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Conformal gravity is examined with the aim of constructing a renormalizable quantum field
theory of gravitation. Acting on suggestions of ghost-free, linear conformal gravity, we examine
conformal gauge theory. The correct choice of constraints is determined by comparison with the
ghost-eliminating constraints of the linear theory. {These are quite different from those introduced
previously in conformal gauge theories. ) Einstein s field equation appears as the integrability condi-
tion for the constraint. Minimal coupling to massless matter preserves local, conformal symmetry.

I. INTRODUCTION

A. Purpose

The ultimate goal of this work is the reconciliation be-
tween quantum theory and gravitation.

The conflict between quantum theory and gravitation
consists of the fact that general relativity, conventionally
quantized, is not amenable to known procedures of renor-
malization. Although the theory is successful, within the
rather limited range of experimental possibilities, an infin-
ite multitude of renormalization constants robs it of
predictive power in the strict sense. Nor is it advisable to
take the success of low-order perturbation theory as an ex-
cuse for ignoring the problem. Recent progress in the
electroweak domain shows dramatically how far one can
go by paying attention to matters of principle.

8. Conformal invariance

It has often been claimed that conformally invariant
field theories are "manifestly" renormalizable. It is a fact
that the interesting renormalizable field theories —those
that describe particles with spins exceeding one half, are
smooth deforinations of massless, conformally invariant
theories. The Weinberg-Salam electroweak theory is of
course the most conspicuous example. Note that there are
probably no quantum field theories in Minkowski space
that are truly conformally invariant. But there are classi-
cal field theories (in compactifled Minkowski space) that
are conformally invariant; and these, when carefully de-
formed and quantized, as by the Higgs-Kibble mecha-
nism, sometimes turn out to be renormalizable. '

Einstein's classical theory of gravitation in the absence
of massive particles, describes only massless fields, yet it
is not conformally invariant. The attempt made in this
paper is inspired by the idea that prospects for renormal-
izability can be improved by taking a conformally invari-
ant classical field theory as the point of departure, whence
a realistic quantum field theory may be achieved by
smooth deformation and quantization. Qur approach is
characterized by our insistence on maintaining conformal
invariance as far as possible.

C. Unitarity

Up to now, conformal theories of gravitation have been
plagued by ghosts. It is noteworthy, however, that this

difficulty was understood only in the context of quantum
field theories. It seems likely that classical field theories
that violate unitarity upon quantization must be
unhealthy to begin with, that is, even when they are con-
sidered as purely classical field theories. If so, it seems to
have gone unrecognized. The early rejection of Weyl's
conformal theory of gravitation was not related to its
spectral qualities, but was based instead on its failure to
account for low-energy, observed gravitational phenome-
na. This theory would therefore have to undergo a radical
deformation to make it phenomenologically relevant.

Utiyama and DeWitt may have been the first to pro-
pose an Einstein™Weyl compromise. The action is a linear
combination of Weyl's, conformally invariant and dom-
inant at high energies to ensure renormalizability, and of
Einstein s, to explain the observed gravitational effects, all
of which are low-energy phenomena. (Utiyama and De-
Witt started with Einstein's action and generated the Weyl
term through renormalization. The reverse is also possi-
ble, as in some versions of induced gravity. ) It has been
stressed that renormalizability of Weyl's theory is related
less to its conformal invariance than to the simple fact
that the propagator has dimension 4. The investigations
by Stelle confirm this, but unfortunately he found that
this very feature of the theory is also responsible for the
ghost. Ghosts can be avoided only at the very high price
of admitting tachyons, thereby abandoning the principle
that particles must have positive energy.

There is general agreement that unitarity (absence of
ghosts) is a necessary feature of any viable physical
theory What di.stinguishes our approach is the use of this
requirement as a constructive principle. What is natural
and indeed standard procedure in quantum theory, both in
nonrelativistic quantum mechanics and in relativistic field
theories, seems not to have been applied systematically to
the problem of conformal gravity.

D. The linear theory

In Ref. 7, unitarity and conformal invariance were used
as constructive tools, to build a field theory with massless
quanta with helicities +2. The result is a specific theory
of free fields, together with precise requireinents to be im-
posed on the sources (whether external or internal). We
do not insist on the uniqueness of this linear theory, nor
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have we made an exhaustive analysis of alternatives, for
destruction, on the basis of criteria that are not absolutely
established, is even riskier than construction, If an ac-
ceptable alternative to the linear theory of Ref. 7 (hen-
ceforth " the linear theory" ) should be found, then it
should be taken as the foundation for another constructive
attempt along the lines of this paper.

The linear theory is here understood as a free, classical
canonical field theory. It was quantized along the lines of
the Gupta-Bleuler indefinite-metric quantization pro-
gram. The free quantum field operator was constructed
from a space of free field modes that carries a nondecom-
posable representation of the conformal group, character-
ized by the following two essential requirements: (1) In-
clusion as subquotients of the physical, massless, unitary
irreducible representations with helicities +2 and (2) ex-
istence of a nondegenerate symplectic form, necessary for
invariant quantization. The smallest representation of
this type that can be realized on a space of field modes is
the sum of two helicity-conjugate representations, one of
which is the following Gupta-Bleuler triplet:

D(3,2,0)
D(0, —,', —,

' )~ SD(1,0,2) ~D(0, —2., —2) .
eD( —1,0, 1)

Here D(Eo,ji,j2) is a standard notation for an irreduci-
ble, positive-energy representation of so(4,2). The arrows
have the following meaning. If 3 and 8 are representa-
tions, then 3~B is a nondecomposable extension of B by
3, in which B is an invariant submodule and A appears
on the associated quotient. (The arrow represents the
cochain map, or "leak, " from 3 to 8.) The representation
on the left is analogous to the subquotient of scalar modes
in electrodynamics; these modes are eventually eliminated
by a gauge-fixing constraint that is analogous to the
Lorentz condition. The representation on the right is car-
ried by the invariant subspace of gauge fields; these
decouple if the sources satisfy appropriate conservation
laws. Next, D(3,2, 0) appears on a subquotient that is
identified with the physical, propagating modes. The two
remaining central subquotients are nonunitary; one is fin-
ite dimensional and perhaps not very important; the other,
D(1,0,2), is infinite dimensional and is the one that we
shall refer to as the ghost. (We do not apply this epithet
to the relatively innocuous scalar and gauge modes. ) The
ghost-suppressing constraints can be expressed as a dif-
ferential equation for the classical field. It has nothing to
do with gauge fixing, for it is completely gauge invariant
in the sense of the local, Abelian gauge group. Among
the modes used to define the quantum field operator,
those of the submodule D(3,2,0)~D(0, —,, —,

'
) satisfy the

constraint, so the gauge modes are not restricted by it. In
quantum field theory the constraint must be imposed as
an initial condition on the physical states, in the manner
of the Lorentz condition in @ED.

The linear theory is thus characterized, not only by an
action principle, but by a gauge-invariant constraint. In
fact, the latter is strot:ger than the Euler-Lagrange equa-
tions and actually contains the essential dynamics. The
program of this paper is to find a nonlinear theory of in-
teracting fields that reduces to the linear theory just

described in the first-order (i.e., linearized, free) approxi-
mation. The main concern is to generalize the gauge-
invariant, ghost-suppressing constraint. There are very
clear indications, in the structure of the linear theory, that
the nonlinear generalization must be a local conformal
gauge theory. Such theories usually need to be con-
strained; the linear theory will tell us how to choose con-
straints that eliminate the ghosts.

E. Summary

II. LOCAL CONFORMAL GAUGE ALGEBRA

A. Local algebra

Given a Lie algebra N acting in a differentiable mani-
fold, we define an associated local algebra. Let j lz j,
A =1, . . . , n be a basis for N, and let l&~M& be the
realization of 8 by the vector fields that determine its ac-
tion in the manifold. Let lq~S~ be a faithful represen-
tation by matrices acting in a vector space V, and consider
the realization by operators acting on V-valued functions
given by

lg~Lg ——My+St, 2 =1, . . . , n . (2.1)

Finally, let Vz denote the vector space of 8 and define
the structure tensor:

[lg, l~]=Cg~lc . (2 2)

The associated local algebra is the space of Vz -valued
differentiable functions A= {A"J, 2 =1, . . . , n, with the
structure-determined by that of the Lie algebra together
with the action of the Lie algebra on the manifold:

Section II introduces the local conformal algebra and
the associated notions of connection, torsion, curvature,
and metric. Section III deals with the problem of expand-
ing around a fixed point in field space and defines the
linear approximation. This enables us to establish an in-
tertwining map between the linear approximation to the
nonlinear gauge theory on the one hand, and the linear
theory on the other. In Sec. IV we use this intertwining
map to translate the ghost-eliminating, gauge-invariant
constraint of the linear theory into constraints on the
first-order torsion, curvature, and metric. These con-
straints are gauge invariant to lowest order and easily gen-
eralized to fully gauge-invariant constraints on the non-
linear conformal gauge theory. Up to this point, all calcu-
lations are done in Dirac s projective six-cone notation. In
Sec. V we translate these partial results to Minkowski no-
tation and examine the meaning of the constraints to first
order. Einstein's linearized field equation appears as the
integrability condition for the principal constraint. Weyl
theory is seen to result from a wrong choice of con-
straints. Section VI deals with integrability in the full,
nonlinear theory. The field structure is clarified and the
nonlinear field equations determined. As in first order,
the field equation is the integrability condition for the
constraints. Finally, Sec. VII formulates matter coupling
and an action principle.
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[A'L~, A'Le] = [A', A]'Lc,
]c=A'"Artcc +('Ac g—A'c, (2.3)

The term affine as used above may be justified as fol-
lows. Consider a coordinate neighborhood, let ( x')
denote coordinates, and write 5, —=5/Bx'. lf Q factor-
izes,

The map A~( is a homomorphism from the local alge-
bra onto the algebra of differentiable vector fields, the dif-
feomorphism algebra of the manifold.

Let l~ ~Sq be a faithful representation of the Lie alge-
bra, by matrices acting in a vector space V, and consider
V-valued differentiable tensor fields on the manifold. For
any A in the local algebra, let W(g} denote the usual Lie
derivative associated with the vector field /=A. M. Then
A~M(g) is a realization of the local algebra, faithful
only on the diffeomorphism algebra. Define the "extend-
ed Lie derivative" Wz by

Wg= W(g)+A S, g=—A M . (2.4)

B. Covariant derivative

Let the notation remain as above, except that lA —+SA
need not be faithful, and let there be given in addition a
particular representation lA ~SA, by matrices acting in a
vector space V, fixed from now on. We consider the
space of differentiable functions valued in Vg VL ..

P={P I, 3=1, . . . , n,
+=0, 1, . . . , d, d+1=dimV .

Then A~M~ is a faithful realization of the local algebra.
From now on the term "tensor" will be reserved for ob-
jects that transform this way under the action of the local
algebra. If a tensor field is a vector-valued function on
the manifold, then it will be called an "internal" tensor
field.

Q =-e +Q "Sg ——e '(8, + I,"S~),
then (2.8} can be recovered from (2.10}and

(5,r)."=(W,r)."—5.A" .

(2.1 1)

In the first term W~ acts on I as on Lie-algebra-valued
one-forms. The last, affine term is closely associated with
the last term in (2.8). Note that we shall not suppose that

Qa factorize as above.

C. Torsion and curvature

Q p=Q Qp+(0 "S~)pyQy . (2.12)

Curvature and torsion are vector-valued functions (inter-
nal tensors) defined by

QaP QP =Ra—P"S~+taPyQy

with R valued in ( Vh V) VL and t valued in ( Vh V}SV.
The formulas are

(2.13)

ap 0a 0p CgB + asap pea cap 0y
C A B C C C y C

t py=c py+p py —p~y,
with c defined (perhaps not uniquely) by

(2.14)

(2.15)

Recall that Q maps the space of functions valued in V
to the space of functions valued in VV, and that Q
acts in the former space. Similarly, Qo Q maps the space
of functions valued in V to the space of functions valued
in V V V, and is determined by operators Q p acting in
the former space:

The fundamental object of local gauge theory is the co-
variant derivative Q. It is a map from the space of func-
tions valued in V to the space of functions valued in
V V, and it is determined by the following operators:

and

[ea,ep]=cap ey

Pap =(Pa"Sg)p

(2.16)

(2.17)

Qa =Pa Lg, a=O, . . . , d, Lg ——My+St . (2.5) [Note that we do not (yet) have a metric in V.]

An action of the local algebra on P is defined by
A~5~,

[~~ Ql =[A Q ]+A PQp= (5~0) "L~-
A.P=—(A"S„).P .

Explicitly,

(5 y) A (~ y) A e AA

Aca=Pa M~ .

(2.6)

(2.7)

(2.8)

(2.9)

The last term in (2.8) shows that P is not a tensor; we
refer to this term as the "affine" term although 5~ is a
linear operator. Now Eqs. (2.8) and (2.9) give

D. Generalizations

A more general affine realization of the local algebra is
possible. Although it is rather trivial, this generalization
will become useful later on, so we record the formulas
here. We have agreed to reserve the term tensor to objects
on which the action of the local algebra is given by W~.
In view of the appearance of the affine term in its
transformation law, let us call P a "connection. "

Keep all the above notations, and suppose in addition
that A =(Aa ) is an internal tensor with values in the
same space as P; that is, in V VL, so that 5AM =M~A.
Then

(2.18)

(5„e)=(W~e) =[/, e ]+A Pep, (2.10) is a new type of connection, transforming as follows:

so that e =(e ) is a tensor field according to our defini-
tion following Eq. (2.4), and more precisely a V-valued
vector field.

A (~ y) A e AA

(5~e) =(W~e)
(2.19)
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The local algebra acts on the pair (P,e) in the same way
that it acts on (P,e). What is new is that P and e are not
related to each other.

Now let

Qa ea+'I('a ~A
A

and proceed just as before:

A
Qap —Qpa=Rap ~a+tap Qy

Rap =Pa 0p C~a +earp ep4—a &ap'0—y
C A 8 C C C y C

tap Cap +Nap gapa

Finally, one may verify that

Rap —[(Q A)p —(a,P)]

(2.20)

(2.21)

(2.22)

(2.23)

RaP taPrAy Aa AP CqP (224)

E. Conformal case

[ lapt ly5] 5pyla5 ~ayl ps ~pslay +~as py

The representation denoted lq~S& is understood, from
now on, to be just this defining representation of, so(4,2).
We have Vl ——VR, V.

To adopt our notation to this case it is enough to re-

place each capital latin index by a pair of greek indices,
and insert a factor —,

' in the case that summation on a cap-

ital index is replaced by summation on a pair of greek in-

dices, since each pair is counted twice. We give explicitly
the formulas that involve the structure tensor:

R pr'=4 ' yp. '+e ypr' (a,P) c—p y y'—,

Rap =4'a gapa +earp (a~A) cap 0—a—
R pr [(Q A)pr (a,P)]

=R pr t p A r —[A y Ap —(a,P)] . —

(2.25)

(2.26)

(2.27)

The notation —(a,P) means subtract the preceding
terms, after interchanging a and P. The notation (2.17) is
consistent with the present one.

Suppose in particular that a =(a ) is an isotropic inter-
nal vector field:

From now on the Lie algebra is the conformal Lie alge-
bra so(4,2). In R we choose coordinates y = Iy
a=0, . . . , 5. The pseudo-orthogonal metric is denoted
6=(5ap) and is defined by

x =&pxxp
= (y')' —(y ')' — —(y')'+ (y ')',

it will be used to raise and lower greek indices. The Lie
algebra so(4,2) acts by y —&Ay, where A=(AaP) is a real
matrix such that A p ———Ap . A basis is obtained by
writing A= —,

' A PlaP, with l P ———lP, a,P=O, . . . , 5.
Then the structure is

A.p =~p5.y a—yn.p. (2.29)

In this case cancellations occur in (2.27) and one gets

R p [(—Q A)p «—P)]=R p
' t —

p A ' (23o)

It will turn out that the ghost-eliminating constraint is
most directly expressed in terms of this quantity, rather
than the curvature itself.

The manifold is Dirac s compactification M of Min-
kowski space M, realized as the projective cone y =0 in
R . The projection is given by y=Ay for A, ER—[OJ.
The vector fields are

lap~Map 3 a~p Pp~a . (2.31)

Here B =B/By is not well defined, since it is not tangent
to the cone, but M p is nevertheless well defined. (For
any differentiable P, Bag is defined modulo yaX, and this
cancels in Map/. In other words, Map is tangent to the
cone. )

All fields are defined on the cone; the projection on M
is accotnplished by fixing the degrees of homogeneity, for
example,

gy Pr lily Pr g=y. B (2.32)

where N is a real number. Minimal coupling, that is, the
generation of interactions by substituting Ba~Q in the
matter Lagrangian, suggests that 1V= —1. Additional
justification for this choice will be found later. For the
gauge parameter field A, the only fixed degree allowed by
the commutation relations is zer'o:

XW P=O.
This is an absolute requirement, and it appeared to be a
formidable obstruction against any significant comparison
with linear conforrnal gravity.

The projection introduces some slight changes in the in-
terpretation. Since the manifold is the projective cone,
and not the cone itself, /=A Py Bp and e =P PrypBy are
not strictly speaking vector fields; they have multiplier or
fiber components as well. The map A~/ is a homomor-
phism from the local algebra onto the local Weyl algebra
(rather than the diffeomorphism algebra). Nevertheless,
we continue to refer to g and to ea as vector fields and
other, similar abuses of terminology will also occur. Be-
cause of the close relationship between the manifold and
the vector space V= R' of the representation lz ~S~, one
ends up using the same type of indices for the components
of world tensors and internal tensors. Thus, e =e pBp,
but the coefficients eap are not the components of an
internal tensor field. Instead, (eap) is a V-valued (lower
index) vector field (upper index). The distinction is ir-
relevant as far as global conformal transformations are
concerned, but not for the action of the local algebra. The
curvature and the torsion are pure internal tensors, that is,
( V ) -valued and ( V ) -valued functions, respectively.
The components of e define a type of vierbein connec-
tion between internal and world tensors.

F. Minkowski notation

a~a =0,
and that A is the internal tensor field given by

(2.28) To translate from Dirac to Minkowski notation, intro-
duce the coordinates (x'),a =+,0, . . . , 3,B in the usual

way,
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x+=lnl, y, x~=y /2(A, y)

x&=y"/A, .y, p =0, . . . , 3,
(2.33)

(2.34)

where A, is a constant, isotropic (A, =0) six-vector, with
iV=0 for a=0, . . . , 3. (It is also possible to regard M as
a compactification of de Sitter space. To translate from
Dirac to de Sitter notation proceed in the same way but
with A, fixed, positive). The equation A, y =0 determines
a submanifold M" of the projective cone M. Minkowski
space M can be identified with M after removal of
M:M =M —M . The choice of A, is thus the choice of
the location of Minkowski infinity in the homogeneous
space M.

If A is a V-valued function, with components
A =5 ~Ap, then we define A ' and A„a=+,0, . . . , 8
by

A dy =(A, y) +'A, dx',
A B/By =(A, .y)"-'A'B/Bx'.

We find

(WAA )ii [——g+(N —1)g'+]Aii+ Aii A„. (2.38)

(W A )+=[/+(N —1)g+]A+ —g „A",
(WAA )"=(g+Ng+)A" g" A—&,

(~.8)+=[&+(N+ 1 v+]8+,
(~~».=(k+N0'}B.+O',,B.+0,'.8+,

(2.39)

(2.40)

(2.41)

(2.42)

where g'b ——Bg'/Bx". These are two nondecomposable
representations of the local algebra, faithful only on the
Weyl group. The invariant subspaces are A"=0 (A
=y X) and 8+ ——0 (y 8 =0).

G. Metric and action functiona1

This is a nondecomposable, faithful representation of the
local algebra. The invariant subspaces are A+ ——0 (y A
=0).and A+=A„=O(A =y X).

If (A,B&} are a world vector field and a one-form
field, then

A, (x)=(A, y) 0, A (y),

A '(x) =(A, y) d'~'A (y),

Id', I, +„ii——Iy,5„—x„A, , A, I,
t @a Ia =+,p,B I ~a~5a ~cp ~y

(2.35)

It is easy to construct scalar fields in terms of R pi',
but a little more difficult to find a gauge-invariant densi-
ty. Consider the world tensor with components

g
ab

(g.y )
2iv5a—P a b (2.43)

t

where N is the degree of P. The action 5~ ——Wz of the
local algebra is indicated by (2.39) and (2.40) and in par-
ticular

The extension to fields valued in tensor powers of Vis ob-
vious. For the metric 5=(5~p) we find that the nonzero
components are

V' V'5„,=5„„,p, v=O, . . . , 3, 5+ii ——5ii+ =1,
(5&,) being the Minkowski metric. Note that

A '5,b
——A

Exactly the same formulas are used to relate a world vec-
tor field on R (components A ) to a Minkowski complex
(A '), and a one-form field (components 8 ) to a Min-
kowski complex (8, ). Of course, the transformation
properties are different. See Eqs. (2.36)—(2.42).

If the world vector field g is tangent to the cone, then
Py~=O and g =0. All world vector fields will be
tangential, so fields of one-forms will be defined up to
y X. This means that if g is a one-form then gii is ir-
relevant.

The same rules are applied to define A' from A ~

when A is a gauge parameter. If /=A"Mz ——A y Bp,
then the nonzero components of A are (p =0, . . . , 3 and
a =+,0, . . . , 3)

A '=A, '=j', A+~=A, ~, A~".

(5Ag}" =(k+2NC+)g" k", g
"—0", g" —. (2.44)

This is a representation of the local algebra, faithful on
the Weyl algebra. (We ignore the + components, which
,amounts to passing to a quotient by an invariant sub-
space).

If
I g I

=det(g""}, then in the physically interesting
case d =5 (p=O, . . . , 3),

5~1 g I
=(4+8NC+ —2k', p) lg I

.

If H is any scalar field, then

I= Jd x( —Ig I) '~H (2.45)

is invariant under diffeomorphisms. It is invariant under
the Weyl algebra, and thus fully invariant under the local
algebra, if the degree of H is 4N. This suggests that the
action of the theory is obtained by taking for H an alge-
braic expression of the second order in R~pi' .

The covariant metric tensor is also of interest. We shall
give a definition that will turn out to be relevant later, but
that cannot be motivated at this point. Suppose that
/=A+/, as in Eq. (2.18), and that A has the particular
form (2.29), with the vector field (a~) subject to the fol-
lowing restrictions:

If (A~) is an internal vector field (a function valued in V),
then

aa =0, ay =1.
In this case

(2.46)

(W„A) =[g+(N+1)j+]A, j=j~B„,
(~bA„)=(g+Ng + )A„+A„"A„+A„+A+,

(2.36)

(2.37) Recall that (e ~) is a V-valued (lower index) vector field



CHRISTIAN FRQNSDAL 30

e H =6~—y a~

The solution of this equation is

Hp 5p —ppQ —Hp

8=(1+e) ', e .

(2.48)

(2A9)

(2.50)

Here 8 and e stand for the matrices (8') and (e ~), and
= means equality up to the inherent ambiguity of one-
forms that we have just explained.

Finally, define (8by) and (g,b ) by

Hp~dp =HI ~dx

g,b
——(A, y) 8, 8b~5~P .

(2.51)

Compare with Eq. (2A3); in the case at hand X= —1. If
we expand (2.50), then we obtain (with y~dy =0,
dx =0)

ggbdx'dx"=(A, .y) (5~p —e p
—ep + )dy dy

(2.52)gapd

Notice that g' =0 and g, +=0, so that (gp ) is the in-
verse of (g"'). Also 8, y~ =0 and 8+~ ——y~.

III. CONNECTION TO THE LINEAR THEORY

A. Formulation of the problem

The general framework of conformal gauge theory does
not contain a prescription for choosing the correct action
functional. Gauge invariance is a strong condition, but it
is by no means strong enough. An additional input is
needed, and this leaves room for hoping that unitarity can
be incorporated. Actually, the theory is characterized by
an action and a constraint, and it is the latter that is most
directly responsible for unitarity. The deterinination of
the constraint will be our main concern, the answer will be
obtained at the end of Sec. IV.

By unitarity of a quantum field theory is meant, rough-
ly speaking, the absence of interacting, propagating
ghosts. When unitarity is provable, then it is proved in
perturbation theory. Strong requirements need to be satis-
fied already at the lowest level of perturbation theory;
there are requirements on the free propagators, the con-
straints, and the currents. Under conditions that tend to
prevail in gauge theories, these may turn out to be suffi-
cjtent to ensure that unitarity can be extended to all orders
of perturbation theory. Here we do not study unitarity
beyond the lowest level of perturbation theory; at this lev-
el, quantization is determined by the propagator and the

(upper index). Now let (8') be a V-valued (upper index)
one-form field (lower index). The quantities

(e8) r=e &8,y

are then the components of an internal tensor.
As explained in Sec. II F, all vector fields are tangential,

in particular e~~y~ ——0, so (e ~) cannot be invertible.
Similarly, one-forms are always defined modulo their
components along (y~). Now define (8'), modulo such
components, by

constraints. Our program is to choose the action and the
constraints so as to be consistent with the unitarity of the
quantized field theory at the lowest level.

Since unitarity is not a property of classical field
theories, it can be discussed only in connection with
quantization, and therefore only in perturbation theory.
It follows that the classical field theory must be developed
as a peiturbation theory, before any sensible discussion of
unitarity can be made. We are thus forced to introduce
perturbation expansions, and to study the properties of
our field theory in the linear approximation. Suppose,
then, that

y Pr
& Py+p Py (3.1)

where rj is a fixed "background" field. Our first problem
is to make a sensible choice of this fixed field.

Equation (3.1) has an analog in the expansion of the
metric field g&

——g&„+h&,in Weyl's conformal theory
of gravitation. Here iI is a fixed, background metric. If
it is flat, then it is conforrnally invariant; that is, it is a
fixed point, with respect to conformal transformations, in
the space of metric fields. This has the very satisfactory
consequence of making the classical theory conformally
invariant to each order of the perturbation expansion.
Our case is different. The only fixed point in the space of
tensor fields of the type of p is given by g ~r(y)=y~5 y

—yy5 ~, and this is unsuitable. First, the degree of homo-
geneity is + 1, instead of the preferred value —1; see Sec.
IIE and below. Second, the vector fields e~ would reduce
to y X, and this would trivialize the first-order curvature,
as will be seen below. We must conclude, therefore, that
r) cannot be a fixed point, and that our theory is probably
not conformally invariant to each order of perturbation
theory.

At this point one may be tempted to give up, but in fact
there are several reasons to think that this would be
premature. First, the fact that g cannot be conformally
invariant in our theory simply means that it is closer to
gauge theories curn Higgs-Kibble mechanism than to
Weyl gravity. Second, manifest covariance in the sense of
Dirac's six-cone formalism seems to be a stronger condi-
tion than conformal covariance per se, as is seen when one
tries to write Maxwell's theory in Dirac's notation.

Our choice for g is given by

Pr(y) (A.y) (A@5 r Ar5 0) (3.2)

where A, is the constant, isotropic vector field introduced
in Sec. IIF, and N will be taken equal to —1. The ap-
pearance of a fixed direction in six-space cannot be avoid-
ed; the fact that this direction is determined by A, is ex-
pected to minimize the damage. After all, any imbedding
of Minkowski space into the projective cone involves a
fixed direction; in fact, A, y =0 is the equation that deter-
mines the points of M —M, that is, the points at infinity
(Sec. II F).

Once is has been decided to make use of A, to manufac-
ture rl, then (3.2) is not the only possibility. Lengthy cal-
culations have been carried out with the most general ex-
pression that relates g covariantly to A, , that is, expres-
sions that are invariant under the stabilizer of A, in so(4.2)
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R~p" ——g "R~pr
(3.3)

where the summation is over n =0, 1, . . . , and the nth
term is homogeneous of order n in the field h. To zeroth
order in h we find, using (3.2) and (2.9), (2.16), and (2.31),

e =D—=8 —yAB, y =y/Ay,
0 y 0 y5capr ——0, R pr ——0.

(3.4)

(3.&)

Here we have set X = —1, otherwise the torsion would
not vanish; this choice will be adhered to from now on.
As was pointed out in Sec. IIE, consideration of minimal
coupling also points to X=—1. [Strictly, c~pr is de-
fined by (2.16) only up to expressions of the form q~/iiV. ]

If, as is expected, the action will turn out to be a bilin-
ear functional of the curvature and the torsion, then the
disappearance of R and of c are welcome. In this case
the action will contain no term linear in h, so that /=i'
will be an extremum of the action and a solution of the
field equation, as required for the internal consistency of
the perturbation theory. In addition, it means that R and
c will be irrelevant for the linear approximation. The

quantities to be studied in the linear approximation are
therefore 'R and 'c. Inspection of these quantities will
suggest our approach to the problem of unitarity. Note
also that the vanishing of R and c are necessary and suf-
ficient conditions for 'R and 'c to be gauge invariant.

To begin with,

ha rBy ha r=papryp

'c pr ——D h p'r —(a,p) .

(3.6)

(3.7)
f

Notation: A dot replacing an index will always have the
same meaning as in (3.6). The second term in (3.7) is
equal to the first term, except that a and P are to be inter-
changed, and is to be subtracted. Below will appear co-
variant components h~» of h; indices are raised and
lowered by means of the pseudo-orthogonal six-
dimensional metric, without changing their order.

The expression obtained for 'R can be arranged as fol-
lows:

apy5 —+a+py5+ 9ap +cry5+ Iar +p&5

+i/ s X» —(a,P),

Xapy —A yA apy A pA a.y A yk ap.

(3.&)

(3 9)

where D is the differential operator defined by (3.4). [If
we had expanded around the fixed point yP6 r —yr5 P,
instead of (3.2), then D would have been replaced by
y~N, and the first-order curvature would have been a
purely algebraic expression containing no derivatives. ]

The linear, conformal theory bears a certain resem-
blance to the theory developed here. This linear theory

(the global Weyl algebra). The result is that every modifi-
cation of (3.2) is detrimental; in particular, only (3.2) leads
to vanishing zeroth-order curvature and torsion, the im-
portance of which will be discussed in detail below.

We now expand, using (3.1):

ea= ea+ ea~ Cap = ~ "Cap

—D.spy . (3.10)

This formula will be used to find the intertwining map.

B. Review of the linear theory

The field of the linear theory is a third rank six-tensor
of mixed symmetry,

+apy+ +ayp 0~ +apy+ copra+ +rap (3.11)

(The field component ql'» was denoted %»~ in Ref. 7.)
The free field satisfies a wave equation and several con-
straints. Most important is the constraint that eliminates
the ghost. This constraint is gauge invariant, and its non-
linear analog is therefore expected to have an intrinsic,
geometric meaning, unlike the remaining constraints that
are of the usual gauge-fixing type. Only this gauge-
invariant, 'ghost-eliminating constraint will be discussed
here.

Let

grad =y 8 —(2%+4)B, X=—y 8, (3.12)

and let d' be the operator (denoted d in Ref. 7) that acts
on antisymmetric tensor fields of rank 2 and degree + 1,
and on tensor fields of rank 3 and mixed symmetry of de-
gree 0, according to

(d'A)~» ——2grad~A» —grad~A&~ —grad&A ~,
(d'%')»s=grad %&~s—(a, /3)+(uP, y5) .

The constraint that exorcises the ghost is

d'%'=0.

(3.13)

(3.14)

(3.15)

The operator d' is a coboundary operator, d'Od'=0.
The physical, massless modes, with helicities +2, are in
the cohomology space Kerd'/Imd'. That d'o d' =0,
means that d'W is invariant under the "gauge transfor-

contains a ghost that can be controlled by means of a con-
straint. The basic field is a third-rank Dirac six-tensor.
The important constraint, that effectively eliminates the
ghost from the physical sector, looks very much like
'R»s+(uP, y5) =0. It is reasonable to suppose that this
linear theory is closely related to the first-order approxi-
mation of our nonlinear gauge theory. Our strategy will
be to try to find an intertwining between the two theories,
and to profit from our understanding of the former, to
identify and eliminate the ghost from the latter. To dis-
cover the intertwining map we shall compare the gauge
groups. This will be done in this section; then, in the next
section, we shall use this mapping to discover the con-
straints that must be imposed on the full, nonlinear gauge
theory.

Since il is fixed, the local algebra acts on h according to

(5„h).»=(S„y).» .

Only the affine term is relevant in the first approxima-
tion. (Compare linearized Einstein theory. , It is found by
replacing p by il in the expression (2.8) for 5AQ. The re-
sult is

(S h).»=(X y) '[(X.yA/" —Xi'A )~.&.' (P,r—)]
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mations" defined by

5%'=d'A . (3.16)

0 p, +%,p=0.

The tensor d'4' looks much like a symmetrized curvature
tensor, and our intertwining map will relate d'4" of the
linear theory to the first-order curvature of the nonlinear
theory.

A number of obstructions prevent a direct confronta-
tion between the two theories. (i) The degree and the syrn-

metry type of 4' are different from those of h. (ii) The
gauge transformations are quite different, involving first-
order differential operators in one case and the second-
order operator grad in the other. (iii) Finally, the degrees
of the gauge parameters are different: this is perhaps the
most fundamental difficulty. We shall solve these prob-
lems, one at a time.

C. Reformulation of the linear theory

We shall deal with the problem of symmetry first. Let
qj be a tensor field of degree 0, antisymmetric in the last
two indices:

(3.10) of the first approximation to the nonlinear theory.
The most dramatic difference is that the operator grad in
(3.19) is a second-order differential operator, while D~ in
(3.10) is first order. In view of this situation we cannot
hope to find a simple intertwining between the two gauge
groups without accepting some restrictions. It will be suf-
ficient to intertwine (large) subgroups. Henceforth, we re-
strict the gauge group of the linear theory by the condi-
tion

A, grad~Ay„=0

on the gauge parameter A.
In this case we have

(3.23)

grad~A~. ———4D~Ap& .

[D was defined in Eq. (3.4) and grad in (3.12)]. The
gauge transforination (3.22) can therefore be replaced by

(5%)~pr D~Apr——. (3.24)

Since A has degree + 1 and A has degree 0, we now map
the restricted gauge group determined by (3.23) into the
group (3.10) by

Then 4' is the sum of two fields with definite symmetry: Apy
——A, yApy . (3.25)

3%'~py ——%'~py+ %'~py,

4'~py ——2%'~py —0'py~ —%'y~p,

+~py =+~pr+ +py~+ +y~p

(3.17)

(3.18)

4' being of mixed symmetry, satisfying (3.11), and 0"be-

ing totally antisymmetric. The new field 4 has the same
symmetry as h. We must now reformulate the linear
theory in terms of 0'.

Define a new coboundary operator d by

( d A)~~& grad~——A&z,

( d%')~~rs grad 'PIirs —(—a, P) + (aP, y—5),
and impose the constraint

(3.19)

(3.20)

(3.21)

Since dod =0, d'0 is gauge invariant under the general-
ized gauge transformation

5% =dA. (3.22)

Like 4, d% is a mixture of two symmetry types, one part
has box symmetry and the other is completely antisym-
metric. The first part depends only on ql', therefore (3.21)
implies (3.15) and eliminates the ghost from O'. As for
the skew part '0", it is trivialized by (3.21). This will be
discussed in more detail later on. For now, let us suppose,
for simplicity, that '0 satisfies the gauge-fixing cooditions

y %~p& ——0 and grad %~p& ——0. Then contraction of (3.21)
with y tells us that ql"=0. Equations (3.19)—(3.22) are
therefore no more than a reformulation of the linear
theory.

D. The intertwining map

We next confront the gauge transformation (3.22) of the
reformulated linear theory with the gauge transformation

The image is the subgroup determined by (8 ) Apr ——0.
Now it is easy to intertwine (3.24) with (3.10). Define

E and f by [see notation defined in (3.6)]

E~r =(A, .y )

f~=(A, y) '(A, .yE~r A~E'r)A, —
(3.26)

then (3.24) gives 5E=A, and it is easy to see that the map
%~h defined by

h ~r=(A, .y) '(f~5 fr5 ~+A, E—~" 0' ~
) (3.2—7)

transforms the action (3.24) to the action (3.10). This is
not the most general possibility, for any gauge-invariant
quantity (for example, such as can be constructed from
A, 4 ~r, which is gauge invariant) can be added on the
right. But (3.27) is the simplest intertwining map, and at-
tempts at adding complications have not been encourag-
ing.

Equation (3.27) intertwines the action of the gauge
groups, but it does not intertwine the global conformal
transformations. Indeed, the conforrnal Lie algebra is just
the subalgebra of the local algebra that is obtained by re-
stricting the functions A p to be constant over the mani-
fold. The action on h includes the affine part given by

. the first term on the right-hand side of (3.10); this term
arises from the fact that the background field g is not
conformally invariant. In the linear theory, on the other
hand, the conformal algebra acts linearly on +, and has
nothing directly to do with gauge transformations. Sup-
pose we ignore the affine part of 5&h, and retain only the
linear part, so that h transforms like a Dirac tensor of de-
gree —1. Even then, Eq. (3.27) fails to intertwine this ac-
tion with that of the linear theory. This is inevitable,
since the degrees of h and 4 are not the same.

This situation is much the same as in Higgs-Kibble
theory. There, the starting point is a theory of massless
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fields, conformally invariant except perhaps for the
Higgs-Kibble potential. The shift of the origin in field
space, u(x) —+const+u'(x), does not destroy conformal
invariance but the action of the conformal algebra on u'
includes an affine term, and invariance is therefore not sa-
tisfied to each order of perturbation theory. Nevertheless,
in spite of the noninvariance of the background i},'there is
a sense in which the constraints of the first-order gauge
theory are invariant. The conformal action on 4 defines,
through Eq. (3.27), a new conformal action on h. The
first-order constraints are a covariant set of equations
with respect to this action of the conformal algebra on h.
We shall return to this point at the end of Sec. IV.

ready a very strong condition on %.
Since Eq. (4.1) incorporates the wave equation, one

might think that (4.2) contains only the constraints and
that the second-order equation (4.3) is the wave equation.
Instead, as will be shown in Sec. IVE, Einstein's linear-
ized field equation actually follows from (4.2). The addi-
tional information that may be contained in Eq. (4.3) is
therefore practically negligible, and we shall henceforth
consider (4.2) instead of (4.1}. In this way we avoid con-
straints that contain second-order derivatives.

Finally, let us note that Eq. (4.2) can be written

(D+)»s=D 4'»s (a,P—)+(aP, y5) =0, (4 4)

by which is meant that the quantity on the left is equal to
an expression of the form

IV. GHOST-ELIMINATING CONSTRAINT (yX}»s=y X»s —(a,P)+(aP, y5) . (4.5)

B. Elimination of higher derivatives

Consider Eq. (3.21), namely,

(d%')a»s—= (yes —2B )%»s —(a,P}+(aP,y5)
—0

It is evidently equivalent to the pair

d %»s (a,P)+(aP, y—5)=y X~rs (~,P)—
+(~p, y5),

2+px& 8 +p2

(4.1)

(4.2)

(4.3)

Equation (4.2), taken by itself, and understood in the sense
that "there exists a field X such that (4.2) holds, " is al-

A. Formulation of the problem

The map (3.27), that relates the field h of the nonlinear
theory to the field 4 of the linear theory, is gauge invari-
ant in the sense that the gauge transformation (3.24) in-
duces the affine gauge transformation (3.10). It follows
that any gauge-invariant constraint on 4 induces a
gauge-invariant constraint on h. Our task will be to find
the gauge-invariant constraint on h that is induced by the
map (3.27) from the gauge-invariant, ghost-eliminating
constraint d+=0. %'e are here concerned only with the
first-order approximation to the nonlinear theory, but
later we must generalize this constraint on h to a con-
straint on P that is gauge invariant in the sense of the full,
nonlinear gauge theory, and there lurks an obstruction
that we had better take into account at this stage.

There is a strong presumption that the constraint
d+=0 corresponds to a constraint on the curvature. The
curvature, as well as the torsion, are manufactured from P
and its first derivatives, while d% contains second-order
derivatives of O'. It is clear that the intertwining map
(3.27) cannot relate a second-order differential operator to
a first-order differential operator. We shall therefore re-
place the constraint d%'=0 by an equivalent condition
that contains only first-order derivatives. (The new condi-
tion will actually be weaker; it is equivalent to d+=0
only in the sense that it is equally effective in separating
the ghost from the physical modes. )

'(DV)~»s=O, y (DV)~»s=O . (4.7)

We shall refer to the first (second) equation as the princi-
pal (secondary) part of the constraint (4.4).

Applying yr to (4.7) one gets

%'~.+%'gp. -DpBg+DgBp, Bp =%.p. , (4.8)

where a dot in the place of an index stands for contraction
with y, as in Eq. (3.6). We substitute this back into (4.7),
and separate the two symmetry types, to obtain the two
equations

(4.9)

2DpPyg —DyPgp —DgP py -0,
Pp =4'p +DpB —D Bp .

(4.10)

The projections 4' and %"' were defined in Eq. (3.18).
The set (4.8)—(4.10) is equivalent to the second equation
in (4.7).

Close examination of (4.10) shows that the space of har-
monic solutions of this equation for P is finite dimension-
al. It carries the finite-dimensional representation that
appears in the nondecomposable field representation of
the linear theory. To simplify our task of translating the
constraints into equations for h, we shall eliminate this
finite space of unphysical modes. We do this by replacing
(4.10) by the slightly stronger condition

Pp, =0. (4.11)

Equations (4.9)—(4.11) are gauge-invariant restrictions on

The differential operator D was defined by (3.4). It
turns out to be convenient for our subsequent analysis to
break up (4.4) into several parts.

If 8 is any tensor field (in the linear or linearized
theory), let '8 denote its transverse part, defined by

'8~. . . —:(5~ —&~y ) ( )&~. . . ,

y =y /A, y (46)

A tensor field is determined by its transverse part and by
one or more contractions of the form y B . . . . In the
case of (4.4) it is equivalent to the pair
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% apy: (A y )hapy +AaEpy (4.15)

'soapy and on 4".pr. They cannot be strengthened further
without blocking the gauge.

C. The first-order constraints

To express the constraints in terms of h we must use
(3.27). Let us write that equation as follows:

I

hapy=(~ y) (fp5ay fy5ap)+hapy ~

h py
———(A y) '(~p

py
—A, y ql py) . (4.13)

All the constraints can be expressed simply in terms of h.
The simplest constraint on h follows directly from

(4.12):

h.py
——y hap„=O. (4.14)

Equation (4.13) is equivalent to the statement that there
exists a field E, such that ip has the representation

g (h prs Dp—h ys. ) =0,
alt

and (4.8) becomes

(4.16)

hps +hsp +DpEs. +DsEp =0 . (4.17)

The secondary part of the constraint is given by (4.14),
(4.16), and (4.17). In (4.17) Ep. cannot be eliminated and
stands for an arbitrary vector field of degree zero, satisfy-
ing yPEp. ——0.

Turning to the principal part of the constraint, we have

with h satisfying (4.14). We insert this representation into
the constraint equations and eliminate E.

We begin with (4.11); this gives the means to eliminate
Epy.

2Epy hyp hpy +DyEp DpEy

Equation (4.9) takes the form

i(Da+pys) = (A'y) (Dab pys)

'(Dah pys) =D 'h pys+(A, y) 'Aa'h prs+(A, y) '(5 i' yaiP—)(A p'hzrs+Ar'h pcs+As'h prz),

'(Dahpys) (a, 13)='—Rapys,

with the definitions (correct to lowest order)

1R apys =Dah pys (czyP) tap ylays (4.18)

I

We shall take both of these equations to be exact. This
does not amount to a loss of generality; it only restricts
the decoinposition in (4.21). For ea we now have

I, p~=c p~+h p~ —hp ~ . (4.19) ea=Ba —yaa 8+ca, (4.25)
The principal constraint is the expression (4.18), sym-

metrized with respect to exchange of the pairs (aP, y5):
ea:0a ypdy

—» (4.26)

'Rapys+(aP, y5) =0 . (4.20)
The simplest part of the constraint, Eq. (4.14), has a

very simple generalization, namely,

It should be emphasized that the linear approximation
(3.8) of R cannot be used in place of 'R' in Eq. (4.21). We
have made a thorough investigation of this possibility,
and we have found that the physical modes would in this
case be eliminated along with the ghost.

D. Nonlinear gauge-invariant constraints

Returning to the nonlinear gauge theory, let us write
the expansion (3.1) as follows:

yap Py 0 (4.27)

This is gauge invariant, for the affine term in 5~$ is
—e~A», and

y e AP~=XAP~=0

when (4.27) holds.
Equation (4.16) also generalizes easily, for it is the first

approximation to

y pr g py+y pr y py h pr (4.21) gt py-o. (4.28)
cyclAPr =aP5 r —ar5 P, aP=(A, y) '(AP+fP) . (4.22)

This is evidently gauge invariant, since (t py) is an inter-
nal tensor. In (4.28) we may indifferently write t py, de-
fined by (2.23), instead of t pr, defined by (2.15).

Equation (4.17) also has a straightforward generaliza-
tion. If we define the covariant metric (g„„)as in Sec.
IIG, then (4.17) is the first-order expression for the fol-
lowing condition:

(4.29)(g„„)is conformally flat .
apyp ——1.

Also fpA p=O, so that to first order,

a pap ——O.

(4.23)
This is seen by comparing (4.17) with (2.52).

Finally, (4.20) evidently is the linear approximation to

(4.24) R apys+ (aP, y5) =0, (4.30)

Here (aP) is an internal vector field and (AaPy) is an
internal tensor field. The expansion point is given by
P=f =0. Note that the formulas are exact, though the
constraints that the fields must satisfy are so far known
only to lowest order in P and f.

The exPression (3.26) for fP shows that fPyp 0,so-—
that
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where R~p&s is the quantity that was expressed in two dif-
ferent ways in (2.30), the simplest being

&~pyg =&~p&s —t~p ~~&s . (4.31)

To summarize, Eqs. (4.27)—(4.30) is a set of nonlinear
constraints, gauge invariant in the sense of the full, con-
formal gauge theory, that reduces to the linear constraints
(4.14), (4.16), (4.17), and (4.20) in the first-order approxi-
mation around the fixed point f =0=/ ~r.

It should be stressed, however, that (4.30) is not the
only possible generalization of (4.20). One may add any
internal tensor, with the right symmetry and degree, that
vanishes in the zeroth and in the first orders. Such a ten-
sor is, for example,

tpt (4.32)

Later, we shall make good use of this freedom to improve
(4.30).

E. Global conformal invariance

It was pointed out, in Sec. IIID, that (global) conformal
invariance is probably lost in perturbation theory. Yet,
something close to full conformal invariance is recovered
in the first order. The nonlinear constraints (4.27}—(4.30}
of the full gauge theory reduce to Eqs. (4.14)—(4.20) in the
first order. Now, if new transformation properties are as-
signed to A, , determined by the map (3.27) and the
transformation properties of 4 in the linear theory, then
this set of constraints is conformally invariant. This is
satisfying, but on reflection it seems to be not quite sure
whether it is essential. We would like to stress that the
central point of our derivation has been to make use of the
fact that the linear theory is ghost free; its conformal co-
variance is almost coincidental. The resolution of this
paradox must be sought in the circumstance that the
first-order constraints that were derived from the linear
theory all turned out to have natural generalizations to
fully gauge-invariant nonlinear constraints.

V. FIRST-ORDER CONSTRAINTS
AND WAVE EQUATION

A. Constraints in Minkowski notation

One of the important conclusions that must be drawn
from the linear theory is that ghost-free conformal gauge
theory cannot be based merely on an action principle.
Rather, its formulation includes an action principle to-
gether with a gauge-invariant constraint. Furthermore,
the constraints are likely to be stronger than the Euler-
Lagrange equations, which leads us to believe that the
choice of the action is essentially fixed by the constraints.
This is not to discount the role that is to be played by the
action principle, nor to claim that the determination of
the action is entirely straightforward, but only to suggest
that the constraints may reveal some of the essential
features of the theory. In this section we shall study the
constraints, their consequences, and their completeness.
We show that they contain Einstein's linearized field
equation and discover the relationship of our theory to

Weyl's conformal metric theory.
The nonlinear, gauge-invariant constraints were given

by Eqs. (4.27)—(4.30). The geometric interpretation of all
these equations is not yet understood, but they do at least
have the virtue of being invariant under the infinitesimal
transformations of the local conformal algebra (gauge in-
variance). The main criterion for choosing the constraints
does not, however, come from geometry, but from the re-
quirement of unitarity. This is a criterion that we know
how to apply only in perturbation theory; let us therefore
return to the linearized constraints given in Sec. IVC,
Eqs. (4.14), (4.16), (4.17), and (4.20).

The meaning of (4.14)—(4.20) will become clearer when
these equations are expressed in more familiar notation.
The translation from Dirac to Minkowski notation was
explained in Sec. II F. We shall omit the caret and use the
same letter h for the Dirac complex (h gr ),a,P, y
=0, . . . , 5 and for the Minkowski complex (h,b, ),a, b, c
=+,0, . . . , 3,8. Since only the latter appears below
there will be no ambiguity. Indices p, v, A, ,p take the
values 0, . . . , 3.

Equation (4.14) tells us that h+b, =0 for all value"; of b
and c, and (4.16) means that all the components h &'„~of
the antisymmetric projection h

" of h can be expressed in
terms of h „"„+——h»+ —h„„+.Next, Eq. (4.17) is an ex-
pression for the symmetric part of h»+ in terms of E&+
and Ez+. Here is all this information collected:

h+~b ——0, a, b = +,0, . . . , 3,8, (5.1)

(5.2)

h„„++h„„+B„E„+B+—„+6„+g,
with E, —= —E,+, a =0, . . . , 3,8.

Finally,

R„'„~B„hx +o„g—h~gp+o„P,gg (p, v), —

and the principal constraint (4.20) reduces to

G„„gp B„h„gp+5~gh——,p (p, v) + (pv, A p
—)

(5.3)

(5.4)

h„,=h„g„+h,g„. (5.6)

This tells us that (h&„~) is determined up to a gauge
transformation by (A, &„};but it also places a restriction on
(h»). Integrability of (5.5) implies that (h„)satisfies
Einstein's linearized field equation.

B. Einstein's linearized field equation

This is precisely Einstein's linearized field equation:

R(h)~ ——,'5~(h) =0, (5.7)

R(h) =8 h Bd h, BP—h +8 —BP . (58)

It was obtained from the principal constraint (4.20),

Equation (5.5), seen as a differential equation for (h»&),
is integrable if and only if



2092 . CHRISTIAN FRONSDAL 30

without any help from the other constraints. It is very
satlsfylIlg to flIld that this field eqllatloll is the co11dltloII
of integrability of the constraint.

2h p = —Bpg dep —(P,—y) . (5.9)

The quantity gap was defined by (2.52); here the contri-
buting terms are —e p

—ep .
In Minkowski notation it reads

C. The wrong constraint, Weyl theory

In the linearized theory, all constraints can be interpret-
ed as a means of cutting down the space of modes of the
field. The smallest space that can be defined this way +ill
include the physical modes and some longitudinal or
"gauge" modes that can be gotten rid of only by passing
to a quotient space. By definition, it does not contain any
ghost. True ghosts, as opposed to "scalar" or gauge
modes, can be eliminated by gauge-invariant constraints,
while gauge fixing will take care of the scalar modes.

It is evident, however, that the constraints imposed so
far are incomplete, in the sense that the remaining redun-
dant field components cannot be removed by gauge fixing,
for the theory contains gauge-invariant quantities such as
t that have not yet been constrained. We shall now exam-
ine the consequences of setting t =0.

According to (4.12) and (3.7), to first order, in Dirac
notation,

c py 8 epy Bpeay cap =haagg

and the definition (4.19) gives

tapy-hapy+Baepy —(a,P) .

The sign = means, here as always, equality up to y
terms. The equation t~13y -0 can be solved for h~p&, and
one obtains

tippy-0 was not suggested by our study of ghost-free
linear theory. Second, a secondary constraint requires
that (gpv) be conformally flat. Not only that; if tapy -0,
then the principal constraint also requires that (g„„)be
conformally flat. Therefore, to preserve the dynamical
content of Weyl's theory, we must discard most of our
ghost-eliminating constraints. No wonder, therefore, that
Weyl's theory has ghosts.

If tapy ——0, then our principal constraint tells us, in Eq.
(5.10), that (h& ) is flat, and the theory loses its main

dynamical content.

D. The theory of Kaku et al.

The theory Kaku et al. can be obtained by assuming
factorization, as in Eq. (2.11). In the conforinal case,

~a —~a+ 2~a ~py ~

[~a ~bl= i Qab' ~ys

R~P —8+PQ@b e
y5 ~ b y5

The restriction of Q to the group of translations and dila-
tations is Q,byway

. The constraint introduced by Kaku
et al. is Q,bysy =0, which says that the restriction of Q
to the translations is zero. This is the same as t =0. Us-
ing this constraint, they reduced their theory to Weyl's
theory.

We can give a tentative geometrical interpretation of
our principal constraint. The restriction of Q to the
Lorentz group is Q&vi . In the first approximation, the
principal constraint means that Qz ~+Q~zz„——0.

2hpvt = —Bvgpi —Bpevt +25pveiB —(v, k) .

When this is used to eliminate h&„I from (5.5) one gets

G„„~= —a„a~„,+5„,(h„,—a&„—a;-„B)
—(p, v)+(pv, Ap)

=0.

=0. (5.10)

When this is solved for h„,and the solution is inserted
into Einstein's equation (5.7), then one finds that the field
e cancels out and the equation obtained for g is the linear-
ized- wave equation of Weyl's theory.

In this way some contact with Weyl's theory is made,
but it is highly spurious. First of all, the constraint

The traceless part of this is the first-order conformal cur-
vature tensor of (g~ ), so this metric is conformally flat,
in agreement with one of the secondary constraints. The
trace is

= 2
Gpvpp 8 gvp BvBagap BpBogcrv+BvBpgcnr

+2(h„p d~pB dpe„B)+5—„p(hp„——28~ B)

a Papy
——0,

g ap —gpaa=o.

(5.11)

(5.12)

The remaining free components of h are hz„++h„&+
(zero up to a gauge transformation), h p„+—h „p+,
h pvB +h vpB (meaningful uP tO a gauge tranSfOrmatian),

h„„Bh„B, hz+B, —and h„„i(fixed up to a gauge
transformation). First-order gauge transformations af-
fects these quantities in the following way:

5„(h„„,+h„„)=ay„+ay„+25„gB,
5 (h„„'—h„„)=B„g„—Bg„—2A„„,
5g(h„„B+h„pB)=d„AB„+d,ABp,

E. Additional constraints and gauge fixing

Taking into account all constraints imposed so far, we
notice that the "8-components" hz, b are not involved.
The role that is played by the field (a ) also remains mys-
terious. These quantities are irrelevant to lowest order
and do not describe the physical modes. They can be con-
strained in a fully gauge-invariant manner, for example,
by postulating that
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'4h p+B iJB 5p(B

5„h„'„,= a~,„+a,W„„—2a„a„,
+35„+iB—35„iAB .

We also have

Here y is determined by e:
1

Yapy= —T(Capy+Cyap —Cpya) ' (6.5)

There are no longer any terms of higher order in P.
Next, by means of a gauge transformation, we convert

p to a tensor. The action of the local algebra on Y is

5+„=A„B, (5~Y) py=(~~Y) py
—e &py * (6.6)

so that, if we fix the gauge by setting f&
——0, then we loose

the option of choosing Bzh» ——0. We may transform

h&„+ to zero, but then we are no longer free to impose
conditions on h„'„i.The analysis cannot be carried fur-
ther than this until the couplings between field com-
ponents have been clarified by a study of the higher or-
ders.

VI. INTEGRABILITY

so that the quantity m. defined by

'rrapr =~apr Yapr (6.7)

is a tensor field. It is antisymmetric in (p, y) and has
mixed symmetry in (apy).

Using (6.7) to eliminate P from (6.4) we get

G pys= q npys (a,13)—+(aP, Y5)

A. Integrability in perturbation theory

+[r p„+(aIB,Y5)],
where the small covariant derivative q is

(6.8)

R'P»+c[rr r sP (a,13)]+(a—P, Y5) =0, (6.1)

c being any constant, this having no effect in zeroth or
first order.

To resolve this ambiguity we examined the integrability
of (6.1) in the sense of the perturbation expansion. (Exact
solutions that cannot be expanded in a perturbation series
have no interest in quantum field theory. ) In the simplest
case, when the metric g is flat and the vector field a van-
ishes, terms appear in the second order that make it seem
very unlikely that any solution of (6.1) exist to this order,
unless c= —1. The final choice of principal constraint is
thus

G~pyg -0,
Gapy5= eakpy5+(Payakpa5 ryoarasp)

(a,13) cp P y—s+(aP—,Y5),

(6.2)

(6.3)

where 'G means transverse part of G and = is equality up
to y terms.

The first-order constraints were determined by unitari-

ty, and the nonlinear extrapolation given in Sec. IVD is
fully gauge invariant with respect to the local, conformal
gauge algebra. Nevertheless, there is some ambiguity left,
for there exist tensor fields of the right type that vanish in
the two lowest orders of the perturbation expansion
(zeroth and first order). In particular, we may modify the
principal constraint (4.30) as follows:

Ca=ca+ 2 Pa ~py ~

1 py (6.9)

the small torsion vanishes identically and r is the small
curvature,

aprs=eaYprs+Yar Ypas (a,p—) cap —Yars . (6.10)

C. The small curvature

rapyS = (ep 5p C p)Yays.

We suspect that the small curvature (6.10) vanishes, in
view of the secondary constraint (4.29) (g„„conformally
flat). &nly the. transverse part contributes to the con-
straint, but it would be very convenient to have the whole
tensor vanish, since this would make q commutative and
greatly facilitate the investigation of integrability. This
turns out to be essentially a matter of choosing among the
solutions of

[ea~ep]=cap ey ~

the defining equation for the quantity (capr). Since

ea=da aaN ea~ 3l —ca=0, N=p Ba ~

(6.11)
(ep 5P c.p )e r=—D. —

Recall that a dot in the place of an index indicates a con-
traction against y .

Now consider

B. Simplifications (6.12)(ep'Y ys—+'Ypy .Y as+ Yps '.Y ya) .
I

Now it turns out that this modification of the principal
constraint solves the integrability problem to all orders.
In fact, when the secondary constraint (4.28) (vanishing of
the antisymmetric part of the torsion) is taken into ac-
count, it is readily verified that

In view of (6.11) it is very natural to ensure the vanishing
of the first term by assuming factorization of y:

y5 a—y5'Vo =eo 'Va (6.13)

especially since this also gets rid of the second term, for
(6.13) givesGaPy5 = ealPys+'YaP (t' +ayYSay NPas+ Yas O'Pycr'

—(a,P)+ (aP, Y5)

+[Y r Yps (a,13)+(aP,Y5)] .—
y yappy 0. (6.14)

(6.4) It follows that nis transverse in t.he first index and that
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(ep —5p —yp')ea =O.

Next

(6.15) Each sum is an alternating sum over the permutations of
the indices written underneath. We insert our result (6.24)
for X and get after soine calculation

3 rapys a Yp s ea ypys+yp yasy (&~P) cap ya s '

(6.16)
g g 5,„(q+2a )(qy+2ay)hps=O,
zap gy5

(6.25)

To make this vanish we need some specialization of yp. .
Equation (6.15) strongly suggests that

'Vp a=cpa —5pa+ypaa =epa,
Q ca=0 .

(6.17)

(6.18)

Equation (6.17) is anyhow very desirable, since it is
equivalent to m .y ——0, so that

(m py) is completely transverse . (6.19)

In view of (6.18), (caP") is determined uP to qaPay (q P
arbitrary), and this freedom can be exploited to enforce
(6.13) and (6.17). The essential assumption and new con-
straint is Eq. (6.18). It is consistent with the perturbation

expansion.
We need one more constraint to make (6.16) vanish,

namely,

qaQp+Qaap 0 . (6.20)

(This makes y"r py&
——0, not just =0.) Now the complete

small curvature factorizes:

r Pys=e 'eP'P. ybys+y. y yb s «b—)j .

For this to vanish, (y„„i)must be an ordinary flat, con-
formal connection. This is consistent with our secondary
constraint. From now on the small curvature is taken to
vanish, so that the small covariant derivative is commuta-
tive.

D. Derivation of the wave equation

phay = (7rapy+~ypa)~ 5ap=5ap faap aa3 p (6.26)

The transverse part vanishes and the y terms are undeter-
mined, so this is just a condition on the vector com-
ponents. We now convert to Minkowski notation.

E. Minkowski notation

It is convenient to make a slight change in our conven-
tions. Recall that, with a,b&B,

e 8, =5 y—a, e Ob 5b (a——,b&B) .

Now define

Bea =3'a~ 0 =aB (6.27)

to make 8 the precise inverse of e. (But e =e 'B„a&B,
as before. ) We collect some identities, and a definition:

ea'Oa =&a ea ~b =&aa P P a a b

ea =5+, Q ea =6B

~a Xa=5a ~ ()a aa= aa—

(6.28}

(6.29)

(6.30)

If (A . . .
''

) is any internal tensor we define the associ-
ated Minkowski complex by

b -e'. eha. a p a' ' ' (6.31}

Most of our Dirac tensors are transverse, and it is con-
venient to define the small covariant derivative as a map
between transverse tensors. If A is any transverse tensor
field let

We shall now find the condition for the integrability of
Eq. (6.2). The tensor G was reduced to (6.8). With r=0
the transverse part is

'G pys=(q +a )~pys (a,p)+(ap, y—5) .

The operator qa is commutative, and because of (6.20) so
is q +a . Instead of '6 =0, we can write

'qaA—:transverse part of qaA .

For example,

'qah py (qa+2aa )h py——+a phay +ayh p

Now define, for A transverse,

(6.32)

(6.33)

(6.34)

a spy ——0. (6.23)

In the first order this becomes hBb, ——0; the need for this
was seen already. Now we easily obtain

(q +a brPys yXPys (a,P)+—(~P, y5—) =0, (6.22)

with X arbitrary. Our first task is to express X in terms of
7j.

To simplify the calculations we shall now introduce yet
another constraint, though this seems to be not at all
relevant to the final results. We suppose that

g g gppVvVahi„, 0. —
@van pcJv'

(6.35)

We have left off the caret on h. The co-covariant deriva-
tives commute and the co-covariant derivative of g is
zero. Proceeding as in the linear case we find that this is
the same as

If A has no B components, then this is exactly the same
as Dirac's co-covariant derivative. '

In this notation (6.25) takes the form

Xpys=(qy+2ay)mrs pa (y, 5) . —
The condition of integrability of (6.22) is

g g (q, +a, )(q„+a„)(yXpys+yyXs p)=0.
cap gy5

(6.24)
R(g, h)q„——,'g~ R(g, h) =0,

&(g,h )„„=g~( Vi„VP„V„Vi„h„p—
V, Vhi„e+VpV„hi).

(6.36)

(6.37)
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This is the equation for gravitational waves in empty
space.

The derivation of (6.36) from an action principal will be
taken up in Sec. VII, together with the problem of matter
coupling and symmetry breaking.

VII. ACTION PRINCIPLE
AND MATTER COUPLING

A. Matter fields

The final wave equation (6.37) involves only the metric
g (with the vector field a) and the symmetric tensor field
h. The main "connection field" m has disappeared. It is
important to understand whether this nonappearance of m

is permanent. We now investigate the extent to which m.

reappears in the coupling of gravity to matter fields. We
make no assumptions about flatness of g.

Consider first a scalar field u of degree —1. The sug-
gestion of minimal coupling is that the action density be
proportional to (Q u)(Q u). But Q u=e u so in this
case ~ decouples. The action is

d4X= —,
' f gi'"(B„+a„)u(B„+a„)u.

The last formula was obtained from the following in-
termediary result:

g"bah =gI' a +g"+=0 g++ =a"a

If we modify the minimal coupling by adding ——,
' Ru

to the action density, then the dependence on a& cancels
out leaving the familiar

4

2 g pll ~ 6 RQ (7.1)—g

where R is the ordinary curvature of g.
The next case of interest is electromagnetisin, but this

requires tha, 't we develop an exterior calculus. If u, A,F
are internal tensors of ranks 0,1,2 with F antisymmetric,
define an operator d by

(du) =Q u,
(dA)~p ——Q Ap —QpA~ t~prAr, —

(dF) p g(Q Fp t ——p F ) . —
cycl

The terms that involve the torsion are completely deter-
mined by the requirement that dod =0. The verification
makes use of the Jacobi identity

g [Q [Qp Q, ]]=0
cycl

which is equivalent to the following two equations (identi-
ties):

f h" *Rz„(g,a)+I~ .—g
(7.4)

Here I~ stands for the matter action, and 'R&„(g,a) is
the contracted curvature tensor of Weyl and Dirac. '

Variation with respect to h", g", and a" yields, respec-
tively,

'R„„(g,a ) =0, (7.5)

R (g, h )„.„—,' g„„R(g, h—)=T„„, (7.6)

g "(V h„„+V„h„+V'h „)=0. (7.7)

The first equation is a weakened form of the constraint on
g, a. In the second equation, the left-side is just (6.37) and
the right-hand side comes from the variation of I with
respect to g"". The last equation is valid if I is indepen-
dent of the field a; it is our reward for tolerating this oth-
erwise dubious field. Note that the action and all the field
equations are invariant with respect to the local conformal
algebra, and in particular, that Eq. (7.6) is scale invariant.

If the action (7.4) is adopted, then it is seen that the
field g is canonically conjugate to h. Evidently, therefore,
both fields must be quantized. This is in accord with the
insight of the linear theory, where the constraints must
be imposed as initial conditions on the states, and not on
the field operators.

The next urgent problem is symmetry breaking.
Einstein's theory can be obtained by setting a=O and
g =h in the action, but such a procedure is of course not
soft enough. Certainly, g and h are not to remain totally
independent of each other, but their respective roles are
nevertheless worthy of notice. Thus h describes the (heli-
city +2, massless) radiated quanta, while g provides the
geodesics for matter to move on. This separation of
waves and background could turn out to be an important
feature of the description of gravitational waves. It may
turn out that the field g is (in its action on the states)
essentially classical; in this case the conflict between
causal propagation and a quantized metric would become
less perplexing.

But now it is seen that m cancels out; the exterior deriva-
tive is just the antisymmetric small covariant derivative.

The conclusion is that m. decouples as long as no spinor
fields appear in the matter Lagrangian. This is quite
analogous to the absence of torsion in ordinary gravity
without spinors. Setting aside the problem of spinors, we
conclude that matter moves in the fields g, a and in some
cases at least, independently of a along the geodesics of g.
It is quite clear, therefore, that the conformal flatness of g
will have to be replaced by something else.

B. Action principle

In applications without spinors the "connection" m

decouples and it is natural to ask whether a self-contained
theory can be formulated entirely in terms of g,a and h,
and matter fields. Consider, therefore, the action

g(Q~tpr +tpr't~, R~pr )=0-
cycl

Q (Q~Rpr~+tpr'R~, ")=0 .
cycl

(7.2)

(7.3)
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