?) "3, (3.2)

(3.1)

(2.21) may be rewritten
G)=(R2+m?)~ 1+ (2 - £)R(R*+m?) 2
+3id - DR, (k2 +m?)"?
+3a4099 8 (k% +m?) ™2
+[(& - £)R2 ~ 0™, J(RE+m?) 3, (3.3)
Substituting (3.3) in (2.7) and integrating by parts

leads to

vl | s -5

am?

+f5(6,%") (g,%) 2]-,82—:,;17 ,
(3.9
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where, to fourth order in derivatives of the metric,

fulw,x") = (§ = )R +3(3 - )R, "

-30ag9™°, (3.5)
fz(x,x’)=§(-§—§)2R2—%a">\, . (36)
Now put
(k2+m2)'1=f ids exp[—is (k2 +m?)], (3.7
' [

where the usual Feynman boundary conditions are
obtained on making the replacement m2—~m?—ie,
and define

Flx,x';i8)=14f,(x,x')is +f,(x,x")(is)?. (3.8)

Making use of

j —(g—::;—,, exp|~is (k2 +m?) +iky]

2 b isy-nl2 —imZs =T
(4—77)—';7?(18) exp(zms N ), (3.9)

where o(x,x’)=372=3y,y" is half the square of the
geodesic distance between x and x’, we obtain

— i
G(x’x,)=W

©_tds m2s -9
xj; Wexp(—zm S - 2is)F(x’x ;is),

(3.10)

where (3.4) has been used. The propagator
G(x,x') is related to G(x,x’) by (2.5). The usual
expression for the proper-time representation of
G(x,x') in n dimensions!® is now obtained by no-
ticing that the van Vleck determinant

Alx,x")= =g~ 2(x) det[-0, 9, 0lx, x')]g=Y 2(x")
(3.11)

reduces in normal coordinates about ¥’ to g~/ 2(x)",
Thus we obtain

iaY 2(x, x")
G(x,x')=——*7—‘—(4n)(,. &

*© ids —im2 =T Y
XJ; WexP( im®s = o )F(x,x ;18)
(3.12)

with F(x,x’;is) given by Eqs. (3.4)—(3.6). This
expression is in generally covariant form if, in
Eq. (3.5), ¥® is written as o'®. It agrees with the
work of Ref. 9. The equivalence of the momentum-
space and proper-time representations means that
they both give the same renormalization of the
free-field stress tensor and both lead to the same
conformal trace anomaly.

IV. APPLICATION TO SELF-INTERACTING SCALAR
FIELD THEORY

This section will demonstrate the usefulness’ of
the momentum-space representation in studying
the renormalizability of A¢* field theory in curved
spacetime. It was shown in Refs. 3 and 4 that all
physical processes which are first or second order
in A (including vacuum-to-vacuum processes, which
are nontrivial in curved spacetime) can be made
finite by renormalization of the physical param-
eters of the theory appearing in the scalar field
action and the Einstein grativational action, A
different treatment has also recently been given
by Birrell.® The derivation of these results made
use of momentum-space representations valid
only in conformally flat spacetimes. - However, the
results are valid for spacetimes having arbitrary
metric since no new divergences appear if the
spacetime ceases to be conformally flat. This will
be demonstrated explicitly in this section using
the general momentum-space representation of
Sec. IIL

The Lagrangian density in the interaction picture
is

L£=3Vg ("800, - (Z m*+Z tR) $7]
-tz 9, (4.1)

where u is the unit of mass required to keep the
dimensions of £ consistent for all n, m is the re-
normalized mass, & and A are dimensionless re-
normalized coupling constants, and ¢ is the bare
field related to the renormalized field ¢, by

=2, 2¢y. (4.2)

The renormalization constants Z; are power series
in A (and hence dimensionless):

Z,=1+),Z0x, (4.3)
r=1

(a)

Z;l )m?i-Z;:L )ER

(b)

FIG. 1. First-order corrections to the two-point
function.
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(a)

HeH)

(b)

FIG. 2. Second-order corrections to the four-point
function.

To second order in A, the interaction Hamiltonian
density in the interaction picture is

3¢ =g [ZPm?+ 29 ERp* + g put gt
+ AN [ZPm?+ 2P tR]¢?
+ IV gtz ¢t (4.4)

In Refs. 3 and 4, the interaction Hamiltonian was
normal ordered and hence had a slightly different
form from (4.4). Whether the Hamiltonian is nor-
mal ordered or not does not affect the final re-
normalized theory. In Refs. 3 and 11, it was shown
that the renormalizability of a field theory in
curved spacetime can be investigated by looking
at S-matrix elements between interaction picture
states which are conveniently chosen to be physi-
cal particle states at early times (before the self-
interaction is switched on). Once these S-matrix
elements are renormalized, finite particle crea-
tion amplitudes are obtained by performing Bogo-
lubov transformations to late-time physical par-
ticle states. Power-counting arguments show that
the divergent Feynman diagrams are those which
involve zero, two, or four external lines. To
second order in A, the diagrams having two or
four external lines which need to be considered
are shown in Figures 1-3. It does not make much
difference to the discussion of renormalization
whether the external lines are wave functions (as
in S-matrix elements) or free-field Feynman prop-
agators

G(x,9)=K0| T(px)p(¥NIO)

2Dz Ve

(a)

O (D

(b) 7(1)

(c)

(d)

D O

Z(2)m2+

(2)
g M ZyTER

v
Va)
(e)

FIG. 3. Second-order corrections to the two-point
function.

where |0} denotes the interaction-picture vacuum
state (as in corrections to two- or four-point func-
tions). Taking the external lines to be propaga-
tors gives the following expressions for the mathe-
matical equivalent of Figs. 1(a)-3(e), respective-
ly:

3ixu4"'f G(y,x' )G, x')G(x' ,z)[ g")]Y 2ax’
(4.5)
-lf[Z(z‘)mz‘rz(s”ER(x’)]G(y,x’)G(x',Z)
x[g(') Y 2", (4.6)
547> [ G(y,2)G(y, ¥)G%x, % )G ,2)G ' 2)

X [g(x)g ()] 2arxarx’ , (4.7)
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eAZp -z fG(y,x')c(y',x')c(x',z)G(x',z')
x g2y, (4.8)
~3iA% 4 f [2Pm2+29 £R (x')|G(y, ¥)G(x, )G x, 2)
x[g)g )Y 2dxd'x’, (4.9)
a2tz P fG(y,x')G(x’,x’ )G(x’,Z)[g(x’i]l/ any
(4.10)
—97\2u8'2"fG(y,x)Gz(x,x’)G(x’,x')G(x,z)
x[g)g ()] 2axdx’ , (4.11)
-6)\2“8’”']G(y,x)Gs(x,x’)G(x’,z)
x[g()g ()Y 2dxdrx’ | (4.12)
-xzf [Z9m?+2D R ()]G (v, 4')G (", 2)

X[g()Y %drx’ . (4.13)
J

im*(y =1) +i(£ —%)Ry

Using an approach similar to the treatments
given in Refs. 4 and 5, we will show that the con-
tributions of Eqs. (4.5)—(4.13) to physical ampli-
tudes can be made finite by suitable choices of the
renormalization constants. Consider first (4.5)
and (4.6). The divergence in (4.5) arises from the
factor G(x’,«’). Define the finite part of the prop-
agator, Gg(x,x’), by

o1/ 4 AR iy 1 (2 -¢R
Glx,x')=¢g / (x)f @ € [k2+mz (k2+m2)2]
+Ggx,x"). (4.14)

This definition of Gg(x,x’) is not quite the same as
the definition used in Ref. 4. In Eq. (4.14),

Grlx,x') =g 4(x)Crlx,x')

where Gg(x,x’) has a Fourier transform G (k)
which is of order 275, The leading terms in an
asymptotic expansion of G z(R) in large & were cal-
culated in Sec. II. Setting x=x" (or y=0) in (4.14)
and evaluating the integral using Eq. (Al) of Ref.
12 gives

+

SERUH LA CUETER

47, 813(n — 4)

1672

where terms of order (z —4) have been omitted. Define Gg(x’) by

6ol =Gl ) 077 = DR] [1n<"") +y]_

16m2 v
Then (4.15) may be written more simply as

iu"~{m?+ (¢ = L)R]
8m%(n - 4)

Glx',x')= +Gg(x')+o(n -4).

It now follows that the sum of (4.5) and (4.6) is finite provided that

3

w9
Zz - 81 -4)

and

29 = (=429 .

]+Gﬂ(x’,x’), (4.15)
%_4 (4.16)
(4.17)

(4.18)

(4.19)

Consider now (4.7) and (4.8). The divergence in (4.7) arises when G*(x,x’) is integrated over x in a
neighborhood of x’. Thus we can find the divergences in G*(x,x’) by using the momentum-space represen-
tation (4.14).Using (2.4) and integrating by parts, (4.14) may be rewritten

G-¢R

2R 4 k°RE

" Ak iy 1 _
Glx,x")= f @y ¢ [RPem? * (B2+m?)?

3(k%+m?)3 * O(k-s)] ’

(4.20)

It is not difficult to see (for example, by power counting) ‘that the only divergent contribution to G3*(x,x’)

is

. "o d"kd"p ei(kﬂb)y
¢ (x,x)~j f 2m)®  (R2+m2)(p2+m?) °

Setting g=k+p leads to

(4.21)
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2y oV [_FG_ tay ap '
6*, )= [ e f[(p—q)2+m2]<p2+m2) | (*.22)
_[_dq
- f(271)2" .[ daf[p 2-2pqa +qa+m] (4.23)

do -
o [m2+q2a(1 +a)]2"'/2 s

_ion/ 2 iay
=im" 212 —=n/2) f @n® e (4.24)
where Eq. (A1) of Ref. 12 has been used. Thus G?*(x,x’) has a simple pole at »=4 which may be obtained
by expanding about »=4. The result is
G, ¥') = =y =) 4
x,x')=— 872 = ) x—x'), (4.25)
where we have written 6(x —x’) instead of 5(y). The factor u""* arises when the o integral is expanded
about #=4. Notice that this 6 function can be taken to be the covariant 5 function g~ 2(x’)6(x —x’) since

g(x’)=1 in normal coordinates at x’. Thus Eq. (4.25) is a covariant statement. Substituting (4.25) in (4.7)
leads to the requirement

9

w____ v
vy : (4.26)

which ensures that the sum of (4.7) and (4.8) is finite. Using Eqgs. (4.17)-(4.19), (4.25), and (4.26) we find
that the sum of Egs.. (4.9)-(4.11).contains the following divergent contribution: ,

&Tf(zl%f [m2+ (& =2RE)]G(y, ¥ )G, 2) gc") Y 2arx’ -%I G(9,x")Gp(x")G(x',2) g(x")]¥ 2dx’

(4.27)

Using (4.16) this may be written in the alternative form

(64113(3—2- R 6411“322— y [ln<47:;2> +y—1]> f[m2+(g—%)R(x’)]G(y,x’)G(x’,z)[g(x')]l/zd"x'

+“‘—'—"ﬁ":2:4(n 4) fG(y,x R(GE ,2) gl 2’ —gl—x—‘u—fG(y,x)GR(x xG(' ,z) g’ )M 2arx’

(4.28)

In flat spacetime, in which R(x’')=0 and Ggx(x’,x’)=0, (4.28) can be readily compared with the calculations
performed by Collins.!? The main point of Collins’s paperis to show that dimensional regularization pro-
vides a mass-independent renormalization of X ¢* field theory, and to demonstrate this he has to show that
all terms involving In(m2/4my?) cancel. However, in making the transition from (4.27) to (4.28) it was
clear that these terms come from Gg(x’) so that Collins’s work implies that all terms involving Gz(x’) must
cancel. It will be seen in what follows that this guarantees renormalizability of A¢* field theory in curved
spacetime to second order in A.

To complete our investigation of second-order corrections to the propagator we must evaluate the di-
vergences in (4.12), which requires knowing the behavior of G3(x,x’) for x in a neighborhood of x'. It will
be more convenient to investigate G3(x, x’) =g¥ *(x)G%(x,x’). We will write

Gx,x")=I,(x,x")+L,(x,x') +Gglx,x'), (4.29)
where

L )= [k s il ' (4.30)
and

L, %) = (€ =HR() k(o ). | (4.31)
Then

4

G3(x,x")=1%(x,x") + (£ =L)R(x") afnz I3k, x") +3L,2(x,x" )G plx, 5" )+ . (4.32)
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The terms omitted from (4.32) such as I,(x,x')[,%(x,x’) are all finite as can be seen by power counting.
Notice that I,%(x,x’) is given by (4.25) so that the divergence in the third term of (4.32) is simply

3i “n-4

_mcR(x ,%')0(x ~x') . (4.33)
The first term. in (4.32) is
da'k d'pd"q
3 7y — iky
126:5)= [ e [ [ Grammmem A (434
The double integral in (4.34) has been evaluated by Collins.'? He obtains
. Iy L [emz(n—s) 209 p2(n=23
ff[(p+q—k)2+m2](p2+m2)(q2+m2) ~1"0(3 - n) w4 —3m -5 | (4.35)
Thus we find
m2 [ 8 6[Inm?2/4mp?) +y-1]-3 1
8=2nr 3 AP o
K 1,3(x,x") 25672 L(n —4)? + (n - 4) ]6(3’) + 5121!4(11 — 4)71 B?aaﬁé(y) (4.36)
and finally
I m?+(t-2)R[ 6 6[In(m?/4np?) +y -1] -3
8=2n3 7Y ~ 6
I G (x)x )~ 2567[4 L(n_4)2 + (n_4) 5(3})
3(t=+)R  Biut"Gypx',x') n%P8 40 6(¥)
[1 281 —-4)  8n2(n - 4) ] S+ iamitn = 2) - ' (4.37)
From this we can obtain a covariant expression for
G3(x,x") =g~ Hx)G(x, x")
by noticing that, in normal coordinates,
1942 50(y) =g *06(y) +1R5(v) (4.38)
where0=g""V,V,, and we can take 5(y) tobe the covariant & function5(x —x’)=g"2/%(x")5(x —x'). Thuswe find
m2+ (£ —=+)R 6 3 ]~ Ré(x —x')
8=-2n3 "~ 6 _ ot
WG ) e =~ =8 °% ) S0n20m - 4)
3iut"Ge (x')5(x —x') | Ob(x —x')
8121 — 4) B2 - 4) ’ (4.39)
where (4.16) has been used. Thus the divergences in (4.12) are
3\2 ~ 92 1522 ) 2 N , , , N1 2
3561707 7C,2)+ (— 64ri — )7 * 2567 = d) f [m+ (€ - HRENIC(y,x)C W, 2) g b)) *d'x
————lz———fG(y %' )R (x')G (x' z)[g(x’)]”zd"x'+wa(y X6 )G, 2) g ()M 2%’ .
256m%4(n — 4) ’ ’ 4n3(n - 4) ’ R ’
(4.40)
I
The first term in (4.40) is removed by perform- 2 _ 9 . 15 (4.42)
ing a field renormalization of the form (4.2). This 2 7 32r'm —-4)2  256n*(n-4)’ ’
gives ( 1
D (g LYy -
23 = (6 =627 ~Sert = d) - (4.43)
Z(2 =_._3____ (4.41)
1 2567 —4) - : Expressions (4.42) and (4.43) differ slightly from
the corresponding expressions in Ref. 4. This
When (4.40) is added to (4.27), the terms involving difference arises because the interaction Hamil-
Gg(x') cancel and the remaining terms, which in- tonian density of Ref. 4 was normal ordered.
volve only m? and R, are removed by making a To complete the proof that A¢* field theory is
suitable choice of Z(j) and Z(f) in (4.13). We find renormalizable to second order in A requires

that demonstrating that the sum of all vacuum-to-vac-
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uum diagrams is finite after renormalization of
coupling constants in the gravitational action. This
was done for conformally flat spacetimes in Ref.
4, the most important part being to show that all
state-dependent divergences cancel when all sec-
ond-order vacuum-to-vacuum diagrams are
summed. It is not difficult to see that the argu-
ments of Ref. 4 apply equally when the momentum-
space representation of Sec. II is used, so that
renormalizability holds to second order in A in
any spacetime.

V. MOMENTUM-SPACE REPRESENTATION OF THE
FEYNMAN PROPAGATOR OF A SPINOR FIELD

The Dirac equation in curved spacetime is‘_'“"15
[ x)v, +mlp=0, (5.1)
where the y"(x) matrices satisfy
Y)Y () + 7" )y (x) = 227 (%) (5.2)

m is the mass, and V, is the covariant derivative
acting on the four-component spinor field :

Vup=(0y =Ty (5.3)

Here the spinorial affine connections I'y (x) are
matrices defined, to within an additive term pro-
portional to the unit matrix, by the vanishing of the
covariant derivative:

V,n_/,ﬁ&,,z_,,—l",},,z)\'— Ty +7,Tu=0. (5.4)
Introducing the vierbein field b," (¥) such that

Naup=bo (€)bg" (¥)guy(x), (5.5)
one finds that the solution of Eq. (5.4) is

Ty () =57vay g0 (x)g™ o)V, 0%, (%) (5.6)

where the additive term proportional to the unit
matrix has been set equal to zero and

Vub®, =8,b% =TH, 0%, . (5.7

In Eq. (5.6) the matrices v, (without the under-
lining) refer to the special relativistic Dirac ma-
trices satisfying

YoV +YsYa™ 2‘7:16 s (5-8)
and related to the y, by
Yp () =%, (¥)Ya. (5.9)

It can be shown'* that application of the operator
(#"'v, =m) to Eq. (5.1) yields

(g""VuVy +3R =m?)y=0,

where V, denotes a covariant derivative (includ-
ing the spinorial affine connection). Let S(x,x’)
denote the 4X 4 matrix Green’s function of Eq.
(5.10):

(5.10)

(V*V, +iR —mG(x,x") = =g~/ 25(x = x')1.,
(5.11)

Under general coordinate transformations § is a
biscalar, while under Lorentz transformations
of the vierbein fields at x and x’ it transforms

like y(x)¢(x'),
P=3gly
is the Pauli adjoint of y and the matrix y is defined
by
YYo= =rh. (5.13)

In Minkowski spacetime with % constant, $(x,x")
reduces to the scalar field Green’s function mul-
tiplied by the unit matrix. The matrix S(x,x’) de-
fined by

(5.12)

S(e,x')= =i(yH vy = m)8(x,x ™ (5.14)
is the Green’s function satisfying'®
OV, +mS(x,x')= —g 2% (x —x)1.  (5.15)

Inthe proper-time representation one has (Ref. 15,
pp. 154, 158)
- i
§(e,x") =AY 2, x) 2 A;x,x') (— —%—)
i=o am
*  ids
o (4mis)yV?

—ilmze = O
Xexp[ z(m s 23)] ,

(5.16)

where A(x,x’) is defined in Eq. (3.11), the A, (x,x’)
are matrices transforming like y(x)§(x’), and o
=172,

Working in Riemann normal coordinates at x’,
it is straightforward to go from the proper-time
representation to the momentum-space repre-
sentation. As a consequence of Egs. (2.8), (2.9),
(3.8), (3.9), and A(x, x') =g~ %(x), one can write
Eq. (5.16) as

7Y — 1 3 ’ ___a__— ’
S(x,x')=g /4(x)§A,(x,x )<— Py )Go(x,x )

- 5
=g 1/“(x)[l A +A " +A 166y "YP) (— 8m2>

+A, (— ?am—z) 2]Eo(x, %),

where the A, (x,x’) have been expanded about the
point x’ [the A;yp... are proportional to derivatives
of the A; evaluated at x = x’, and we have antici-
pated the result proved below that A j(x,x')=1].
Only those coefficients involving up to four space-
time derivatives (i.e., which may contribute to
ultraviolet divergences) have been retained in Eq.

(5.17)
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(5.17). Because

Golx x’)=f dk e (R2+m?)t (5.18)

ovYs (271')" . ’ .
one can replace each y* by i8/0k,=:9% applied to
exp(éky) and then integrate by parts, to obtain the
result

e
(2m)"

S(x,x')=g(x)"2/* e®g (k) , (5.19)

where

g(k)= [1 +(A,+iA,140% =A ,50%5) (— afrﬂ>

+A2<-3%1—2>2](k2+m2)—1. (5.20)

In the Feynman propagator it is understood that

m? is replaced by m® —ie as in the scalar case.

[If desired, the factor of g(x)"Y ¢ in Eq. (5.19) can

also be expanded about x’ with the result that the

A, ug... coefficients will be somewhat altered.]
The quantity A ,(x,x’) satisfies the equation

with the boundary condition
A lx',x')=1. (5.22)

Here dx°/dr is the tangent at x to the geodesic
from x’ to x. [A(x,x') is the bispinor of geodesic
parallel transport.] In the normal neighborhood of
%' we choose the vierbein field such that % (x)is
obtained from b (x’) by parallel transport along
the geodesic from x’ to x. Then

i
%"T—v”b“o(x) =0, (5.23)

It follows from Eq. (5.6) that (dx" /d7)I',(x)=0, and
hence the covariant derivative in Eq. (5.21) can be
replaced by the ordinary derivative. Integration
along the geodesic from x’ to x then yields

Aglx,x")=1. ‘ (5.24)
The coefficients A, and A, are given in Ref. 15,

while A}, can be obtained from Ref. 16 if one notes
that T', vanishes at the origin of the normal coor-

dx° noo_ dinate system. The coefficient A ,, =24, 4, (', x’)
——A,x,%'),,=0 (5.21) A oos : ;
ar io requires additional calculation. The results are
i
A,=-%R1, (5.25)
Ap= (=R " + 3R - TeRuBR" + TR unor RO +4 G Gr s R * PR, (5.26)
Ay ==3R 1+ 5Gea RN, (5.27)
All“l = _:;Lo— &Rlﬂl: )\)\ _%R:#V - %Ru )\R )\V +%R > ERM‘gv +%R XEO#R Xgo")l
+'4L8G[GB](RR°'BMV-Ras)’u;xv"Ramv;)m)+9_16' G[uB]G[yﬁ](Raeanya)\v +Ras)\vR76>\p) ’ ’ (5.28)
r
where in cosmological spacetimes, called adiabatic reg-
ularization, was introduced. The first step in this
G[otB] =?i'(‘y<x79 _7’57&) . (5o29) ’ b

The quantities on the right side of the above equa-
tions are evaluated at x’. We take b (x')=6%

in these normal coordinates, so that vierbein in-
dices on the Riemann tensor need not be distin-
guished from spacetime indices in the above equa-
tions. These results permit one to deal with di-
vergences arising in quantization of the spin-3
field by means of momentum-space techniques
analogous to those used in Minkowski space.
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APPENDIX: DERIVATION OF MOMENTUM-SPACE
REPRESENTATION FROM WKB FORMALISM

In Refs. 17 and 18, a method of defining a re-
normalized quantum stress tensor for free fields

method is to define approximate physical quantum
particle states, and this is done by solving the
homogeneous wave equation by separation of
variables and using a WKB approximation to ob-
tain solutions of the time-dependent part of the
wave equation. In this appendix we show that a
momentum-space representation of the Feynman
propagator can be constructed directly from these
WKB solutions. The representation is identical
to that obtained for conformally flat spacetimes in
Ref. 4. For a spatially flat Robertson-Walker
spacetime with metric

d32=C(17)(—dr’2+dx12+dx22+dx32) (A1)
the positive-frequency WKB solutions are

_ c—l/z(n) exp[—ile W, (t)dt+l_k_' (i_-&,)}
Pp(x) = @n¥? [I/I’;k(n)]"/z ’

(A2)
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where k= |k, (n’,%’) is some fixed point at which
the phase of ¢ (%) is chosen so that ¢, (x) is real,
and W, is a real function of time which satisfies

w,2=k2+C(n)m?2. (A4)

R is the Ricci scalar which is a function only of
time.
The Feynman propagator is

Gx,x") =i 0| T(p(x)p(x'))| O
=16(n - n)f Pp(¥) (")

(A5)
]

410 =) [ oyl )2k,

[ wa0at= - m W) +o (G -n') ,

n

2509

where
6n-n')=1 ifn>7y
=0 otherwise.

In evaluating the propagator, we will only be in-
terested in terms which are divergent in the coin-
cidence limit x—~«x’, and for these purposes it is °
sufficient to take the lowest-order solution to
(A3), namely,

exp[—i fnn, Wk(t)dt]= exp[—i(n =7 )w,] [1 -

[zwk(n)]q/z[zwk(n')]-l/z_ o (n )

i -n")E-F)CR .
2w, ¥ ]’

1
1 - [1 it 2wilCR +0 (k"‘)] +om-7').

W= w,?+ (£ ~4)CR (A6)
or
Wk=wk+—(-£—§%—)gl—2— +o (B73). (A7)
Wy

We can expand
(A8)
(A9)
(A10)

In each of Egs. (A7) (A10), terms omitted do not give rise to divergences in f Pp(¥)p(x')d%% in the coin-

Using (A9) and (A10) we find
c-v Z(n)c—l/ 2(71 ) f

cidence limit x=x’.

[ oot )a%=

= exp[—i(n -n")w, +ik* (x —x)]

(2m)®
((-FCR iln-n')§ -4)CR
x [1 BT ] . (AL1)
In (Al11), all quantities w,, C, and R appearing under the integral sign are functions of the flxed
time n=7'. We can write the propagator as
Glx,x")=C~Y2m)C %' )1, + (¢ —£)CRL,] (A12)
where
0 d k etkt-x" d:ze e—ik(x-x’) 1
1 =10(n - Tl)f (2_”)3 Tkﬂa(n 7) @ 2o, (A13)
1 l(’l] —77’) iBG—x") [ 1 1(7) -1 ) -tk(x-x "
I,=i6(n-7') f (2”)3 [‘ 4w T 4wt ] +28(n" —1) f (2,”>3 40, 40,2 ] , (A14)

where

k(x —x')=~ko —n') +k " (x =x') (A15)
and

ky=w, . (Al6)

But 7, and I, can be expressed as four-dimension-
al momentum integrals:

‘e
(2n)* (R2+M?2 -

!
eik(x x’)
ie)*

where the contour of integration in the k&, plane

I,= (@=1,2), (A17)

r

is the positive real axis, M2=C(n')m?, k%= -p?
+k?, and the limit e~ 0 is taken after the integra-
tion has been performed. The propagator is thus
given in a momentum-space representation by
(A12) and (A17).

If the derivation in this appendix were carried
out in » dimensions, the only differences in the
propagator would be the replacement of C~* 2(y)
by C"/4(n) and £ —% by £ — (n ~ 2)/4(n —1). This
representation is thus identical to that obtained in
Ref. 4 for conformally flat spacetimes. Because
the coordinate system (A1) is not normal, the
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representation is not identical in form to that of
Sec. II. However, there is a close similarity be-
tween the two, and either representation can be
used to investigate renormalizability of A¢* the-

ory in conformally flat spacetimes along the lines
of Sec. IV. The divergent parts of the Feynman
diagrams are found to be the same whichever
representation is used.
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