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We compute the stress-tensor vacuum expectation value of a massive, scalar quantum field that is coupled to
the metric of an arbitrary classical gravitational field. The renormalized tensor is defined by a dimensionally
continued, proper-time representation. The stress tensor is calculated for arbitrary dimension in a potentially
conformal-invariant manner so that its trace is formally proportional ta the square of the scalar-field mass
with this trace vanishing as the scalar field becomes massless. However, the renormalized stress tensor violates
this formal identity with its trace containing additional, anomalous terms. These finite-trace anomalies are
intimately related to the infinite counterterms that must be put into the action to make the stress tensor finite.

I. INTRODUCTION AND SUMMARY

The study of the stress-energy tensor of quan-
tized matter fields coupled to the metric of a
classical gravitational field is interesting for
several reasons. Hawking' discovered that col-
lapsing stars alter the metric in such a way as
to make quantum-mechanical particle production
take place in a thermal distribution. The flow
of energy and momentum of these particles is
described by a vacuum expectation value of the
matter-field stress tensor. This quantity is need-
ed, in a more accurate approximation, for the
calculation of the reaction back on the metric,
since it will appear as a source driving the Ein-
stein field equation. A similar reaction on the
metric by quantized matter fields may be sig-
nificant in producing isotropy in the early uni-
verse.? In addition to such specific processes,

a clear understanding of the stress produced in

a quantized field by a classical gravitational
field® is, of course, necessary for the ultimate
construction of a consistent quantum gravitational
theory. The vacuum expectation value of the
stress tensor is infinite; it must be regulated
and renormalized. Recently, Deser, Duff, and
Isham® showed that, in general, the trace of the
renormalized tensor involves anomalous terms.’
Here we shall examine the simplest situation in
detail, that of a scalar field coupled to the metric
of an arbitrary gravitational field.

We shall define the theory by a method of di-
mensional continuation. A Lagrange function for
space-time of an arbitrary dimension will be
chosen such that the trace of the stress tensor
formally vanishes as the scalar-field mass van-
ishes. We shall compute the vacuum expectation
value of the stress tensor and the corresponding
one-loop effective-action functional by a dimen-
sional continuation of the proper-time represen-
tation which was introduced by Schwinger® and
which has been developed further by DeWitt.3”

This proper-time method gives a specific solution
to the scalar-field Green’s function equation, that
solution corresponding to the vacuum state when
the metric is asymptotocally flat. In more gen-
eral circumstances, the possibility exists of
adding homogeneous solutions to the Green’s func-
tion. However, this possibility should not alter
our results on the counterterms that are necessary
to renormalize the stress tensor or on the an-
omalous terms in its trace, since these are re-
lated to short-distance limits.?

Our new method is well defined and free of
ambiguity. The infinite counterterm needed to
renormalize the stress tensor is the metric vari-
ational derivative of the scalar counterterm which
renormalized the one-loop action. This is a con-
dition that must be met if the stress tensor is
to be renormalized consistently. It guarantees
that the stress-tensor counterterm is conserved.
This counterterm has a vanishing trace when the
scalar field mass vanishes. The renormalized
stress tensor is defined without ambiguity. It
is conserved and has well-defined trace anomalies.
The stress tensor of a scalar field in a gravita-
tional metric has also been computed by other
authors using a point-separation technique for
two-° and four!°-dimensional space-time. This
technique yields ambiguous terms involving
thtv/t“t,, where t* is the tangent vector to the
geodesic used in the point-separation. This tech-
nique also produces®''® a stress tensor which is
not conserved. If the ambiguous terms involving
tH ¢V /t%t, are discarded, a conserved stress
tensor is obtained which has trace anomalies.
These trace anomalies®'!° agree precisely with
those found in our work, including the values
of their numerical coefficients.!!

In basic outline, our method proceeds essentially
as follows. We have dimensionally continued,
proper-time integrals of the general form

I= f”i ds(is)™2 F(is; n), (1.1)

(]
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where F(is; n) is analytic but nonvanishing at
s=0, This integral diverges in the limit n -2,
and it must be renormalized. (The limit in four-
dimensional space-time involves n -4 and dif-
ferent explicit powers of s in the integrand. We
use the limit z—~2 here and below in order to

n—2: 1=x"’f ids(k?is) "2 F(is;n)
0

BROWN 15
simplify the notation.) We do this renormaliza-
tion by first introducing an arbitrary, auxiliary
scale mass k so that the integrand F(is; n) has

a fixed scale dimension appropriate to =2. Thus,
on introducing a temporary, intermediate, proper-
time cutoff s,, and integrating by parts, we have

S 00
=2 fo z'ds(xzis)"'/zF(is;n)+f ids(is)"' F(is;2)

0 o

=i [ ids(k?is)™® Flis; m) - (nisy) Flis;2)— [ ids(inis) 2= Flis; 2), (1.2)

0

We expand F(is;n) in the first integral above in

a power series in s and integrate term by term
under the assumption that » <2 so that the lower
limit of the integration does not contribute. In

the limit #» - 2, the dependence on the intermediate
cutoff s, in this series must cancel the s, de-
pendence which occurs in the lower limit of the
remaining integral in Eq. (1.2). We can dispense
with this temporary cutoff by setting s,=0 and
secure the dimensional continuation limit

1

n—-2: I=m

3
F(0;2) -2 o F(0;n)

n=2

- fm ids(lnk2is) ;i—s Fis;2). (1.3)

0

The renormalized integral is defined by deleting
the pole at n=2:

]
1. ——ZJF(O,n)

n=2
* 9
- ; 26) -2 F(is-
’L‘ ids(Ink?is) 5is F(s; 2). (1.4)

We can now see how the anomaly arises in the
trace of the stress-tensor vacuum expectation
value. This tensor has a dimensionally continued,
proper-time representation of the sort that we
have just discussed with F(is;n) replaced by a
weight T#¥(x;is;n). Thus the renormalized tensor
is given by

(THY ) on =(TH*7Y) - 1—:177/—2T“"(x; 0;2). (1.5)

The weight may be written in the form
THY(x;is;n)=g" A +B"?, (1.6)

where the quantity B*” does not contain an explicit
factor of g#". Let us work in the conformally
invariant theory where the scalar-field mass
vanishes, and where

0=g,,T""(x;is;n)=nA+g, ,B"". 1.7)

%o

r

With n # 2, the unrenormalized tensor has a van-
ishing trace. Hence taking the trace of Eq. (1.5)
and then taking the limit » -2 yields

1
glll’(Tuu)ren =0~ mg#”Tpu(x;O;n=2)

~ 1
T 1-n/2

=2A. (1.8)

This trace anomaly is directly related to the
infinite scalar counterterm that is needed in the
action to make the stress-tensor finite. This
can be seen as follows. The vacuum expectation
value of the stress tensor can be expressed as
the metric variation of an effective-action func-
tional,®

(nA -2A)

[ —g) (T (%)) = Wigasl, (1.9)

5
ogy »(x)
where g is the determinant of the metric g.5.
The effective action W, corresponds to a single
closed-loop vacuum graph with the scalar field
propagating in the background metric g, ,. It
has a proper-time representation of the form

1
Wl[gaB] = m W[ 0; Z;gaﬁ] +W) ren [gotﬂl s

(1.10)
with

0
Wl ren[gaﬂ] ==2 B_n.W[ O;n;gaB]
n=2
< N .
- f ids(Ink?is) gw[zs; 28481

(]

(1.11)

We should first note a general feature of the di-
mensional regularization method: The value of
the auxiliary scale mass « is quite arbitrary, but
a change in it is precisely compensated by a finite
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change in the renormalization counterterm. Thus,
a change k -k’ in Eq. (1.11) gives the integral

of a total derivative which is precisely compen-
sated by a change

T:I;lﬁ W[0;2;8,5] -'['1—:1,,—/5 - m('f(—'ﬂ
X W[0;2;8,s] (1.12)

in the counterterm in Eq. (1.10). We now assume
that the scalar field is massless so that we have
the conformal invariance

W(is; 2; X% 8] =W[ X7%s; 2,8 8] (1.13)

under constant scale transformations A. On
changing the integration variable in Eq. (1.11) to
s’=\"%s, we see that this scale transformation

is equivalent to an alteration of the auxiliary mass
k- Ak, an alteration which is equivalent to a finite
change in the counterterm. Hence

W[ Ngas] =W [gas] + InX)W[0;2;2,5].
(1.14)

1t follows from Eq. (1.9) that this implies the trace
identity

@7z g (rey= Fwivgasl|
=2W[0;2;8,5]. (1.15)

Since the scalar field was assumed to be mass-
less, this trace vanishes when computed in a
formal way. We find that there is a trace an-
omaly, and that the space-time integral of this
finite anomaly is proportional to the scalar count-
erterm which is needed to renormalize the stress
tensor,

We review the techniques that are needed in
Sec. II. First we explain how a Lagrange function
for a scalar field ¢ can be constructed which
preserves conformal invariance in a space-time
of arbitrary dimensionality. On adding a mass

term to this Lagrange function we have
e

1

1 ren

The biscalar F(x,x’;is;n) is a weight in the prop-
er-time representation of the Green’s function.
The constant L, in the infinite counterterm in

Eq. (1.17) arises from the derivative with respect
to n of dimensional-dependent factors such as
(4m)~"/2, Note that the Einstein tensor

G'V=RFY -3 g""R (1.20)
vanishes in two dimensions. Hence, the quantity

L==3¢,,0'" - 35 RP* - 3m?¢?, (2.4)
where R is the curvature scalar and where
n -2
£= m-1) (2.5)

with n the dimensionality of the space-time. The
stress tensor derived from the corresponding
action obeys the formal trace identity

guvT"Y = —m?¢* (2.9)

for arbitrary dimensionality n. [To be precise
about the notation, we use a metric g,, with sig-
nature (—+++), and a curvature tensor defined

by
Ryy=Thy, « =T« +Tg, Tk =8, Tl
(1.16)

Commas denote an ordinary derivative, semi-
colons denote a covariant derivative.] In the
remainder of Sec. II we discuss the proper-time
representation of the scalar-field Green’s func-
tion.

In Sec. III we derive the dimensionally regular-
ized, proper-time representation of the one-loop
action functional W,[g,s]. It is expressed as
the space-time integral of an effective Lagrange
function,

Wilgas] = [ @ NV=Z 85805 (3.6)

In space-time of two dimensions, the effective
Lagrangian is renormalized on writing

£"=? = (2 —+ L2>@2+£(1";,,2), (1.17)
where
1 2 2
G,= — —— [e"™ S F(x, x; s, 2)‘
2 4m ais L ’ ] s=o0
1
= 47 AR -m?), (1.18)

and where £/"-? is a finite quantity with a proper-

time representation

£n=2=1@, + 8—1,{%12-[ ids(lnxzis)<a—fs—> [e™5F(x, x; is, 2)]% . (1.19)
(4]

g,= f(dzx)f:ER (1.21)

is a topological invariant in the sense that its
metric variation vanishes identically. According-
ly, the scalar curvature contribution to the in-
finite counterterm in Eq. (1.17) can be omitted
from the infinite renormalization to the action.
The action can be rendered finite by writing
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(n=2)=__l_ 1 2 2 \/’_'_—
Wi yP 2_n+L2m @*x)V-g
+win=2) (1.22)

1 ren ?

where W{"=? is the space-time integral of the
renormalized effective Lagrangian £{"=?. This
renormalization corresponds to a renormaliza-

tion of the cosmological term in the Einstein

1 (L)z[e-mzis}"(x’x;is;‘})]

s=0
= W [T:;H(Ruu)\xRuu)‘K -R, vR“v“"R,p:u)‘*'%mq]

and where

1
+32

r

The nature of the renormalization term @, is
clarified if we consider its response to a con-
formal transformation,

&uv(®) ~Mx)%g (%) (1.26)

The Weyl tensor
Chvv=Rl v
-3k Ryy ~8) Ry -8y RU+8,uRY)
+5R(Okgyy —608 i) (1.27)

is not altered by this transformation. We note
that in four dimensions the integral

9,= f(d"x)\/—g G, (1.28)
with
G=Ry, )\ R""* -4R,,R"'+R?, (1.29)

in a topological invariant. Expressing @, in terms
of these quantities yields

1

&= Gy

[ T%E(Cu VAK Cuu)‘K —%G)

(1.30)

A total divergence as well as a topologically in-
variant quantity can be omitted in renormalizing
the action. Hence

1 1
(n=4q) _ —_
WimT= @ <4—n+L“)

X f(d‘*x)«/’—_g (35C uure C* VM + 3m?)

1 RTINS S
+ 1R, F +am?].

+W(ﬂ=4)

1 ren ?

where w (=9

1 ren

(1.31a)

is the space-time integral of £{"=%,

s

3
ids(Ink 2is)<5%> [ e""z‘sF(x, x;18; 4)]} .

15
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Lagrange function. No renormalization is neces-

sary for the massless theory in two dimensions.
In space-time of four dimensions, the effective

Lagrangian is renormalized on writing

1
< 4)=(4

-n

(1.23)

1ren 7

+L4> @4+£(n=4)

where

(1.24)

(1.25)

r

The massless theory is renormalized with the
square of the Weyl tensor, a quantity which is
invariant under conformal transformation. The
massive theory has an additional infinite counter-
term that corresponds to a renormalization of
the cosmological term in the Einstein Lagrange
function. Although the combination m2R is of the
proper scale dimension, it does not appear in
the renormalization. The renormalization re-
lation can be written in a simpler, equivalent
form by again using the definitions of the Weyl
tensor and the topologically invariant character

of G,
+L4>

X J.(d"x)rw/’——g[ﬁQRwR“ Y~ R?)+3m?]
(1.31b)

In Sec. III we also derive the dimensionally con-
tinued, proper-time representation for the vacuum
expectation value of the stress-energy tensor.

In two dimensions we find that

1 1
(n=a)_ _ = (__*
Wi @ny (4—11

+w(n=9,

1 ren

oo 1)1
<Tpu>(n—2) =2( 0 +L2>4—ﬂ_ Tw(x; 0; 2)

2
H(THY KR, (1.32)
where
THV(x;0;2)= - 3mg 7, (1.33)
and where
(T =gt e,
- 2-11?[ ids(Ink?is) 5—?—5—
x[e ™S TEY(x;is;2)]  (1.34)
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Note that the infinite counterterm which appears relationship must, of course, hold in a consistent
in the stress-tensor renormalization in Eq. (1.32) scheme of renormalization. It ensures that the
is precisely twice the metric variational derivative covariant divergence of the counterterm vanishes.
of the action counterterm in Eq. (1.22). This In four dimensions we find that
(Trvn=a =2( : +L> L2 s )| —merr i 0 4) +(THY Y= (1.35)
4- 4 (4”)2 9is [ s=0 s ren ’ .
where
9 . . s .
ais TS 9)|  =me(RETY-3RMY G0 45g R o0 HAR R, — 2RM NN Ry~ 38 MR MRy
L pvpaBys - paBypv
+28 R RaB'y& 2R Raﬂy) (136)
and
m*T " (x; 0;4) =gmgh”, (1.37)
and where
- 1 m? IJ‘”. .(B)Z 2 )
pry(n=4)_1  pv 2 omv 2 g méiS PV (,. 7o
(THY ) o=¥=5g""@, + @n7 18 G @ne ) ids(lnk?is) 5i% e THY(x;is; 4)]. (1.38)

The expression in Eq. (1.36) is manifestly traceless. It is simplified by the use of the identity
CHoPYC e, =58 " C¥Y2C 4, 5, (1.39)

and we find that

0 . . .
180 o= T# (xsis;4)| =R -3R"',; 7+ 38" R o1+ 38 " RM Ry —6R*M"Ry + 2R* 'R - 38 'R*
s=0
- 1 6 4 Ak 2
“T7 %, (d*x)V=g (3R, R** - R?). (1.40)

This establishes that the stress-tensor counterterm is indeed the correct metric variational derivative
of the action counterterm as exhibited in Eq. (1.31b).

The weight T#"(x; és;n) is related to the biscalar F(x, x’;is;n) weight that appears in the proper-time
representation of the Green’s function. We prove in Sec. III that

) 1. .. 8 - - .
THY(x;isym),, = ;(zs)"/ze"‘zls 3is [(Gs)™%e ’"Z“F(x,x;zs;n)'“], (3.29)

with (is)'™"/2F(x, x;is;n)"* vanishing at s=0. This establishes that the renormalized stress tensor is con-
served at n=2 and at n=4. Since atn=2 or 4

Q. = 2_1 <__a_>"/2[e—mzisF(x x;is;m)] (1.41)
LI W 9is sy Xy 1S, s=0, .
we can integrate by parts to prove this conservation law,
1 1 1 f“’ . [ 8 )"/2' . B i nss om2 : |
pv\(n) _ = [T 2 g nf2 _9 n/2 ,-m2i e icem) ol
(T*" 0 = 7 @ = @ ids(Ink 13)( 3is @s)? = [(@s)™"2e™™ F(x, x; isym) ]‘
=0. (1.42)

Note that the term 1/ng" Y@, must appear in the renormalized stress tensor if this conservation law is
to be obeyed.

The renormalized vacuum expectation value of the square of the scalar field is easily obtained by the
dimensionally continued, proper-time technique. We find that in two dimensions

(#7922 o (g2 ) rioa, .43
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with

_ 1 © ) 2,
2\(n=2) _ _ = ; 2;¢) 2 [ p-m?is Cige
(P? ) yo fo ids(Ink?is) o7 [e F(x,x;is; 2)],

while in four dimensions
- 1 1 -
( ¢2>("_4) =2 (any <4 — +L4> + ¢2>(r:n_4) ’
with
1

2\(n=4) _ 1 p - 2; L 2 -m2is e
(P2 n=4 = (417)2;18R J(: ids(Ink zs)( ais> [e F(x,x,zs,4)]§.

Now we show in Sec. III that the trace of the
weight appearing in the proper-time representa-
tions of the renormalized stress tensor, Egs.
(1.34) and (1.38), is given by

(3.33)
Accordingly, for both n=2 and n=4, we find that
guu(TH Yo =@y =m? (7)) (1.47)

guvT" " (x;is3n) = =m®F(x, x; is;n).

wen

This is the stress-tensor trace anomaly: The
naive identity (2.9) is violated by the occurrence
of the anomalous term @,.
1t is easy to verify, using the specific forms
(1.38) and (1.37) of the stress-tansor counter-
term, that the anomaly in four dimensions, @,,
is precisely that given by the mechanism described
in Eq. (1.8) above. The two-dimensional anomaly,
@,, cannot be derived by this mechanism because
a potential counterterm that produces part of
this anomaly, the Einstein tensor G*”=R"”
-3g"YR, vanishes identically in two dimensions.
In the development that we have described, we
have chosen the factor of R¢? in the scalar-field
Lagrange function

n-2

&= 4(n -1)

(2.5)
to be a continuous parameter. This is the con-
ceptually clearest choice, for it ensures that

the formal identity

guyTH? = —m?¢? (2.9)

is obeyed for arbitrary ». The functional de-
pendence of £ onn gives a contribution to the
dimensionally continued, proper-time representa-
tion because the counterterm pole produces terms
involving 8¢/an. One could, however, fix £=0

or £=+ appropriate to the dimensions n=2 or
n=4, and then perform the dimensional continua-
tion in the proper-time representation to the di-
mension n=2 or n=4. This latter choice is, in
fact, the technically simpler one. The only change
resulting from holding £ fixed is a change in a
finite counterterm involving the scalar curvature

(1.44)

(1.45)

(1.46)

r

R or its metric derivative, the Einstein tensor
G"". Intwo dimensions, the only effect of holding
£=0 fixed is to delete the term (1/167)R in the
renormalized effective Lagrangian £"=2 dis-

played in Eq. (1.19). In four dimensions, the
effect of holding §=—é fixed is to delete the term

-1 /m? .
o (55 R - o)

in £"=9 [ Eq. (1.25)], the term

1 ren

1 m?
—— —— (OB Y
@ne 18 °

in (T#7)"=9 [Eq. (1.38)], and the term

1
e F

in (¢?){"=%) [ Eq. (1.46)]. These finite counter-
term changes do not alter the stress-tensor trace
anomaly, Eq. (1.47). Some of the technical de-
tails involved in the proper-time description are

collected in the Appendix.

II. REVIEW

We turn now to review the techniques which we
shall employ. First, we derive a Lagrange func-
tion for a scalar field in a space-time of arbitrary
dimension which, in the absence of a mass, form-
ally produces a stress tensor with a vanishing
trace. This is achieved if the corresponding ac-
tion is invariant under a conformal transformation
of the metric tensor. The invariance will be en-
sured if V—g £(¢;g) is left algebraically invariant
by the substitutions

Suv(®) = MxVg,, (%), d(x)=A(x)p(x), (2.1)
for, by virtue of a field equation obeyed by ¢,
the action is not altered by a field variation
¢(x)01(x). (This theorem is completely analogous
to that which states that a Lagrange function which
is algebraically invariant under a general co-
ordinate transformation yields a conserved stress-
energy tensor.) Such an algebraically invariant
Lagrange function can be constructed from the
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quantity ¢™/*V=gR(g.s¢ ¥*), where R is the
curvature scalar. This quantity is obviously left
invariant by the substitutions (2.1). If ¢ were
constant, it would contain ¢ to the power (2 -n)/p
since

R()\.zgae)=)\-2R(gaB) (2.2)

if A is constant. The scalar-field Lagrange func-
tion is quadratic in ¢. Hence, we must have

(2 -mn)/p=2. With this choice one finds, after
some calculation, that

¢—n/pR(gaB¢_2/p) = ¢2R(gaﬂ)

+4n—1

(2.3)

On discarding the total divergence, normalizing
the kinetic energy term in the conventional man-
ner, and adding a mass term, we secure

L£=-30,0'" - 3ERP* - 1m*¢?, (2.4)
where
n-2
E= 4—(;1—_—5 (2.5)

The scalar-field Lagrange function (2.4) yields
the field equation

-¢, P+ (ER+m?) P =0, (2.6)
and the stress-energy tensor
2 3
T‘“‘=7—— d"x)V—g £
-8 éguu f( £
=t —3g" P 0 -3 g " mP?
+E[GH PP+ Y (97) o = ($P)HV]. (2.7)

Since the conformal transformations (2.1) change
the Lagrange function into

Vg £~V-g £-A%2-1)V/=gim?¢?, (2.8)
we conclude that
guuT‘“) =_m2¢2’ (2.9)

which can also be directly verified from Eq. (2.7)
by using the field equation (2.6).
We need the Green’s function®

G(x,x") = (iT(p(x)p(x"))) (2.10)

to compute the one-loop action and the stress-
tensor expectation value. It obeys

[—%g—au\/——gg“”a,, +iR +m2}G(x,x')

1
= V-2 O(x —x"). (2.11)

We shall construct a dimensionally continued,

n_2[¢,u¢'u_(¢¢,u):u]-

proper-time representation for the Green’s func-
tion, following the work of Schwinger® as extended
by DeWitt.>"” It is convenient to define

Glx, x')=[ - g VG (x, x')[ - gx" ¥,  (2.12)

and to consider this function as the coordinate
matrix element of an operator,

Glx, x')=(x| G| x). (2.13)

Then, on introducing an operator with the co-
ordinate representation

H=- (_g)-x/qa#(__g)l/zguuau(_g)-1/4+€R+m2’
(2.14)

the Green’s function differential equation (2.11)
appears in the operator form

HG =1. (2.15)
On writing
G=H"- £ idse=isH, (2.16)

we obtain the proper-time representation®

Glx,x') = Jmids(x, s| ', 0y, (2.17)
where
(x,s]x",0)=(x| e”i#| x'). (2.18)

In writing this representation we are tacitly as-
suming that it is taken as the limit of a complex
continuation of the mass, m?—-m?(1 - i€), €~ 0".
If the metric tensor can be expanded about the
Minkowski metric with space-time asymptotically
flat, this will yield the time-ordered, vacuum-
state Green’s function characterized by positive-
frequency boundary conditions at large times.
Although the proper-time representation may not
give the correct boundary conditions for all geo-
metrical configurations, it should give the correct
counterterms and trace anomalies since these
are quantities that involve only short-distance
limits.

The transformation function (2.18) is defined
by the “Schridinger equation”

9

—a—is'<x,slx',0)=H(x,S\x’,0), (2.19)

with the boundary condition

s=0: (x,s|x",0) = (x| x") =6(x - x*). (2.20)

Since we need only the short-distance limit of
this transformation function, we shall write it
in a “WKB” form,3"’
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(5,802, 0) = T [ - gl VAV 2x, )] - gl

v
XF(x,x' ;is;n) exp[— %—;;—) - mzis] .

(2.21)

Here the biscalar o(x, x’), the “world function, " !?
is equal to one-half of the square of the distance
along the geodesic between x’ and x. It is a sym-
metrical function,

o(x,x")=0(x", %), (2.22)
which satisfies an equation of the Hamilton-Jacobi
form

o ,0'"=20, (2.23)

and it, along with its first derivative, vanishes
with coincident coordinates,

*=x': 0=0=0,=0 ., (2.24)
while
X=X'0 O 4y =Cuy==0 - (2.25)

Here we use a suffix to denote a derivative with
respect to the variable x, and a primed suffix
to denote a derivative with respect to x'. The
biscalar AY2%(x, x') is a symmetrical function,

AV3(x, x') =AVE(x' , x), (2.26)
defined by
nA1/2=A1/20.”:"+2A1/2,u0'“ (2.27)

and the coincident limit
x=x": AY2=1, (2.28)

Substituting the WKB structure (2.21) into the
Schrddinger equation (2.19), and using the dif-
ferential equations (2.23) and (2.27) obeyed by
o and AY? gives the weight function equation
EP; - l oM =1/2(A1/2 "
5 =tRF + s ° F ,—A"YEQVEF) PR,
(2.29)

The weight function F is regular at s=0. Hence,
the differential equation (2.29) implies that
o'¥F , must vanish at s=0, which requires that
F(x,x’;0;n) be a constant. The overall normal-
ization is determined by the boundary condition
(2.20) or, equivalently, by the short-distance
limit in a locally flat frame

Gx,x")~

i ids - x - ?)2
@T | Gepre U

(2.30)

Since o(x, ')~ 2(x = ') in the locally flat frame,

we infer that
F(x,x';0;n)=1, (2.31)
Note that F(x, x’ ; is;n) is a symmetrical function
F(x',x;is;n)=F(x,x’ ;is;n). (2.32)

In the work that follows we shall make use of
the power-series development

F=1+isf, +(isffy+°=*. (2.33)
Inserting this series into Eq. (2.29) yields

_f1=§R+o'”f1'u—A'VzAl/z'u:", (2.34a)

- zfz =§Rf1+0""f2.“ _A-I/Z(Al/zfl),p:“;
(2.34b)

and so forth. Various short-distance limits of
the biscalars o, A, f,, and f, are needed for our
work. The derivation of these limits is reviewed
in the Appendix.

III. ACTION, STRESS TENSOR

The one-loop action functional W,[g,s] has the
formal (divergent) definition

W, =3ilnDetG™*, (3.1)

where G™ is the inverse of the operator corre-
sponding to the Green’s function (2.10). Since

[@0v=z =-1,69), (3.2)

the metric variation of the one-loop action func-
tional produces the vacuum expectation value of
the stress-energy tensor,

W, =3i TrGOG ™
=(~-3(9,5G™9))

=<f<d"x)6<f-§ s))
= [w@rnv=z (1 )s0,,. (3.3)

Recalling the definitions (2.12) and (2.15) of G
and its inverse H, we have

oW, =3i TrGoH. (3.4)

[Here a partial renormalization has been per-
formed by deleting a term involving TrGHg ™ '6g
~6(M(0) [61ng.] We now follow Schwinger® and
DeWitt**” and introduce the proper-time represen-
tation to write

W, =—083iTr f 1dS p-ish

(4]

(3.5)

Thus
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W, = f(d"x)\/——g‘sl, (3.6)

where the one-loop effective Lagrangian is given
by

i “ ids -
£i=- g7 [ e
0
1 h ids
(4");'/2 A (is)un/z

1 i .
=3 e~™*is F(x, x; is; n).

(3.7

This effective Lagrangian is divergent, and it
must be renormalized. We shall perform this
renormalization by the method of dimensional
continuation discussed in the Introduction. The

continuation is effected through sufficiently small
values of # so that integration by parts with no
end-point contributions can be performed until
potential logarithms of the proper time appear.
Accordingly,

£, = @%),,75 % (Tfsi)'%i 5?—3[6""2"F(x, x;is;n)].

(3.8)

Let us consider first the limit in two-dimension-
al space-time. As discussed in the Introduction,
we introduce an auxiliary scale mass « to keep
the integrand at a fixed scale dimension. Then
we have an integral identical in form to that eval-
uated in Egs. (1.2) and (1.3):

. 1 11 8, _.» . 8 1 1 & 2 |
(m=2) _ ____— = - _2_ mis v dQe o2 ) - __ = _ 2% 1,-m3is
£ T=n/z @ 2 oisl® " FH&IS2| -2 {(410"/2 n Bl " CE@ % isin) H} -
-1 fmids(lnxzis) 8 2[e""z"sF(x x; is; 2)] (3.9)
8 J, vis » %5185 2)]. .
Here
F(x,x;0;n)=1 (3.10)
and
9 . _ .
mF(x, x;is;n) s=0_j"l(x, x;n), (3.11)
and we define
- 3_ n/2
L,= on In(4w) . (3.12)
Thus
- 1 1 11
(n=2) _( —_ . — 2 — = . — 2
£ = (505 + L) LA 52 =) s § 1A 52) - )
-1 2 a—f (x,x;m)] + f” ids(lnx%s)(-—g—)[e"“z‘sF(x x;1s; 2)) (3.13)
£ T R PR § ats T ’ :

We have separately displayed the term 3(1/4m)(f, — m?) which arises from the dimensional derivative of
1/n in Eq. (3.9). We do not incorporate this into the infinite counterterm because we want the counterterm
to correspond precisely to that appearing in the stress-energy tensor. Now, using the result of the Ap-

pendix,
fl(xy X5 n) = (_é = E)R9
and remembering that

n-2
&= 4(n-1)’

(A20)

(2.5)

we obtain the results [ Eqs. (1.17)—(1.19)] quoted in the Introduction. (Note that if £ is held fixed at £ =0,
then the quantity 8f,/8n is deleted from £{"2).) To perform the dimensional continuation for four-di-
mensional space-time, we first integrate by parts in Eq. (3.8),

£ 11 1 La( ids < 0 >2[e""2‘3F(x,x; is;n)]. (3.14)

V@ n n2 -1 isy' /2 1\ ais
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Then, using the process which must now be familiar, we get

££n=4):< 1 +L> 1 4”)2{m - 2m?f (%, x; 4) + 2f 5 (x, x; 4)}

4-n
11 ,
3131 sz{m - 2m%f | (x, x; 4) + 2f , (x, x; 4)}
- 1 {Ea— — 2m>3f (x, x; n) + 2f ,(x, x; m)] n—4+§ _!:” ids(lnk zs)(aas >3[e'"'2“F(x, x;s; 4)]} ,
(3.15)
where
L,=%+ a%; (47 (3.16)

Again we have displayed separately a piece that could have been incorporated into the counterterm so as
to make the counterterm correspond precisely to that appearing in the stress tensor. Using Eqs. (A20),
(2.5), and

fz(x, X, n) =%[(‘é‘ - ‘é)R]z +—:‘;‘(*;' - g)R'o;°+ Ii.a(RaByaRaB)‘é —RaBRaB), (A24)
gives the results [Eqgs. (1.23)-(1.25)] quoted in the Introduction. [Note that if £ is held fixed at £ =<,
then the quantity (8/07)(— 2m?f, +2f,) is deleted from £{"*.]

We turn now to derive the dimensionally continued, proper-time representation for the vacuum expecta-
tion value of the stress-energy tensor (2.7),

(THYy =( ¢ =570 0% =38P m?¢* + E[G*V 9% + g#V () ,6°° = (%) ¥V ]). (3.17)
We use Egs. (2.10), (2.12), (2.17), and (2.21) to express

d 2
(TP = Faayars A2, 2) [ G Pl sy exp - 2G2) ). (3.18)
The coincident limits
x=x': 0=0=0,=0,, (2.24)
O v ="0 u;v"=8pv>» (2.25)
A1/2:1, (2.28)
AVE  =aY? L. =0, (Al1)
and
AL/Z.M?V:_AUZ.H."':_;R“” (A13)

are needed for this evaluation of the stress tensor Eq. (3.17). Moreover, we integrate by parts in that
contribution which arises when the derivatives act upon the world function o,

T dds L2 x 1 N - <Z—n *  ids -
- m F I vk _ L _pv K ’ of2is - Bv m2is
| ‘Gs—)iﬁ'e (g g sgt’g™) o0 e .y o g | W 318 (e F). (3.19)
Thus we obtain the proper-time representation
1 © dds  _ne .
(TH"(x)) = (amy'7? J; (is)"7? e~m B THY (x; is;m), (3.20)
with
THY (x: s m) = 21 4y . 2-n
X;is;n)=—m oy 4 F(x, x;is;n)+ o & a—s—F(x x;is;n)
+(ghhgV =5 gh g MV \ o (x5, 2 sis )| _

- (£ =&)GHVF(x, x;is;n) + E(g* gM = gFhg V) F(x, x; is;7)] ik (3.21)
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The proper-time representation (3.20) yields a formally conserved stress tensor. To establish this,
we first note that F(x, x; is;n) is a symmetrical function of x and ¥’ [Eq. (2.32)]. Hence

F o\ (X, 5" is;n)=F  \o(x", x;is;m), (3.22)

{F AN, 5 is; )l pagr P =2F N5 (0, 0 5 d850) om0 (3.23)
and

{(g"g"  —5g" g F x (%, ¥ sis;n)liey } oy =F 17 H (2, 27 iss 0] o (3.24)

The divergence of the last term in Eq. (3.21) is of the form
F R e s (3.25)
These results, together with the conservation of the Einstein tensor G*”, imply that

_m_z+ 2-n 9
n 2n  9is

THY (x; is;n);,,=<— >F(x, x;is;n)*

+F 3V (@, & 58 0)|pmer = [(§ = £)GHY +ERFV]F (%, x5 ds;m) . (3.26)
To put this expression in a useful form, we differentiate
E = .l. v 1 1/2 H
= 5is =¢(RF + s C F, ‘XW(A F), (2.29)

with respect to x’ and then set x’ =x. Using the coincident limits Eqs. (2.24), (2.25), (2.28), (A11), and
(A13) listed in the previous paragraph and

x=x": AL/Z'UW'“I=O, (A16)

we get

a ’ '
- —F'F (x,x" ;is;n) =(¢ ——;)RF'“ (%, %" ; is; 1), =g

9is

x=x'
- (i—lsg”" - %R‘“’) F,,(x, %' ;is;n) . =F Vi (o, x5 iy m)l gy (3.27)
and, taking account of the symmetrical nature of F(x, x" ; is;n),
F 0 (x, 2 s is;m)l ey = [$R* + (E =5)5 g*"R]F(x, x;is5m) , =%<5?—s —-zl—s> F(x, x; is;n) ¥, (3.28)
Hence
THY (x; is;n),, =<— 7—':‘—2 + ;11- a—?s— - 2—:;) F(x,x; is, n)"*
= (is)"/2em®is % a—zs—[(is)""/ze'“z‘sF(x,x; is;n)t]. (3.29)

This formula establishes that the stress tensor is formally conserved, for we now have

1 “. 01 98 . —m2i .
(T, = @y f ids - m[(zs) n/ze-mPisp(x x;is;n)H] =0. (3.30)
0
The proper-time representation (3.20) also obeys the formal trace identity (2.9). To establish this, we
use the coincident limit of Eq. (2.29),

, 8F

x=x': ——=(5 —&)RF+F ,F (3.31)

to write the trace of Eq. (3.21) in the form
guv TH? (x; is; 1) = - m?F(x, x; is; n)

+2_
2

n[F.u‘“(x,x';iS;n)+F.u""(x,x’;iS;n)] +E(m-1)F(x, x; is;n) 7. (3.32)
x ’

=x

Thus, on taking account of the symmetry of F(x, x';is;z) in x and x’,
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&uv TV (x;is;m) = = m?F(x, x; is; ) + (n — 1)[& - Z{:T——_zl—):l F(x, x;is;m) 7" (3.33)
The second expression on the right-hand side of this equation vanishes with ¢ =[n -2/4(n - 1)] [Eq. (2.5)].
Recalling now the proper-time representation (3.18) of the vacuum expectation value of two field operators,
we have

1 ® dds  _ .2 .
(P?) = @y 7E ) (z‘s)"/ze SF(x, x;is; 1), (3.34)

and we see that Eq. (3.33) does imply the formal trace identity
guu<T“y>=_m2< ¢2> (3.35)

We turn at last to the renormalization of the proper-time stress-tensor representation (3.20). In a two-
dimensional space-time

. 1 1 1 o
pvy (n=2) _ e THY (e D) 9 — —— THY (4. -
(TH) _2<2_n +L2> T 02 -2 1 T )
-1 rids(mxzzs)—a—[e-mzfsru"(x is; 2)] (3.36)
4n ) ois TS

where, according to Eq. (3.21),

2 —_
THY (x; 0;ﬂ)=g‘“’[— m; + 22n"f1(x, x;ni\—(—é - £E)GHY. (3.37)

Remembering that the Einstein tensor G*” vanishes in two dimensions, we obtain the results [ Egs. (1.33)
and (1.34)] quoted in the Introduction.
In a four-dimensional space-time, we first integrate by parts,

2 1 j” ids L[
n-2 (4m)"/2 ) (is)"/?7' ais

and then take the limit n—~ 4,

(THy = e mYISTEY (xs 45 m)], (3.38)

(T“”)("=4)=2< ! +L4>—l—[ O Ty (x; is; 4)

4-n (@ny | ais -m* T (x; 0; 4)]

§=0

3 1 9
-2 2 = | vy
2 oan (4m)? [Bis T8 (s sy m)

-m2TH" (x; O;n)}

$=0 n=4

- (471r)2_ fm ids(lmczis)<-3%>2 [e ™ ? (x; is; 4)]. (3.39)
0

The weight T#7(x; is;n) depends upon 7 in two ways: There is the explicit » dependence displayed in Eq.
(3.21) and the implicit #» dependence that arises from £(z). The explicit » dependence gives

3 . 1 ) )
(;};)exp THY (x; is;m) = r?gw (mz_ £> F(x, x; is; n) (3.40)
and
2 1 1.8 ; 11 o \2, _.2 .
- P — THY(x; is; -m2TH*Y (x: 0: - = Z gHv( -m2is . FQe
2<an >m, (4m)? I:ais TH(x; is; n) " T (x; 0,")] 23k <8is) [e F(x, x; is; 4)] -
=igh'a,. (3.41)

This is the anomaly contribution to the stress tensor displayed in Eq. (1.38) of the Introduction. We men-
tioned toward the end of the Introduction that we could fix £ = ; appropriate to  =4. We see now that this
is the simplest procedure, and that with this prescription Eq. (3.41) would give the only dimensional
derivative contribution to the stress tensor. We have, however, for conceptual clarity, considered & to
be a function of # so that the formal trace identity g,,T"” = ~m?¢ is maintained for all » values. Let us
observe that

f]..k.K’(xy x! ;n)lx=x’ :%f1(x: X5 n),)x:x —fl,)\; K(x’ x’;n)lx=x’ (3-42)
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and define
fl,x:x(xyx';n)lxu’:%(% -‘E)R,X:K +f)u<' (343)
Then, using Eq. (2.34b) in Eq. (3.21), and recalling that
fl(x,x;n):(—; "‘E)R, (AZO)
we get
9 v . 1 v 2,1 1 1
—TH(x;is;m)| = = g*'[-m?+3(2-n)(5 - £R] (G - E)R
ats s=¢ N
+G —EPRHY — gHUR O~ GHR) + 35 - 5)(% - -f;)g""R.o‘% -};g“"?g -Fr.
(3.44)
Using the result (A22) of the Appendix, the decomposition (3.43) gives
Fuv=185(=R 4,0 +3Ry, 5" = 4R, GRY +2R 5, (RN + 2R, 1, Ry sy, (3.45)
which is independent of the £ parameter. With
8 -1
ang nea 97 (3.46)
we can now compute the implicit dependence
<E—> [—8— THY (x; is; n) :l =ig"'m?=R (3.47)
on imp dis ’ ’ s=0-in=4 s
The remaining implicit dimensional derivative term involves
1
TH (% 0,n) = — g¥'[=m*+3(2=n)§ - HR] - (5 - §)G**, (3.48)
with
]
<§>imp m>T*" (x; 0; n) m:ig“"ng‘gfe +m? 5 G*V. (3.49)
Hence,
3 1 9 1
9 =) = = THV (5 g — i 2THY (4. - - L 2~HY
2<an>i'"l’ e [3:‘5 THY (x; is;m) - m2THY (x; O,n)] @ T m2G"”, (3.50)

which is the other dimensional derivative con-
tribution to the stress tensor displayed in Eq.
(1.38) of the Introduction. It could be omitted
from the stress tensor if the corresponding quan-
tities are also omitted from the effective La-
grangian and from the ¢? vacuum expectation
value. The counterterms displayed in Eqs. (1.36)
and (1.37) in the Introdution follow immediately
from Eqgs. (3.44), (3.45) and (3.48).

The dimensional continuation renormalization
of the vacuum expectation value of the square of
the scalar field displayed in Egs. (1.43)—(1.46) in
the Introduction follows rather directly from Eq.
(3.34).
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APPENDIX

The coincident coordinate limits of various
derivatives of the world function o(x, x’) are needed
for our work. Most of these appear in the books
by Synge'? and DeWitt.” We present here an out-
line of the derivation of these quantities for the
convenience of the reader. The world function
is defined as the symmetrical solution of

00" =20, (2.23)
with the boundary condition

x=x': 0=0=0 ., (2.24)

O uiv=8uv- (2.25)

The third derivative of Eq. (2.23) gives the co-
incident limit

X=%"1 0 g8y +0,y;0:8 =0. (A1)

Now 0 4;5;y IS symmetrical in the indices «, B.
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Hence, Eq. (Al) implies that
x=x": Oy;a;8=0,y:8:2=9,8i7;0
=0 8y =0, 0383y =0- (A2)

Using these results, we can take four derivatives
of Eq. (2.23) to get

X=X"t 0, 0:8;y:6+0,0:8:8:y +0,ciy:8:6=0- (A3)

The derivatives can now be put in the same order

BROWN 15
Note, for example, that

a:am.u:v =‘%Ruv- (A5)
Next we take five derivatives of Eq. (2.23) to get
x=x": U.a:a,ﬂ;ﬂ.u+U,u:c¢:a:8:ﬂ+20.B;a:a:5.u=0-

(AB)
Placing the indices in the same order with the
aid of the curvature tensor gives

by commuting them with the use of the curvature x=x': 0,,%% ==R . (AT)
. This ei
tensor. This gives Finally, we take six derivatives of Eq. (2.23)
X=X": 0 4.p:y:5=3(Rsapy +Ryass)- (A4) to get
J
x=x' U.am.ﬂ;ﬂ.u v +°.y;a;a:5;e:v +0,y a:a:B:B:u +2°'B:a:a:ﬂ.u;u
+20 )\;q -Bo')\;s:u;v +20')‘?a;a;“0")‘;5;8w +2°.x:a;8:60')\:d;u:u +40.X:a:5:u0')‘:a;8;u =0.
(A8)
Putting the terms with six derivatives of o in the same index order and using Eq. (A4) gives
x=x": o.a;a.s;a,p:u = %RuoRuc - gRuv;o;o -%R.u:u - %R“aﬁuR“B - %RuaﬂyRuaﬂy- (A9)
I
From this follows and, remembering Eq. (A5),
x=x': U.a:a.ﬂ;s.y:yz"_:R.o:o*‘%RuuRuu x=x"t AY? ., =% Ry,. (A13)
- %RasyaR"‘B’a. (A10) Three derivatives of Eq. (2.27) give
The coincident coordinate limits of various x=x': 0=0,%g" , +4AY2 o 428V2 e
derivatives of the symmetrical function AY2(x, x) (A14)

are also needed for our work. Most of these ap-
pear in the book by DeWitt,” but we again outline
their derivation for the convenience of the reader.
This function is defined by

naYv2=aY2g R 28V ok, (2.27)
and the boundary condition
x=x": AY2=1, (2.28)

The first derivative of Eq. (2.27) gives the co-
incident limit

x=x": Al/z'“=0. (Al11)
Two derivatives of Eq. (2.27) give
x=x": 0=0,'" ., +48Y2 ., (A12)
J
x=x: 0=Al/2,a;aa.8;ﬂ.u;v+A1/2.[J:u+A1/2.p;ua,a:a.ﬂ

Since the coincident coordinate limit of AY?
vanishes, the derivatives of AY2 in Eq. (A14) can
be freely commuted. Hence, using Eq. (A7), we
have

x=x: Al/z,a;a.u =—;R.U' (A15)

This, together with Eq. (A13), implies that
AYVE (0 X ) g = [AY2 X, % ) ymer]
—AYE 0 X pmy
=0. (A16)

Finally, we take four derivatives of Eq. (2.27)
to get the coincident limit

H:)

1/2 ;B.a 1/2 iB,a sa ;B 1/2,a:8
+2A/.a:u0.ﬁ :u+2A/.a:u°.B wt9,o .8 .#:v+4°.a;6:u:vA/ *

"'zo'a:B:B:Msz.a:u +20'“:B:B:UAI/2,O¢;# +4A1/2.a;a.u;u +2Al/2.u:a;a;u +2Al/2,u:a

H 3

- (a17)



15 STRESS-TENSOR TRACE ANOMALY IN A GRAVITATIONAL... 1483

Placing the derivative indices of AY?2 in the same
order with the curvature tensor and using Egs.
(A4) and (A13) gives

x=x": Al/z'a;a,u;u=%R,y;u+%Ruv;a:u
+35RR,, —75R, Ry
+§%RuavBRaB+§15Ruaﬂvaa87
(A18)
and
x=x': AV2 .ot. :B:%R.a a+ER2

1 aB | 1 aBys
-55RasR +3_0Ra876R 7,

(A19)
The proper-time representation of the Green’s
function involves the weight function

F=1+isf +(isPf,+ -, (2.33)
with
1
—fi=ERvo S = o AVE (2.34a)
and
1
- Zfz =£Rf1+0”“fz,u -W(Allzfl),u e
(2.34b)

Using Eq. (A13), we get the coincident limit

filx, xm) = (5 - £)R. (A20)
We take two derivatives of Eq. (2.34a) to find
X=x"t =f uw =ER 4, + 2y +AYE LAY

—AY2 G, (a21)
or, using Egs. (A13) and (A18),
-36R 4.y
1

L H- o
t5oBunid T BRuRY

L
fl,u:u(xy x, ;n)lx=x’ =(.2_(-)

+ 53Ry wsR*® + 5 R oy R, %Y.
(A22)
Hence
ot X 50l =3G - R ,H
- B%RuuR“u + 315Ra676Ra876~
(A23)

Finally, we compute the coincident limit of Eq.
(2.34b) using Eqgs. (A20), (Al1), (A13), and (A23):

f2(6,5m) =3[ —ER]2+5 (G - £R

R a8 R°® + 155 R apys ROCTS. (A24)
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