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The finite one-loop parts of the Rarita-gchwinger self-energy in the gauge ay tb + (1 —a }y'b,"tb„satisfy the
transversality Ward identity in the new regularization scheme by dimensional reduction but not in conventional
dimensional regularization. Diagonalizing and then omitting the nonpropagating Lorentz ghosts, new vertices in the
non-Lorentz ghost sectors do contribute. The criteria for deriving Ward identities involving tracelessness of
structure constants are shown to be equivalent to the unit Becchi-Rouet-Stora-Tyutin Jacobian provided the gauge
algebra closes.

I. INTRODUCTION

The quantization of supergravity proceeds along
general lines. One adds gauge-fixing terms which
in turn determine the Faddeev-Popov ghost action.
From this quantum action one may formally
derive Ward identities by means of path-integral
techniques. If one has a regularization scheme
which preserves the gauge invariances and applies
minimal subtractions, then the regularized theory
satisfies these Ward identities. '

In this article we study these aspects in the
example of the Rarita-Schwinger self-energy.
This is the counterpar't of a similar calculation
of the graviton self-energy in supergravity. '
Although mixed loops containing at the same time
supersymmetry ghost C' and general coordinate
ghosts C" appear here, the calculation does not
give information on the commutation properties
of C' and C", but it only requires that C' (and
C") commute (anticommute) with their antighosts.
As usual in such explicit calculations, some new
theoretical insights are gained. The two most
important results we present below are as fol-
lows:

(i) Even though the antisymmetric part of the
vierbein field can be gauged away completely,
its effects remain at the quantum level. In fact,
it is just because we could not satisfy some Ward
identities that we found that new couplings are
present. They are due to the fact that the kinetic
terms involving the Lorentz antighost are non-
diagonal. Diagonalizing by redefining the Lorentz
ghost field, new couplings are produced in the
non-Lorentz ghost sectors. Thus the lore that one
can forget in quantum supergravity about the
Lorentz ghosts "because they do not propagate" is
incorrect.

(ii) The dimensional regularization scheme in the
form usually employed' violates the transversality
Ward identity of the Rarita-Schwinger self-energy,
but a recent modification, the so-called dimen-
sional reduction scheme, 4 preserves this Ward
identity for all n. Thus, as expected for a long
time, it has finally been proven that dimensional
regularization and (local) supersymmetry are
incompatible from the finite parts of the one-loop
level onward, where the calculation becomes
sensitive to the regularization method employed.
The dimensional reduction scheme, keeping all
spinors and vectors four -dimensional, preserves
supersymmetry Ward identities. This has the
important consequences that one may use the
Gauss-Bonnet theorem in quantum (super) gravity,
that one still can use the two-component van der
Waerden formalism at the quantum level, and
that propagators are n independent. Most im-
portantly, the two-loop finiteness proof of super-
gravity' has now been completed, since there are
no supersymmetry anomalies.

In order to derive Ward identities, we use the
Becchi-Rouet-Stora-Tyutin (BHST) invariance
of the quantum action. ' ' This invariance can be
achieved with or without closed gauge algebra,
that is to say, with or without auxiliary fields.
However, one also needs. a unit Jacobian, and
this is achieved by choosing a certain measure
in the path integral. In the old way of deriving
Ward identities by means of nonlocal gauge para-
meters, one always had to make the product of
Jacobian and integration measure invariant in
order that the path integral be gauge independent. '
In this case the gauge algebra must close. We
show below that these two methods of deriving
Ward identities are equivalent (once the gauge
algebra closes).
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As a byproduct, we show that in ordinary
Einstein gravity the product of Jacobian and in-
tegration measure is invariant under nonlocal
gauge transformations, provided one adds a
measure (detg)' '. Thus, it is not necessary to
give arguments that the ordinary Jacobian as
well as the trace of the structure constants each
vanish formally. " Bather, it is the sum which
vanishes r igorously.

In Sec. II we compare various methods for
deriving Ward identities in supergravity. In Sec.
III we obtain the one-loop divergences of the
Rarita-Schwinger self -energy- using dimensional
regularization. In Sec. IV we extend these results
to the finite parts, repeat the calculation using
regularization by dimensional reduction, and
compare the results with those of Sec. III.

&(fix sup) =-,'[n$ y+(1 n)$„5,"y']-
x P'[nr ' 0+(I n)r b"p ]—. (2)

It is essential to use a flat g and not a covariant
P since for the latter case the correct quantum
action is still not known, except when the vierbein
fields in P are external fields. "" For n =1 we
find Eq. (1), while for n =0 one finds a gauge-
fixing term bilinear in fields, which only con-
tributes to the kinetic tensor but not to the ver-
tices The ki.netic terms in Eq. (2) are n inde-
pendent and lead to the usual Rarita-Schwinger
propagato (4„(P)$„(P)&= ,' y„ffy„P ' at n-=4. To
derive the Ward identity for the Rarita-Schwinger
self-energy, we consider the unweighted path
integral

II. THE WARD IDENTITY

In previous calculations' " the gauge-fixing
term was chosen as

~(fix) =--.(s.&gg'")'+-. tt" rNr 0

+ x(e,„5," —e,» 5,»)',

where A. is an arbitrary constant, often taken to
tend to infinity. However, as we shall see, with
this choice the diagram with the mixed ghost loop
in which we are interested vanishes. Thus we
consider a more general gauge for the local super-
symmetry

b, then we can multiply by "unity"

da exp(2a y ~a~)(s-dety)'~ =constant, (4)

to obtain [dropping the field-independent
(s-det y)' @]

Z= d ' exp i Icl +& I" +b y +z+b~

x s- det( sE„/ s$~), (5)

where Z is evidently still independent of b . In
that case we have the Ward identity

5 5

bb ( ) bb ( )~ =r'+&V"F,(y)r"F.(x)&,

where y ~ is the tree-graph contribution. We
choose b to be nonzero only in the case of local
supersymmetry. There we find the transversality
condition on the Rar ita -Schwinger self -energy,
after dividing by —,

'
if(x) and —,

'
P(y)

(6)

&[nr 4(X)+(I -n)y'b:g. (X)]

x [ntt r(x)+(1 n)tt'. -b",r']&„„=0 (I)

b(ft.'$ )/b0'+f8»& =o~

where Q' are the classical gauge fields (e„,g,
S,P,A ) and 5$' =A' (p)f denotes all gauge trans-
formations. The structure "constants" are de-
fined by the closure of the gauge algebra

The tree-graph contribution is of order n =0 and
equal to y»(g„$„&y„=2/ ', but the loop corrections
must sum up to zero. In the next sections we will
consider separately the order n =0, n, and n'
terms in Eq. (7), and compare dimensional re-
gularization with dimensional reduction for n dif-
ferent from 4. In this section we now turn to the
question of whether Z is indeed independent of
a, .

It is well known' that the path integral is in-
dependent of the gauge (i.e. , independent of a, ) if
the integration measure times the Faddeev-Popov
determinant is invariant under a particular kind
of nonlocal gauge transformations. It is necessary
and sufficient that

Z = d ' e'i'"'5 I" +b -a s-det 8I' 8 ~,

where s-det denotes the Faddeev-Popov super-
determinant, ' $~ the gauge parameters, rf&'

=fe„,g»», S,P,A ) and F =(-8»v'gg»", ——,'[ny
+(1 —n)y'5»P„], e,„—e,„b„'5,"]. If we can show that
Z is independent of the arbitrary functions a and

The contributing parts of 5$' are '

5S =$ 8 S ——,'ev p, idemP

5A =g 8 A --,'ey gA„,
I

bC =s»h'0'+$ s 4»+2D»&.

The contribution from the gauge fields to Eq.

(10)
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(8) is

5(R' $ )/5Q' =s $"(-1 —1-4+4 —16-4+16)
+0 r'~(2+2+2+0-3).

Note that the Rarita-Schwinger contributions in
the supertrace" acquire an extra minus sign. All
derivatives are right derivatives. " Thus, from

5gu 2(D ~)a

=2s &'+(& ~)'[&u (e)+2~ y & + 4y & ] (12)

one finds indeed the contribution

-(o "~)'(2%.y 5„" 2%„-r 5", '0 r.-5„")'

34 -r~ (»)
The contribution from the trace of the structure

constants follows from the commutators of the
three gauge invariances' which are general co-
ordinate transformations (g), local Lorentz ro-
tation (l), and local supersymmetry transforma, -
tions (s). To give an example, from

[5,($ ), 5,(~"")] = 5,(- t s.Z"")

one gets the contribution 6 8 $'. In general, one
takes the right derivative with respect to $' of the
composite parameter f»„ri'$ . In this way one
finds for the g, l, and s contributions, respec-
tively,

f,'.k =(5+6 4)(s.h -)+( 0+0- 1)(0 y~) (14)

Again a trace over fermionic indices acquires an
extra minus sign, so that from

[ 5.(&&), 5,(~,)]= 5.(4.~ ir"~,)

+irrelevant l and g terms, (15)

one finds indeed -$ ye.
Thus the sum of Eqs. (11) and (14) does not

vanish. However, one can add a. measure (det e) ',
in order to make the 8 $ terms cancel. The
crucial test is then whether the g ye terms also
cancel with this same measure. This is indeed
the case. The path integral thus reads

Z = de„d '„dS dPdA dete 'h, ~p 6 I" a e'

(16)

where E are the gauges chosen. Z is independent
of a since under the nonlocal gauge transforma-
tion 5Q' =It' (E,Az~) 'Q(x) the factor within square
brackets is invariant, its variation being pro-
portional to Eq. (11) plus Eq. (14), plus the varia-
tion of (det e) '

generators (o „)'» and (5'„5» —5'5'„) have no di-
agonal elements.

We stress that it is only the sum in Eq. (8) plus
the measure which is invariant, not each term
separately. For Einstein gravity, Capper and
Ramon Medrano" argued that each term sepa-
rately is formally zero. However, the sum is
rigorously zero if one adds again a measure
(detg)' '. Using dimensional regularization or
regularization by dimensiorial reduction, these
measures do not contribute, and anyway they
are absorbed by the renormalization constants
in renormalizable theories,

The auxiliary fields S, &, andA appear in the
action as —» det e(S'+P' -A ') and can be inte-
grated away. (This remains true in the quantum
action, since the terms which are bilinear in
ghosts but linear in S,P,A are added). The
measure then becomes (det e), in agreement with
the results obtained by requiring BRST invariance
of simple supergravity with open aIgebras. "

This brings us to the last point to be discussed
in this section, the relation between Slavnov-
Taylor invariance and BRST invariance of the
path integral. It is well known that Ward identi-
ties such as Eq. (7) can also be derived from
BRST' invariance by making a BRST variation of
(C*»(x)E,(y)). However, one must also show that
in the case of BRST transformations the Jaco»an
equals unity and this was shown in Bef. 7. Indeed,
the antighost fields do not contribute, since they
rotate into the gauge-fixing terms while the ghost-
field transformation rules were first found in
Ref. 6:
5C" = (-O'9C" + Cy"C)A,

5C,»
= (-C~B„C,» —C, C, +e,S,P,A terms)A, (18)

5C' =[O's„C' ——'g'Cy C+ —,'C „(o "C)']A

The caret denotes a Majorana bar C' =6 "O'. Pne
finds a contribution to the Jacobian

(5+6 -4)(B„C'A) —($ rC)A.

Clearly, if one adds these terms to Eq. (11)where
one replaces $™,X ", and e' by C"A, C""A, and
'A, respectively, then the sum cancels and the
BRST Jacobian equals unity under all three local
symmetries provided one has the same measure
(dete) ' in each case.

In fact, one can understand why the BRST Ja-
cobian equals unity with the same measure as
was needed for Slavnov-Taylor invariance. The
ghost contribution to the Jacobian is given by

(s t')(-6+7 —1)+g ye(0 —1+1)=0. (17) 5(5RRSTOI)/5Oo, fe O»A (20)

Innone of the results above do the Lorentz trans-
formation parameters occur, since the Lorentz

Bnd this is precisely the same as the term with
the structure constant in Eq. (8). The sign here



2998 M. K. FUNG, P. VAN NIEUWENHUIZEN, AND D. R. T. JONES 22

is + rather than —,since ghosts have opposite
statistics to the parameters to which they belong,
so that right differentiating 6C" = —,'f ~~—C~AC

acquires an extra minus sign relative to right
differentiating fz„q"g . Thus we can deduce from
the preceding results for Slavnov-Taylor in-
variance that also for BRST invariance the mea-
sure is (dete) '.

In Ref. 7 the authors avoided the measure
(dete) '

by taking A„rather thanA as an inde-
pendent field. One can find relations to other
choices by using the following simple theorem:

6(Av)'/6A' =(6A'/6A )+6(e™")'/6e", (21)

where the prime denotes an infinitesimal trans-
formation. Note that the last term is equal to
6(det e)'. Similarly, one could have taken g
rather than $„, while any power of (det e) in the
measure can be counterbalanced by multiplying
fields by powers of (det e).

III. DIMENSIONAL REGULARIZATION
OF THE TRANSVERSALITY WARD IDENTITY

The supergravity action" " consists of the
Einstein-Hilbert and the Rarita-Schwinger actions
as well as a complicated four-fermion interaction
whose explicit form is not needed for our present
one-loop calculation,

2 o =—,eA(e)- ,'E"""q„y—,yQ, g, +"t/)"'. (22)

=y,' =1 (a =1,2, 3, 4) and Greek (Latin) indices
denote world (local Lorentz) tensors. From now
on we put ~ =1, and we define c,„=e,„—5„as the
quantum field variable of the graviton.

The nonghost vertex of two Rarita-Schwinger
fields and one graviton from the Rarita-Schwinger
act:ion is given by ~„=&a +ss where

II a ~vabc4yc~a b va '

The most useful gauge choices are

(23)

1
fix ~ ~ayayayveapveaa'

We list here all the propagators:

(26)

F'. ={ S.v-' gg"", e,„e„.-, --'[ny q+(1-n)y y]),

(24)

where y" =y'~," is field independent and n is an
arbitrary constant. The gauge-fixing terms can
be chosen to be

2„„=——,
' (s„v' gg"")'+X(e„—e„,)'

+-a'[nP y+(1 —n)y ~ y]y'[ny q (+]. —n)y ~ gj.
(25)

Here g is field independent. " We let X- ~ so that
only the symmetric part of the vierbein field re-
mains. There is a vertex n~«„of order o.'from
the gauge-fixing term where

Here 8 = det e,„with e,„ the spin-2 vierbein field
(the graviton), P„ is the spin--, Majorana field,
and D, is the gravitationally covariant derivative.
We work in the second-order formalism" without
auxiliary fields. The elimination of the auxiliary
fields leads to a four-ghost coupling'" but this
does not contribute to our one-loop calculation.
We use the positive Pauli metric [g„„=g""=6"„
=(++++) in flat space with p, , v =1,2, 3, 4], y,

'

P(sh) (2pa)-i

p(i& f(pa)-i6

~(1/2 ) g 1

The ghost terms are obtained by varying the
gauge functions and we exhibit here only those
terms relevant to our ca.lculation:

(27)

Z,„=s„Ca'[ s"C"+(q"y" +pvya p y6"")Cj+C*"(2C,~+s~C, — Cs~)

——,'(1 —n)C[s ( y ~ g)Ca + y"g 8 „C' + ~ y'o, g„Ca~ +2y"D C]

——C[& (y" g)C +-,'y"o„q,C" 'y,+q,C"+2y"D„C]. (28)

We note that the kinetic term in the Lorentz sec-
tor is 2C*"[C„+—,'(s~C, —s,C~)]. It is convenient
to redefine C,', =C„+,'(s,C, —CB„)so -that the
kinetic term for the Lorentz ghosts becomes
2t"~"C,', which are then nonpropagating. The
ghost vertex with one Rarita-Schwinger field, one

g „=g,+g +g, +g~ -(yg, +~g, , (29)

where „contains the vertices induced by dia-

I

supersymmetry ghost, and one general coordinate
ghost can be cast in the following form:
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grov.

g rov.

Cv
r

~

Q ~ ~

grov.

a e =P

grov.

Cv
rl

c '... ..:o

grov.

f ~11
{-5/2)

e'.. ..:o

FIG. &. The four classes of graphs contributing to the
Ward identity. Note that each class contains graphs
which may depend on G'.

(2)
C

(Sj2)

gonalizing the I.orentz ghost:

~, =&.C*,($.y. +0,y. -0 y~..)C,
= ——,'C[8 (y ~ g)]C',

Z, = ——,'Cy ~g, s„C

,'Cy, g„—(s,C"O'„—B,C"5~) .

&'hus the effects of the Lorente ghosts are present
in the effective quantum action, even though the
Lorene ghosts themselves can be &oPped. At
this point we have complete Feynman rules. We
can proceed to calculate the contributions to the
Ward identity. The Ward identity, which we de-
rived in Sec. II, is given in Fig. 1. Now this
should hold separately for different powers of a.

The results of our calculations of the pole terms
to order a =0, e, and n' are given in Figs. 2, -4,
respectively. We draw the reader's attention to
the fact that all graphs with ghosts are of mixed
type, namely, they contain one supersymmetry

grov.

+ 2 +

(-3/2)

gr ov.

FIG. 3. Order-e contributions to the Ward identity
for the one-loop divergent parts.

and one general coordinate ghost. We have not
added an extra minus sign for these loops, and
note that the Ward identities are satisfied. The
sum of all ghost contributions vanishes for n =1
and this was the reason that we chose instead of
y g as gauge-fixing term oy g+(I —o. )y |t. In
computing these diagrams one needs Wick con-
tractions, for example, (C~"C"). These lead to
extra signs: (C*"C')= —(C"C*")but (C~'C')
=+(C'C*'). However, these are diagonal signs
and have nothing to do with C'C"=+C"C'. We
always need to interchange C' and C" either twice
or not at a.ll in a given diagram (this is well-
known in Feynman diagrams and the reader may
easily check this). Thus one obtains the same
result whether C' and C" commute or anticommute.

grov. grov.

+
T.~I I~II

IV. DIMENSIONAL REGULARIZATION
OF THE TRANSVERSALITY WARD IDENTITY

BY DIMENSIONAL REDUCTION FOR GENERAL n

grov.

(-3/4)

b'. ..&.. '0

In Sec. III transversality of the Rarita-Schwinger
.self-energy was verified for the divergent part
at the one-loop level. We now extend this to in-
clude finite terms. The calculation then becomes
sensitive to the regularization method employed.

(2)
C

(-2) grov. grov,

Cv
I \

c "..&..' 0
C

(2)

Cv

d'. . ~ .. '0
C

(-iz2)

FIG. 2. Order-. e contributions to the Ward identity
for the one-loop divergent parts. The numbers in
brackets are the contributions to the Ward identity ex-
cept for an overall factor & p(4-n) and the explicit
factors 2 indicate that both orders of the vertices have
been added together.

(2)

C3
(4)

FIG. 4. Order-e2 contributions to the Ward identity
for the one-loop divergent parts.
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k~kg"k 1
k2 k)2 ( ]) ( PAPE P Pv) (3l)

k,kg, d"k

;(p
'

).
=

(„ l) [( + )P.P.P — .P
—&,xp. —&~.P.1.

Note that the Kronecker 5's in the above expres-
sions are n dimensional. It is frequently con-
venient for algebraic purposes to apply these re-
lations at an intermediate stage in the calculation
of a particular diagram. It is then important to
distinguish (in dimensional reduction) between the
Kronecker 5's thereby arising, and the four-di-

For global supersymmetry it has been shown~

that a modified form of 'dimensional regularization,
which we call dimensional reduction, preserves
supersymmetric Ward identities. The technique
consists essentially of continuing coordinates
and momenta, to n dimensions (n& 4) while re-
taining the four-'dimensional nature of all other
vector indices; thereby the equality of Bose and
Fermi degrees of freedom characteristic of
supersymmetric theories is preserved. By con-
trast, in conventional dimensional regularization
all tensors are continued to n dimensions and it
was shown" for a variety of globally supersym-
metric theories that the supersymmetric Ward
identities are violated by finite terms at the one-
loop level. Our purpose here is to investigate
whether the method of dimensional reduction is
also app)icable to locally supersymmetric the-
ories. We also consider the result of using con-
ventional dimensional regular ization.

In both cases it is convenient to relate all the
Feynman integrals which arise to a single stan-
dard one given. by

aptly(P) ~ k( k). .

The following relations are useful. :
k„d "P

k'(p k)'

mensional ones from the Feynman rules.
For illustrative purposes we consider the evalua-

tion of the first diagram in Fig. 6. For the case
of dimensional reduction, the Feynman rules are
exactly as given in the previous section, and we
obtain

i &gk; d"4
2P' k'(p —k)'

3=
4( l)

I&"""Pgy,r,ryr. = a ~P

(32)
(where careted indices are n dimensional, un-
careted four dimensional).

If we attempt instead to apply conventional
dimensional regularization, a number of com-
plications arise. Both graviton and Rarita-
Schwinger propagators become n dependent:

(2) 2
Wv Pa ~ 2 PP va 4a vP ~ Pv Pa2p n —&

I',"P"=
~

'
. , (y„Py, +(4 —n|lt„,g

1

+g( 4)P P P)p'
The derivation of the Rarita-Schwinger propaga-

tor using general n spin-& projection operators
is sketched in Appendix A, where some relations
useful in evaluating the diagrams are also noted.
The treatment of the antisymmetric Levi-Civita
tensor also requires explanation, since it has no
obvious generalization to n dimensions. How-
ever, in the calculations it can always be re-
placed by an expression which can be generalized
by, for example, the relation

(34)

Of course the uniqueness of this procedure is
questionable, which serves to illustrate the un-
satisfactory nature of the conventional technique
for supersymmetric theories.

For the same diagram as considered above, we
now find the following expression:

d%k P
& """y, y P, '(k)y„ +y~ P,'„ '(k)y~ — y„P,~ '(k)y„ =

)( )
Ie„„~,P„y,y,y,y„

In+2
4

(35)

Results for both cases are given in Figs. 5, -'7

for the a', n, and n' terms, respectively. We
see that with dimensional reduction the Ward
identity is identically satisfied irrespective of

(all indices n dimensional).

I

the value of n, while, as anticipated, dimensional
regularization works only at n =4 for the n' terms,
although remarkably it too satisfies the identity
for the n and e' terms. We conclude that the
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Diagram Coefficient of I(p ) p Diagram Coef ficient of l(p~) P

Dimensional
Reduction

Dirnensiona I

Regularization
Dimensional

Reduction
Dimensional

Regularization

I

4
n(n -6n+ IO)(n-3)

I6(n-2)

grav

(n~-5n +l2n-t6)
4(n-2)

grav
(n+ 2)

8

grav
n~-6n~+ I6n -20

2(n-2)

gfaV
n +n-4

16

grav

f f

TOTAL

(n -7n + 20n —24)
4(n-2)

C
»»

I

2
I

2

FIG. 7. Order-o. contributions to the Ward identity
for the one-loop finite parts.

TOTAL
(n-4)(n -4n + 9n-8)

I6(n-2)

FIG. 5. Order-e contributions to the Ward identity
for the one-loop finite parts.

Diagram Coef ficient of I(p~) p

Dimensional
Reduction

Di mensional

Regularization

dimensional reduction technique gives satisfactory
results for supergravity.

Note added. In this paper we have discussed a
particular Ward identity, but anomalies were not
considered. Recently, however, some papers
have appeared in which the role of anomalies in
dimensional regularization by dimensional re-

duction has been discussed. We refer to H. Ni-
colai and P. Townsend, Phys. Lett. 93B 111
(1980); proceedings of the Erice conference on the
unification of the fundamental interactions, edited
by S. Ferrara, J. Ellis, and P van Nieuwenhuizen
(unpublished), and P. Majumdar, E. Poggio, and
H. Schnitzer, Phys. Rev. D 21, 2203 (1980).

In a recent paper W. Siegel [Phys. Lett. 94B,
37 (1980)] has argued that his technique of re-
gularization by dimensional reduction is mathe-
matically inconsistent. It seems to us, however,
that the inconsistencies found by him are in fact
nothing more than the usual ambiguities asso-
ciated with the axial anomaly. More work is
certainly needed to clarify this point further.

APPENDIX A

grav

grav

grav

5
2

n+2
4

(n + 3n —l8)
4

(n+2)
4

1
2 Y»» P Y»l (Al)

The inverse of (Al) was found using the following
set of spin-& projection operators:

Qil2qss —
y y Qil2q tt —~A II

Qv 1 Q vs wv 4 v&

In the class of gauges used, the Rarita-Schwin-
ger propagator is given by the inverse of the
expression'

grav
n~+2n- l2

fl+ 2
4

&l2 gt 1 gii's, ts
»

v' »»)»g2&» ~v»» u' ~» Yv»
PE

~sl2 g ~&I2, ss ~&I2, tt
Qv. Pv Qv Wv

where

k„P k„P
y2

TOTAL

FIG. 6. Order-o. contributions to the Ward identity
for the one-loop finite parts.

These obey the orthogonality condition

jiJ,jjp J', kl —g JJ g jk~ J', j l
Wv ~g P fy (A3)
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Then, writing

'r-Pr = g ~'P"'i
&, i, j

we find

+zP &, i iP' P—s, i i ~

y Pr~7,i i

Then by simple algebra one finds

a'~ =—' a'~ =-a'~ =—(n -1)'@
tt 2 & St tS 2

(A4)

(A5)

The following identities are useful:

~(3/2) vs.2y A

QV ~W p2

g)(3 4 ) t'ra
p2

&, @) (2 -n)P
p3

(AB)

SS 2
Some formulas for y matrix algebra in n dimen-
sions used in Sec. IV are

and hence that the Rarita-Schwinger propagator is

2( 2 y.P'y~ +(4-n)~~.P'
1

p n-2

y~y&Py„y& = [2n —(n —2) ]P,
r,ypy, y, = (n 2)y p—'. '2y.r. , (A9)

~ 2( 4) Pll PvP
p' (A7)

y),rp',ysr), = (n —6)y,y,yi,

+2(4 —n)(5 p,y, +5„yp
—5i,y, ) .

-*Present address: Department of Physics, University
of Michigan, Ann Arbor, Michigan 48109.

For a general review of quantum supergravity see
M. T. Grisaru and P. van Nieuwenhuizen, in Deeper
Pathways in High-Energy Physics, proceedings of
Qrbis Scientiae, 1977, Coral Gables, Florida, edited
by A. Perlmutter and L. F. Scott {Plenum, New York,
1977); New Frontiers in High-Energy Physics, pro-
ceedings of Orbis Scientiae, Coral Gables, 1978,
edited by A. Perlmutter and L. F. Scott (Plenum,
New York, 1978).
P. van Nieuwenhuizen and J. A. M. 'Vermaseren, Phys.
Lett. 658, 263 (1976).

36. 't Hooft and M. Veltman, Nucl. Phys. 844, 189
(1972).

4W. Siegel, Phys. Lett. 848, 193 (1979); M. T. Grisaru,
W. Siegel, and M. Rocek, Nucl. Phys. 8159, 429
(1979); D. M. Capper, D. B. T. Jones, and P. van
Nieuwenhuizen, Nucl. Phys. 8167, 479 (1980); W. Sie-
gel, Princeton report (unpublished).

5M. T. Grisaru, Phys. Lett. 668, 75 (1977).
~P. K. Townsend and P. van Nieuwenhuizen, Nucl.

Phys. B120, 301 (1977).
VK. S. Stelle and P. C. West, Nucl. Phys. 8140, 285

(1978).
S. Ferrara and P. van Nieuwenhuizen, Phys. Lett. 748,

333 (1978); K. S. Stelle and P. C. West, ibid. 748,
330 (1978).

98. W. Lee and J. Zinn-Justin, Phys. Rev. D 7, 1049
(1973).
D. M. Capper and M. Ramon Medrano, Phys. Rev.
D 9, 1641 (1974).
'J. A. M. Vermaseren and P. van Nieuwenhuizen,
Phys. Rev. D 16, 298 (1977); M. Fischler, ibid. 20,
396 (1979).

'2N. K. Nielsen, Nucl. Phys. B140, 499 (1978).
3B. Kallosh, Zh. Eksp. Teor. Fiz. Pis'ma Red. 26,
575 0977) [JETP Lett. 26, 427 (1977)]; Nucl. Phys.
8141, 141 (1978).

'4B. Arnowitt, P. Nath, and B. Zumino, Phys. Lett.
568, 81 (1975); 8. de Wit, Phys. Rev. D 12, 1628
(1975).

'5See second reference in Bef. 14.
' D. Z. Freedman, S. Ferrara, and P. van Nieuwen-

huizen, Phys. Rev. D 13, 3214 (1976).
'~S. Deser and B. Zumino, Phys. Lett. 628, 335

(1976).
' E. S. Fradkin and M. A. Vasiliev, Phys. Lett. 728,

70 (1977),
'OThis was shown in the third reference of Bef. 4. See

also R. Majumdar, E. Poggio, and H. J. Schnitzer,
Phys. Rev. D 21, 2203 {1980).


