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A method is suggested for obtaining the local measure in the generating functional for non-
linear gauge fields within the framework of covariant S-matrix theory. The local measure
is obtained explicitly for the case of the gravitational field. The measure obtained is proved
to cancel all the divergences of the type o (0) which arise in the theory due to its nonlinear-
ity. It is proved that the value of the measure that is obtained is also required by the canoni-
cal formalism for gauge fields, and thus it secures the unitarity of the S matrix. A new
version of the canonical formalism for the gravitational field is given, which leads to the
explicit -Hamiltonian in terms of independent canonical variables. The quantization proce-
dure in this approach to the canonical formalism is just the usual canonical quantization
carried out in the Lorentz-covariant gauge. The new canonical formalism directly gives
the value of the local measure in the Feynman integral. It is proved that besides securing
the unitarity of the S matrix and eliminating the strongest divergences, the local measure
obtained secures the gauge independence of the S matrix. This property results from the
fact that the Jacobian of the gauge transformation of the field differentials is not equal to
unity, contrary to the statement in previous works. The gauge transformation of the local
measure exactly compensates for this Jacobian. The consequences of the gauge invariance
of the theory are studied next. The complete set of generalized Ward identities for the
Green’s functions is obtained in the transverse gauge. The set of quantum equations of mo-
tion for the gravitational field is derived, and the problems connected with these equations
are discussed. In the framework of the first-order formalism, the quantized Einstein equa-
tions are shown to take the form of the Schwinger-Dyson equations. A set of gauge rela-
tions for bare vertices is obtained. The analysis of the generalized Ward identities for the
Green’s functions at the threshold is given. In this connection the gravitational and ficti-
tious-field wave-function renormalization constants Z, and Z, as well as the fictitious in-
teraction vertex renormalization constant Z, and the infinite number of graviton vertex re-
normalization constants Z,, Z(f) s ...,Z({'), ... are introduced. An infinite set of Ward rela-
tions for these renormalization constants is obtained, Z,Z,”1=2,Z,™!, @)1=z, "z "1,
which leaves only two independent renormalization constants Z; and Z, and secures the
gauge invariance of the renormalized theory. Further, the new invariance properties of
the quantum theory of the gravitational field are investigated, which are connected with
peculiarities of the symmetry breaking and with the existence of the dimensional Planck
length. The “scale” invariance or “homogeneity” of the theory is proved, which leads by
means of Euler’s theorem to a new infinite set of relations, obeyed by the Green’s func-
tions. Analysis of these relations at threshold gives a new identity for the renormaliza-
tion constants: Z;=2Z,. Using the fact that the gravitational constant enters the theory
only through the dimensionless space-time coordinates, the general off-mass-shell rela-
tions for the Green’s functions are obtained from the “scale” identities. Possible anoma-
lous singularities of the Green’s functions are investigated. The “scale”-invariant regular-
ization is introduced. It is also proved, using the “homogeneity’”” properties, that the re-
normalization constants do not depend-on the gauge. As a result, the threshold asymptot-
ic behavior of all Green’s functions of the theory is made finite by means of only one re-
normalization constant—that renormalizing the gravitational constant «.

I. INTRODUCTION Lagrangian and to construct the unitary and gauge-
invariant S matrix for the gravitational field with-
Recently considerable success has been achieved in the framework of the functional-integration
in the quantum theory of gauge-invariant fields, method.
the gravitational field in particular. Methods have The gravitational-field Lagrangian without the
been developed by several authors in Refs. 1-4, “divergence-type term may be written as®
after a well-known Feynman work of 1963, which
make it possible to overcome the difficulties con- L=V-gg W(ri?“r% rﬁ”rg‘ﬂ)
nected with the degeneracy of the gauge-invariant =D* O hFh (g Oy 8 40)Bn &yys) - t.1)
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Let:us introduce the collective indices, running
from 1 to 10:

A=(¢,9); B=(¢)f)’°-',
and define
DAB =D(¢'9)'w'f)'“'o(gpu)na”m 1.2)

with arbitrary n,. When (n,)=(1,0, 0, 0),
—_ azL
8(9,84)8(0,85)

One can check by direct computation that the La-
grangian (1.1) is degenerate because

detD48 =0

1
ED.AB

for any n .

The modified generating functional® for the grav-
itational field may be presented in terms of Refs.
1-4 as

z[j*]=

Al [ nma]
xITIT 6 (x*)du(e), (1.3)

where L denotes the Lagrangian (1.1), x* the gauge
conditions, and Z'" the normalizing integral over
paths for linearized theory:

Llin = D(6,0), W.f).e, °(5,,.,)(aog¢e)(3agwf)' 1.4)

The Jacobian J, [g] is determined by the given
gauge condition as

Tlgl=expTr @@ ]y, (9)

where the operator §4° is determined up to a local
factor according to the following recipe.

Let us perform the gauge transformation of the
given gauge conditions y* with the aid of the gen-
eral coordinate transformation function f:

xF~TF=xF+ fH(x).
Confining ourselves to the first order in f, we ob-
tain
fyo— BB
o x*=Q3°f". 1.6)
One may use any variables A, parametrizing the

gravitational field. For instance, in Sec. II we
shall use the variables

Auv =8 -
In some cases the choice of variables
Ayy= =g g (&)

is more convenient.
The gauge transformation of the variables reads

(K=

oA, =vHio@)fe. (1.8)

From (1.6) and (1.8) one obtains

oxte)= [ay Z’A(A(”g) vmlo 4| 5) £o(3),

or for the kernel of Q ,

A ‘ ox® (A |x)
TAB (y y)=VHY s 1.9
Q X ()y) a(Aly)aA“v(y) ( )
where V*¥ is conjugated to V*’!*. For instance,
in terms of the variables (1.7),

VOrI9(8) = - (0,487 + §%578, + 57688, - g%,
(1.10)

V+gu(§) - _(ac *uo)ﬁy (3 gpo)éu - "05"‘ B

—24%0%8, + g™, (1.11)

A “conjugate” operator is everywhere defined by
equalities of the type

[ Fp@vo@) fowax= [ 700wl
F)dx

It is important that Vv (4) is always linear in the
variables A (which has been observed already in
Ref. 2).

Now, beginning with Sec. III we shall use the
linear and transverse gauge, which in terms of the
variables (1.7) reads

X*(8)=3,8". 1.12)

However, in Sec. II we shall need another nonlin-

ear gauge condition (2.17). Under the gauge condi-
tions (1.12) one obtains

Qy=a,9me
=-(0358%) +2PP010%, + (9 2°0)5%9,~ (02 )3, ,
(1.13)
and the conjugated dperator
QT = —v*ivs
= (3,87°)6L0, + (6,8%), + ZV°0K3%, . (1.14)

The operators Q and QT are different from each
other, but it makes no difference which of them is
to be used in the expression (1.5). Calculation of
the operator @ under the nonlinear gauge conditions
(2.17) gives expression (2.21). It is important that
if the gauge conditions are linear, the operator Q
is also linear in the field variables.

As is shown in Refs. 1,2, and 7 the Lagrange-
multipliers method may be generalized, which
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makes it possible to obtain the S-matrix generat-
ing functional for the nondegenerate gauges x*#0:

z[i*] ='Z“}:’r?fJx[g]exP{if<L+gu,,j“"

2a

(1.15)

When a-0, Z[j*] reduces to expression (1.3),
where the gauge is degenerate. « is a parameter
fixing the gauge.

It was shown in Ref. 1 that the generating func-
tional (1.15) determines the S matrix, which is
unitary, gauge-invariant, and independent of a.
The unitarity and gauge independence of the S ma-
trix needs some more discussion, as we shall see
later.

The generating functional may be also written
down in the first-order formalism, where the
components of the metric tensor and of the Chris-
toffel symbols are treated as independent:

z[*] =2%,J‘Jx[g, r] exp{iJ(L(g, r) +guuf“")d4x}

x IT 8(x*(g, T))d n(g, T).

x,0

(1.16)

To make the S-matrix theory formulation com-
plete, it is necessary to solve the problem of a
local measure d 1.(g) in the integral (1.15) and
du(g, T') in the integral (1.16). In the following ex-
pression for measure, the local factor ¢ (x),

du@)=IIo &) H aguy
x ps=v

=exp {6“”(0) f In¢ (x)d“x} II ag,

X U=v

exists due to the peculiarity of nonlinear theories.
The problem of local measure has not been
solved in Refs. 1-4. However, this measure is
important for unitarity, gauge invariance, and
cancellation of the strongest divergences of the
type exp[6“’(0)f], which appear in the nonlinear
theories with the interaction Lagrangian quadratic
in field derivatives. Specification of the measure
for gravity is not straightforward because of the
degeneracy of the field Lagrangian. However, for
the S matrix expressed in terms of the proper in-
tegrals (1.15),(1.16) the measure may be speci-
fied. In the present paper we suggest a way of ob-
taining the local measure for nonlinear field the-
ories with nondegenerate and degenerate Lagran-

1
-5 x“x”%,)d“x}du(g) .

gians and obtain the local measure for gravity.

In Sec. II of this article the local measure is ob-
tained from the requirement of cancellation of the
terms of the type 6’ (0) in the functional integral.®
Next we show that the same value of the measure
is also required by the canonical formalism for
systems with constraints.

Further in Sec. II we suggest a new version of
the canonical formalism for the gravitational field
which possesses some advantages over the usual
one developed by Dirac and others. First, it
makes it possible to obtain the explicit er'(pression
for the Hamiltonian in terms of independent canoni-
cal variables. Second, the quantization procedure
for such a Hamiltonian does not need any additional
elements except those required by the usual canon-
ical quantization. Third, quantization is carried
out directly in a Lorentz-covariant gauge, while
in the approach of Ref. 9 the use of noncovariant
gauges leads to serious difficulties when the tran-
sition to a covariant gauge is performed.!® In our
approach to the canonical formalism, developed
in Sec. II, the quantization is straightforward and
leads to the correct expression for the S matrix
in the degenerate harmonic gauge, directly giving
the correct value of the local measure in the Feyn-
man functional integral.

Next, we show that in spite of the presence of
the noncovariant factor g° or g** in the local mea-
sure obtained (it would be better to say “due to this
presence”), the local measure together with the
field differentials remains invariant under the
gauge transformations. This property results
from the fact that the Jacobian of the gauge trans-
formation of the field differentials is not equal to
unity. Here the essential peculiarities of the gauge
group of general relativity come to light. As to
the local factors, it is shown that the Jacobian
arising is exactly compensated for by the gauge
transformation of the local measure. The latter
circumstance plays an essential role in the proof
of the gauge independence of the S matrix, because
it is only when it is taken into account that the
procedure of integration over the gauge group, de-
veloped in Ref. 3, leads to the correct proof. As
a resu't. it is shown in Sec. II that the local mea-
sure obtained is the unique one that makes it pos-
sible to secure the unitarity and gauge indepen-
dence of the S matrix, and cancellation of the
strongest divergences of the type 6 (0).

We proceed in Sec. III with a study of the conse-
quences of gauge invariance of the theory, which
results in a set of identities for the Green’s func-
tions analogous to the Ndother identities in classical
theory. These relations are known as general-
ized Ward identities. The well-known Ward iden-
tity in electrodynamics is a particular case of
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these relations. The complete set of generalized
Ward identities in electrodynamics was first ob-
tained by one of the present authors in Ref. 11.
The general method developed in Ref. 11 is, in
principle, applicable to any gauge theory. The
generalized Ward identities for the Yang-Mills
field were obtained and analyzed in Ref. 12@).

The suggestion that there should be an infinity of
gravitational Ward identities was spelled out in
Ref. 2. A discussion of the connection between the
conserved currents and the source currents in the
case of gravitons may be found in Ref. 12(b). In
Sec. III we shall obtain a complete set of general-
ized Ward identities for the Green’s functions of
the theory of gravity. We shall show that all these
identities may be derived in the transverse gauge
from the generating Ward identity in the presence
of sources. [See the note in Ref. 12(c).] In its
turn, the generating Ward identity is proved to be
the gauge-invariant consequence of the complete
set of equations of motion for the generating func -
tional and the Green’s functions. The set of quan-
tum equations of motion for the gravitational field
is derived in Sec. III and the problems connected
with these equations are discussed. It is shown
that in the framework of the first-order formalism,
the quantized Einstein equations take directly the
form of equations of the Schwinger-Dyson type in
electrodynamics. Some first examples of applica-
tion of the generalized Ward identities are also
given in Sec. III.

Sections IV and V are devoted to the elements of
renormalization theory. The threshold renormal-
ization constants are introduced: the gravitational
and fictitious-field wave-function renormalization
constants Z, and Z,, the fictitious interaction ver-
tex renormalization Z,, and the infinite number
of graviton vertex renormalization constants Z,,
z®, . ..,z" ..., in accordance with the infinite
number of the bare graviton vertices. The com-
plete analysis of generalized Ward identities for
the Green’s functions at the threshold is given in
Sec. IV. Such an analysis for the theory of gravity
presents some technical difficulties in comparison
with the similar treatment in Ref. 12(a) for the
Yang-Mills field. An independent investigation is
needed of the threshold asymptotics of some of the
Green’s functions in coinciding points, which is
performed in Appendix B. The set of gauge rela-
tions of the bare vertices also needed for the anal-
ysis of Sec. IV is obtained in Appendix A. As a
result, we obtain in Sec. IV an infinite set of Ward
relations for the renormalization constants

Z1Zz—1 =Z~1Z~‘z—1 s

(ZYI))-I '—'Zl-" Zzn-l. s
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which leaves only two independent renormalization
constants Z, and Z, and secures, as we show, the
gauge invariance of the renormalized theory. Sec-
tion IV ends with the construction of the renormal-
ized Lagrangian in an arbitrary gauge and with the
discussion of some peculiarities of the gravitation-
al-field wave-function renormalization, which
seem to suggest one more relation between the
renormalization constants,

Z,=Z,.

This relation exists, but it is not the Ward iden-
tity. We obtain this new relation between the re-
normalization constants in Sec. V.

In Sec. V the new invariance properties of the
quantum theory of gravity are studied, which are
connected mainly with the peculiarities of symme=
try breaking, with conformal properties of the
Einstein Lagrangian, and with existence of the
fundamental constant (¢%)'/2 having the dimension
of length. A proof is given of the invariance prop-
erty, called the “scale” invariance or “homoge-
neity” of the theory, which states that the generat-
ing functions and Green’s functions of the theory
are the homogeneous functions of some of their
arguments. Analytically, the homogeneity is ex-
pressed by the known Euler theorem just as gauge
invariance is expressed by the Noéther identities.
Application of the Euler theorem leads to a new
infinite set of relations, obeyed by the Green’s
functions. Analysis of these relations at the
threshold gives the new identity between the re-
normalization constants Z, =Z, .

The “scale” identities mentioned contain the de-
rivatives of the Green’s functions with respect to
the parameters of the theory. Further, using the
fact that the gravitational constant k enters the
theory only through the dimensionless space-time
coordinates, we exclude the derivatives with respect
to kfrom the “scale” identities and obtain the general
off-mass-shell relations for the Green’s functions.

The influence of ultraviolet and infrared diver-
gences upon the “scale” properties is also dis-
cussed in Sec. V. The “scale” -invariant regular-
ization is introduced and the possible anomalous
singularities of the Green’s functions are investi-
gated. It is also proved, using the “homogeneity”
properties, that the renormalization constants do
not depend on the gauge.

As a result, the divergences are eliminated
from the threshold asymptotics of all the Green’s
functions of the theory with the aid of only one es-
sentially divergent constant—the gravitational-
constant renormalization.

The article ends with a remark on the possible
renormalizability of the theory, at least on the
mass shell.
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II. LOCAL MEASURE AND THE CANONICAL
FORMALISM IN THE COVARIANT GAUGE

A. Appearance of the Local Measure and Cancellation
of the Divergences 6 (0) for the Theories
with Nondegenerate Lagrangians

The S mairix for quantized fields coupling in the
cases when the interaction Lagrangian depends
nonlinearly on the field derivatives (or when the
interaction Hamiltonian depends nonlinearly on the
canonical momenta) cannot be presented by the
usual Feynman integral over fields of the expo-
nential of the field Lagrangian. In fact, in terms
of independent fields, the unitary S matrix is pre-
sented as follows

i[5 8 a4
S=:exp{§fWDF(x—y)Wd xd y}

X exp {z f Lint (x)d“x}

5 2.1)
¢=¢in

where

eXP{i f Lin(o (x))d“x}
16 & .,
=€Xp{ﬂf om (x) Gn(x)d x}

X exp {—i f Hiny(m, qb)d“x} 2.2)

7=dLy/ 0

In the cases when the Lagrangian is not degen-
erate and the interaction Hamiltonian Hin:(m, ¢) is
expressed in terms of independent canonical vari-
ables, the generating functional of the S matrix
(2.1) may be presented as the following functional
integrall®:

Z[j]=213f IxId¢0(¢)exp{if[L(¢)+¢j]d“x} ,

2.3)
where

p(¢)sf gdﬂ exp{if [L(tb, $+1) = L)

_ 3L(¢; (b"'") ] d‘*x

o

52L (9, ¢ +)
+6(0)Trln——-—w———} B

It may be easily verified that provided Li; does

not depend or depends linearly on the ¢ expression,

(2.3) reduces to the usual Feynman type [p(¢)=1].
In the case of quadratic dependence of L, on ¢,
(2.3) leads to the following expression for the gen-
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erating functional:
1 .
7=z [ TIav em)i [ (L) +iprat

+§6(0)Tr1n§—2-15—.((—p—’£}
: 8p0¢
=%fexp{if@«p)+j<;>)oz4x}

Xn[detaqs( 100 (x )Tzd""

The same result can also be obtained from the
continual representation of (2.2) in terms of inde-
pendent canonical variables:

2li)=s [ exp{z‘ [aé -H(w,¢)+j¢>d4x}

2.4)

xI1de¢ dn. (2.5)

Consequently the requirement of unitarity of the S
matrix in the general case leads by means of the
canonical formalism to the modification (2.3) of the
Feynman integral. For local theories of the type
mentioned, it leads to the existence of local mea-
sure, for which we have the expression

82L 1/2
II [detsmss ®ots 1 2.6

in the integral (2.4) and the value 1 in the expres-
sion (2.5) provided the Lagrangian in (2.4) is non-
degenerate and the Hamiltonian in (2.5) is ex-
pressed in terms of independent canonical vari-
ables. On the other hand, it may be proved that
the local measure cancels the divergences of the
type 5(0) which appear in the integral (2.4) when
the integration over ¢ is performed. The latter
statement is well illustrated by the stationary-
phase method. Let us consider the integral (2.4)
with the Lagrangian of the type (1.1)

L=D*?¥($)(@,9,) @y5),

but not degenerate, and perform the series expan-
sion of the action functional near the extremal:

SS+fd4xd4y 8%s

5640065 (9) | g,= 69 o, Pa®)$5(9)

I
=8, 3 [d% 43042 6, B, 0IFa )+
5,4 =$A - (—52 .
Replacing in (2.4)
H d¢A= H d¢—>A )
x, A x, A
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and confining ourselves to the quadratic deviations from the extremal, we evaluate the resulting Gaussian

integral:

Z| =0 —exp{z(s s‘“‘)+36‘4’(0)f[1ndet

A B

Now, one has to single out the part <5 (0) from
the term

$Tr InQ42(x, y) =3 Tr InQ 43 (x, y)
of (2.7). The kernel of the second variation reads
Q48 (x, ) =[Qi“’“"(x)8u8u +$'z§“’”(x)8u +Q248 (x)]
X6® (x ~y),
where
QB (x) =2 D AP (x)),

the local term here being determined only by the

matrix attached to the higher derivatives.
Indeed, one obtains the equation for the kernel

GA(x,y) of the operator under consideration, G2

=040 ] pc :
DA% (x))3,8,G 5 (x, ) ++ * + =D4H(5,4)8,9,
X6W =) 40
2.8)

It may be seen from (2.8) that if M2(x,n) is chosen
in the form

Mﬁ(ﬁf, n)= DACI(G)[D—I(d’ (x))]ca s

D*%(¢ (x))= D4B¥(¢ (x))n,n,,

one has for the local term,
detQ 48 (x, y)]V/2 P
In %W %TI‘ lnfzi,‘f[ﬂ I]BC

3Tr lnfMg(x,n)ei""“”’d“n+' ..

=%5“)(0)f1nf(x)d“x +eee. (2.9)

There is some ambiguity in the final expression
for f(x) here. It is the ambiguity in the value of
the local part of the coupling factors of the type

kuk,
8,Dp (6 =903, , = f Budy gtne-v gy 2.10)

x=y

arising in (2.9) and depending on the way of cal-
culating. In the framework of the Hamiltonian
formalism, it follows from the definition of
Dg(x -y) as

@t -t E)P(')+0( =) (x")p (x)),
that the term «<6“’(0) in (2.10) appears only when

lin
~1lndet——= L }d‘*x-v
8 Aa B

[detQ 42 (x, y)]"2 @.7
[aetQ®® (x, y) ]2 :

pk=v =0, since it is the only case when 6(¢, - ¢,)
appears after the 6 function is differentiated. The
same conclusion follows from the representation
of D, where the integration over %, is performed
first. Here again, 6 () appears only in 82Dy .
Thus in the framework of Hamiltonian technique
one obtains

fx)=detMB3(x,n)

detD4B(5)

- detDABOO(¢ (x)) . (2-11)
Substituting (2.11) into (2.9) and (2.7), one makes
sure that the terms of the type 5 (0) are canceled
out at least on the extremal. When one chooses
some other way of calculating the integrals of the
type of (2.10) [for example by means of covariant
regularization in £ space, in which case f(x)
= detD“4BH(5)/det D ABPH(¢ (x)) (see also Sec. IIE)],
the local measure in the integrals (2.4) and (2.7)
must be also chosen not as (2.6), which the Hamil-
tonian method gives, but as

32L 1/2
IxI [det a (8p¢4)8 (8u¢3)] ’ (2’12)

the divergencies in (2.4) being compensated for
again.

It is essential for the present discussion that
whichever definite, but unique, way of calculating
local measure and the local term in the functional
integral is chosen, one will always obtain as a
result the cancellation of divergent terms <6 (0) by
the local measure.

Cancellation of the terms «6(0) (for the systems
concerned) by the local measure (2.6) was rigor-
ously proved in Ref. 14 for the case of a finite
number of degrees of freedom. It was shown in
Ref. 14 that after the covariant finite-multiple ap-
proximation in the integral (2.4) is performed,

lim = [ II d@exp{ iy DAk S L

XA §A¢g<IuIe ﬂ>}

[(n) = (1’ 0; 0’ 0)]

xH[dewABu"(qb ) ]/2, 2.13)

eke?

the change of variables ¢% in the multiple integral
(2.13) is possible, which leads to the cancellation
of the terms
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IT [aetn 2uv(o) ]m ,

i (2.14)

and reduces the exponential in the functional inte-
gral to the usual Gaussian type while the functional
left-integrated over the usual Feynman measure
turns out to be free from the terms expd(0). In
the functional-integration language the ambiguity
in the expressions (2.9), (2.10) discussed above
means the ambiguity in the limit €,~0 in the ex-
pressions (2.13), (2.14). It is remarkable that the
local measure (2.14) does not depend on the ap-
proximation, while the integral (2.13) does depend
on the choice of it.'* We shall write the expres-
sions (2.6), (2.12), and (2.14) for local factors in
the measure in a covariant form,

lim

n-—>o

[detD’“’“"(ﬁb (), nu}"z 2.15)

detD "B‘"’(é)np n,

(see also Sec. IIE), the Hamilton expression (2.6)
being obtained from here by choosing the limit:
ny/ny—=0, ny—~=.

B. Calculation of the Measure for the
Theories with Degenerate Lagrangians:
The Case of the Gravitational Field

The main idea of our method is to use the gen-
eralized Lagrange-multipliers formalism, de-
veloped in Refs. 1,2, and 7, which leads to ex-
pression (1.15) for the generating functional in a
nondegenerate gauge. The advantage of the ex-
pression (1.15) over the expression (1.3) is that

the noninvariant term
J
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AL(@)=—5= 0, (@)X (&), (2.16)

quadratic in field derivatives, is added in (1.15) to
the degenerate gravitational-field Lagrangian
(1.1). For this reason the gauge invariance of
(1.15) is broken before the transition to the mass
shell and the Lagrangian degeneracy is removed.
This in its turn permits us to obtain the expres-
sion for the local measure (1.17) in the integral
(1.15) from the requii'ement of cancellation of the
terms «6’(0), which are to be found in (1.15) both
in the field action and in InJ,, the final expres-
sion for the S matrix being free from the diver-
gences of the above-mentioned type.

So let us write the local factor ¢ (x) in (1.17) as

1 1
=T FHm

Note that calculation of the measure by the method
suggested is to be carried out for some definite
choice of the gauge x% the result, however, is
independent of the gauge. It is convenient to carry
out the calculations in the following gauge:

X(B) =hu(B)(—g)—l/4(aol\/’:§ gou) ]

where £,(B) is a tetrad.l® -

The revised Lagrangian [from (1.1) and (2.16)]
is nondegenerate; consequently we can use formula
(2.15) for evaluation of the local factor ¢, (x) com-
ing from the field action. The matrix

D4B(a)=D*B +AD4B(a)

[from (1.2) and (2.16)] calculated for the gauge
(2.17) reads

(2.17)

1 1 1 \/n %% nn’ nn? nOn? )
AB( )\ =1/ o 5,2 2\ p00,F _L(bUy0F | BF 0¥ T = v op of of
D*B(a)=3V-g n [(1+2a>g gV -3 (g%%g% + g%¢ )+2<1+a><n2 8N A 8 8 A 8

a) n?

1\n%° . ( 1\ n¥n’
—<1+ > g7 - 1+E>7L—2-

where the notation n%= g%

(4, B) is performed. .

g"’e] , (2.18)

®ng, n®=g"n,n, is introduced and symmetrization of indices (¢, 6), (, f), and

- The direct evaluation of the determinant of the matrix (2.18) gives us

aetpa(@)=(})" = @m, ).

(2.19)

It is essential that the constant a factors out and thus cancels out after normalization. Performing nor -
malization of (2.19) over detD {2 (@) and choosing the Hamiltonian way of transition n,~«, one gets from

(2.15) and (2.19)

00)5 .

S =
b ) &

(2.20)

The local factor ¢,(x) coming from InJ,[g] in (1.15) is still to be found. The Jacobian J,[g] is given by
(1.5) where the operator @, calculated by the method of Ref. 4 under the gauge (2.17) reads'®

éu (7) = ("au gv)\ +Zaugu)\ + ngxau){(—g)uz (gc)\guu _%g"#g’\")ao hg(‘)’)('g)—lM

+3 (=) 2R (y) — 58 ) /=2 £°°)}-

(2.21)
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Singling out the local pai't of anx[g], which is de-
termined by (2.21), may be carried out just as in
the case of the kernel of the second variation of
action. As a result one obtains

D,(0)=(-g)*"*(g™)%, g=detg,, .

Now from the requirement of cancellation of both
local contributions by the local measure, we get,

(2.22)

finally, the measure in the integrals (1.3) and (1.15):

du(g)= H(—g)'“g“H g, - 2.23)

u=v
The measure in the integral (1.16) can be obtained
using the requirement that after integration over
forty variables I'g, which may be performed ex-
plicitly, the integral (1.16) returns to the form
(1.3). Thus we have

du(g,T)= H( &) g1 B H dI‘

u=v

(2.24)

Expressions (2.23), (2.24) correspond to the Hamil-
tonian way of calculating the integrals of the type
(2.10). In the manifestly Lorentz-covariant theory,
the invariant regularization in 2 space may prove
to be more convenient.
Then, the expressions for measure take the form

du(g)= II(—g) v2gec]ldg,,, @.25)
us=v
du(g, T)=1I( g)”ngH dg,, EI drg,
-~ (2.26)

However, as was discussed above, in any case
provided that the calculations are uniform, the
local measure obtained compensates for the di-
vergences 5(0) in the functional integral, the S
matrix being free from these divergences.

The measure naturally depends on the choice of
the variables of integration. Transition to the
other variables may be carried out by calculating
the corresponding functional Jacobians. Let us
give the values of measure for some choices of
variables !”:

du(g) H(_g) -(20p+3)/2 ooH d(g)"gu,,

p=v

_H(_g) [10(2p~1)+3]/2 ooH d(g)’g‘”’

p=v

=II(-g)>0-2=4g™ T d(gPhy(a)
x (u, @)

_H( g)[s(s-ao) 6]/4 00 H d(g)”h“(a)

@
(2.27)

The expression of the S matrix in the Dirac

gauge is of special interest because of the possi-
bility of comparing our results with the require-
ments of the canonical formalism.® It was men-
tioned above that in the Feynman integral over in-
dependent canonical variables, the local measure
is equal to unity. Let us show that our results
agree with the canonical formalism.

Let us consider the generating functional (1.16)
with the measure obtained (2.24) in the Dirac gauge
(this consideration follows our work?):

ak[(g(3))1/3eik]’ i,k=1,2,3
(2.28)

X°=q"%m,, , X =

- where

gt =gg®eit

- 1
Tip=———T%,,
ik \/'-Egm ik

et g, =08,
g® =
=detg;,

= gg%°

In Ref. 1 the operator Q*®(g, T') for the gauge con-
ditions (2.28) was calculated. Let us confine our-
selves to the quasiclassical approximation, when
the classical equations of motion may be used in
the expression for Q*%(g, I') (see Ref. 1). As was
shown in Ref. 1, Q"8(g, I') takes the form

Qi = (_g(s))1/3(6;eem3§m + éeeiaij)’
(2.29)

=0, Q=V—g R® +e'*v,v,)

independent of I'g, . Using this circumstance, let
us integrate in (1.16) over 34 variables T differ-
ent from I'},. As a result we get the additional
factor

TI[(-8)*(e*)7]

and the La‘grangié.n transforms to the canonical
form ®:

L(m,q,\) =194 =\'T,(m,q), (2.30)
where
gOk _ 1
AR =£—0_0 s A0 = ‘/____ggoo .

In the integral left a change of the variables of in-
tegration g, I', to the variables ¢**, \* 7, ,
leads to the Jacobian:

I1 (g ).

Let us pass now from the operator Q*#[Eq. (2.29)]
to the operator Q2

Q‘chm =Q‘l" QOcan— 'l(; Qo > (2.31)
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which was obtained in Ref. 9 by application of the
general canonical expression for the Qf ., equal to
the Poisson bracket®:

Qeh={x*, T .

As a result of such a transition we get the addi-
tional local factor

II(/-gg*)*

Finally the integral (1.16) with the measure (2.24)
comes to the form

me eXpl fL(n q,\)d*x }H 8(x*(m, @))d u(g, m, \)
' 2.32)

equal to the Feynman integral over independent
canonical variables.® Taking into account the local
factors which arise, we have for the measure in
(2.32).

dum, q,2)=I1 H dq** T1 dW,,.,,H dre,

m=n

with the local factor equal to
I‘I [(_g)'l/zgoo] [ (_g)-11/2(g00)-5]
x[V-g g [V-g ] =

Thus the local measure obtained satisfies the re-
quirements of the canonical formalism. Note that
we have used the classical equations for Q*® here,
but, as we have shown above, the local measure
is preserved in quasiclassics.

We have used here the canonical quantization
procedure for systems with constraints, which
resulted in expression (2.32).

Another version of the Hamiltonian formalism
may be suggested which possesses certain advan-
tages.

L(g* 2\, n,,C% C% =m,,(q, Nog*

AN Ad
= [‘n‘a (q )‘ + Ao)*'no iho:]

i
+% (8,C%,C*+8,C%,C%) .

Let us now find the Hamiltonian formulation of
the dynamics of the system represented by the La-
grangian (2.39), containing the complete set of
fields.

Define the canonical momenta:

q‘k =T =1T¢k(q, X) ’

n 1
ILDLEN & =_k_“’ s o =>x_02 (e +my2?),

1

C. Hamiltonian Formalism in Covariant Gauge

First let us represent the Jacobian J, with the
aid of additional fields C*, C8, obeylng Fermi
statistics:

J, = f exp[i f@a(x)éaﬂcﬂ(x)deH dcdce.
Bk (2.33)

Such a representation in the functional integral
(1.3) has been used in Refs. 2 and 3.

6 functionals of the gauge conditions may be rep-
resented with the aid of Lagrange multipliers:

II 5(x¥) =fexp [—ifnuX"dx]H dn, .
X0 X 1
Now let us choose the transverse harmonic gauge

x*(8)=9,8"". (2.35)

Note that, provided that the gauge (2.35) is de-
generate, the operator (1.13) may be written in
the form

(2.34)

Q°® =5%Vg0), (2.36)
where [ denotes the covariant Laplacian'®
O= g“"(a2 -T008). 2.37)

The idea is to consider the initial classical the-
ory of gravity as the theory described by the fol-
lowing Lagrangian:

L(é, —é’ c,m =\/—‘:9'R -nuaué“"+§“”3u5°‘8,,c"‘ .
(2.38)

Here the Lagrangian of the C field is generally
covariant and Hermitian due to the degeneracy of
the gauge.

Let us now perform the transition from the vari-
ables 2" to the variables g%, \*. Then the La-
grangian of the field g takes the form (2.30) and
we obtain

1
= W T,(1(g, )3 )+ (o + A A = Th oM
()

ATX
aa
)\)CBC"‘

(2.39)

77‘,"70"1’:=0, Po=07
X‘
"pa o 9,C C*+ XHB{C“,
s 1 ral h‘ Yal:
Ca"pa=FaoC +X6 9;C

Thus the momenta conjugate to the fields 7 are
equal to zero, while the 7 fields themselves serve
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as momenta conjugated to the fields A. When the
latter circumstance is taken into account, the La-
grangian (2.39) may be rewritten identically in the
form

L=m,,8,g% +md\° +7;8 Af +58,C*+8,C %y
-H(g,n* x,7*,C,p,C,P). (2.40)
The Hamiltonian takes the form

H=x Tu(ﬂik’ q) +A05apa _.50: Akakca - (3,-5(!)7&‘])0‘
13
+w°<xozak£—o > — 7, [A%8, At + 1%, (\%**)]

~g'*r0,C%,C*. (2.41)

Note that this Hamiltonian has no constraints.

Thus the formulas (2.40), (2.41) present the
Hamilton formulation of the theory of gravity with
a Hermitian Hamiltonian, containing eighteen
pairs of independent fields, some of these fields—
C, C and their conjugated momenta—being the ele-
ments of Grassman algebra.!® The last property
is unusual from the point of view of classical the-
ory, but not contradictory, however. As to the
quantum theory, use of the Hamiltonian formalism
developed here directly leads, as we shall show,
to the covariant S-matrix theory formulation, de-
scribed in Sec. I, with the local measure coin-
ciding with the value obtained above.

The S matrix thus obtained is pseudounitary in
complete Hilbert space, that is,

E(nlslm><mlsﬂnl> =6nn’ .

It may be shown, however, with the aid of Ward
identities which will be obtained in Sec. III, that

in the cases whenn and »’ are physical states,

the contribution to the unitarity condition (2.42)
from the nonphyiscal degrees of freedom among
the variables g# and from the fictitious degrees
of freedom C, C are exactly compensated in the
sum over m in (2.42). It means that the theory,
which is pseudounitary in the complete space, is
also effectively unitary in the physical subspace
and thus is identical to the original theory with two
independent degrees of freedom when all the equa-
tions of constraints are solved. It must be
stressed that all the matrix elements of all the
transitions generally are nonzero, but some of the
degrees of freedom being quantized with indefinite
metrics, the compensation mentioned above takes
place in the matrix elements squared.

It must be noted that contrary to the generalized
Hamiltonian formalism with Lagrange multipliers,
the version presented here is the usual Hamilto-
nian formalism with the explicit Hamiltonian (2.41)
expressed in terms of independent canonical vari-
ables.

(2.42)

This is the reason why, in order to quantize the
system (2.41), we do not need the special proce-
dure of Ref. 9 but the usual canonical quantization
will do.

Thus, the functional integral has the usual form:

fexp{ij[n,kaoq"’ +Tod A %+ D8, C* +8,C %y —H]dx}
x]ldp “dp®dn,dg**d\*dn,dCdC, . (2.43)
x

Let us perform here the integration over all the
momenta. After integration over w;, we get the
local factor

I olg™=2. (2.44)

The integration over p* and p° taking into account
the statistics, gives the local factor

I,
x

while the Lagrangian returns to the form

(2.45)

L=vV-g R +g"8C%,C*,

which differs from (2.38) by the absence of gauge
conditions with Lagrange multipliers. However,
the integration over 7° 7! gives the & functionals

H 5 ()Lozauéo“)ﬁ(s’[h" (apgm i Bpgou)]

x

= ]I % ITo®@,8™). (2.46)
x 0 x

Finally the functional integral (2.43) takes exactly
the form (1.3):

fexp{if[L(g) +5éXC]dx§ I15(x)aCdcap(g)

= f exp[if L(g)dx+Tr an-J EIG(X (g)au(g),

with the local measure having, by virtue of (2.44)-
(2.46), the value in &,y variables

dp(g)=1I (-g)~¥?g*]] dg,,

p=v

coinciding with that of Ref. 8.

Thus the canonical formalism (both versions),
which secures the unitarity of the S matrix, leads
to the same value of the local measure as the re-
quirement of cancellation of the divergences
a6 (0) does.

Most fascinating is however the statement that
in spite of its noncovariant form (presence of the
term g% or g¥), this measure also secures the
gauge independence of the S matrix.



(K=<

D. The Gauge Invariance of the Measure

Let us choose for definiteness the g#’ para-
metrization and denote by ¢ the set of fields

oA ={g"x), C*kx), C*)} .

Then the functional integral (1.15) in the nondegen-
erate gauge takes the form

2= [ e#ten uig (0] T dore) 2.47)
X, A

It will be sufficient to take into account only the
terms containing the higher derivatives in the ac-
tion here:

o) = [a%DAP(p ) s b4y 5 ).

(2.48)

As we have shown, the local measure is equal to

Mg ()] =11 & (x)g*(x)

=TI [detD45%¢p (x))]*/?, (2.49)
where
_ detD
detD = (—detD:)z (2.50)

and D,,D, are the cells of the matrix D 48%
related to the fields g and C, C, respectively. We
shall not fix the value of p, which depends on the
choice of variables (2.27).

Let us find the gauge transformation of the local
measure. Perform the general coordinate trans-
formation:

xH =P () =xt+ fH(x), (2.51)
7R =2 D T geny, @.52)

To the first order in f,
FUER(W) = " (x) + "B (1)8 f P () + 78 (¥)3g f1 (x) .
(2.53)
The transformed measure reads

M’ = Mg (%)]
=exp{6‘4’(0)Uln[gf'(fc)gm(x)]d%‘c}}
—exp{o“’m)[ Jinlg? ) g™G)) e+ 20 [ o ritan
+ [ Bus @) ng? ) g0

-9 goo((x)) 3, f°(x)d4x]}
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to the first order in f. Note that the second term
in the exponential here vanishes because it has the
form of a surface integral and the function f tends
to zero at infinity. (We consider the gauge trans-
formations which preserve the flat asymptotics of
the gravitational field. This is assumed in all
considerations concerning S-matrix theory.)
As a result we obtain

M[g(%)] =M[g(x)]a,[g &), f], (2.54)

- where

a,lg(), F1=exp {6‘4) O [tor2]
X 1n[g® (x)g*(x)]d*x
-9 8° (x)a FOle)dx ];

g% *
(2.55)

Let us calculate now the gauge transformation of
the field differentials in the functional integral
(2.47). We shall provide the C, C fields with the
transformation properties of scalars:

Tx)~CTHF), C%x)~C%X). (2.56)

We impose such transformation properties follow-

ing the requirement of general covariance of the

Lagrangian (2.38) in the degenerate harmonic

gauge. Nevertheless, it is no more than a matter

of convenience, because these fields do not enter

the final expression for the functional integral.
We start with the definition

f .
<II d¢>(x)> =[14 (%). (2.57)

Considering the X to be functions of x let us calcu-
late first the transformation Jacobian from the
differentials I, d(® ) to I1, d¢ (x). One has
from (2.53)

det Gtg;"off(ix)» =1 +56(4)(0)f3p fu(x)d4x

=1,

since the integral of the divergence vanishes.
This conclusion does not depend on the choice of
the variables of 1ntegrat10n In regard to (2.56)
one finds

[MapEE)=1lde ). o (2.58)
The Jacobian of the transformation

I1a9 (%) =a,I1 dd(F (x)) (2.59)

x x

still remains to be found.
It seems at first glance that, by virtue of the
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one-to-one correspondence ¥ — x, a transforma-
tion such as (2.59) means only a change in the or-
der of placing the differentials in their product
over points. These formal arguments were the
reason for the wrong statement found in the litera-
ture (see Refs. 1 and 10) that the “permutation of
points” Jacobian A, is equal to unity. We shall
show that contrary to this statement, the field dif-
ferentials of Eq. (2.59) are not equal to each other;
to be more precise, the functional integrals over
them do not coincide.

This phenomenon no longer seems paradoxical
if it is taken into consideration that the gauge
group of general relativity has the fundamental
property of being the coordinate transformation
group. Except for the form of the field functions
the gauge transformation affects the space-time
argument, generally mixing up the time variable
with the space variables, the latter being just the
indices enumerating the degrees of freedom. It is
easily understood from this remark that the co-
ordinate transformation in the integrand of the
functional integral, which formally looks like the
identical permutation of points, is in fact a non-
trivial operation, for it leads to the change of T
ordering in the S matrix.

This fundamental aspect of quantum gravity has
not yet received proper accounting in the litera-
ture. (See also Sec. IIE.) ]

It follows already from the present discussion,
restricted to consideration of local measure, that
while the Jacobian of the form transformation
(2.58) turns out to be unity, the Jacobian of the
point transformation (2.59) does not.

In order to calculate the Jacobian A, let us per-
form a trivial change of notation of integration
variables in the integral (2.47) to present it in the
form

z= &SP Mg (D)1 4 ()

- [eSTFOIME@M, [1BGEE)  (.60)
and use the following trick: The quantity
N =M[g(%)]a, (2.61)

is the local measure in the last integral of (2.60).
Since the general method of obtaining the local

measure is available (found as a result of canonical

quantization), let us carry out the independent cal-

culation of the local measure N in the integral

(2.60) over
[MdoE X)) - (2.62)
x

In order to do that it is necessary to pass from

|

functions of X to functions of x in the expression
(2.60), for the integration in (2.60) is carried out
over the functions of x. One obtains

S[B )= [a T 4G () 5 ()b ()

= [ ate B ) 525, 005 B ),

(2.63)
where the notation
$A(x) E$A(7(x))

and

DAByG(..)ax 3x

EAMY ox7 8x°

2.64)

is introduced. Then according to our general reci-
pe, the local measure N in the integral (2.60) is
determined by an expression analogous to (2.49):

N =]][det G45°(¢p (x))]/2 . (2.65)
Note that it is Hx that stands in (2.65), because
the integration in (2.60) is carried out with respect
to the functions of x.

In parallel to (2.50),

detE,

det@€ = (__deth)z

(2.66)
Remember now that the determinant [D4%*'n n |
was calculated earlier for arbitrary n,, not only
for (n)=(1,0,0,0). Using the express1on for this
determinant, one obtains from (2.64)

9x° 9x°
axH axV

(2.67)

[det @48 (x))]M/2 = g x)E" )=

Here the value of the power K is of no importance
for to the first order in f,

b

7 |K
IT|o2| =TTt +ou 7t
=exp{6““(0)[-Kfaaf“(x)d“x}}
=1,

As a result one obtains from (2.65) and (2.67), to
the first order in f,

NIl 2Eenzeem |1 -225Z D

(2.68)

The next task is to single out the factor M[g(%)]
from the quantity N determined by Eqs. (2.61),
(2.68). In order to do that it is necessary to pass
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from H, in (2.68) to IT
der in f,

N =exp {5‘4’ (0)[[11\[2’(? (x))8°%°(% (x))] d*x

THEX)) ) soqny e
2f gOF )+ % f26d x]}

'(2.69)

. One has, to the first or-

Substituting here
d*x=d*x[1 —a”f“(x)], (2.70)

we shall once more accomplish the transition to
the infinitesimal expansion, but contrary to (2.68),
it is the expansion II; . As a result, we obtain

- [I;I?(rc)g""(fz)}

X exp {5‘4’(0) [—f In[2?(%)g*°(Z)][3, f*x)]a*x

2fg (")a f°(x)d4f]}.

2.71)
However,

[nz’o—c)zmm] = M[g(%)].
X
Finally from (2.71) and (2.61) one obtains the fol-
lowing expression for the “permutation of points”
Jacobian A, :
A& (%), f]

-exp 64 0)[- [ I 40] g ()7 (D)

v2 [ELE) auf"(x)d"‘ic‘]}.

gOO(x)

2.72)
To the first order in f it is evident that
A, [E(%), f1=4,lg k), f]

B 1
_Az[g(x)y _f] )

Comparing now Eqs. (2.72) and (2.55) one verifies
that

Algk), =f1=4,gx), f]. (2.73)

Now making use of (2.57), (2.58), (2.59), and
(2.73) one finds that

[H ¢ (x)}f =Ail[rxl d¢(x)1 ,

and Eq. (2.54) states that

(M[g]Y =a,M[g],

to the first order in f.
Thus it is proved that

[M[g]Hw (x)]f “Mel[[de6).  (@2.74)

The local measure
M[g] =]T (-g)~3%¢®,

together with the field differentials is gauge-in-
variant.

E. Discussion of the Previous Result

The essence of the above considerations lies in
the formal demonstration of the fact that it is not
immaterial which coordinate system is used in the
definition of the integration variables of the func-
tional integral. This conclusion deserves to be
explained in more detail.

The problem is that the expression for the am-
plitude [for example, Eq. (2.4’7)] with the invariant
classical action involved is, in fact, too formal.

It implies, in reality, the noncovariant (under gen-
eral coordinate transformations) procedure of the
functional-integral (or S-matrix) construction, in
the course of which the infinite expreésions ap-
pear.

In any approach to S-matrix theory, such a pro-
cedure makes use of an ordering parameter. In
the framework of the functional-integration tech-
nique, the ordering parameter is involved through
a limiting transition from the integral defined on
a lattice of points. If the points of the lattice are
defined as intersections of the curves x* =constant
with the hypersurfaces x°=constant, then x° is the
ordering parameter. To evaluate the infinitesimal
amplitude, the classical action S must be com-
puted between successive hypersurfaces x°=71/ and
x%=79*1 7i*l _7i=¢. Then in the limit € — 0 the
quantity ST/*! necessarily contains a term diver-
gent as 6(0) and this term is noncovariant. Indeed,
the action functional is homogeneous in the field
derivatives 9,g. Clearly if we specify g‘/’ and
gl on 74 and 73*1 arbitrarily, the time deriva-
tive of the classical trajectory g (x) that connects
these boundary values will go to infinity as € - 0,
while derivatives with respect to x° will tend to
some average of those on 7/ and 77! and thus re-
main finite 2°

8,8(x)=0(), 8,8x)=0(1/e).

Thus the divergent term in the action

srres [ ane [ @xD (@) g ™08,
Ti
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is noncovariant. It carries the information on the
choice of the ordering parameter. It is also clear
that such a divergent term does not appear in the
functional integral over independent canonical
variables, because the canonical formalism does
not contain derivatives with respect to the order-
ing parameter nonlinearly, these derivatives be-
ing included in the canonical momenta.

If the infinitesimal amplitude is evaluated in
some other coordinates X, then the above-men-
tioned mechanism will lead to a divergent term

containing derivatives 8g/9X°, andthus differ-

ent from the previous one. Here the role of the
coordinate system comes to light: Although the
action functional is covariant in the notation of the
integrand of the functional integral, it transforms
nontrivially under the general coordinate trans-
formations.

The notation H,dg in the functional integral in-
dicates which particular coordinate system has
been used to define a lattice and an ordering pa-
rameter 7 =x°. This notation and the noncovariant
local measure are the only reminders in the for-
mal expression (2.47) of the actual procedure of
its evaluation. According to our notations we as-
cribe the change in the action under coordinate
transformations to the change of the field differ-
entials

IT dg -] dg,
x x

which gives rise to the “permutation of points”
Jacobian A, .

What we have proved is that transformations of
the local measure and the noncovariant divergent
term in the action agree with each other in such a
way that they compensate each other in any co-
ordinate system. According to our notations we
say that the symbol H,dg is noncovariant, but the
measure

du(g)=M[gx)]I1dg

is covariant as a whole.

What we have not proved is that the Jacobian A,
possesses only a local part, i.e., that the term
« 8 (0) is the only noncovariant term finally com-
ing from the action. We believe that the proof may
be given by means of the canonical formalism de-
veloped in the present paper. If so, then finally
the functional integral does not depend on the
choice of the ordering parameter, provided that
the boundaries of variation of this parameter are
+. This statement is essential for gauge inde-
pendence of the S matrix. .

In the framework of the canonical formalism,
the ordering parameter is involved through the
definition of the canonical momenta

|co

8L
"= 5(eq/o1)

Here again the notation H,r dndq indicates the par-
ticular choice of this definition. This notation
prescribes also the rule of singling the local term
out of expressions of the type of (2.10); the argu-
ment of the 6 (r) function in the definition of

Dy (x =) will be T =x° or 7 =%°, subject to the
choice of the ordering parameter. Expression
(2.15) corresponds to the choice of the ordering
parameter as (quantization on a spacelike hyper-
surface)

=t
T=xtn,.

Choosing the ordering parameter as (Lorentz-
invariant quantization of the theory in Euclidean
variables )

T =xH xH
=x2 R
we shall obtain expressions (2.12), (2.25), and
(2.26), provided that calculation of the correspond-

ing integral (2.10) is carried out in a Euclidean
domain.

F. Independence of S Matrix from the Gauge Condition

It is not difficult to show now that the property
(2.74) of the local measure secures the gauge in-
dependence of the S matrix (independence on the
choice of the gauge condition x). Indeed, in order
to give the proof of gauge independence, the gauge
displacement of the variables of integration g - g*
is to be accomplished in the integral

fe‘sf‘]Jx[g]m(x (gNdp(g), (2.75)

and the procedure of invariant integration over the
gauge group is to be applied.® Note that the
Jacobian J, itself is given by the group integral *:

7,7l = [ TIow(enan(s). 2.76)

It is essential for the proof given in Ref. 3 that
after the change of variables in the integrand of
(2.75) is accomplished, the dependence on the
function f should remain only in the & functional

3(x (&)).

But by virtue of the group integral invariance,
Jylgf]=J,l8] .
Also,
Slg”1=Slg] -
Consequently only the equality



|

du(gf)=du(g)

is required, which is true, as we have shown,
provided the value of the measure is

dp‘(g) =H (-g)-S/ngOH dgpy .
x usv

It is easily understood that the proof of gauge in-
dependence of the S matrix given in Ref. 3 becomes
incorrect if the property (2.74) of the measure is
not taken into account.

“One may notice that the “permutation-of -points”
Jacobian will not appear if one performs the gauge
displacement of variables in the functional integral
directly, according to Eq. (1.8). However, it is a
specific feature of coordinate transformations that
the right-hand side of Eq. (1.8) contains the so-
called transport term with the time derivative of
the field functions. Because of this term such a
naive displacement in the functional integral would
be singular as it follows from the discussion of
Sec. IIE. In order to perform a correct displace-
ment one must first make a trivial change of no-
tation in the functional integral [as in Eq. (2.60)]
and then use Eq. (2.53), where the transport term
is absent in the right-hand side. The result will
be the same as that of the naive procedure, but
the Jacobian A, will appear.

It must yet be shown that the local factor does
not appear in the invariant measure over the group
of general coordinate transformations. Let us
present the measure in the integral (2.76) as

ap(f)=2[f )11 art), 2.77)
X[
where
) =exp[5““(0) [ 1ot (x))d‘*x] 2.78)

is the local measure.

Let us require left invariance of the measure
(2.77), under the infinitesimal group transforma-
tion with the function f.

It is not difficult to show that

@)= (f X f)
=f&)+ folx+ fK)) . 2.79)

Now

Z[f T dft ) =2[ f3 ()] IT dfs(x) - (2.80)
%0

x4

It is easily seen that contrary to the previous
case, the “permutation of points” effect does not
arise in (2.80). Provided that the function f is
small and slowly varying, we obtain

Fole+ f(x)=fg)+[d,f5 ()] f7(x)
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and

6f”(v)
=1,

detﬂ(’_‘_) = exp{5(4)(0) [— fa,, fg(x)d“x]}

Hence it follows that

Z[f )] =2[f5 )] .

The same conclusion follows also from the right-
invariance requirement.

To the first order in the gauge function f,, one
obtains from (2.81)

Z[f+fol=2[f].

Now it follows directly from the general view of
local measure (2.78) that to the first order,

Z[f +fol =Z[f 12 fol -

As a result we obtain

z[f]1=1+0().

Thus, in the first-order neighborhood, the local
measure in the invariant group integral is trivial.
This is sufficient because the group integrals of
the type (2.76) are concentrated in the neighbor -
hood of the first order.?

There have been attempts to specify the measure
in the Feynman integral for gravity (see Refs. 20
and 21), and what is more, the measure (2.23) ob-
tained in the present paper coincides with the re-
sult of Ref. 20. It must be emphasized, however,
that all the early attempts to obtain the measure
cannot be considered as correct ones because they
deal with a nonunitary S matrix [additional dia-
grams in the expansion of TrInQ (@ ®’)~! were not
taken into account].

Ag to Refs. 22 and 10 dealing with the correct
integrals (1.3), (1.16), the value of the measure
in the harmonic gauge given in these references,

(2.81)

du(g)=Ilg-*2 Il dg,,, (2.82)
x usv

differs from the value (2.23), which we obtained
in Ref. 8, by the factor

g(a) = gg®,

The mistake in the arguments of Ref. 10 consists
of the following: The authors obtain expression
(2.82) using some special gauge in which

(2.83)

Their next conclusion, however, that the same
value of measure holds also for the harmonic
gauge, unfortunately ignores the fact that the tran-
sition from the gauge (2.83) with the measure
(2.82) to the harmonic gauge cannot be performed

g% =const.
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identically. Indeed, in order to perform such a
transition in the functional integral, the procedure
of gauge displacement of variables and the subse-
quent integration over the group is needed.® As
was already noted, such a procedure leads to the
same integral in another gauge, only provided that
the local measure together with the field differen-
tials is gauge-invariant. We have shown that the
required property is possessed by the measure
(2.23), not the measure (2.82). In order to pass
from the gauge (2.83) to the harmonic gauge, one
has to bring the factor g® into the expression
(2.82), which by virtue of (2.83) changes nothing,
but after the transition to the harmonic gauge is
accomplished this factor cannot be discarded.

III. THE GENERALIZED WARD IDENTITIES AND
DYNAMICAL EQUATIONS FOR THE
GREEN’S FUNCTIONS

The local measure obtained in Sec. I completes
the covariant and unitary S-matrix theory formu-
lation for the gravitational field.

The next task consists of the construction of the
renormalization theory. We shall begin the strug-
gle against the infinities with the derivation of a
number of consequences of the presence of a non-
Abelian gauge group in the theory.

The gauge invariance of the classical theory is
analytically expressed by means of Nother iden-
tities:

v(E) g;}f(i) -0. 6.1)
Here, Sg] is a gauge-invariant action functional.

The Noéther identities in the quantum domain are
known as generalized Ward identities. !+

Here we shall derive the complete set of such
relations for the Green’s functions of the theory of
gravity.

From this section on, we shall use the variables
£g" and the linear gauge conditions

XH(8) =9,8"". (3.2)

jexp ‘is[g] _é’_afxuxud‘lx +if§ﬂ"j”,,d4x+anx[§]}

A. The Generating Ward Identity in Presence of Sources

Let us follow the alterations in the integrand of
the functional integral under the change of the
variables

g (g"Y . 3.3)

First, let us perform the identical change of nota-
tion of the integration variables in the generating:
functional (1.15) with the gauge conditions- (3.2),
local measure (2.23), and @#0. One obtains

z[j*] =%. J‘Jx[é”]eXp{iS[E’] - ﬁ fx“(éf)x“(éf)d“x

+2| (8" j d“x}du &).-
(3.4)
The infinitesimal displacement (3.3) reads
[8*(x)]f =vH*1o(g|x) fo(x) . 3.5)

The efficiency of such a choice of the displacement
is due first of all to

slg’]=slz].
Further,

o Jx’f(é)x"(é)d“*x
gy EED o
=2 [xMEEN 20 TR D ros)atnaty

-2 j FORTEXHE () y

according to the definition of the operator Q7 by
(1.9) and (1.14).

Finally, let us use the gauge invariance of the
local measure, together with the field differentials
proved in Sec. II:

dp(@h)=du(@).

Then one finds that to the zeroth order in f, the
integral (3.4) has exactly the form (1.15), which
differs from (3.4) by the trivial change of notations.
Hence one obtains to the first order in f

N o] g ~
xfaty o] -2ameo) Fow S hl8l o ) du@ -0,

which must be true for an arbitrary function f. Let us present the functional at the point y, integrated
here, with the aid of variations with respect to external sources.
As a result, we obtain 'the following equation for the generating functional:

14 1 5 A .
(o Q) gy R+ 2 )|

a

z[j]=0, 3.6)

£=i-18/5j
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which is the consequence of gauge invariance of the
action and the local measure.
Let us operate from the left with

-10 ],
yle=i=15/8j *

We obtain

2[j]=0,
=i-16/5;

[—éx’ () +£1, () +Q71 V*’“’Ju,,(x)]
3.7)

£t (x)— Q"“V*‘"’(x) TrinQ"8(z,y). (3.8)

08 ‘“’( )
Now Eq. (3.7) may be presented as

-Ix7 62, ) 422, )

.H-1 + ] =
+1QTIVE () ”&{_16,5,2[]] 0,

(3.9)

where the normal-product notation: : means that
sources stand to the left of the operator -'v*
when the functional differentiation is meant.

£27 (x) denotes the result of commutation of this op-
erator with the sources:

£7,00) =@V W)y ) = : QST ()], (0)

Q"‘; @)VE )6 (x —x")dx .
(3.10)

_lf_é_
TiJ 88 (")

Let us show no  hat the quantities £! (x) and
82 (x) in Eq. (3.9) exactly compensate for each
other Such a compensation was mentioned already
in Refs. 1 and 2, but it was verified earlier only
up to the local factors. We shall present the com-
putation to make sure that these quantities are
compensated for exactly. Let us show first of all
that the operator V*%” in (3.9) commutes with the

sources. Really, one has directly from (1.11)
6 . -
WV*&”(MG (= x")={-5[8c0(x — x')]

+58(x = x")840 (x —x")

0.

N

N 0x) =[8,2 )VHI()F 5 (x, )],

By virtue of Eqs. (3.11), (3.12), all the terms in
(3.19) except for the f1rst one vanish.
Thus we obtain

Next we introduce the function which obeys the fol-
lowing equations:

(3.11)
(3.12)

TOX)FY(x,9) =816 (x —v),
QL(NFg(x,y) =086 (x =9) .

It is important that the operators @ and §7 defined
by Egs. (1.13), (1.14) are not identical. The quan-
tities (3.8), (3.10) are presented as

£, 0) =308 (), (5.13)
28, ) = -3 6mE), (3.14)
where
0566) =980 [ [ Q5 2] P9, 2emsty
(3.15)

72,66) = [ [zm5707500) |7 ) F S, 0
(3.16)

Using directly Egs. (1.10)-(1.14), one obtains for
(3.16)

N2, (0) =[3,,
+[8, () QA(MF 5, 3)]y=x
+[8, )QE(F 25, )] yox

Here the last two terms have the form

3,0 (x =9)|,=, =0

according to Eq. (3.12). Performing similar cal-
culations, one obtains for (3.15)

N, 0) = =V () {[8 88, 0x) +8 595 ()] 8, (M) F & (x, 9)

+85,2(0)FB (x, )y

2 () VA ) FE(x, 3)], e

(3.17)

(3.18)

Here the operator V*(x) acts upon the complete de-
pendence on x of the expression in curly brackets,
that is, upon both arguments of the function F(x, x).
By means of explicit calculation of the action of
the operator V*(x) upon both arguments, Eq. (3.18)
transforms identically, after cumbersome calcu-
lations, to the form

«+[% (y)é?’"‘(x)Fﬁ 6 D] yex +[8B(x)QTz(x)F5 % 9)]yes
+[8,()Q §(M)F B(x, 9)],- +[0(0)Q F(WFE (x, 9)],= +[8,(MQTEC)FE(x, V)],

(3.19)

=[98, C)VF I (DF G, 3]y

=92, (x), (3.20)
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and finally,
£17(x)+£27(x)=0 . (3.21)

Equation (3.9), with (3.21) taken into account,
takes the form

[_éxY(x)+:@'1‘.’,V*3,‘"jW(x):] Z[j]1=0.

£=i-15/8j
(3.22)
The last equation is the generating Ward identity

in the presence of sources, which holds due to
gauge invariance of the theory. [See Ref.12(c).]

B. Generalized Ward Identities for Green’s Functions

Let us operate from the left with

190
“’[ioﬂ’

where ®[g] is an arbitrary functional. After com-
mutation with the sources, the latter must be set
equal to zero. Then the generating Ward identity
(3.22) may be translated to Green’s-function lan-
guage according to the formula®

1 52U

_=Goiralglio) . (3.23)

i=

As a result, we obtain the equation

2oimewe o -0 1 v s ol2]o),
(3.24)

which is the generating expression for all the gen-
eralized Ward identities of the theory of gravity.
By means of substitution of a functional

J

@8] =X () e X* e, )g P11 (y ) o e <G BmYm(y,)
(3.25)

into (3.24) we shall obtain an infinite set of rela-
tions for the Green’s functions.

The generalized Ward identities thus obtained
necessarily contain information on the longitudinal
components of the Green’s functions. However,
when m #0, they also contain information on the
transverse components. It is sufficient for the
present discussion to confine ourselves to the first
two sets of these relations, which correspond to
the values m=0 and m =1 in (3.25).

The first set may be easily obtained by the
consecutive substitution of ®,[2], #» =1, 2, ... into
(3.24). One finds

©|Tx*1(x,)[0y =0, (3.26)

OITx™1ry) X2 1) 0) = 367126 (x, ~5,), (3.27)

DY
b

OITX*1(x,) "+ * x*n(x,)|0)

0, = odd

a\"2
= <z_> D 0% W% i) e e« §%%n/2) Vi (ns2)

X80,y =X1a)) *** 0 Watnray = ¥iury)s

n even.
(3.28)

Here }, denotes the sum over all the decomposi-
tions of n to n/2 pairs (2(1),i(1)), ..
(- @/2),i60/2)).

The second set of generalized Ward identities
is given by the generating expression (3.24) in the
form of a recurrence formula, which reduces the
order n by two:

*y

%(olTXal(xJXaz(xz) tte Xa"(xn)éﬂy (9)[0) =§(0]Tx°‘2 (o) = * =XM1 (x;_,) X9*1 CAM A Xa,,(x”)g,ay(y)w)

X BU1%8 (xy = x,) + (0| TX*2(x5) * *  x*n(x, JE*1'B7 (x,, 3)[0) ,  (3.29)

where the following notation is introduced:

B8 (x, ) 231 2()VBY(x)6 (x —3) = VBT (5)Q 12, 3) .

One obtains consecutively from (3.29) that

QITZ®7 ()X*(2)[0) =3 QITE*®7 (2,5)]0) ,

(3.30)

(3.31)

OITZ®7 () x*1(2,) x*2(2,)|0) =-ZO~£<0|TE°‘1' BY (2,,3)x*2(2,)|0) +%<OI£’37(3))|0>5°‘1°‘25(£ 1=25), (3.32)
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OITE8Y () x*1(2,) x*2(2,) Xx*3(2,)] 0
=% (OITE*1'8Y (2, y)x*2(2,) X*2(25)|0)
+<%>2<0,TEQZ'BY (25, »)|0)6%1%35 (2, _33)

2
+<%) (O|TE®s'87 (24, 9)|0)6%1%26 (2, ~2,),

oee . 3.33)
Now, by virtue of the translation invariance,
(0] £%8 (x)]0y =A%,

where the value of a constant A’ is to be deter-
mined independently.?* Later on, we shall use the
arbitrariness in the choice of the value of this con-
stant to choose it in the initial theory in such a
way as to secure the average field in the renor-
malized theory to be equal to 5%,

Since we consider the quantum theory of asymp-
totically flat gravitational fields which possess
the same relativity principle as the flat space
does,?* the translation-invariance requirement re-
mains.

Let us define the field operator

%8 ()’ 2°%(x) - (0] g 8 (x)|0),
(0]¢*8(x)[0y=0.

Further, we shall deal with the Green’s functions
of the field ¢, the latter being the usual field op-
erator with the vacuum expectation equal to zero.
The resulting generalized Ward identities are
easily translated to the Green’s functions of the
field ¢ language. The form of the first set of
relations (3.26)-(3.28) remains unchanged by vir-

J

tue of transversality of the gauge. As to the sec-
ond set, one can make sure that the terms con-
taining the average field cancel out and that the
recurrence formula :

LIy () x*2,) + X1, 10875 O)
=é(OITxa2(xz)' °* Xaj—l(xj-1)xaj+l(xj+1)' b

X x%n (x,) 87 ()| 0)6%1%45 (x, — %)
+(0|Tx*2(x,) * + + x*n(x, JE*11BY (x, ¥)|0)

(3.34)

has just the form of that for the g field (3.29).
The difference in the values of these Green’s
functions for » even results from the difference
in their values for » =0. In particular, Eq. (3.32)
takes the form

O] T (3)x*1(2,) x*2(2,)|0)

=7 QITE17 (2, )x*2(2,)|0) . (3.35)

C. Equations Defining the Dependence of the
Green’s Functions on the Gauge

For the first example of application of the gen-
eralized Ward identities in the exact theory we
shall obtain the equations for the dependence of
the Green’s functions

OITY ()x*1(x,)* * + x*7(x,)|0) (3.36)

on the parameter a fixing the gauge. The function
(3.36) is presented by the ratio of functional inte-
grals: B

[expi{siz, ¢, T1-1/@a) [x*xazhxs ) - -x*n(x)8¥7 () u (2, C, )

O T¢BY (3)x*1(x,) * + * X" (x,,)| 0)=

[expi{siz, ¢, - (1/20) fxix*az)d (2, €, ©)

Differentiating the numerator and denominator with respect to @, one obtains

A OITEH OIX) X2 8)I0) =5 (0

= (0| TP®Y () x*1(xy)* * + X*"(x,)|0) <0,Tf)(“(z)x“(z Ydz
=§%[<("T¢By(y)x°“(xl) cee xan(x")fxu(z)xu(z Ydz

- S 4[5 OF(ITT (3)x*2ry) - x|

TG (x1() + x*ntr,) [ X (2) X¥(2)dz

9

ol

9

1 3.37)

where the Ward identity (3.27) was used. The generalized Ward identities make it possible now to éarry
out the explicit subtraction of the divergence [5(*)(0)]? in the last expression. Indeed, taking the trace over
two of (n+3) points in the recurrence formula (3.34) one obtains for the function on the right-hand side of

(3.37)
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o>=

oo

4[6" (0) (0| T BT (9) x*1(¢,) * * = x*n(x,,)| 0

+n(0|T Y (y) x*1(x;) *+ - X%n

¢

10

Tx*1(x,)* --x“"(xn)fE"‘BY(z,y)x”(z)dz (3.38)

9.

When this representation is substituted into Eq. (3.37) the divergent term cancels out and one obtains

T )+ )0 =

Another way of dealing with Eq. (3.37) may prove
to be more convenient because it does not lead to
the appearance of the fictitious-particle Green’s
functions. The method consists of singling out the
disconnected parts of the (n +3)-point function in-
tegrated in Eq. (3.37), and the subsequent use of
the Ward identities of the first set only.

For example, for the two-point function one has

e (0|T<l>"‘B )$#(»)[0)

‘5% [2de<°lT¢°‘B<x)x°<z)|0> O|To™(y)x°(2)|0)

%, |

(3.40)

0 T¢“B(x)¢”"(y)fx°(2)x"(Z)dz

Here c.p. denotes the connected part of the four-
point function.

The first term on the right-hand side of (3.40)
may be represented in momentum space as the
product of propagators. As for the second term,
the integral of the connected part of the four-point
function, its analysis is very difficult even if only
the threshold asymptotic behavior is considered.
It may be shown that this integral is proportional
to the propagator on the mass shell, but the coef-
ficient remains unknown. The gauge-invariance
properties are not sufficient to carry out com-
pletely the calculation of the derivatives with re-
spect to a@. In Sec. V we shall investigate some
other properties of the theory which will permit us

{ 08[2]
58" (x)

When variations of these equations are performed
and the sources are put equal to zero, the infinite
set of equations of motion for the Green’s functions

1nJ[2]+2 6% 0)

1
E o gcy(x)+ i

i 6g’“’( )

follows, which determines the dynamics completely.

0|73 () -+ +x*n(x,) [ B2 (2, 9)x"(2 )

ME(x)) 32*(x)

S [n01me® G-+ )0y

(3.39)

)

to find the mass-shell asymptotic behavior of the-
integrals of the type (3.40). As we shall show,
they may be expressed directly in terms of the
vertex Green’s functions with one of the momenta
equal to zero.

The final calculation of the dependence on « be-
ing deferred until Sec. V, let us return to the gen-
eral properties of the Green’s functions.

D. The Quantized Einstein Equations

The generalized Ward identities which were ob-
tained here do not determine the Green’s functions
completely. Relation (3.6) is the gauge-invariance
consequence of the complete set of equations of
motion for the generating functional.

The derivation of these equations may be per-
formed by the well-known general method of inte-
gration by parts in the functional integral.

Since the integrand of the functional integral
vanishes at the boundaries of the integration re-
gion, let us write

0 oA ; . ~op .
J.W [exp{zs[g] —z—z&fxsxﬁd4x +zfg Bjapdix
+1nJX[§’]+6‘4’(O)J‘1nM(§(x))d4x}jl

x I ag*8(x)=0.

x, a=B

Passing to variations with respect to external
sources, one obtains from here the equations of
motion for the generating functional:

1 M(g(x))

z[j]1=0. (3.41)

£=i-15/8;

+juu(x)}

r
The question of the boundary conditions to these
equations, as well as some of their properties,
will be taken up in Sec. V.
It must only be noted here that the equations of
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motion (3.41) necessarily contain terms of the type
5“(0). We have seen that the corresponding term
in the functional integral exactly compensates the
divergences 5“’(0) arising in the action S[Z] and in
InJ, (] when the exponential of these quantities is
integrated. )

We have seen also that the divergences mentioned
arise due to nonlinearity of the terms with the
higher time derivatives. The local terms in the
equations of motion play the same role. Indeed,
the extremal

68[@]

684" (x)
contains nonlinear terms with the second deriva-
tives and the squares of the first time derivatives

of the field functions in coinciding points. It may
be shown that functional integrals of the types

(f(8)8,,°8 )y
and
(f(8)8,8 (x)3,& (x))

diverge as 6(0). In terms of operators these di-
vergences appear because we deal with the T
products of fields in Eqs. (3.41): Commutation of
the time derivative with the T-ordering operation

[ OS[8] 1, 1 aM(2))
%Vg (g)[agu%x) YOG e }}

Taking into account (3.42) one obtains Eq. (3.6) as
a result of application of the Néther identities in
the quantum domain.

Equations (3.41) are the general dynamical equa-
tions of Schwinger’s type in the second-order for-
malism. There is another version of the theory:
the first-order formalism, which in some respect
possesses advantages over the second-order for-
malism. The advantages are: (a) There is only
one bare vertex in the classical Lagrangian of the
first-order formalism; (b) under some conditions
the quantum equations for the Green’s functions in
this formalism take directly the form of equations
of Schwinger-Dyson type in electrodynamics.

These conditions are concerned with the local
measure and consist of the obligatory use of a
regularization in which all the terms of the type
6(0) vanish; for example, the one suggested in Ref.
7. The problem is that the quantum equations in
functional derivatives in the first-order formalism
are purely quadratic in functional derivatives with
the exception of the terms coming from the local
measure. In the regularization of Ref. 7 these
terms vanish. The terms «6(0) which come from
the action functional also vanish in the regulariza-
tion of Ref. 7, so that the compensation of these

yields 6(0) when the # function is differentiated in
coinciding points.

The local term in Eq. (3.41) cancels these di-
vergences and the equations of motion are free of
them. It would be interesting to carry out ex-
plicitly the subtraction of these divergences.

This question as well as the application of gen-
eralized Ward identities for the proof of S-matrix
unitarity in the physical subspace, which was men-
tioned in Sec. II when the canonical formalism in
a covariant gauge was considered, will be studied
in future work.

The only thing to be noted here is that Eq. (3.6),
obtained earlier, may be also derived as a conse-
quence of the general equations of motion (3.41).
To perform the derivation, it is sufficient to op-
erate from the left with

VA @)p=i-16/5;-
It must be taken into account, however, that the
mentioned property

65(2]

08" (x) |3=4-15/ 64
causes the classical No6ther identities (3.1) in ap-

plication to the generating-functional variations to
take the form

Z[j] 8" (0)

z[j]=0. (3.42)

£=i=16/8j

T
divergences is automatically guaranteed.

In the first-order formalism the expressions
(1.16) and (2.24) for the generating functional must
be used, and the source of the field I" must be in-
troduced by adding a term Jg”(x)l"z,,(x) to the La-
grangian in the integrand of (1.16). We shall con-
sider the g"” parametrization, the nondegenerate
harmonic gauge (1.12), and the operator (1.14)
which corresponds to this gauge in the first-order
formalism as well as in the second-order one.
The Jacobian of this operator in Eq. (1.16) must
be represented with the aid of additional Fermi
fields C, C as in Eq. (2.33), and the sources of
these fields must be introduced by adding a term
,C*+C7, to the Lagrangian. Then the generating
functional takes the form

Z=Z[Gu,J 3% Tias Mg -

In order to write down the Dyson equations, the
usual definitions must be introduced for the
Green’s functions in the presence of sources:

1_oz
Z 5, 00)

1 6z o i
Z m _<ruv(x)>’

=(g8"K)),
(3.43)
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62InZ 1 esram @™ (x, x)
Wx)éijuv(y) = iG (x,9), (3.44) ——69';;(3})’— = fﬂ;""(xy z)(B’k(z,y)dz s (3.49)
52InZz 1 @s)um oM *B (x, x') -
5 o GBI i ) 649 Toor T 2126 00, )z,
8%Inz 1 (3.50)
— = niylpw) ©lap)
i J‘;,"(x)éiJgB(y) iD b, 9), (3.46) M °8 (x, x") - ) lon Gl
: s = (M, w2 D1V Oz, ),
1 oz =M8 (x, y) (3.47) o -
Z i )oin° () | 3= 720 S : (3.51)
OMM (x,y)
Let us consider the matrices —T(x—',) = J‘Ef‘uxo)(% %' |z2)MMY (2, y)dz .
] vo
j G E (3.52)
gk(x)=(]> , cs""'(x,y)=<E D>,
J The equations of motion of the quantized Einstein
myn,k=1,...,50 (3.48) theory in the first-order formalism may be de-

’ rived using the standard technique.® Provided that
where m,n, k will be replaced by @3) or (y|ag), the regularization of Ref. 7 will be used every-
and introduce the polarization (II, Il) and the mass where, these equations are of Schwinger-Dyson
(Z) operators according to the formulas type and have the following form:

j.dz {[a’{,b‘;% (5353 +6§5g) - a;a;’% (6363 +6),89) +(T gy(x»cgé ©20% +8,08) +(1"ﬁa(x))6‘;§ (©205) +6369)
- (I‘;‘a(x))éf)’,% 626 +8389) - <rﬁ,,(x)>5‘;§ (6967%+658%)6(x —2)

+iH$f;||;(Jb(;t\))(alpv) (x , Z) "'inﬁgll%\) )(O(Ipoc)(x, z )}E(yld:x)(ec) (z, y)

1
+ f dz {[& 9%, 9% 5 (636%) +5:;,15<;)J5 (v —z) +EIIEIE @100 (x, 2) — AT 1Py, 2)

+i[T8’[‘vafﬂ' s, &, x'|z) - agva;’ﬁg;g, (x, x"|z) = agv'a;’ﬁgg{ (¥, x|z )]Fx,} GONBD (5 )

== (6765 +6‘36§ ¥ (x -y), (3.53)
fdz {[0%3 (0308 +6507) + (I"ﬁ’a(x))% (65,65 +838% ) +(T' 5o (x))z (6405 + 85068 ) (T ,(x)y 5 (6368 +6557) |6 (x - 2)
+in%c;\))(ﬁlua) (X, Z) +z‘n§%ﬂ)\))(oluot) (x’ Z) _ingb[-;\))(u[au) (x, z )}E(m)(me 5)(2’ y)
+fdz {[(& o )yd23 (6,965 +0680)) +(&"° (x)) 695 (690% +886,) - (&P ()07 (680} +6262)16 (x — 2)
HIETUOW (v, 2) +AIBHTI D (6, 2) =AMLY (x, 2} DIV (100 (7, )
=—3[87(6568 +080¢) — 305,(6067 +0567) — 3056708 +65867)]6(x —»), (3.54)
J-dz {[?%6 ‘;g (668 +8%8)) - ag@‘;g (6‘?63 +658)) +(I"§‘U(x)>6§é (6,268 +0658)) +(rga(x)>5‘;§ (626} +626))
- (Fﬁa(x»éﬂyg ©p6) +8%8)) - <rﬁy(x)>6‘;§ (6268 +026))]6 (x -z)+inggjg";)}°"ﬂ"’(x,z) -ingﬂ;',g";,‘“'ﬂw(x,z)
+i[ =0, 0TI g b1, ' [2) = 85,05 TN ) (v, ' [2) = 050X TN, ) (3, 7 [2) ], } DOV M10D) (5 )
+fdz{|:§8’[‘“8§% (6g6%) +5(;;16<;)]6(x —z) +ANIEIED Clo 2 ) —GTIEIEY <“'P°"(x,z)}E<¢“‘"'9<>(z,y)=0, (3.55)
jdz {[0%3 (6308 +5658%) +(TB o (x))z (6533 +06364) +(T o))z (0408 + 650K ) ~ (T2, (x )y (6308 +5505)]6 (x —2)
+iﬂ%‘i’)(ﬁ’“°‘)(x,z ) +in%(§\))(oma)(x’ Z) _ing%é)x;ulau)(x’ Z)}G(d))\)(e;)(z’ j))
+fd,g {[(g* ()0 5% (6704 +06206)) +(&"° (1))0%5 (6,205 +626)) ~ (&P ()03 (620} + 856016 (x - 2)

LA (5, 2) + NEBEBDx, 2) ~dIEB(x, 2} END Oz 3) 20, 3.56)
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[z (G270 ()08 0% + 0077 (00 525 +(27° )58 05010 x - 2)

+i[0393 ThN) (%, %" |2) + 95 05T

(vo

In these equations the notation [uv] means that
symmetrization with respect to the indices u,v
is supposed. The « appearing once in Eq. (3.53)
and once in Eq. (3.55) denotes the parameter fix-
ing the gauge.

When the sources are switched off in these equa-
tions, one must put

(8"(x)y=AP0H | (T'g (x)) =0,

while the polarization and mass operators are
connected with the three-particle vertex functions
in the usual way. The connection between these
vertex functions and the higher-order vertex func-
tions may be found with the aid of standard tech-
nique.®

In Secs. IV and V we shall analyze the diver-
gences which appear in the threshold asymptotic
behavior of the Green’s functions. One might
think that this analysis is much simpler in the
framework of the first-order formalism than in
the second-order one, because there is only one
bare vertex in the classical Lagrangian of the
first-order formalism. However, because of the
formal nonrenormalizability of the theory, one
has to analyze not only the lowest-order Green’s
functions, but all the exact Green’s functions in
both versions of the theory. Besides that, a part
of the Green’s functions of the first-order theory
which does not contribute to the scattering ampli-
tudes may contain the additional divergences
which one does not need to analyze. On the other
hand, the second-order formalism is more sym-~
metrical and the Ward identities are of a rather
simple form in this theory. That is why we pre-
fer to present the subsequent analysis in the
framework of the second-order formalism.

IV. WARD RELATIONS FOR RENORMALIZATION
CONSTANTS

A. Propagators, Vertices, and Renormalization
Constants

Let us introduce some necessary notations.?®
Instead of the n-point function of the field g,
1 6" Z[4]

(0172 3|0y =

VA 527“1"‘57:]"1" j=o, (41)

we shall deal with the n-point function of the field
¢ [see Fig. 1@},

(x, x'|z) + 85 0EZHN (%, X' [2)]c o MM (2,3) =56H76 (x ~3),

n=7=0. (3.57)

O|T ¢« - $n|0) (4.2)
as was discussed above. It is convenient to single

out the connected part of (4.2) [see Fig. 1(b)]:

6"1InZ[ 7]

B3jor e+ bijon 4.3)

i=0
In addition to the propagator of the field ¢ [see
Fig. 1(c)],

Lo 8 In2]j]

7 5j°0ij° ’ “.4)

i=0

we introduce also the propagator of the fictitious
particles C%x), C®(x) [see Fig. 1(d)],
M®(x,y) =(0|TC*x)C®()|0)
=(0|TQ™*® (x, y)|0) . 4.5)
Now, according to the well-known definition, we

introduce the proper vertex functions of the field
¢ [see Fig. 1(e)],

T (n+2) "G —la1uz[j]

ayax***a = =57 %a Y ’ n=1.
192 n+2 61,<g 3>--.-52<g n+2> i=o

4.6)

Let us introduce also the proper vertex functions
for the interaction of the fictitious particles with
gravitons [see Fig. 1(f)],

a,

\I/GZI 0'02

— X . a b

0 I
n

(a) (b) (c)

et G @

n+2 n+2
(d) (e) (f)

FIG. 1. Graphical notation of the exact Green’s func-
tions of the theory: (a)z-point function of the field ¢,
(b) its connected part, (c) exact graviton propagator,
(d) exact propagator of fictitious particles, (e) proper
vertex functions of graviton interaction, and (f) proper
vertex functions of graviton interaction with the fictitious
particles.
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ﬁ:} % +2 & %pz

Yo, @
+Y6 % +---+6 :
¥ Pe
W
FIG. 2. Representation of the n-point function in
terms of the connected parts of the lower-order p-point
functions. Decomposition is carried out in the number
k of disconnected pieces. Z denotes the sum over p,,
Pys...,Pp With the condition Y.y p;=n in every term,
while Sdenotes symmetrization with respect to the
indices ay,...,a, in such a way that every particular

arrangement of indices should enter the expansion only
once.

p g , N even
n-i,n odd
2

(n+2)
)’Otﬂlulul....

v @ VNZLs -y 2,)
=y& P, )a, a,)

G"M-laﬂ(x; yl])
6i(g™)+++ 0i(g™) |40

@.7

Expansion of the #-point function in the connected
parts of the lower-order p-point functions is given
in Fig. 2. The connected part of the n-point func -
tion is expanded in the proper vertex functions as
shown in Fig. 3.

The (n +2)-point function

Qo8 (x, ylal oo a") =(0|TQ"°‘B (x, y)¢a1 oo ¢anlo>
(4.8)
may be expanded in the proper vertex functions
(4.6) and (4.7).
The bare propagators and the bare vertices are

determined by the expansion of the action func-
tional

@ = % ) %—-—@——@

n+2 n+2 p+2 pz +2
T & M—@—@
p,+2 p,+2 p3+2
N

FIG. 8. Expansion of the connected part of the z-point
function in the proper vertex functions with the same
notations as in Fig. 2.

oo

L5[8, o + [ Tut0§* @l0)Cy )ax,
4.9)

Sg,al= [ V=g Rax -5 [ X

in terms of the variations
5
0g*°
Let us denote

z8[g, @] J—l _(0ab
[Gg"ﬁg =5 a ((I) ’

£=(olZ10)

o5z
- 5§al e 5§a,,+2 .

(0) (n+2)
ay**capio ?

)

[Q aBl§= 155 (x —y)]—l =M(0) B (x: y)’

5"Q 85 (x —y)

—Ggaxo.-ég'an =Yg)a)("+2)(x,y|dl"'a")-

=
By virtue of
(012" (x)]0) =A®5H,

the bare propagators and the infinite set of the
bare graviton vertices are represented as

a

KA(O)G(O)"D(W) , (A(O’)'"IM ©)ap (x, y) s

. (4.10)

—(A(O))_("“)ng-(?z,,z:z i
It may be easily verified that the average field A®
enters expressions (4.10) with just the powers
mentioned.

Now the gauge conditions being linear, only the

first bare vertex

yg)s)(s)(x’ ya) 4.11)
does not vanish:
y%(nw)(x’yml...an):(), n>1. (4.12)

The bare vertices are not independent of each
other. The gauge invariance of the gravitational
field action functional imposes a set of constraints
on them which is analogous to the Ward identities
for the exact Green’s functions. The gauge rela-
tions of the bare vertices are obtained in Appendix
A. Another set of (“scale”) relations of the bare
vertices is obtained in Sec. VC.

In the present section we shall examine the di-
vergences arising in the threshold asymptotic be-
havior of the Green’s functions. Since each new
bare vertex in the Lagrangian generally brings in
a new type of overlapping divergences, the re-
normalization procedure as prescribed by per-
turbation theory generally requires an infinite
number of rcnormalization constants. We shall
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formulate the renormalization conditions. as the
requirement that the threshold asymptotic behavior
of the renormalized propagators and vertex func-
tions should have the same structure as in the
lowest order of perturbation theory. For conve-
nience of further consideration we shall deviate
slightly from the usual rules of introducing the Z
multipliers, and introduce the latter as the factors
by which the threshold asymptotic behavior of un-
renormalized Green’s functions differs from the
values of the bare Green’s functions (4.10)-(4.12):

(n+2)
"1"11---;#n+2”n+2(p1’ . ',pn+2)

1
Ep_i=7J (Zl(n))—l’? (A(o))- (n+1)

p§—>0
(0) (n+2)
xrulll';;...;u,.-pzv,,.,.z(pl y e "pmz);
~ _ (4.13)
Vsﬂ)my(k,PI‘I) I Z1 ‘yg’a’,ﬁ’,}(k,plq),
k+p+g=0
k.b.qa—>0
(n+2) ces
yaﬁ”‘lyl;n.:#nun(k’p!ql q")k;;i-_}:q—::oo’ n>1.
k,p,qi—>0

Now the graviton propagator depends on the pa-
rameter a, fixing the gauge. But the S matrix
does not depend on a@ on the mass shell. That is
why we shall consider first the case of degenerate
gauge (a=0), while the generalization to the case
of arbitrary (nondegenerate) gauge will be given
at the end of the present section. The renormal-
ization conditions for the propagators in degen-
erate gauge have the form

. H a
GH 1”1-"2”2(1;’ a)?ZZKA(O)G(O)uxVI»U 2V2<p’ A—T—O) ) ,

»2 -0
a-0
L 4.14)
MB(p)—Z, =5y M@ (p).
2220 A
div .
dw -0 (4.15)
div
’ (a) n odd
div div
div )
wols ‘ n o (4.16)
div div " div
. iv
. L™ ald
(b) n even

FIG.4. The generalized Ward identities, obtained in Sec. III.

4265
av iy
div =0 (4.|7)
/ .
n>3

FIG. 5. The first set of generalized Ward identities
for the Green’s functions.

We shall show that as a consequence of the gauge
invariance of the theory, the renormalization con-
stants Z,, Z,, Z,=2z% are the only independent
ones in the whole infinite set.

B. Ward Identities for Propagators and Vertex
Functions

In order to obtain the relations of the renormal-
ization constants, let us represent the generalized
Ward identities of Sec. III in terms of propagators
and proper vertices. ;

Let us begin with the first set of generalized
Ward identities (3.26)-(3.28), which is given by
Figs. 4(a) and 4(b). It is not difficult to make sure
that Egs. (4.15), (4.16) may be uniformly put into
the form of Fig. 5 and

p#G“"“"B(p, a)pa=iaé"6 . (418)

Let us use now the expansion presented by Fig. 3.
Then the first set of generalized Ward identities
takes the form

divG*'divG*®'divG ' T ¥, .=0, (4.19)

(divG)+ -+ @ivG)[T ™2 4+ Z@r (#1+2)G (#2+2)
+000 @G ®G .- -GIr®] =0,

(4.20)

where (divG)-+* (divG) consists of n +2 factors of
divG.

As to the second set of generalized Ward
identities, it must be noticed that the Green’s
functions entering the right-hand sides of Eqgs.
(3.29)-(3.35) may be represented in terms of the
Green’s functions © [Eq. (4.8)], the identity of
order # containing not only the © function of order
n, but also the © functions of order (z +1) taken at
coinciding points. The higher-order Green’s func-
tion, taken at coinciding points, generally has the
pole asymptotic behavior of the lower-order func-
tion, so that both contributions are to be analyzed.

Correspondingly, let us represent the function
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from the right-hand side of (3.34) in the form where the linearity of the operator V in g is used,

(0|TE°‘1'57(x1,y)x°‘2(x2)'-'x“"(x,,)lo) Vﬂylo(gly)=A(0)V(o)87lo(y)+Vﬁylc(¢|y), 4.22)

=A©)y0) Bylo (y)a;i. oo y@Bylo-gBylo (5l )

X a::",eoallazaz:...:“{.“n(xl,y|x2, ceey Xy) =5S8§ +6%,9% _55733(:” (4.23)
+&%lBylda oy ylx,, L, x,),  (4.21) and the following notation is introduced:
]
8By aeeeeOnt y|xy, oy x,) = (0| TVEYO (] QT (1, , ) X2 (55) * X (x,)] 0). (4.24)

As a result we obtain the generalized Ward identities of the second set (3.31), (3;35) in momentum space
in the form

1. oy . " «
= DG (p, @) =iAP(85p, +07 py = 087p,) M(p) + 8BV (p, p), (4.25)

1 N 7. ! . ’. .
EZk“'xG oo alol(k)iqaéG azal; ozoé(q)(; By»oaoé(p)rg!l)of; oaog;czoé(k’p’ q)

=A® (08 p, +0Y by —057p ) M1 L (£) M (p)iqe G “2 * 5% @y S gnppr by ] a) + 85187120 | p q),
k+p+q=0. (4.26)

C. The Analysis of Threshold Asymptotic Behavior of the Green’s Functions and Generalized Ward Identities

The asymptotic behavior of the Green’s functions & is obtained separately in Appendix B.

Let us consider first the exact graviton propagator. The highest possible Lorentz-invariant structure
of the propagator with respect to the symmetry properties contains five independent scalar functions.
However, with respect to the lowest-order Ward identity of the first set (4.18), only three of these
functions remain independent. In terms of these three functions, which we denote G"(p2, @), GLT(p2 a),
GTT(p? a), the exact graviton propagator has the form

1 s _bubybsby i, 1 LT _ ol a
?G‘w 7(1), a)~—(’?)%ﬁ—”G +F(657pﬂpl’+6ﬂ”pﬂp}’)(ac -G —ZGTT—F>
1 a T
*;‘z Ougpypy+ 00 Paby+0up D yby +0,yDs o) 27 +G
40,85, G +26TT = 2aGET) + (5,0, +5W5Ue)(-2% _G”>, (.27
1 .. a
L6mi87 (p, a)py = Py<%f— _ 5w> AGET 425 01y +0 b= Opuby) 4.28)
l.puG“”’B"'(P, a)pg = Q5yy X (4.29) Since the exact propagator in the pole term must
z have the structure of the bare propagator, we ob-
The bare propagator, which may be easily obtained tain
from the Lagrangian, is given by the formula G"(p?, a)—=0,
(4.27) with the values »2-0 (4.31)
G-, GOIT_g GET(p?, a)—0.
b b 2 >
1 (4.30) e . o
KA(O)G(O)TT(pz a > == (A9 +La)k . Thus, the pole asymptotic behavior of the exact
TAQ) T p graviton propagator has the form
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%G‘“’;BY(p, a)=[25 iy

xGTT(pZ’ a)

By "f’uﬂ6

1
- 5yy6uﬂ 2 (6Bypupv+ apupﬁp-y) +;€ (5.,51’713;1 +6vypﬂpp +6papypu+6pypﬁpu)]

1 1
+ [% (ﬁuﬂﬁuy +6p76v6) +§;§ (6vﬂpypp +6u ypﬂpu +6u8pypv +6uypﬂpv) "52' (6Bypupv + auvpspy)]j')%t ’

The propagator (4.32) in the degenerate gauge
(@=0) is transverse with respect to any of the in-
dices.

Now the renormalization condition (4.14) takes
the form

GTT(p?, az)--»szcA“”p1 (4.33)
-0
o—-0

As to the propagator of fictitious quanta, its high-
est possible Lorentz-invariant structure is

o, B a, B
w0 (p)= (67 ~ 227 () + B2 %)

(4.34)
The corresponding bare propagator is equal to
1 1
60‘ﬁA(o p

Thus, we obtain
[M'L (pZ) -M |l(p2)] —0 ,
2

P20
and the renormalization condition (4.14) takes the
form

My, o (p?) = M., (p*)

1 1
2;(07 p .

We shall begin with the lowest-order generalized
Ward identities (4.25) and (4.19).

A relation of the bare propagators, analogous to
the generalized Ward identity (4.25), is obtained
in Appendix A, Eq. (A12), but we also possess
rather simple explicit representations for the
functions occurring in Eq. (4.25). Taking into ac-
count Egs. (4.28), (4.31), (4.34), and (4.35), one
obtains from (4.25)

=Z (4.35)

J

q2k2
poleq2k2 (A(O)) 1Z 27 'I(GTGPB +59ﬂpy
8
FET o cmrprana B1P10) -

é 5BpY +0%7pB8

p?~0. (4.32)

087p%) =i (6°%p7 +5°7p P~ 887p* )1;152‘
+ 838y (=p,p) - (4.36)

The following expression has been obtained in Ap-
pendix B, Eq. (B9):

B32Y (<0, 0) =[€, 57057 +¢5(p76%° + PO M* (7).
(4.37)

Substituting Eq. (4.37) into Eq. (4.36) with regard
for (4.35), one obtains

1 . .= 1 .
F (6*8p” +6aype)(l —iZ,~- CZWZZ>

1 . 1 -
+ F Gsypa(—l +1/Z2 —Clzﬁy Z2>=0 . (438)
Hence,
= _iA(o)(Z"z-l -1),
€, =iA(Z, - 1).

(4.39)
(4.40)

Thus the lowest-order Ward identity (4.25) per-
mits us to define the constants ¢, and c, .

Let us consider now the generalized Ward iden-
tity (4.19). After the transition to the mass shell
with regard for (4.13), Eq. (4.19) takes the form

- -23: L s
Z,"H(AQ)2divG O divG O divG @ TR, = 0.

(4.41)
Equation (A14) of Appendix A shows, however,
that (4.41) is satisfied identically and thus it does
not lead to relations for the renormalization con-
stants.

Let us consider therefore the higher-order gen-
eralized Ward identity of the second set (4.26).
With regard to Eqs. (4.28), (4.31), (4.34), (4.35),
and (4.13), one may represent Eq. (4.26) as follows:

a (A‘O))'ZZI'I (6°1%1% %2 +692 %1 %1 — §% O2p%1) (5f1a2qu +5f2a2qf1 - Gflfzq"‘z)GBY“be(p’ a)ro )

0102; f1f9i ¢e(k, a,p)

5 B)’pe)@flotzqu +6f2%2g1 5f1f2q0¢2)-yg?l)é3|}1f z(k’ pl q)

(4.42)

An expression has been obtained in Appendix B, Eq. (B16), for the asymptotic behavior of the function
&*1Bylez pytting (B16) into the form symmetric with respect to %, p, ¢, and taking into account (4.35) and

(4.13), one obtains
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gallaylaz(klplq) = 2k2 2(A(o)) ZZ ZZ —l[c (679p5+695p7)+c 557[) ]

kz—»o.pz—m,qz—»o
R+p+q=0

X (ﬁflazqu +5fz°‘2qf1 _5f1f2qa )Yg?;ég;)flfz(k’plq) .

It was also proved in Appendix B, Eq. (B17), that
&, =ic,, ©,=ic,. (4.44)

However, the constants ¢, and c, were obtained
from the previous Ward identity: (4.39)-(4.40).
Thus, one obtains with the aid of (4.44)

=A(o)(Z"2-1 - 1),
8, =-A9(Z, -1).

It must be noted that the exact propagator
GB7:%9(p. @), containing the constant «, still re-

(4.45)

2,712, (6%1%1k %2 + 59215 %1 —

poleqzk b

The corresponding relation of bare vertices has
been obtained in Appendix A, Eq. (A18). Compar-
ing (4.46) with (A18), one finds that

ZZ," =22, (4.47)

—the first Ward relation for renormalization con-
stants.

In order to obtain the other relations, let us con-
sider the whole first set of generalized Ward
identities (4.20). The corresponding relations of
bare vertices have been obtained in Appendix A,
Eq. (A23). Comparing the exact identities (4.20)
with their analogs for bare vertices (A23) one may
obtain successively the infinite set of Ward rela-
tions for the threshold renormalization constants,
determined by Eqs. (4.13) in the degenerate gauge:

(Z;n))—l =Z,""Z,"', n=>1. (4.48)

It must be noted that the first set of general-
ized Ward identities at the threshold is exhausted
by the relations (4.48). As to the second set,
only the first two relations have been examined.
It is obvious, however, that by virtue of Egs.
(4.12), (4.13), the higher-order generalized Ward
identities for the fictitious-interaction Green’s
functions cannot produce new relations for the
threshold renormalization constants.

Thus, Eqgs. (4.47), (4.48) represent the complete
set of Ward relations for the renormalization con-
stants. Let us proceed with the consequences of
these relations.

(4.43)

—
mains on the left-hand side of (4.42). Let us can-
cel @ entering (4.42) as a multiplier and then pass
to the limit @~ 0. Then, for the resulting factor

G%E(?,gz*o(Py d) )

one may use the renormalization condition (4.14).
Substituting (4.45) into (4.43) and (4.42), one veri-
fies that the addition of the term §*1'87!%2 in
(4.42) is equivalent to multiplication of the right-
hand side of (4.42) by the factor Z,™*.

Finally one obtains

5°1°2k°‘1)(5f1"‘zqf2 +6f2% zqf1 _5f1f2qa2)G(o)By ¢6(p a) 0 @)

01093 f1f 53 ¢e(k, q,p)

. (A(‘”) lZ -1Z (579p5 +6"Bp7 —5871) )(éflagqu.)_éfzazqfl 5f1f2qa2)yg):é3|)flf2(k,p|q) .

(4.46)

D. Lagrangian of the Renormalized Theory
(Renormalizations at the Threshold)

The action functional of initial theory in the de-
generate transverse gauge reads

S[¢,C, C; A, k]

_ (A(o))-l [1 528
R 2! 55°0g°

¢“¢”

1 5(n+2)s
A -
+”Z=;( ) (n +2)] 681 e+ 0g%m+2 |, g

X poees ¢“n+2]

+A° Uéaé«”aﬂc dx

aB
+ (A(O))- j—aég"a

Let us perform the following change of the field

variables in (4.49):
¢g: 22-1/2¢>a’
Ca=Z,7v7Ce,
ng Z"‘z—l/zca .

cﬂwde . (4.49)
£=5

(4.50)

Then the terms

(A(O))—n¢u1 ces ¢a"+2 = (A(O))-nZZ(M 2)/2¢§1 ce e ¢;"+2 ,

n=1
(A(O))'IE“CB([)" = (A“”)“‘Z’zz;’z(?,‘;‘cg(pg ,
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by virtue of the Ward identities
1=2z"(z,""z,""),
1=2,2,72,7z,,
take the form
(AD) gt e e pinra= ZVGR e - Pt
X[(A(O))—lzl-1223/2]n’
(A@)1CeCPo = Z CECRo [ (A) "z, 712 7).
Now the constant A’ plays the role of a coupling

constant in this theory. Let us define the renor-
malized value of this constant as

(AD) =1 =(A©)1z,"1z,3?] (4.51)

and choose the initial value A in such a way that

the renormalized constant AY’ should be finite.
Then we obtain

(A(O))-n¢a1 ceepInt2= Z(l"’(A(fe)))'"¢?z‘ e ¢;n+2’

(4.52)

S[¢, 69 C;A(0)9 K] ESR[¢R ’ E;e ’ CJ,! ;A(Ig)) KR]

- (A(o))—l[ _1 528
Kgp 22! Ggaﬁgb

+49 2, [ascirgoeec 1z, o

where

A(O) 1/2
CIR=(_> cR,
AD

—r _[AQ v2_
C’ =(W> C
R

are the actual renormalized fictitious fields.

The renormalization constant Z, may be elimi-
nated from the expression for the S matrix by
means of a trivial change of the local measure.2®
The constant A’ may be set equal to unity.

Thus, as a consequence of generalized Ward
identities, only two essentially divergent quan-
tities, the wave-function ¢ renormalization con-
stant Z, and the gravitational-constant renormal-
ization constant Z,7'Z,*2, survive in the theory.

It is seen from (4.57) that the generalized Ward
identities permit us to transform identically the
initial Lagrangian to such a form that after the in-
finite factors are included in the parameters of the
theory, all the Green’s functions possess the fi-
nite threshold asymptotic behavior. This does not
mean, however, that divergences have been re-
moved from off-threshold amplitudes.

ORO% +D 21 (AR)
8=8 n=1

(A9)1CCcBoe = Z, (AL 1CeChos , (4.53)
and

¢a¢b = Zz¢£¢?¢ ’ (4-54)

ccP=2,C5Ch. (4.55)

Thus, as a result of Ward identities the “coupling
constants” of all bare graviton and fictitious -
particle interaction vertices are renormalized with
the aid of a single quantity z,~'z,%2.

Let us introduce the renormalized gravitational
constant kg,

(A(O))-l _ (A(O))—l

K kg

(4.56)
kg =k (2,72,%),

and choose the initial value of the constant k in
such a way that the renormalized constant kp.
should be finite.

Substituting Eqs. (4.51)-(4.56) into Eq. (4.49),
we obtain the expression for the action functional
in terms of renormalized quantities:

1 5("+2)S “ a
se e n+ 2
(n +2) 5§ﬂ1...5§¢mzi=6¢x‘ P ]
6@018 }
< C'Rpgdx 4.57
éga 2=5 B ¢R ’ ( )

E. Gauge Invariance of the Renormalized Theory

The renormalized gravitational field operator
reads

&p=AR0 +¢g , (4.58)

and the asymptotic behavior of all the Green’s
functions of the field g is finite by virtue of the
finiteness of A and the Green’s functions of the
field ¢, . It is a surprise, however, that the con-
stant and the variable parts of the gravitational
field operator are generally renormalized with the
aid of different quantities:

8r=2,"Y(2,Z2," A% + ). (4.59)

The renormalized gravitational field operator gp
may be expressed directly in terms of the unre-
normalized operator g only, provided that one
extra relation takes place:

Z,=Z,. (4.60)

However, the generalized Ward identities, which
were analyzed here, do not yield this relation.

As we shall show in Sec. V, relation (4.60) is true,
but it is not a Ward identity. In other words, the
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gauge invariance of the theory does not require
this relation, but some other properties do. These
new properties of quantum gravity will be studied
in Sec. V.

The main consequence of generalized Ward iden-
tities for renormalization constants is the state-
ment that the counterterms, renormalizing the
threshold asymptotic behavior of the Green’s func-
tions, do not break the gauge invariance of the the-
ory.

This statement is not quite evident because if Eq.
(4.60) is not considered, then by virtue of Eq.
(4.59) the renormalized Lagrangian as a whole
does not represent the invariant expression in
terms of the field §,. The renormalized Lagran-
gian of gravitational field has the form of a curva-
ture scalar up to the constant factor in terms of
another metric field:

E=0p+2,7Z,AR®
= 22-1/2(¢) +A(°)5)

=2,V (4.61)

Contrary to (4.59), (4.61) is proportional to the un-
renormalized g but is generally not finite. Never-
theless, the gauge invariance may be proved.
Indeed, the gauge invariance of the initial theory
was true by virtue of the action S[¢, A®’] invari-
ance in terms of the integration variables 3 =A©’%
+¢. Inthe framework of renormalized theory,
one may transform the differentials

IT dgx =I1dos =114dg,

and consider g as the integration variables of re-
normalized theory. It remains to be noted that by
virtue of (4.57),

SR[¢R ’Ag)] ES[¢; A(O)] ’

and thus provided that S is invariant under the
transformations of §, Sg is also invariant under
the same transformations of & and consequently it
it is invariant under the transformations of g, be-
cause g is proportional to g and the gauge trans-
formations are homogeneous.

Finally, the action S, is invariant under the trans-
formations of the integration variables of renor-
malized theory. Q.E.D.

It must be emphasized that the variables g and
&g, determined by the formulas (4.61) and (4.58),
coincide only by virtue of the extra relation (4.60).

F. Renormalizations in Arbitrary Gauge and Finiteness
of Longitudinal Parts of the Threshold Amplitudes

The Ward relations (4.47) and (4.48) have been
derived in the degenerate gauge (@=0). However,

joo

exact Green’s functions generally depend on the
gauge, which results in their dependence on the
parameter a. Consequently, the constants Z, and
Z, also generally depend on a. Let us consider
now Green’s-function renormalization in the arbi-
trary (nondegenerate) gauge.

Renormalization constants Z{ (@), Z,(a), Z,(a)
may be introduced with the aid of the same formu-
las as Eqgs. (4.13), (4.14), while introduction of
Z,(a) needs a certain discussion. When a+0, the
exact propagator (4.32) contains a free term pro-
portional to @ and a term with the function
GTT(p?, a) also dependent on @. The bare function
(4.30) reads

o 1
A(O)G(O)TTG)2’W> = (A® +%Q)F .

Only the function GT7 (p?, @)|,>_,,'is to be renormal-
ized. The renormalization constant Z,(a) must be
introduced in such a way that the Ward relations
in the case a#0 should remain in a form of (4.47)
and (4.48).

Let us show that this requirement leads to the
following definition of Z,(a):

GTT(p?, a)|p2»0=[A‘°’Z2(a)+%a]512— . 4.62)

The requirement that the form of the Ward iden-
tities corresponding to a+#0 should remain the
same as in the degenerate case is a nontrivial
one, because the propagator possesses the free
term dependent on @. Indeed, let us return to Eq.
(4.42). When a#0, there is the exact propagator
with the coefficient of the form

(A(u,)~221-1 (a)Gﬁy W(p, a, A(O))|p2—> 0

on the left-hand side of (4.42), while on the right-
hand side there is a factor

(A)'Z,()Z, (@) .

Equation (4.42) holds for any value of the parameter
A®; in particular, it remains unchanged under the
following substitution:

A(O) - AI(O) = __.1

Z (@ - (4.63)

Now, using the definition (4.62) and the repre-
sentation (4.32) one finds that
Gﬂy;uv(p, a, Al(o))=G(0)By;pv(p’ a).
With the aid of the analog of (4.42) for the bare
functions, Eq. (A18), one may cancel the tensor

factors in Eq. (4.42) with the value A”® (4.63).
Then it follows that

(A7), (@) = (A"©) 2, (@)2,7 (@),

and thus
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Z,(@)z, (@) =Z,(0)Z,™ () (4.64)

by virtue of (4.63).

Using the same trick, one may easily prove that
provided the renormalization constant Z,(a@) is de-
termined by Eq. (4.62), the Ward identity

(28 (@) =2, @)z, (@) (4.65)

holds.

It is evident that if the definition of Z,(a) differs
from Eq. (4.62), the Ward identities cannot have
the form of (4.64) and (4.65).

In Sec. V the functions Z,(a) and Z,(a) will be
found. It will be shown that not only the charge
renormalization

Z, Y a)z 3% (a) =2,71(0)2,°/%(0),

but the constants Z, and Z, themselves do not de-
pend on the gauge:

Z,(@)=2,0), Z,@)=Z,0). (4.66)

It means that in the expansion of the exact Green’s
functions in powers of «, only the terms of zeroth
order become infinite at the threshold. That is
why only the transverse part of the wave function
in the action functional

1
Slg, @1=Slg] -5 [ x*6Ix )
is to be renormalized:
OF() =2, ™ (),

which is equivalent to (4.50) in the case of the de-
generate gauge. Then in the case of an arbitrary
(nondegenerate) gauge, all considerations are
valid which were carried out earlier for the case
of degenerate gauge. As a result, the asymptotic
behavior of the transverse parts of the Green’s
functions is finite in view of renormalization,
while the asymptotic behavior of the longitudinal
parts is finite by virtue of relations (4.66).

V. THE SCALE PROPERTIES OF THE THEORY
AND THE RELATION Z, =Z,

In the previous sections we have analyzed the
consequences of invariance of the theory of gravity
under the gauge group of general coordinate trans-
formations. It will be shown in the present section

J
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that the theory under consideration possesses ad-
ditional properties of invariance connected with the
conformal transformations of the Einstein Lagran-
gian, with the pecularities of symmetry breaking,
and with existence of a fundamental constant having
the dimension of length.

Considering first the generating functions of the
theory as functionals of sources, we shall prove a
theorem of invariance (homogeneity) which they
satisfy and deduce a new set of relations for the
Green’s functions. Further, we shall consider the
properties of the equations of motion for the gen-
erating G function as the functional of the average
field and prove a second theorem of homogeneity.
As a result, we shall obtain the second set of rela-
tions for the Green’s functions. Both new sets of
“scale” relations contain the derivatives of the
Green’s functions with respect to the parameters
of the theory.

Combination of these relations gives the remark-
able identities which state that the derivative of
the Green’s function with respect to the parameter
A© is equivalent to the derivative of the corre-
sponding generating function with respect to the
“average field” argument, i.e., to the higher-
order Green’s function, with one of the momenta
equal to zero. The threshold analysis of these
identities will produce a fundamental identity for
the renormalization constants:

Z,=Z,.

Further, using the fact that gravitational con-
stant k enters the theory only through the dimen-
sionless space-time coordinates, we shall exclude
the derivatives with respect to «k from the “scale”
identities and obtain the general off-mass-shell
relations for the Green’s functions.

Next, we discuss the introduction of the “scale” -

invariant regularization and possible anomalous

singularities of the Green’s functions. At the end
of Sec. V the independence of renormalization con-
stants on the gauge will be proved.

A. The First Homogeneity Theorem

Let us present the generating functional (1.15)
as

fexp{%sl[g] +8,[%,C, C] +i§"Ja} Mdo® I1 dCtx) I dC¥(x)

%l , (6.1)

1 1 1
E;Zﬁ)r

V4 [J

()= AP0 + M (x) .

" Jewfsizwiz o e

IT atre IT acvw)
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Here the parameters entering the theory are ex-
plicitly designated as arguments of the generating

functional, and the following notation is introduced:

81[§]=f\/:ERdx—&1~f'x“x"dx, (5.2)

8.12,T, C1= [ THmC )dx+50) [ nmiglax .

(5.3)

The expression of these functionals in terms of the
field ¢ is given by the formula (4.49), where the
parameter A enters explicitly.

"The integration in (5.1) is carried out with re-
spect to functions vanishing at infinity:

¢ (t=£)=0. (.4)

In addition to this, according to the definition we
have

Ol¢(x)]0y=0.
Let us perform the following change of variables

in the integrand of (5.1):

¢I:i , 'élz (A(O))I/Z'C_’ Cl: (A(O))llzc‘ (5.5)
A(O)

Then with respect to (5.2) and (4.49) one obtains
a
8,[6, A®, o] =A‘°’81|:¢>’, 1’;1_(6_)] )
Also,
CQC=AVTQRC+y¢CC
= EIQ(O)cI +,y(0)¢ ok o

Further, the local measure transforms as

NI Mg ()] =TIM[A8 +¢ (x))]

=CIIM[6 +¢' (x)],

where C is the constant factor which cancels by
the identical factors in the normalizing integral of
(5.1), as well as the Jacobian of the transforma-
tion (5.5).

The transformation of the term with sources
reads

BoJ,= (A% +7)d,
= (6 +¢')(A9 ) .

It must be noted that the change of the variables
(5.5) does not alter the asymptotic behavior of the
functions at infinity (5.4).

Finally, as a result of such a change of integra-
tion variables, the generating functional returns
to the initial form (5.1), but with the arguments

altered, so that the following theorem is proved:
©) ()
Z[J 1 1 1]=Z[A‘°’J A7 1,4 ]

K?A® o k'«

Equation (5.6) states that the generating functional
is a homogeneous function of order 0 with re-
spect to all of its arguments.?’

The invariance (homogeneity) property (5.6) of
the theory explicitly states that the average field
also plays the role of a coupling constant in this
theory. It must also be noted that in the course of
derivation of Eq. (5.6) the properties of conformal
transformations of the Einstein Lagrangian were
exploited, which yiéld, in particular, the result
that the constant average field satisfies the clas-
sical equations of motion identically. The fact
that the constant A’ cannot be defined by the equa-
tions of motion is specific for the symmetry break-
ing in the quantum theory of gravity. Later on,
we shall once more exploit this property when the
quantum equations of motion are considered.

Such peculiarities of a theory with symmetry
breaking mean that the average field enters the
theory only through a boundary condition. Indeed,
one may represent the generating functional (5.1)
completely in terms of the field g as the integra-
tion variables. Then the integrand of (5.1) will not
depend on the parameter A’ at all, but the depen-
dence of the integral on this parameter will re-
main the same as before, because the new vari-
ables of integration possess the property

SPV(t =10) = A0 5 (5.7
and '
(0] 8*(x)|0y =A©@5H7

(5.6)

Considering integration with respect to the field
¢, we make explicit the dependence of (5.1) on the
parameter A© 28

Performing the differentiations of (5.6) with re-
spect to sources,

5'!
05 JOL e B Jon

6"
" SAC o 5iA® o

(A(D))

we shall easily obtain the homogeneity theorem
concerning the higher-order generating functions
as functionals of sources: The “average field”

functional
. 111M1[111]/.
a el - el = L a
<g><JK’A(o)aa> ZGZJK’A(O ’C! 5lJ
(5.8)
- is a homogeneous function of order -1 of its
four arguments. The generating function
1 1 1
ab - -
G <JK,K(O—y,a> 5.9)
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is a homogeneous function of order -2, and so
on.

Let us now apply the Euler theorem?2° to these
functions. We obtain

6—¢]b2 <K_ +A aAO +aaa><g>——<§a>)

G d

s - (K?)?c' +A© aA‘O’ +aaa>G“” -2G?,
and so on.

Let us now put the sources here equal to zero.
Then the first infinite set of relations for the
Green’s functions follows as

P 8 3
—_ ) -
("ax AT Sy + “w)A(O) =A®, (5.10)

9 \qav( g0, .
a—aa>G (A% k; )
=26 (A k; @), (5.11)

9 9 9
(Ka—x- +A(O)—a:47°—) + Q_a> <0|T¢a¢b¢c’0>

=3(0|T¢¢*p°|0) , (5.12)

generally (see Fig. 6). The first relation (5.10) is
satisfied identically, while the rest of them state
that derivatives of z-point functions with respect
to the parameters A®, k, and a are not indepen-
dent.

From (5.12) and (5.11), one easily obtains

9 9 9
(K——— +A©@ + a—>I",;"‘,,’c -3

oK 9A©) v abe ’
(5.14)
3 9 9
© 1)
(Ka +A© 2A® +QE>I‘G";§.,, b == +1)
I'\(n+1)

ay* **apt1?
and from (5.11) it follows that

]

<K——~ +A© G YAk )

4 9
ox A% 5A + %,
=-2G 4 1 (A%k;a), (5.15)

which will be of further use.

B. The Second Homogeneity Theorem

The generating & function as the functional of the
average field,

G®(g)| A, k, a), (5.16)

is of the most interest because it generates di-
rectly the vertex Green’s functions according to
the formula (4.6). The generating G function (5.16)
may be obtained from (5.9) by means of inverting

* the function (5.8),

1/ _
(xi_+A(.,»_2_,,a_"_ ) %——n % (5.13)
dK A da K

n

FIG. 6. The first set of “scale” identities for the
Green’s functions.

rero| 5, 2), 6.17)

and substituting the expression obtained into (5.9).
Hence, one may see that the dependences of the
functions (5.9) and (5.16) on the parameters are
generally quite different from each other.

In order to analyze the generating function (5.16),
let us consider the set of quantum equations of
motion obtained in Sec. III. Let us denote

Sllg =T93]

=T g ),

=THE W),

where

8,[8] =Tr InQ[2]Q~* +56(0) f InM[gldx. (5.18)

It must be emphasized that the functionals T,
and T,, being defined in terms of the field g, de-
pend on only one argument.

Equations (3.41) for the generating functional
take the form

{i Ta[zt?J] Ta[zéJ:I ”a}z["] =0. (5.19)

Multiplying Eq. (56.19) by Z~'[J] from the left, we
obtain

s = T2 + 6™ ()5 ( 57 !

+T“[ byGoe ]1. 5.20
(&) 6™ (&) g5 (5.20)
At last, let us perform one more variation with

respect to the average field. Finally we get the
equation

e 1 a
-89 =Gf ((g))t.,< g)"‘{ T [{g)" +G*((g)) 5 g>c]
+T¢ Bg)b +G¥"((g)) G(g)"]}

(5.21)

for the function
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G“b((g‘)lA(O), K, a)

of interest.
The boundary conditions read

(") g2 =AOBH,
G®()] 720 =G UG (euvy=a @guv -

(5.22)
(5.23)

It must be noted first of all that the parameter
A does not appear in the equation (5.21) for the
G function. It appears only in the boundary condi~
tions (5.22) and (5.23), which reflects the pecu-
liarities of symmetry breaking, mentioned earlier.
Further, Eqgs. (5.22), (5.23) serve as the boundary
conditions to the equations for the functions of
sources, but not to the Eq. (5.21), where the aver-
age field is the argument of the G function, so
that these conditions are applied to the function
G ((g)) only as the conditions of transition to the
vertex Green’s functions, which we are finally in-
terested in. Thus we have

@GP (&) A, k, @)=0. (5.24)

aA(O

It follows from (5.24) that the G function as the

function of sources (5.9) and the Green’s functions
J

1
2,
-0 =A% (g)| k; @) 5A(g) {KA
Let us now denote
(8)=A(g), K=Ak, da-=Aaq,

CUBIk;a) =A% (g)lk, @).

One may notice that Eq. (5.27) for the function G
has just the form of Eq. (5.21) for the function G
written down in terms of the new arguments. Thus
we conclude

G(B)Ira) =G (B)r; @),
or

G(A(g)| Ak; Aa) =A% (g)|k; ), (5.28)

which holds for arbitrary A.

Equation (5.28) represents the second homoge-
ne1ty theorem, concerning the generating function
Tasa funcffoAﬂé,l of the average field. Note that by
virtue of (5.24), for the generating function (5.16)
the number of arguments is less by one in com-
parison with the function (5.9).

Since, by virtue of Eq. (5.28), the G function is
homogeneous of the order 2, the function

Gap™ (&)]K; @)
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I[A(@ +A%G (<g>IK;a)6A6< )lAa] +T l:A(g) +A%G ((g)|k; a)5A<g>]} 1.

oo

depend parametrically on A’ as a consequence
of the boundary condition (5.23) only.

We have proved earlier the homogeneity theorem
for the generating functions as the functionals of
sources. Let us show that the G function as the
functional of the average field possesses a similar
property.

Let us find how the functionals T,[¢] and T,[¢]
transform under multiplication of the argument ¢
by a constant.

From the known conformal-transformation prop-
erties of the curvature, one finds

8,[Ag;a] =A81[:§;%] .

Hence

T,\[Ag;a] =T1[§§§] .

Now, as the operator Q[¢] and the local measure
M([¢] are homogeneous in ¢ and the functional
8,[¢] has the form of Tr1n, one finds

(5.25)

Tz{A§]=A'lT2[§] . (5.26)

Using Egs. (5.25), (5.26) in Eq. (5.21) and omitting
the indices, one obtains

(5:27)

r
is homogeneous of the order -2.

Let us apply the Euler theorem to this function.
Then one finds that

3G, _1((g>'K;Ol) ¢, %G, -l«g>lk;a)
e T «

P (€] ()

Y a=-2G, " (g)lk; ) .

(5.29)

Performing functional differentiations of (5.29)
with respect to (g) and then putting (g"*)=A5+"
we obtain the second infinite set of relations for
the Green’s functions, independent of Ward iden-
tities.

One obtains consecutively in the momentum
space

9 -
—erf; yo; ul/(p’ -p, 0)‘4‘(0)6“”4”(5(;068;70 1(pIA(O);K;C2)
9 -1 ©)
+@5=Gag; 1o (p| A%k ; @)

= "2GaB: yo-l (pIA(O)"K; @), (5.30)
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In the case in which the gauge is degenerate, the
terms o[3/(3 @)] may be omitted in the relations
(5.31)

C. The Relation Z, =Z, in an Arbitrary Gauge:
Scale Relations of the Bare Vertices

Comparing two sets of “scale” identities,
(5.10)-(5.15) and (5.29)-(5.31), we obtain the rela-
tions mentioned in the beginning of this section:

9 ! .
WGaB;yo-l(plA(O);K; a) = —ere);yo;uu (p’ =D, o)auv,

(5.32)

J

GHYs af (pIA“”;x;a) - KaG(g)uv; aB (j))+K[A(°)Z2(A(°);K; a) +%Q]G(10)”"; af (P, a=0),
p2—>0

1
r(:v); OLB;yU(p7 k, —p k) le_l(A(O);K;a)

20,220,
(p+R320

Further, at the threshold,

1
I"‘D(p,k, q, —p -k —q)-m(z(lz)m(o);x’.a))—l I‘(O)(‘”(p, k,q, —p -k —q),

and so on.

Only Eq. (5.35) needs some explanations. As was
discussed above, the exact propagator (4.32) pos-
sesses a free term proportional to «, which is de-
noted here as

©)py; 0B
KaGD¥ s

and a completely transverse term, which is de-
noted as

K[A©Z, +5a]GHvi 8 |

Besides this, it was shown in Sec. IV that the re-
normalization constant Z,(a) must be introduced
as in Eq. (5.35) in order that the Ward identities
should remain in a form of (4.64) and (4.65). In
order to obtain the relations for renormaliza-
tion constants from the threshold asymptotic be-
havior of Eqs. (5.32)-(5.34), we shall need one ex-
tra set of relations among the bare vertices, dif-
ferent from the gauge relations found in Appendix
A.

The gravitational field Lagrangian possesses a
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i ‘ )
( 15+ sDns —Z}p,-,O)G""A‘°’+<Kai+ a—
i=1
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n+1)

K Y ©1B1reses Upi1Bnt1

)

(pl, --.,p.,-Z)pe)
i=1

n
==(n "'l)r(o:':él),,.,,a,,.,,lﬂ,,.,.l(pl PRRRRTY "',Z;pi> ’
=1
n=2. (5.31)
0 (3) )
Wrae;yo;d)e (P, k, —p "k'A HL a)
=1L v0: 00 ;0 (s By =p =k, 0)84”,  (5.33)

9
erfé;yome;pg (ﬁ, k’ q, —P -k —qlA(O);K,'Ot)

=ir(;ﬁ):'yc;¢9;p§;pv(p’k’ q, —p -k -q,0)06"",

(5.34)
and so on.
Let us now consider the mass-shell asymptotic
behavior in the relations obtained with the aid of
the formulas of Sec. IV:

(5.35)
rgjv);(g)ﬁ;'yo (.ba k: —P —k) . (536)
(5.37)

“homogeneity” property:
S[Ag]=AS[g], a=« (5.38)
5"S[Ag‘] G"S[g] A-n+1 . (5.39)

AR+ 0Ag* 5%+ + 0%

Application of Euler’s theorem gives

6" 15[z] e 6"S(2]
o~ oo S "("””@% '

(5.40)
Equations (5.40) taken at
v =pn

represent an infinite set of new (“scale”) relations
among the bare vertices.

One of the momenta is always equal to zero on
the left-hand side of Eq. (5.40) taken at g =5; how-
ever, a generalization to the case of nonzero mo-
menta may also be given. For example one may
prove that
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1
z 6”vrﬁ)u);gﬂ);p¢(Q7 b, k)
=3[G8R,ps @1 =3[G &, s (D) =2[G G, ps BN
+?}[5a5 (qu¢) +q¢Pp) +§P?¢ (qaks +qg ko)
+ (00 (0 gy +0ag0p p)qz]
+3(0g(pokg —kgpy) +0, (Pyks ~kpghy)
+53(1}pka"}§o¢.bp) +6£(p¢ka—kap¢)] ’
E+p+q=0, a=x. (5.41)
The relations (5.40), (5.41) may be very effi-
ciently used in perturbation theory calculations,
because in some cases they give a possibility of
avoiding the highly complicated explicit expres-

sions for bare vertices.
When ¢ =0, Eq. (5.41) states that

T Q35 un(Bs =0, 08 =[G, 6(p, O] emwo -

(5.42)

Whenz =3, we obtain from (5.40) the relations
for the higher-order bare vertices:

n
; 17X0) (n+2) v
Zr‘(alﬂl.....d,wlﬁ,ﬁl,uu(pl’ <3Py _2 bis 0>511
i=1

n

— (0) (n+1)

__nr"‘lﬁl.-...ananH( 19 °++sPns "?pl>:
=1

n=2. (5.43)
Using relations (5.42), (5.43) to cancel the tensor
factors in the threshold asymptotic behavior of
relations (5.32)-(5.34), we obtain the new infinite
set of identities for renormalization constants
Z, (A9 k), Z" (A k) in an arbitrary gauge:

8 /1 . 1
9A©® <sz 1> ="(71W)221 1 (544)
0 1 - n+1 1) \m
3A® <W))_,,+—1 (z™) 1) = 71(~()_)7’,_+_§(Z(1+1)) L
n=1. (5.45)

Next, Ward relations
(Z(,_n))-l =Zl-n22n-1

must be used. It then follows that

2 1 - 1 _

W(Fzz ‘) ==@oE 2 (5.46)
9 1 _ 2 _

A® ((A(o_))_z Z, l> =—(—75—)§ z,7*Z,, (5.47)

9 1 - 3 -
W((_A_(o’)')—szl ZZZ>=—-A(O—))4Z1 3Z22, (5.48)

Only the first two equations of this infinite set
are independent. The third one is consistent with

|

the previous two. As a condition of consistency,
one obtains from (5.46)—-(5.48), after some simple
arithmetic, a new fundamental relation for renor-
malization constants:

Z,-2, (5.49)

in the arbitrary gauge. The role of this relation
was discussed at the end of Sec. IV. ,

One can show that (5.49) is the only consistency
condition following from the whole infinite set of
relations (5.46)—(5.48).

It must be emphasized that, just as the Ward
identities (4.64) and (4.65) were obtained from the
requirement that the renormalized theory should
preserve the property of gauge invariance of the
initial theory, in an analogous manner relation
(5.49) expresses the requirement that the renor-
malized theory should preserve other properties
of invariance of the initial theory: the homoge-
neity properties.

Solving Egs. (5.46)-(5.49) for renormalization
constants as functions of A’ one easily finds that

9Z VA
A L =5A 2 =0, (5.50)

D. The Dependence of the Green’s Functions on k and the
General Off-Mass-Shell Relations

The homogeneity properties of the theory which
resulted in Eqs. (5.49), (5.50) do not embrace the
whole variety of “scale” properties of the theory.

There is one more, almost obvious, property,
which is the consequence of the essential feature
of quantum gravity: the existence of a fundamental
constant vk , having the dimension of length (F=1)
(PlancK’s length®). This property states that «
enters the dimensionless generating G function
only through its space-time arguments. This
statement becomes apparent if one works in units
for which Z=c =« =1. It may also be easily proved
using Eq. (5.21) for the generating G function:

G®(2)|k) =G (x,5lI(g) ;x) (5.51)

(the discrete indices are omitted).
Let us denote

X Yy
y = , [
WY T
and define a new function G’:
def

G,y [I[{g)(z") = G(x,](g)(2);k). (5.52)

The equation for the new function G’ may be shown
to have the same form as Eq. (5.21) for the func-.
tion (5.51) of the new arguments and the value

k=1.

So it follows that



|oo

G'(,y () (2" N =6, y'll(g)(2"); 1) . (5.53)

Comparing Eq. (5.53) with the definition (5.52) of

the function G’, one finds
z
(g)<7;'> ; 1) )
(5.54)

which gives for the Green’s functions in momen-
tum space

6 @) 0 =6( 7,

G(plk)=k%G (x p|1), (5.55)

1"("+2)(P1 9. -ypn+2|K)

=K'2F("+2)(\/T€—P1, ey ‘/I—C—p"+2|1)7

2p:=0.

One can see that Eqgs. (5.55), (5.56) again have
the form of “homogeneity property,” this time con-
cerning the Green’s functions as the functions of
momenta and 1/vk . Application of the Euler theo-
rem immediately gives

(5.56)

pcaZaGuu; aB (D) - ZK%G‘"" aB ([J) = —4GH; af (p)’

(5.57)

_pc’

n+1 9 n+1

—ZploapaPg’:BZI),...,a"+23n+2<p1: <3 Pnt1s —E pj)"'znr
i=1 ! =1

Equations (5.60)-(5.62), obeyed by the Green’s
functions, are the “scale-invariance” relations
which may be regarded on a level with the gen-
eralized Ward identities as the exact consequences
of the dynamical equations.

As to the renormalization constants Z, and Z,,
the threshold analysis of Egs. (5.55), (5.56) gives
the evident result that

2 7 & a)=0. (5.63)

<)
—EZ (x, oz)—a’c
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n+1l
(n+2)
alﬂl.....an+2ﬂﬁ+2<1)17 DERPY e —'Z;l pj)
i=

42717

9 9
_pda_p_ac‘w;aﬂ'l(p) +2K8—K-Gw: aB-l (p) = —4Guy; ag-l (17):

(5.58)
m2 o9 )
ZP, 5Z—;ar‘("‘lﬁl-----"‘yrrzﬂmz(pl’ o "p"*?)
i=1
2 5 I-(n+2)
- K;,? OLIBI.....Otn+2By,+2(p1 9 o -’Pn+2)
=4r‘&':§1),...,a,,+25,,+2(1>1 PR ,pn+2)’
n+2
b p;=0. (5.59)

[

it

1

Let us now consider the second set of scale iden-
tities (5.30)—(5.31). The derivatives with respect
to k entering these identities may be excluded now
with the aid of Eqs. (5.57)-(5.59). Then one ob-
tains the set of off-mass-shell relations for the
Green’s functions:

o o .
pOWG“B:M-l(I’) *+ 205 Gagpy ™ (P)

=2 ;B);p‘y;pu(p’ -p, A%, (5.60)

9 9
aparsl)al,azaz, agpg(Ds s =p —k)—k"a—k;aI‘S;Bl, 0By g8y (s By =D =) =2TG)5 ayp,. ayn,(Bs Ry =b —F)

—9; 744 <
—27'1“(m)61.a282.a383.uu(1’x k, =p -k, ())A(O‘g,m"

a=0 (5.61)

N\

nt+1

=94 +3) ©) guv
-211'2'181,...,a,,+ze,,+2,pu<f)1, .. -,P,,+1, —jz";l P/, 0>A 6“ ’

a=0. (5.62)

E. Scale-Invariant Regularization

Equations (5.50), (5.63) state that threshold re-
normalization constants do not depend either on
A® or on k. This means that radiation correc-
tions to the threshold asymptotic behavior of the
Green’s functions are either absent or coupling-
constant-independent. Both of these possibilities
seem paradoxicai; nevertheless we shall show
that the conclusion is correct and the details de-
pend on the way of dealing with the divergent inte-
grals.
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FIG. 7. Graphical representation of the integrals of
perturbation theory.

ot -

In order to analyze what happens one must first
make sure that the integrals of perturbation
theory formally possess the same invariance prop-
erties as the exact functions do, according to the
considerations of the present section. Let us con-
sider, for example, the perturbation expansion of
the graviton propagator (see Fig. 7). Performing
formally the change of integration variables in the
integrals in momentum space

K 1/2
()

one obtains, provided that the boundaries of inte-
gration region are infinite,
1; 1)

1/2
G (plk;A®) KG«ATK)) »

in any order of perturbation theory, just as is re-
quired by Eq. (5.55). B
However, the case is somewhat more complicated
in view of ultraviolet divergences. The calcula-
tion of the integrals of the type presented by Fig.
7 needs the introduction of a regularization. For
instance, the introduction of a cutoff in the momen-
tum space would immediately break our present
conclusions, for the Green’s functions would de-
pend on the additional dimensional parameter.
The latter would enter the Euler theorem as well
as invalidate Eq. (5.55) and all the consequences.
However, to secure the invariance of the theory,
the regularization must also be introduced in an
invariant way. In the present case, except for
gauge invariance, regularization must also secure
the homogeneity of the theory. While introduction
of a gauge-invariant regularization presented a
certain problem,” ! the introduction of a “scale” -
invariant regularization is straightforward: Per-
form a formal change of integration variables

K 1/2
k*@—m—,) k

in the divergent integrals and introduce the upper
limit A or any other type of regularization in the
integrals with respect to dimensionless variables
(k/AY?E . Tt is evident that the invariance re-
quirements of the type (5.55) are then satisfied
manifestly and the dependence of the Green’s func-
tions on the dimensionless parameter A does not
affect the “scale” properties of the Green’s func-
tions in any case.
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It must be emphasized that the choice of dimen-
sionless units does not yet guarantee invariant
regularization because A would become dimension-
al again when the gravitational constant « is rein-
troduced. Another necessary step consists in pro-
claiming A (which is numerical in the celebrated
system of units) purely numerical. Then changes
of system of units will touch the momenta, but not
A.

Reference 7 gives an example of a regularization
which is both gauge-invariant and scale-invariant.
Thus, provided that the invariant regularization
is introduced, all the conclusions of the present
section are also true when the ultraviolet diver-
gences are taken into account, but perturbation
theory is no longer an expansion in the “coupling
constant” (k/A©)/2, The quantity (k/A ‘)%
serves as the true external parameter for the
scattering amplitudes. Working in absolute units,
one makes it obvious that all orders of perturba-
tion theory become important at the same time be-
cause there is no small pure number in the theory
to distinguish the various orders.

Perturbation theory acquires its literal meaning
only in the framework of such an invariant regu-
larization technique which annihilates all the
power divergences in terms of the upper limit A,
so that only the logarithmic divergences remain.
The regularization of Ref. 7 possesses this prop-
erty too. The perturbation expansion regularized
in such a manner becomes at the same time an ex-
pansion in the powers of external momenta, each .
distinct order being of a unique power in momenta.
In this case there will be no radiation corrections
to Z multipliers: Z, =Z,=1. However, it must be
stressed that this is not the property of the theory,
but the property of a particular regularization
technique (for example that of Ref. 7), since gen-
erally neither the gauge invariance nor the scale
invariance require the obligatory annihilation of
power divergences.

So generally the constants Z, and Z, as functions
of the infinite parameter of scale-invariant regu-
larization, A, would possess radiative corrections
from all orders of perturbation theory, notwith-
standing that they are coupling-constant-indepen-
dent. Inthe general case Z,>1, contrary to elec-
trodynamics, because in gravitational theory there
are charges of only one sign and thus radiative
corrections make the experimental charge larger
than (or equal to) the initial one. It must be noted
that the peculiarity of the theory of gravity which
is the nonlinear gauge theory causes not only the
renormalized three-graviton-vertex function, but
all the renormalized vertex functions of graviton
scattering at the threshold, to be equal to corre-
sponding bare vertices with the renormalized val-
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ues of k and A, all infinite radiative corrections
being included in Z multipliers.

Now, we considered a particular form of pole as-
ymptotic behavior of the Green’s functions through-
out the present paper. It must be noticed, how-
ever, that if the infrared divergences exist in the
theory (see Ref. 32), they may lead to the occur-
rence of anomalous singularities. The additional
powers in momenta may be formally included into
Z multipliers:

Zg" 32(1’2);
Z,~ al(pz’ kz,i?k),

and so on.

Although Ward identities in a simple form of
(4.47), (4.48) would not hold for 3 quantities, the
scale properties of the theory will yield certain
relations among them, provided that the invariant
regularization is introduced. Using the exact rela-
tions (5.60)~(5.62), one obtains in the degenerate
gauge

9
3,71 (0%) + %557 8.7 (%) = 37 (0% 1%, -p%)
(5.64)

and the analogous relations for the higher-order
anomalous factors 3{”. If the anomalous singu-
larity has the form

const

32(P2) =‘G§)_-y ’

Eq. (5.64) gives

(A +y) 3,71 (p?) = 8,7 (p% v, 7). (5.65)
Equation (5.65) replaces the Z, =Z, relation, while
the higher-order relations for 3{ with respect to
Eq. (5.65) replace the Ward identities for renor-
malization constants.

F. Gauge Independence of Renormalization
Constants

We shall end the present section with the calcula-
tion of the dependence of Z, and Z, on the constant
a, fixing the gauge.

Let us use Eqgs. (5.58)~(5.59) to exclude the de-
rivatives with respect to k from Eqgs. (5.30)—
(5.31). [The threshold asymptotic behavior of the
Green’s functions being known, the derivatives
with respect to momenta may be calculated ex-
plicitly in Eqgs. (5.58)~(5.59).] Thus we obtain on
the mass shell (m.s.)

4279

)
aﬁGas‘V"(plA“’);K;a)
5GP (p| Ak; a)
~iGB: ¥ B (p)G Yo' (p)

Xl"(of,)a:;yfa:m,,(p, -p, O)A(O)buu, (5.66)
2}
a5 T8 y0:00 (02 By =0 ~ k| A5 0)
ms. ‘erféwowe (b, Ry =p —k| Ak @)

- O?B);ya;qse ;pu(py k’ - k’ Ol A(O);K;a)A(O)buV .

(5.67)

Relations (5.66), (5.67) together with the Ward"
identity represent the complete set of equations for
renormalization constants as the functions of a.
Substitution of the asymptotic expressions
(5.35)—(5.37) into the set of equations (5.66), (5.67)
is not straightforward, because the propagator
(5.35) possesses the free term, dependent on a.
It will be sufficient to consider only one structure
in the propagator, of the type

(6*“5"8 +5+857%),

which does not mix up with other structures when
multiplication with summation over collective in-
dices is performed.

Confining ourselves to this structure, we find
from (4.32) that

GO (p, a=0) = - 13 (047078 1 04507)

1

GOm0, a=0)=

(64078 +5Bo7™)

Then the free parameter a cancels in the expres-
sion (5.35) for the exact propagator, this being the
consequence of the correct introduction of Z,(a),
and we obtain

GHvi aB (PIA(D);K;Q)IpZ—m = 515 (5”'“5"8 +6"°‘6“B)

x[-kA©Z,(a)].

(5.68)

Further, with the aid of relation (5.42) for bare
vertices we find that

iGaB; al g’ (p)G'yc;y'al (P)Iﬁ)s';y'c';uu(p’ _p, O)A(O)G‘"’
1
»’

(61678 +576H8) kA Z, " ()2 % (a)].

(5.69)
Substitution of (5.68) and (5.69) into Eq. (5.66)
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gives a differential equation for Z,(a) and Z, (a).

In order to obtain the second equation, let us sub-
stitute the pole asymptotic behavior of I" functions
(5.36) and (5.37) into the second equation (5.67) and
use the fact that the function Z 2(oz) is introduced in
such a way that the Ward identity

(2 (@)]=2,"(0)Z (@)

holds. Using Eq. (5.43) to cancel the bare vertices
in Eq. (5.67), one finds the second differential
equation. The complete set of equations reads

d -
Otd—aZZ=ZZ(1 -Z,7'z,), (5.70)
a-l z =277z, -1). (5.71)

da

In order to solve this nonlinear set of equations,
let us remember that we have obtained

Zl(a) :ZZ(C!).

The solution of Egs. (5.70), (5.71) immediately
follows:

dz,(a) _dZ,(a)
da = da

Thus not only charge renormalization, but Z,
and Z, themselves do not depend on the gauge; and
all the relations for renormalization constants,
which were obtained earlier, hold in the arbitrary
gauge. Construction of the renormalized Lagran-
gian in the arbitrary gauge was discussed at the
end of Sec. IV.

We shall get an idea about the information car-
ried by the “scale” properties of the theory if we
compare the equation (5.60), which was obtained
here, with the similar equation (3.40) of Sec. III.
One finds that the integral of the connected part of
the four-point functlon, arising in Eq. (3.40),

=0.

unambiguously expressed in terms of the I'® func—

tion with one of the momenta equal to zero. Simi-
larly, calculation of the derivatives with respect
to a of the higher-order Green’s functions by
means of the method of Sec. III leads to the inte-
grals of the connected parts of the Green’s func-
tions of the field ¢ analogous to (3.40) or to the
integrals of the Green’s functions of fictitious
fields, analogous to (3.39). Using the relations
obtained in the present section, one easily finds
explicit expressions for these integrals in terms
of higher-order vertex functions with one of the
momenta equal to zero.

VE CONCLUSION
The relation obtained,
Z,=Z,,
and the gauge independence of the renormalization

constants are specific distinctions of the theory of
gravity from the theory of the Yang-Mills field.

In particular, it is possible in the Yang-Mills
theory to make the renormalization Z,(a) finite by
means of an appropriate choice of the value of
@.'?® Then, only one essentially divergent con-
stant remains in this theory: the charge-renormal-
ization constant. We see that similar considera-
tions cannot be applied to the theory of gravity,
because in this case Z, does not depend on a. The
relation Z, =Z, serves the equivalent of these ad-
ditional considerations for the theory of gravity.
By virtue of this relation, there remains in the
theory of gravity, as well as in the Yang-Mills
theory and in electrodynamics, only one essential-
ly divergent constant, renormalizing the threshold
asymptotic behavior of all the Green’s functions.

It goes without saying that the main question of
whether the theory is renormalizable or not re-
mains unsolved. The Green’s functions are unre-
normalizable from the viewpoint of the perturba-
tion theory, but we have seen that the latter does
not exist in the usual sense. The true parameter
for the scattering amplitudes is the quantity vk p,
so that the next problem is the renormalization of
the terms following the threshold terms in the ex-
pansion of the Green’s functions in vk p. There
are reasons to think that this task will not require
the introduction of additional higher-order in-
variant structures in the Lagrangian, because
structures of this type are present already in the
covariant and unitary S matrix.'® In this case, the
theory would prove to be renormalizable, at least
on the mass shell. )

APPENDIX A: THE GAUGE RELATIONS OF THE
BARE VERTICES

The starting point for the derivation of gauge
relations among the bare vertices is the Nother
identity **

58S
VY O szms gw(x) v*’géﬂb =0, (A1)
where
S= f\f—} Rdx .

Performing the consecutive differentiation of (A1)
with respect to 2% and after that putting =6, we
shall obtain the infinite set of relations which the
bare vertices obey.

First we obtain a set of exact relations, where
g is arbitrary:

g 0%

B 6gb§ga1 =0 ; (AZ)

)*b+

ég“I



| oo

Gg“z )ngﬁg"l ég“l )agbagaz
V*ngbé;,%gaz =0, (A3)
i | ) o"s
6z B/ 556G e e s 5ZU-155% 1o e « §5%
+V* Gg—"ﬁg’;;\?'—&ﬁ; =0. (A4)

We used here the linearity of the operator v* in g.

It follows from (A2) when g =6 that

62 (O)S
+(0)b
V% sae (a5)

Let us now act upon Eq. (A3) with the operators
ERE
0g* 62°08°

We used here the linearity of the operator @ and
the gauge conditiony in g.

Equations (A8)-(A10) present the nontrivial gen-
eralization of the previous relations because
the second variations of action may be inverted in
these formulas. It would not be possible to per-
form this inversion in Egs. (A2), (A3) because of
degeneracy of the matrix

528
6246g° °
Denote
82S(a)] !
ub
D*g] = [Gg“ég } )
When g =6 one obtains from (A9)

< >5 S(@) | ow _8°S(a)
52° " B)6g%5g° B 55%62°65°

(A11)

éaic(o)py;oa(y’ Z) =V(o)calﬂ (y)M(O)pB (z, y) (A12)

or

_1

avG(O)py,oa(y Z) V+(0)cot(y) 6(y —Z)

(A13)
O, 535 8‘; .

Here the transversality of the gauge was used.
With regard to (A13), Eq. (A8) takes the form

divG®e)@ivG?’) ([divG e )TN =0,  (A14)

which is the analog of the Ward identity (4.41).
Equation (A12) is the analog of the Ward identity
(4.25).

Inverting the second variations in (A10), one ob-

S MATRIX FOR GRAVITATIONAL FIELD. II.

(o, ) ) - (s e
—a<6gaQoﬂ>(5§.cX>"a 6§cQoB égax .
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V"gll, v*gzz and then put £=56. With regard to (A5),
one obtains

V+(0)av+(0)bv+(0)c 6398 (A6)
Y 55°08°08°
Let us now consider the functional
|
=8 —— Bk
S(a)=S§ 5g ) X'xMdx. (AT)

In terms of (A7),

8S(a) 14
v 52" = &‘Qoﬂxo’

Eqgs. (A1)-(A3) take the form

(A8)

85(a) | . 0°S()
égb Bé‘é‘-baga

="oll(‘5§,_a AcB) "Qoa< "aX) A9)

a5 V')

(A10)

r

tains, for a=(u,v; x), b=(p,v; y), c=(9,6; z),

[ B '/ B
DY <E?1V+g>6(z —x) +D°¢¢ <5FV+’§)5(3) —x)
+DP' D'V ~———r—r5 >
B 55968 6g°

1
“a

- L0 (25 Qoo ) 18207592, )

~37 (550 ) (2073, )], 19)

which is a rigorous relation. Let us now put §=9,
then find the explicit form of variation of the op-
erator v* in the first two terms of (A15), and then
go to Fourier components,

x“k, y=pD, z2+4q,

keeping in mind that £ +p +¢ =0. One notices that
the terms which come from the first two terms of
(A15) have the one-particle pole 1/p2 or 1/¢2,
while the other terms have the pole 1/p%¢%. Thus,
when the pole asymptotic behavior is considered,
one obtains

(O + O3k~ R )GI90: 870" ()G 'Y (1)
Xrﬁ)u)(:y ¢'9'(k P, )

1

= Looener (p)goc09000 en, ke, alp)

1 o rgr . 0l
+ S GO0 @) LGP (p)y 216300k, P ) -

(a16)
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Multiply this equality by ¢° and use relation (A13).
Then it follows that

21% BLRY + 54kH — 0MP) (599'¢% +5%9'¢®" —59'0"¢?)
xG(o)py:pv),r (p)r,(‘?'};(ps,)y,:we, (k,p, q)

=GO (p)y SRS e, 4 )

+£‘_2 5¢¢'q9’+5¢6’q¢’ - 5¢'9’q¢)

x 2?2 (6°"2pY +8°"1pP — 5PY pP" )Vt barer (b, p | q) .
Aa17)

Note that the first term on the right-hand side of
(A17) possesses the one-particle pole 1/p2, while
the other terms have the pole 1/p%?. Omitting the
term with the weaker pole asymptotic behavior,
one obtains finally

a ’ ’ ’ ’
= k" + 05kt - 0MEB) (690" +699q*" ~59"%g?)

XGOPYe'Y' (p, a)l";f‘,’,f;?}’,,m.e, ®,p,q)
o ' gt Py rgt
pglepz_qz (5¢¢ qe +5¢9q¢ ~5° 9q¢)
X (87PpY +6P" pP ~ 677 pP Yy 043 (o, pla)
(A18)

which is the analog of the Ward identity (4.46).

Let us return to the rigorous equality (A15) and
take two divergences there: with respect to one
index from the pair b and another one from the
pair ¢. The equation thus obtained is to be varied
n times with respect to g ; then g is to be put equal
to & and the pole asymptotic behavior is to be
taken. It is not difficult to see that the first two
terms on the left-hand side of (A15) will always
produce the weaker pole asymptotic behavior than
the other terms.

Thus we can write

+a 538

abID bblach cc'v a

52°58° 63°

1 r~

- bb’2, (0) B

5n,8=6 @ %, Y“Oz"‘”"(achc “,)
;aole

1 2 .
+ 5% D% Voo B, D%,) . (A19)

Let us now apply the operator

%fl"'fr':divalfigg% .. -divanfr’vS;—,; (A20)

to Eq. (A19) and define the action of this operator
upon the quantity

B0, Do, | SO @a1)

8
Analyzing the action of the operator (A20) upon
both sides of Eq. (A19) and using Eqs. (A4) and
(A13), one obtains
CiLsm3ps=0, =0 (a22)

as a consequence of Eq. (A19). The equality (A22)
may be written down as

@ivG?)+ ++ (divG')

X[ (+2) | SIGTO) (#1+2) GO0 (p2+2)
+o0 e 1@ GIGOTOI GIGO) oo L GOPO )] 20

n=1 (A23)

where divG®)«++ (divG‘®’) consists of (r +2) fac-
tors of divG . Equation (A23) is the analog of the
first set of Ward identities (4.20).

APPENDIX B: THE THRESHOLD ASYMPTOTIC
BEHAVIOR OF THE GREEN’S FUNCTIONS ©
IN COINCIDING POINTS

For the analysis of the Ward identities (4.25) and
(4.26), it is necessary to find the threshold asymp-
totic behavior of the functions

&8y (&, P)'Hp:o ’

8418V 2] 1 q)|rsprgmo »

which are determined by the formula (4.24). Ac-
cording to (4.8), these functions are expressed in
terms of the Green’s functions 6*8(x,y|a) and
&8 (x, y|a, , a,) at coinciding points.

Let us consider the first of the functions (B1).
One has

887 (x, y) = (0| TV B71° (0| $)Q* *°(x, )|0)

= (830007 +935,16) - 8}6261)0% 0 (x, | y)

(B1)

—fdz 8(y -z)(é,_‘{’éﬂ +6567)
X o5 (x, | 2) . (B2)

Going over to Fourier components and taking into
account the translation invariance, one obtains

iga'EV(—j),P)= fdt[tp(bzﬁs +5£5Z)+p”§552;]
X6, pl-p ~1). (B3)

For the Green's function © one has a representa-
tion
"R, pl=p — 1) = M ()M (p)GHH'P' (=t ~p)
x')/arullplpl(t,pl—t —p), (B4)

corresponding to Fig. 8. We are interested in
(B3) when p - 0. With respect to Eq. (B4), one
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FIG. 8. The three-point function ©.

represents the right-hand side of (B3) in terms of

the following two integrals, in which we may di-

rectly put p =0:

A, 0| =t)dt = FeV,
(B5)

vip'p

[aree rgree (~tyye,
f MO (t)GHein'P’ (_t)ya},,,,u,p, t,0|=t)dt= 3.

(B6)

Here, the constants f**" and f$*” are the rela-
tivistic tensors composed of 6" only. Thus

fa' =0 (B7)
and

SV = 6P 5+, (6P +6%P5H) (B8)
where the symmetry properties are taken into ac-
count. Finally, using

M"”'(p) - 5uu'MJ. (pZ),

20

one obtains from (B3) the asymptotic behavior
needed:

8By (=p, p) = [c, 9687 +c,(p78%P + pBo% )| M*(p?),
0
(B9)

which is detérmined by (B9) up to two unknown
constants ¢, and c, .
Consider now the second of the functions (B1):

8*1IBYl¢2(x| 3| 2) = (0| TV BV (9| 1)@~ *1° (x, y) x*2(2)|0) .

(B10)

Similarly to the previous case, one expresses
(B10) with the aid of the explicit performing of the
operator V action in terms of the higher-order
Green’s function

oIt (t]x, y| 2) = (0| TPHP(E)Q™" *1°(x, y)9*2* (2)]0)
(B11)

J
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FIG. 9. The four-point function ©.

taken at coinciding points. This expression reads
in momentum space (t—s)

1851181226 -k —q| )
=fq€[pp(agas +6867) + (6 +4)76867]

X8 (s +k +p +q)o"1 %17 1%28 (s| B, p| q)dpds .
(B12)

For the Fourier transform of the function (B11)
we use the representation of Fig. 9. We are inter-
ested in (B12) when &, g~ 0. As before in the in-
tegrals which arise we put 2=0, ¢ =0 directly.
Then (B12) takes the form

EX1IBY %2 (k| -k —q|q) = —ig®[-RP()05 +526))+ (& +q)”80]) | GH3%2¢ (q) M*1” (k)

k=0
>0

+ig (& +q)u5EGZMa1¢(k)Ga2§;flfg(q)[}';luwhfz +yé)::9)lf1f2(k) P _q;l q) MO (& +q) FUHPE]

(B13)
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| oo

where FU%71f2 and fU** are the constant tensors.

Now note that the first term on the right-hand side of (B13) (which is the contribution from the discon-
nected part of the four-point function), as well as the term proportional to 7,, possesses the pole 1/q2£?,
while the third term, proportional to f,, has the pole 1/[¢%k?(k +¢)?]. Omitting the terms with the weaker
pole asymptotic behavior one obtains

ga;lﬁ)’laz@l_k _qlq)kz iq‘(k +q)"656],'M°“¢(k)G°‘2§’flfz(Q))’fe}ulfz(k, b —-qlq)Me"’(k +q)f121upw_ (B14)
—0
>0

Thus only one constant tensor f, contributes to
the final expression (B14). This means that only
one of the last two diagrams of Fig. 9 contributes

Fmet =ifdPMW(P)G“pmcz(‘P)Yf(;?mcz((),Pl )

to the pole asymptotic behavior of the Green’s =T,0M 67 +T,(BHV6P% +5HE57P) (B15)
function at coinciding points. This contribution
reads Thus it follows finally from (B14) that

BN e| -k —q|q) = =75 M EDIM (e 0PI 1037 46750/ = /172
-0

>0

XS0, 0 —k —a| aN2,087 & +q)° +2,[67° (e +q)® +8%° (e +q)]} , (B16)

which gives the asymptotic behavior needed up to and from (B15) and (B8),
two unknown constants ¢, and ¢,.

It is of special importance that the constants ¢,
and ¢, are not the new ones. One can make sure
comparing the integrals (B15) and (B5) that those

integrals are exactly equal. Thus,

¢, =tc,, C,=ic,. (B17)

In Sec. IV the constants ¢, and ¢, are determined
with the aid of the lowest-order Ward identity. Then
formulas (B16) and (B17) permitus to substitute in
the next Ward identity the completely known as-

Fupet =g et ymptotic behavior of the Green’s functions (B1).
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