
PHYSICAL RE VIEW D VOLUME 7, NUMBER 8 15 APRIL 1973
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It is verified explicitly to second order in Newton's constant, G, that the quantum-tree-graph
contribution to the vacuum expectation value of the gravitational field produced by a spherical-
ly symmetric c-number source correctly reproduces the classical Schwarzschild solution. If
the source is taken to be that of a point mass, then even the tree diagrams are divergent, and

it is necessary to use a source of finite extension which, for convenience, is taken to be a per-
fect fluid sphere with uniform density. In this way both the interior and exterior solutions may
be generated. A mass renormalization takes place; the total mass of the source, m, being
related to its bare mass, mo, and invariant radius, e„, by the Newtonian-like formula, m

=ma-3Gmz /5e„+O(G ), and the infinities in the quantum theory are seen to be a manifesta-
tion of the divergent self-energy problem encountered in classical mechanics.

I. INTRODUCTION

In an attempt to find quantum corrections to
solutions of Einstein's equations, the question
naturally arises as to whether the @-0 limit of
the quantum theory correctly reproduces the class-
ical results. Formally, at least, the correspon-
dence between the tree-graph approximation to
quantum field theory and the classical solution of
the field equations is well known, ' i.e., the
classical field produced by an external source
serves as the generating functional for the con-
nected Green's functions in the tree approxima-
tion, the closed-loop contributions vanishing in
the limit I-0. The purpose of this paper is to
present an explicit calculation of the vacuum ex-
pectation value (VEV) of the gravitational field in
the presence of a spherically symmetric source
and verify, to second order in perturbation theory,
that the result is in agreement with the classical
Schmarzschild solution of the Einstein equations.
This would appear to be the first step towards
tackling the much more ambitious program of in-
cluding the radiative quantum corrections.

Whereas in quantum electrodynamics it is a
comparatively simple matter to obtain the Coulomb
potential by means of the single-photon exchange
from a stationary point charge, the analogous
situation in gravidynamics, where the gauge group
is non-Abelian, proves much more difficult. First-
ly, as has been shown by Arnomitt, Deser, and
Misner (henceforth referred to as ADM) the
concept of a strictly pointlike source in generaL
relativity is untenable. There is a minimum in-
variant extension for a particle below which no
solutions of the field equations exist, the space-
time developing an intrinsic singularity at a fi-
nite point in the exterior domain of the particle for

radii less than this minimum. Moreover, the to-
tal mass of the source mould then become negative
and eventually negatively infinite as the point-
mass limit is taken. As we shall see, these dif-
ficulties manifest themselves in the quantum theory
in the guise of divergent tree diagrams when a
point source is used. As a model for the source,
therefore, it is essential to choose a particle of
finite extension.

In their work, ADM pick the simplest model for
such an extended particle, a spherical "shell dis-
tribution" of pressure-free dust for which the
mass density is merely proportional to 5(r —e),
where r denotes the radial coordinate and & the
radius of the shell. From the quantum point of
view, however, another dilemma arises. The
quantum-field-theory calculations are most con-
veniently performed in a manifestly Lorentz-co-
variant gauge by employing, for example, the
harmonic coordinate condition of de Donder, '
[(-g)'~'g""] „=0. Whereas in the canonical
approach ADM are able to carry out their anal-
ysis in a frame for which the metric is continuous
across the shell, in harmonic coordinates the
usual regularity conditions are violated and the
metric is itself discontinuous. This problem has
been discussed in a previous paper. ' One is then
faced with a choice, whether to use the attractive-
ly simple 5-function source and put up with the
attendant problems of discontinuity, or to abandon
the shell in favor of a uniform sphere thus gaining
continuity at the expense of simplicity. In this
paper we shall use the latter.

Finally, there is the question of stability. A
cloud of pressure-free dust for which the inter-
actions are purely gravitational is not a static
configuration. This is clear on physical grounds.
In the absence of phenomenological nongravitational
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pressure terms the cloud of dust under its own

gravitational attraction is unstable and will begin
to collapse. To circumvent this problem we use
a static perfect fluid with uniform mass density.

In Sec. II, the classical situation is reviewed
using the most general form of the spherically
symmetric time-orthogonal line element. For
the pressure-free dust a coordinate-independent
mass-renormalization formula is derived, valid
at the moment of time symmetry, which relates
the total mass of the source to its bare mass and
invariant size. The generalization involved in
going over to a perfect fluid is straightforward.
To solve the field equations explicitly, of course,
coordinate conditions must be imposed. In the
third section of the paper, the particular features
of de Donder coordinates are exhibited in order
to facilitate a direct comparison with the quantum
theory.

Section IV is devoted to the quantum calculation
of the VEV of the gravitational field to fourth or-
der in the coupling constant, ~, (i.e., second or-
der in G). This involves a knowledge of the rather
complicated 3-graviton vertex function. No attempt
is made to compute the four-point graph or higher-
order contributions because of the labor involved.
However, the 3-point diagram in which the source
acts twice will be sufficient to display the intrin-
sic nonlinearity of the theory, and, as we shall
see, the mass-renormalization effects.

T„"= pu"u„. (2.3)

p. denotes the proper rest-mass density and u" is
a 4-velocity satisfying

gpv u~u i ~ (2.4)

Since we are not interested in the time develop-
ment of the system, we shall, for simplicity, con-
centrate on the moment of time symmetry. That
is to say, we imagine the cloud of dust to be ex-
panding at some time during the past, gradually
coming to rest at t = 0 under its gravitational
attraction, and then collapsing as we move off the
hypersurface. For static initial data and for co-
ordinate frames with time lines orthogonal to this
3-dimensional hypersurface, it follows that

gj =0, i, j =1, 2, 3 (2.6)

initially, which means that the initial surface is a
moment of time symmetry. In this case the initial
constraints now reduce to

2 0
G0 2 K Tp (2.6a)

(2.6b)

ds2 —+gr2+ 82~ pf 2dt2 (2.7)

where dQ is the conventional solid-angle element.
The metric has the form

The most general spherically symmetric time-
orthogonal line element may be written in the form

II. THE CLASSICAL SITUATION AND

MASS RENORMALIZATION

g~= -N 2 (2.8a)

In this section we shall summarize some of the
classical results needed before making the com-
parison with the quantum theory. To begin with
we confine ourselves to the pressure-free dust
model and postpone discussion of the pressure
effects until later. The Einstein equations

-'~2Z' & g2= j6gGfl 2 p 7 (2.1)

describing the interaction of gravitation and mat-
ter, may be divided into two categories: the four
initial value or constraint equations which relate
the Cauchy data of the system at some initial time,
and the time development equations describing the
evolution of these data from their initial value.
ADM have made this particularly clear using a
(3+ 1)-dimensional decomposition of the dynamics.
We refer the reader to Ref. 5 for a detailed dis-
cussion. The four constraint equations are just the
field equations

II H xjxj
gjj 2 ~jj + 2 r2 (2.8b)

in rectangular coordinates with x'xj = r2. E, H,
and N depend only on r and t and I = 0 = 0 initially
since g„. = 0 initially.

Such a metric depends on only two unknown

functions and the choice of coordinates amounts to
imposing a constraint on I', II, and N. For ex-
ample, the choices I' = H/r and H = r yield the iso-
tropic and conventional Schwarzschild frames,
respectively. However, for the purposes of ob-
taining a coordinate-independent mass renormali-
zation formula, we shall not resort to a particular
coordinate choice but merely mention that the dif-
ferent frames under consideration are related to
each other by redefinition of the radial coordinate.
Under transformations of this type H and N behave
like scalars and F like a scalar density of unit
weight. One may show that

0 ~2T 0
p 2 (2.2)

0 & 3g

where for a pressure-free dust the energy-momen-
tum tensor is given by

H 1-—
2— (2.9)
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where 'S is the scalar curvature of the 3-space
and is independent of ¹ If we now consider a
spherical matter distribution with uniform den-
sity p and radius c, then

= p&(~ —r). (2.10)

= 16vGpe(e -r).
If we define the invariant quantity

(2.11)

(2.12)

and use the subscript + (-}to denote the exterior
(interior) forms, Eq. (2.11) yieldss

Both r and & are coordinate-dependent quantities.
~ is the radius of the shell as measured in a frame
where r is the radial coordinate. For convenience
we have put the origin at the center of the sphere.
Equation (2.6a) now reads

H I2 I

F 2

is to be compared with the one obtained in the
(3+ 1)-dimensional formalism of ADM by varying
(with respect to N) the Lagrangian describing the
coupling of the gravitational fieM to a neutral
particle of bare mass mo. ' This bare mass is the
inertial mass of the particle in the limit of zero
coupling (G = 0). There we have

(sg)1/236t Kmp (r) r( g ~ (2.17)

and therefore

m, = p 'g'"d'r.
Treating H as a radial coordinate we could now
write

(2.20)

'g= (FH'/r')' is the determinant of g, &. The bare-
mass density p,(r) is related to mo by the equation

o- po d'r (2.18)

the dynamical equations determining po uniquely
and in such a way that m, remains constant. Com-
parison of (2.11) and (2.17) gives

p. = p('g)'" (2.19)

r

a
H'(r)

2R

K 2= 1- - drH2H'+ H 0

1
2™
H(r) '

where R'= 3/8vGp and

m = T vpH'(e)

(2.13a)

(2.13b)

(2.14)

m= pdH

d3H
mo= p

=2npR sin '

3 E

c 10R2mph
' 1+—~+ ~ ~ ~

(2.21)

(2.22}

(2 23)

(2.24)

F dr
0

E'

=Rein '
R (2.16)

from Eq (2.13a). The to. tal mass, m, is clearly
an invariant. We now wish to relate this total
mass to the unrenormalized mass, mo.

The standard form of the Einstein equation (2.11)

is to be identified with the total mass of the system
as seen by an outside observer. '

There are two criteria for measuring the initial
size of the system. The invariant "circumference"
of the sphere is 2'(e), H(r) being the coefficient
of the solid-angle element dQ in the line element.
Henceforth H(e) is denoted by e,. There is also
the invariant "radius, " e, , defined by

(g„„)'+d~ (2.15)
0

For a shell distribution space is flat in the interior
and c, = ~„. In general, however, they are dis-
tinct, and in our case we have

3 Gm2=m+- + ~ ~ ~

5

Turning this equation around, we obtain

m =m —— ' +0(G') .3 Gmo
0

C

(2.25)

(2.26)

This formula, valid at the moment of time sym-
metry, relates the total mass of the system to its
bare mass and invariant extension. It resembles
the Newtonian self-energy formula for a massive
sphere in classical mechanics, ' and was derived
without resorting to a particular coordinate choice
using the energy-momentum tensor of a dust
cloud given in Eq. (2.3).

The argument is now easily extended to the case
of a perfect fluid with

T„"= (p, +P)u" u„+P6 „", (2.27)

P denoting the pressure. The important point is
that, for constant mass density, the constraint
equation (2.6a) and hence the mass renormaliza-
tion formula remain unchanged even when pressure
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N = ~ (e) ——,'K (r), N, =K, ,

K (r)-K (e)
SK (e)-K (r)

(2.28)

(2.29)

Note that all the metric components I', H, and N
and the pressure P are continuous across the
boundary. As far as derivatives of the metric are
concerned H' and N' are continuous; F' may or
may not be, according to the choice of coordinates.

terms are introduced. Now, however, the other
equations G j' = --,'z'Tj' may describe a truly static"
situation and Eq. (2.26) holds not merely at the
moment of time symmetry but for all time. More-
over, we may now express the remaining metric
component N and the pressure P in terms of K. We
omit here the algebra and state the results

e, =H(s) = e + Gm .

So from Eq. (2.25)

3 Gm0
m =ma —— ' +O(G ) .0 5

(3.6)

(3.'I)

atives are continuous across the boundary of the
sphere. " This is in contrast to the shell situation
where there are severe problems with discontinu-
ity. 4

The exterior solutions of the Einstein equations
subject to the constraint (3.4) are

r+Gm, r —Gm
H, =r+Gm, P,'=, N, '=r —Gm ' ' r+Gm

(3.5)

where r is now the harmonic radial coordinate.
The invariant size of the sphere &, is merely

III. THE DE DONDER GAUGE

In the previous section the mass formula was
derived in a coordinate independent fashion. To
solve the Einstein equations explicitly, of course,
coordinate conditions must be imposed. Moreover,
having solved the equations in a particular frame,
the invariant size c, and hence the total mass may
be expressed in terms of the coordinate dependent
radius ~. The quantum-theory calculations will be
performed in the harmonic gauge of de Donder. In
these coordinates the metric satisfies the four Lo-
rentz-covariant equations

An explicit form for the interior solutions is
harder to find but to lowest order we have

3r 1r'
H =r+ —————Gm,

2 6

31 1r=1+ —————, Gm,26 2E

N -3 1
Gm 1 1-Gmr

with

p(r) = kA'(~'-r')e(~ -r) .

(3.8a)

(3.8b)

(3.8c}

(3.9}

[(-g)"g""] (3.1)

in analogy with the Lorentz gauge condition A." „=0
in electrodynamics. (Here g denotes the determi-
nant of the four-dimensional metric g„„.) In con-
trast to the isotropic and Schwarzschild conditions,
the above relation is a differential constraint which
involves not only gi j but g0i and N also. Once again
choosing time lines orthogonal to the three-dimen-
sional hypersurface we have g ' = 0 and in the static
case the de Donder condition reduces to

2 2 +i j
~ +o(G'), (3.10b)

Finally the metric in harmonic coordinates is ex-
hibited in the form which we will attempt to repro-
duce from the quantum tree graphs.

+O(G'), r& ~ (S.I.Oa)
2Gm 2G'm'
r r'

2Gm 3G2m2
g ] ~ +r r2

[( g)1/2gl jj 0

The relevant quantities are

(3.2)
=-1 —SGm Gmr +O(G') r& e (S.lla)

y, g E& N
g

1 r' x'x'
+ 2-H2

(3.3a)

(3.3b) with

3Gm Gmr

(3.11b)

and Eq. (3.2) becomes
g ' =0 everywhere.

= 2''N. (3.4)

It is worthwhile noting that this implies the con-
tinuity of I' ' so that in de Donder coordinates all
the components of the metric and their first deriv

A= d4XZ X (4.1)

IV. THE QUANTUM THEORY

The action integral required for the perturba-
tion expansion
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will be written as the sum of three terms with

A =A~+A~+A~

gauge. Firstly, we examine the explicit form for
Z~, which may be expressed in terms of the ten-
sor densities

d xg~x+gcx+gqx (4.2) S""= (-g)'"g"", S„.=(-g) '"g„„, S"'S„,=5'.

Z~ is the familiar Einstein Lagrangian for the
gravitational field, and Z~ is the additional term
describing the interaction of gravity with the mat-
ter source. The part Z~, which breaks general
covariance, is added to specify the "graviton"

(4.3)

in the very convenient form given by Goldberg. "
It differs from" « '(-g)'"SI by a total divergence
and contains no derivatives of 9""higher than the
first:

~c 8 2( S SxlSK1 S St 3SA, 1 5K x. Slr) S, PS, a (4.4)

Our quantization procedure is now to set

tt
PV ~JlV + yjlV pPV y VP (4 5)

and to expand Z~ in powers of z. Terms independent of ~ represent the free Lagrangian while the remain-
der gives the interaction Lagrangian. Thus, we have

Z, (y) =P.' + «8',"+«'P.',"+ ~ ~ ~,

~G 3(2& Iu 1K' & Iuc&xr 536 B11)4,p&, a

~c 3( 7 l x1 IKa~r3+ l ) i1Kk in3 12+5a5 8 }Kr~kl 5n68 } 1K i11+6 k6 i «a) 18)S1' 034',
To implement the de Donder gauge condition

gpv p

we add the noncovariant" term

(4.6}

(4.7)

(4.8)

(4.9)

Pa VB&g-2 2nPV &, a&, g

pn v8=-2nPVA, a4, 8 (4.10)

(4.11)
where, in momentum space,

in accordance with rules given by Fradkin and Tyutin. " (Since we intend to restrict ourselves to tree
graphs only, the difficulties of fictitious particles occuring in closed loops may be ignored. ) By choosing
the density g

' as the interpolating field, the additional Z~ modifies only the free Lagrangian. The free
propagator of Q"" may easily be calculated from Z~+S~. It is given by the time-ordered product

(0I T&4""(«)1t"(x'Al o& =G"""(x-«'),

G "~'(02) = d"~'—1
p2 (4.12)

(4.13)
A knowledge is also required of the bare vertex function, F 3 ~3 ~3 («', x, «') describing the 3-graviton
interaction. This is most easily computed using DeWitt's" method of repeated functional differentiation of
the Einstein action A~:

r a131n232n333( 1 ) 5Sn131(«1)5S 232(3t3)6S 333(«3}

(A3 )1as a vanishing 3rd derivative since g@ is bilinear in the field 2 .) Writing

(4.14)

d'xg" & x (4.15)

Eq. (4.14) may be written
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gsA(i)
C

a& 8&~ sg ag sg 5 y~x &a5 y ~2 &@6y~a &s (4.16}

Using Eq. (4.8) a straightforward calculation gives, in momentum space,
1

F(y~g~(g2 $2~3/3(~gy ~gt ~3) sym g 8 ( 4'qa3a3 i82a&&e38pm
' ~a+ 26~ B2qa~ap838pm ~s &~Bpo|38$2Ãg 38g

(4.17)

+@V qPV + +yjLV (4.18}

the Einstein Lagrangian may again be expanded in
a fashion similar to Eq. (4.6),

8 (@}=2"'+MS"'+KZ'g'+ . .
However, the explicit forms for Z~ and 2'~" are
rather complicated and we shall not write them
down. In the de Donder gauge (though not in gen-
eral), the free propagator for Q"" field is the
same as that for Q"". The higher-order vertex
functions, however, are different.

We now turn to the rather delicate problem of
choosing the source term 2~. First of all we de-
fine

(4.19)

J„,=-(-z)'"&„., (4.20)
where T„„is the energy-momentum tensor given
in Eq. (2.27). If we now insert the interior form
of g"" known from the classical theory [Eq.
(3.11)], into the above equation, then to order x',
J„„is simply

J =u(r), Z„=P(v)n„,
where g and P are given by Eqs. (2.10) and (3.9).
Next, we note that if the Einstein equations

(4.21)

The "sym" standing in front of this expression in-
dicates that a symmetrization is to be carried out
on each index pair &,P„o',P» and n,P, . The sym-
bol I', means that a summation is to be performed
over all six permutations of the momentum index
triplets ~i~ikx~ nsPsk» a,P,k, . In the above equa-
tion we have omitted an over-all 5 function ex-
pressing conservation of momentum.

So far, the density 0"' has been chosen as the
interpolating field rather than g"" because 2 ~ and
Zo and hence the 3-point function of (4.17) are
much simpler in this form. " In computing the
VEV of the gravitational field, however, we pre-
fer to use the more familiar g"" for reasons which
will become clear later. Setting

since

5Ac 1
6 „.=p(-g) (4.23b)

yPV pV (4.24)

However, by adding the noncovariant piece S~ to
the Lagrangian the gauge symmetry (general co-
variance) is broken and the above constraint no
longer holds. If we now choose A~ to be

Ai= — d xgu (x)I gx)
1
2

(4.25)

and regard J„„asbeing a known classical func-
tion of x [Eq. (4.21)], and no longer a functional
of the metric, then functional differentiation with
respect to g"" yields the correct term in the Ein-
stein equation (4.23a). We may now proceed to
calculate the VEV of the gravitational field in the
presence of the external classical source J„„in
the usual way.

The S matrix is given by the Feynman-Dyson
expression

S =Texp i d xg. , x+g x (4.26)

where 2, describes the self-interaction of the
gravitational field and subscript J reminds us of
the presence of the external source. The VEV of

Unfortunately, in gravity theory (as in all non-
Abelian gauge theories), the introduction of a
purely inert external source is complicated by
the fact that the source itself depends on the field.
The components of the matter tensor T"" are not
all independent but satisfy the divergence condi-
tion

—*(-g)"G„.+-.~„,=o
K

(4.22)
(a) (o) (c)

5A~
PV 2 PV (4.23a}

are to be obtained by functional differentiation of
the action (A~+A~), then we must have FIG. 1. Feynman diagrams for the VEV of the gravi-

tational field in the presence of a c-number source (de-
noted by the circles). The closed loops have been
ignored.
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the gravitational field is then

(ol r& 4 v"(x}s,&l o}
(ols, l o&

(4.27)

Q"" is the field operator in the Heisenberg picture

and Q"" the corresponding field operator in the
interaction picture.

l 0) and (ol denote the unper-
turbed vacuum state. Ignoring closed-loop contri-
butions, the usual Wick expansion to order g'

gives, in momentum space

(k, , (k }) s v. . .s, (k )8 s (k ) fk kk k G. . .s, (k )vs, , ks, (k )G".".'.s (k,,)

(4.28)

These two terms may be represented by the Feynman diagrams of Figs. 1(a) and 1(b). The vertex function
I' is the 3-point function calculated using the field {I)"",

x' 53[X,+a.]
n181 282n383» ) 5galBI(2I}5g 282(x }5g 383(+3)

It is to be distinguished from 1 of Eq. (4.17) which was obtained using P". From Eq. (4.12) we see that
the above expression for the VEV requires a knowledge of

(4.29}

g vgag8gd&2v2a2B2d&3 3 888I' (4.30)a8 a6a8 ~

Since I' is much more complicated than f', an evaluation of this quantity would involve considerable labor.
Therefore, the following trick is employed. By repeated use of the relationship

s ( s I( )-I/2(5n58 +5a58 a8)5(x r)
5 N)))s( s} 2 2 )I v (( Vv

it is not difficult to show that

(4.31)

j.d&2 2am 2d8 a~8~ 282a383

=F"lvlv2v2v3v3 kP (521 vlv2 2}723 3 523 321 1(722 2 —5 "2 2"3 3Ii"I I+ —Ii"I 13i"2 2Iiv3 3)k

(4.33)

Now the first term on the right of Eq. (4.32), I', is known already and is relatively simple. So we see that
by writing Z~ and S~ in terms of the density tt

" it is possible to work out the quantities required in evalu-
ating the VEV of g"" in a reasonably straightforward manner, and this was the reason for switching our
choice of interpolating field from g"' to g"". In addition, a discussion of the source term Z~ was facili-
tated by choosing g"".

After many diversions, we are finally in a position to work out the VEV. In addition to the invariant
masses m and m„a third coordinate dependent mass will appear when we evaluate the integrals for
((t)vv)z. It is

(4.32)
where the symbol I', means sum over the three cyclic permutations of the momentum-index triplets p, ,v,k„
p, 2vmk2, and p, ,v,k„and also

52~a ()7vpIi va+Ii

A. =- ~mph'

and is related to m and m, by [Eqs. (2.14), (3.6), and (3."I)]

X =3}I—3 +0(G ) =1313—— ' +O(G ) .
GnF 2 18 Gm, 2

(4.34)

(4.35)

It will be instructive to define the quantity

e ikx
V(*}=-', ' fk'k, Ss(k),

where

(4.36)

S(k) S(k )fk s ""=S(ss)', '*'
(4.37)
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then V takes the form of a "potential"

1 3 1 1 r2
V(r) = -G~ e-(r ~) + ——-- —, e(e r-}

2 6 2 E
(4.38)

If the explicit expressions for the propagators, vertex functions, and sources are substituted back into Eq.
(4.28) for ((p"")~, then Fourier-transforming back to x space, we come across integrals like

3 3 ~T x 3k~4 k2d k3e'"~' "5 k, + +k3 p, p. k3 =—2 VB' 8'V
k2kmk2 3 g2 (4.39)

and

I'k, if 'k2d'k3 e'"~' "5' k, + +k, ' '
p. p. k, = —,8'p8&p

k k k
3 g2

P (x') 1

4vf x-x'f

(4.40)

(4.41)

8——2(VV V} (4.42)

where 1/V' denotes the inverse of the Laplacian
operator. The resulting expressions for (P")~
may be simplified using momentum conservation.
After much cancellation we obtain

3P 1 4)(((P'},=2V+ —,P , (q„——s))ve'V)

3 r' 3r4
+ —

2 + 4 — 6 G A 0 & —r
(4.46)

In accordance with the remarks made in the pre-
vious section one may check that all the above
quantities as well as V are continuous at r = e and
so are their first derivatives. We now have to
order G'

g 1 4((") = 2)' ——,) —,(q. , e VB'V))q"

2GA. 2 6
K(Q }~= — + ——,——O'A' (r& e)r r

(4.47a}

+—(e' Vs(V) (4.43)

the other components vanishing.
We already have a hint of the divergence difficul-

ties. Had a strictly pointlike source been chosen
then V-r ' everywhere and quantities like

—,(vv' v)
1

would be infinite.
Firstly we look at the zero- zero component of

the VEV. Explicitly,

—,Vt("V = O'Z'e(r —e)
1 2 6

5rg

15 3t 3 r
4 +——, G'X'e(c —r),8~ 4~ 40

(4.44)
1 6—

2@~,8 Ve'V=
2

— G X'e(r —t)g2 kl

2Gm 2G m
+ O(G~)r r' (4.49)

(r& e) . (4.47b)

In anticipation of the desired result we shall now
replace (Q"")~ by the classical symbol Q"". Using
Eq. (4.35) to rewrite the exterior solution (4.47a)
in terms of mo (which unlike m and )). does not de-
pend on e), we find

2Gm, 6G m, 2G m,'+ ' — " +0G') r&er 5re r
(4.48)

and it is now clear that the limit e - 0 leads to true
divergences in the gravitational field outside the
source. However, in terms of the total mass, m,
the e ' pieces in the above equation cancel to yield

]c' 1——2P =

4
+ G A, g e —r

(4.45)

Since
00 1 F00

we find, happily, that

2Gm 2G m2
g =-1 — —

2 + O(G } (r& E) (4.50a)
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2GX 3G'x' 6G') '

x'x'
G'X' + 0(G')r' (4.52)

so that finally, in terms of m, the ~ ' terms again
cancel to give

2Gm 3G mm;& G m x'x'

which is just the classical equation (3.10b).

(4.53)

V. DISCUSSION

By using an extended source to avoid divergences,
we have seen how, at least to order z', the quan-
tum theory correctly reproduces the classical
Schwarzschild solution in the k -0 limit, and how

the terms ~ ', e ', etc. , conspire to effect a mass
renormalization consistent with that obtained from
purely classical reasoning. There is every reason
to believe that this correspondence holds to all
orders of perturbation theory, independent of the
choice of gauge or interpolating field.

Having gained an insight into the problem by the
explicit evaluation of the Feynman diagrams, one
is perhaps in a better position to attempt some
sort of qualitative 8 corrections by including the

3Gm Gm~'=-1- +

+ — 2+ 4- 8 Gm +OG r&c
5'

46 26 4E
(4.50b)

which are precisely the classical Schwarzschild
solutions given in (3.10) and (3.11).

The computation of Q" proceeds in a similar
fashion. To avoid too much algebra we quote only
the exterior solution

~ ~

—,(a Vs V)= + — q —,Gx,j ] y
1 2 f g x x

V 4r' 5r~ 4'
r& g (4.51)

closed loops. However, this is a formidable cal-
culational task. Furthermore, these extra terms
contain all the usual infinities of perturbation theo-
ry and would have to be renormalized. An alterna-
tive approach is possible using the superpropagator
techniques of nonpolynomial Lagrangians and one
might expect to achieve finite results in this way.
The problem of gravitational collapse springs to
mind as one arena where such I corrections may
find applicability. As Wheeler" has emphasized,
quantum effects must change the complexion of the
problem in regions of high curvature. In this con-
nection we may note that although we chose a stat-
ic perfect Quid as the most convenient source for
our calculations, it is not necessary to do so. A

quantum treatment of collapsing matter, however,
would necessarily be more difficult.

Finally, it is an amusing fact that there exists
one coordinate frame in which each component of
the exterior Schwarzschild metric, when expanded
in powers of G, terminates at first order. This is
the metric given by Eddington,

ds'=dr'+r'dQ —dt'+ (dr+dt)' .2Gm
y'

If it were possible to perform the quantum calcula-
tions in Eddington (rather than de Donder) coordi-
nates, one would no doubt find that the sum to all
orders of the tree diagrams could be represented
by the single-graviton-exchange graph of Fig 1(a), .
with an effective source in which the bare mass is
replaced by the already renormalized mass. This
single graph would then describe the gravitational
field everywhere outside the source and not merely
its asymptotic behavior.
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Weyl's gauge-invariant geometry predicts that the periods of clocks are affected by their previous
history in electromagnetic fields. We have used the Mossbauer effect to search for such an effect with

negative results.

I. INTRODUCTION

The first attempt to formulate a unified field
theory in which both gravitation and electromag-
netism were incorporated into a single geometri-
cal structure of a space-time manifold was made
by Weyl" in 1918. In spite of some attractive
features this theory was abandoned by its author
and others within a few years. As will be dis-
cussed presently, at least one of the reasons for
this rejection might not seem as compelling in the
light of some recent astronomical observations. '
These observations led us to reconsider Weyl's
theory and to subject it to a more stringent exper-
imental test as reported here.

Einstein' pointed out in 1918 that a consequence
of Weyl's theory would be that the frequencies of

spectral lines emitted by atoms would depend on
the electromagnetic history of the atoms. Since
all atoms of an element in the universe seem to
emit the same frequencies the theory seemed to
be contradicted by the facts.

However, observations indicate that atoms in
distant galaxies have their lines shifted toward the
red end of the spectrum' as compared with terres-
trial spectra. This shift is usually attributed to
the Doppler effect and accepted as evidence for ex-
pansion of the universe. Some recent astronomi-
cal observations of red shifts associated with
quasistellar objects as large as av/v-1 have
made this interpretation difficult to maintain. '
Arp' and Burbidge' have suggested that it may be
necessary to revise our physical theories to ac-
count for these observations, and steps in this di-


