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The gravitational coupling constants associated with several renormalized quantum field theories
in curved spacetime all exhibit similar high-energy scaling behavior. This suggests a universal struc-

ture of high-energy semiclassical gravity.

I. INTRODUCTION

When a free quantum field is coupled to a classical
gravitational field, it is necessary to renormalize the gravi-
tational coupling constants in order to render the matter
field’s stress tensor finite. Because of the renormalization,
these constants display a nontrival scaling behavior, even
in the free-field case.! In Sec. II we discuss the scaling of
the gravitational coupling constants for the scalar, spin-+,
and photon fields. Our main result is that the high-
energy behavior is the same for all these theories. In Sec.
IIT we show that in an asymptotically free theory the
high-energy scaling is essentially the same as in the free
theory and, hence, there seems to be a universal structure
of high-energy semiclassical gravity.

II. THE SCALING OF THE GRAVITATIONAL
COUPLING CONSTANTS AND SPECIFIC RESULTS
FOR FREE-FIELD THEORIES

The generating function for the Green’s functions of a
matter field can be written as the functional integral

Z[J]l= f [d¢lexp [i f\/Ed”xLl(;matter)

+ [Vedxizes 2.1
The bare matter Lagrangian contains the counterterms
necessary for mass and coupling-constant renormaliza-
tion. The bare external field Jp is used to bring in the
wave-function renormalization:

JB=Z¢_1/2JR . (2.2)
The expectation value of the stress tensor is defined by
2 8
T, = = .
(T ) Ve Sngw 0] (2.3)

and is found to be infinite. It is renormalized by adding
counter terms proportional to 1, R, and terms quadratic
in the spacetime curvature. Thus,

< T#v >R = ( T,“, >B —pole terms ’ (2.4)

where the pole terms involve only invariant metric quanti-
ties. Since these terms involve geometric quantities, they
can be interpreted as renormalizing the gravitational ac-
tion, and we write
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z= [ 1agle' e, @.5)
where

LB =L1(;matter)+Légeometry) . (2.6)

L#omeY) now has terms quadratic in the curvature ten-
sor. Taking the functional derivative of this new Z with
respect to g* gives the renormalized modified Einstein
equation; i.e.,

2 8z _,
Ve 8"
gives
( T/,w )renormalized =G ;‘e:’n ormalized ’ (2.7

where G is the modified Einstein tensor containing quad-
ratic curvature terms.
We choose the particular form of L (8°metry) 1 be?

Lieeomety) A Ly R 4+ aG +-bH+cF (2.8)

where ¥ is the Gauss-Bonet form in four dimensions, %
is the square of the Weyl tensor, and .# is simply R2. &
and S are scale invariant in four dimensions, .# is not.
Specifically,

9 =R,8,sR*P"®*—4R ,sR*P+ R? , (2.92)
sz(n)caﬂya(n)caﬁya , (2.9b)
and
J=R?%. (2.9¢)
G is then
Gpv=—Agu+2Gy,—a ¥ ,,— b, —cF,,, (2.10)
where
_2 8 "
B == g [d=xve, (2.11a)
2 8
—2G,,=—~ "x Vg .
Gy Ve 5 [ daxvegR, (2.11b)
2 8
=—= Vg .
G v vz 5g" fd x Vg9, (2.11¢)
__2 & n
K= g [axvesr, (2.11d)
2759 ©1984 The American Physical Society



2760

and

2 &
Vg sgh

We are interested in the high-energy behavior of the
semiclassical field equation (2.7). However, in a generic
curved spacetime there is no covariant meaning to energy
scaling. In a flat spacetime, however, the scaling of the
momentum p to ap is equivalent to a conformal transfor-
mation of the metric from 7, to n,w/az. We take this

I = [dxVves. 2.11e)

last approach as defining scaling in a curved spacetime.!?
The scaled field equations are then!
8uv
TV ;\’ ’ b b —L >
< u |ARSTMRSH a R
=GZR AR’KR)aR,bR7CR9 g‘I;‘V (2.12)

'Here the subscript R denotes renormalized quantities, A is
a generic coupling constant, and p is the mass scale intro-
duced in dimensional regularization. It can be shown that
this scaled-up field equation is equivalent to a scaled-up
version of a field equation at normal energies (a=1), but
with all the coupling constants replaced by effective cou-
pling constants. Thus (2.12) is equivalent to the equation

aX (T (Ma),m(a),p,gu) )R

=a*G}(Ala),k(a),a(a),b(a)cla)gy) . (2.13)

The effective A and m are the usual ones encountered in
studying the scaling of the Green’s functions.>* For
matter fields with dimensionless coupling constants, the
effective gravitational constants are given by!?

A@)=Ag + ff%-’"—"%;ﬂlﬁmm,a'» :
(2.14)
rla)=kg + fla%.{nﬁjg_:;n{ﬂ
KB r (@) Ex(MEa)) , (219
ala)=agr+ fla‘déx,_’ﬁa ,
(2.16)

a d 4
bla)=br+ [| By

a’d ’
C(a)=CR+ fl —&aTBc .
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Here £ denotes the coupling constant appearing in cou-
plings of the field directly to the curvature, such as R ¢>
The f3 functions are given in derivatives of the pole terms
in (T#¥)p with respect to u.!?

We now discuss the explicit forms of these effective
couplings for the free scalar, spin-, and photon fields.
For a free field, A, m, and £ have simple scaling:

Ma)=Ag =0, (2.17a)
ma)=a " 'mg , (2.17b)
Ela)=E&g . (2.17¢)

Although the B functions may be functions of &, even for
a field theory, they are not explicit functions of @. Thus
the renormalization-group (RG) equations for A, «, a, b,
and ¢ can be integrated immediately to give

A(a):AR +BAmR412% . (2183)

k(a)=kg +BEr )mRZEI—?— , (2.18b)
a

a(a)=ag+B,;Ina, (2.18¢)

b(a)=bg +Bplna , (2.18d)

cla)=cgr +B.(&r)na . (2.18e)

Table I contains the values of the B functions for the
three free theories under consideration.” In the table e,
and f, are constants that have not, to our knowledge,
been computed for the massive spin-+ theory. The
remainder is obtained from Dowker and Critchley.” The
important results are the following.

First, for all three theories, we find that in the high-
energy limit of a— o,

Ala)—Ap
and
K(a)——>K'R .

Thus at high energies, the effective standard Einstein cou-
plings are finite and approach their renormalized values.

Second, if the massless version of the theory is confor-
mally invariant (i.e., if £=+ in the scalar case), then the
quadratic curvature term R? does not scale:

cla)=cg .

TABLE 1. Values of the 8 functions for the free scalar, spin-%, and photon fields.

Theory Lagrangian Ba B« Ba Bs B
Free scalar —5(3,00,8"
1 12
1 —(§—%) 1 —1 —(§—%)
242 2 I,
+m¢ +ERST) 2% 167 167 360xler  120x16r 2% 167
. - .1 .1 -
Free spin-+  — =+ y#3,+m)y+H.c. — ey(spin-7) —f1(spin-7) 360 §<11 62 20X %8772 0
1 ny 0 — —_— 0
Free photon LF,,F 0 180% 167° 167
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In particular, if czg =0, there does not arise a scale-
breaking, effective R? coupling at high energies. Again
this fact is true for all three theories.

Finally, at high energies, the quadratic curvature terms
that are conformally invariant in four dimensions become
dominant. In fact, we find that for all three theories, as
a— o,

a—+ « as lna
and
b— — o as Ina .

Because of its similarity to the photon field, we expect
that the free part of the Yang-Mills field will induce the
same high-energy behavior of the gravitational coupling
constants. We discuss the modifications caused by in-
teraction terms in the matter Lagrangian in the next sec-
tion.

III. ASYMPTOTICALLY FREE THEORIES

In this section we consider two interacting but asymp-
totically free theories. We show that the high-energy
behavior of the effective gravitational coupling constants
is essentially the same as for the free-field theories con-
sidered in the previous section.

The first theory we consider is the scalar theory with a
A¢* self-interaction with a negative value for A. Although
this is not a realistic field theory because the vacuum is
unstable, it is a simple asymptotically free model theory
and does serve to illustrate the high-energy behavior of
gravity coupled to an asymptotically free theory.

In this theory zero is a stable asymptotic fixed point of
the coupling constant A, and the effective mass ap-
proaches zero as the energy scale goes to infinity. If one
introduces a £R¢? term in the Langrangian, then & ap-
proaches + (the conformally invariant value) as the ener-
gy is scaled up.

The Lagrangian we consider is

L=—1% g0 +miprerg—1ELg | G
For this theory also, the effective gravitational coupling
constants are given by E?s. (2.14)—(2.16). We restrict
ourselves to the case £ =% so that, aside from the mass
term, the theory is conformally invariant. The B func-
tions in Egs. (2.14)—(2.16) are calculated as power series
in A, e.g.,

Ba=BR +BA M+ BN+ -+

The coefficients have been calculated to sixth order by
Hathrell.® The dominant scaling behavior is given by the
zero-order terms in these expressions. The only way the
effect of the interaction could manifest itself is in the non-
trival scaling of the parameters of the field theory, i.e., m,
A, and &.

The scaling behavior of these parameters is given by the
standard RG equations*

adMa)
da

(3.2)

=B(Ma)) with M(1)=Ag (3.3)

and

ﬂé’:f—m= —[1+7m(r(@)]m(@) with m (1)=mg .

(3.4)

The quantities 8 and y,, are calculated in perturbation
theory and are given by Collins’ as

3A2 1703

A)= _ e .
A) 16 3(1672)? + 3:5)
and
—A 5A2
m(A)=——f —22 . .
Vm(%) 167> + 6(1672)2 + 3.6

These RG equations can be integrated to give A and m
as functions of a, Ag, and my. The resulting equations
can be inverted to give

}"R =}»R(a,}») ,
(3.7)
mg=mpg(a,A,m) .

When & =+ the high-energy behavior of k and ¢ are
trivial,!
k(a)—kg
and (3.8)
cla)—cg as a— o .

The other three gravitational constants exhibit the fol-
lowing high-energy behavior:

4

mr" In(a)

Ala)~Ag — —_—

R7 3202 ot
—Ag , (3.9)

1

a(a)~ak+mlna+0(lnk/kR)——>+oo , (3.10)
bla)~bg ————1 O (InA/A —ow . (3.11
(a)~bpg 120 1672 na+O (InA/Ag)— — ( )

Thus, we see that in the interacting case the high-
energy behavior is essentially the same as in the free case.
As a more realistic model of asymptotically free
theories we now consider the Yang-Mills field. The La-
grangian in this case is
L=—4FjF, (3.12)
where the F’s are given in terms of the Yang-Mills poten-
tials by
Fp,=03,4%—03,45 +ACEALAS . (3.13)
The C’s are the structure constants of the relevant group
and A is a coupling constant. When A =0 this reduces to
the free-field case. This theory is conformally invariant in
four dimensions. As a consequence, the counterterms
needed should be conformally invariant;® and the only
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nonzero corrections will be to & and . In this theory
then, for both the free and the interacting case,

A(a)=AR s
kla)=«kg ,
cla)=cy ;

nontrivial scaling is not observed for a and b.
The B functions for these constants can be written as
power series in A, thus

Ba="PBa,0+BaA+Ba A+ - -+,
By =Bp,0+Bs 1A+ Bp oA+ - - .
Toms®!* has shown that
Bao>0,
Br,0<0 .
Thus for the free theory, we find that as a—0
ala)—+ « as Ina
and
b(a)— — o as Ina .

For the interacting case we use the analogs of Egs. (3.10)
and (3.11). We need to know the behavior of A(a) which
is obtained by solving

adila)
da

For rllf)n-Abelian gauge fields the B functions are known
to be

=B) .

A3

B= 5 (5C=3T))
5
+ (4:)4(—%0” FCT+4C;Tp)+O0M) .

(3.14)
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For an SU(N) theory C =N and T is the number of fer-
mion fields. For our purposes then

A AS

BA)=— (Lc
(4m)? " ° I (4m)*

(—ZCcH+0(\). (3.15)

Thus since the B function’ begins at A3, the correction to
the scaling of @ and b due to the nonzero A occurs at or-
der 1/A. Thus as a— o,

a(a)—B,olna+0(1/Ma))— + « (3.16)
and for b
b (a)— B olna+0(1/Ma))— — o , 3.17)
where A(a) is given by
3(4m)?
tna =220 %—ﬁ]+—}%lnk+0(l2). (3.18)
R

Thus, we see that the high-energy limit is the same as in
the free-field case.

IV. CONCLUSION

In the high-energy limit of the various theories studied
here, the effective semiclassical gravitational action is
dominated by the two quadratic curvature terms & and
. This suggests that the appropriate action for quan-
tum gravity contains only these terms and is asymptoti-
cally scale invariant.! In this case, the standard, low-
energy Einstein terms would then arise an induced self-
interaction term of the quantum gravitational field."> The
fact that the coefficients of the Ina terms in the effective
a and b are different for the different couplings to the
semiclassical gravity suggests restrictions on the basic La-
grangian for quantizing the combined gravitational and
particle fields.

*Now at AT&T Bell Laboratories, HO 2E-528, Holmdel, NJ
07733.
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