Ann Inst Henn Pomcaré, Section A

Vol XX, n° 1, 1974, p 69 94 Physique theonque

One-loop divergencies
in the theory of gravitation

par

G. 't HOOFT (*) and M. VELTMAN (*)
C E R N, Geneva

ABSTRACT. — All one-loop divergencies of pure gravity and al those
of gravitation interacting with a scalar particle are calculated. In the case
of pure gravity, no physically relevant divergencies remain; they can dll
be absorbed in a field renormdization. In case of gravitation interacting
with scalar particles, divergencies in physica quantities remain, even
when employing the socalled improved energy-momentum tensor.

1. INTRODUCTION

The recent advances in the understanding of gauge theories make a
fresh approach to the quantum theory of gravitation possible. First, we
now know precisely how to obtain Feynman rules for a gauge theory [1];
secondly, the dimensiona regularization scheme provides a powerful tool
to handle divergencies [2]. In fact, several authors have aready published
work using these methods [3], [4].

One may ask why one would be interested in quantum gravity. The
foremost reason is that gravitation undeniably exists; but in addition
we may hope that study of thisgauge theory, apparantly realized in nature,
gives insight that can be useful in other areas of field theory. Of course,
one may entertain al kinds of speculative ideas about the role of gravi-
tation in elementary particle physics, and several authors have amused
themselves imagining elementary particles as little black holes etc. It
may well be true that gravitation functions as a cut-off for other interac-
tions; in view of the fact that it seems possible to formulate al known
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70 ONE-LOOP DIVERGENCIES IN THE THEORY OF GRAVITATION

interactions in terms of field-theoretical models that show only logarith-
mic divergencies, the smallness of the gravitational coupling constant need
not be an obstacle. For the time being no reasonable or convincing ana-
lysis of this type of posshilities has been presented, and in this paper we
have no ambitions in that direction. Mainly, we consider the present
work as a kind of finger exercise without really any further underlying
motive.

Our starting point is the linearized theory ofgravitation. Ofcourse, much
work has been reported already in the literature [5], in particular we men-
tion the work of B. S Dewitt [6]. For the sake of clarity and completeness
we will rederive several equations that can be found in his work. It may
be noted that he also arrives at the conclusion that for Eure gravitation
the counterterms for one closed loop are of the form R or R, ,R*’; this
realy follows from invariance considerations and an identity derived by
him. Thislatter identity is demonstrated in a somewhat easier way in appen-
dix B of this paper.

Within the formalism of gauge theory developed in ref. 7, we must first
establish a gauge that shows clearly the unitarity of the theory. This is
done in section 2. The work of ref. 7, that on purpose has been formulated
such asto encompass quantum gravity, assures us that the S-matrix remains
invariant under a change of gauge.

In section 3 we consider the one loop divergencies when the gravitational
field is treated as an external field. This calculation necessitates a dight
generalization of the algorithms recently reported by one of us [8]. From
the result one may read off the known fact that there are fewer divergencies
if one employs the so-caled improved energy-momentum tensor [9).
Symanzik's criticism [10] applies to higher order results, see ref. 11. In the
one loop approximation we indeed find the results of Cdlan et al. [9].

Next we consider the quantum theory of gravity using the method of
the background field [6], [12]. In ref. 8 it has aready been shown how this
method can be used fruitfully within this context. In sections 4, 5 and 6
we apply this to the case of gravitation interacting with a scaar field in
the conventional way. The counter Lagrangian for pure gravity can be
deduced immediately.

In section 7 finally we consider the use of the « improved » energy-
momentum tensor. Some results are quoted, the full answer being
unprintable.

Appendix A quotes notations and conventions. Appendix B gives the
derivation of a well-known [6] but for us very important result. An (also
well-known) side results is the fact that the Einstein-Hilbert Lagrangian
is meaningless in two dimensions. This shows up in the form of fac-
tors 1/(n — 2) in the graviton propagator, as noted by Neveu [13] and
Capper et al. [4].
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G 'T HOOFT AND M VELTMAN 71

2. UNITARITY

One of the remarkable aspects of gravitation is the freedom of choice
in the fundamental fields. In conventional renormalizable field theory
the choice of the fields is usually such as to produce the smoothest possible
Green's functions. In the case of quantum gravity there seems to be no
clear choice based on such a criterium. For instance, one may use as basic
field the metric tensor g,,,, or its inverseg”’, or any other function of theg,,
involving, say, the Riemann tensor. From the point of view of the S-matrix
many choices give the same result, the Jacobian of the transformation
being one (provided dimensional regularization is applied).

We chose as basic fields the #,,, related to the g,, by g,, = d,, + h,,.
This is of course the conventional choice. The Lagrangian that we start
from is the Einstein-Hilbert Lagrangian, viz:

£ =— /eR (2.1)

(see appendix A for symbols and notations). This Lagrangian is invariant
under the infinitesima gauge transformation (or rather it changes by a
total derivative)

gl”' = gu\‘ + ga\'ﬁ;l'Ya + g/lz(-\.\'”z + }Zl(jlgu\" (22)
or
By, = by, + Dun, + D (2.3)

In here the 5, are four independent infinitesimal functions of space-time.
TheD,, are the usual covariant derivatives.
In order to define Feynman rules we must supplement the Lagran-

1
gian (2.1) with a gauge breaking term — ECﬁ and a Faddeev-Popov

ghost Lagrangian (historically, the name Feynman-DeWitt ghost Lagran-
gian would be more correct) In order to check unitarity and positivity of
the theory we first consider the (non-covariant) Prentki gauge which is
much like the Coulomb gauge in guantum-electrodynamics:

3
ohy, =0, pu=1,...,4 (2.4)
i=1
In the language of ref. 7 we take correspondingly:
3

C,=b Z@ihm, b — oo (2.5)

i=1
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72 ONE-LOOP DIVERGENCIES IN THE THEORY OF GRAVITATION

With this choice for C the part quadratic in the h,, is (comma denotes
differentiation):

1 1
= Zhat},uhaﬂ,u ¥ Ehaa,uhﬂﬂ,ﬂ - 5 hwx.lihﬂﬂ,u

1 1
+ = hg, .0 —b2hy, i (2.6)

2 Ba,u 9 i, i, g

. . 1 . .
This can be written as5 o Vgl The Fourier transform of V is.

appv

W = %kz(éa,,éw — 82,0p) — Kuk\Bop + kgk 3,y — b2 kgk,S,,. (2.7)
Calculations in the theory of gravitation are as a rule cumbersome, and
the calculation of the graviton propagator gives a foretaste of what is to
come. In principle things may be done as follows. First, symmetrize V with
respect to o <+ B, u < v and af < puvinterchange. Then find the propa-
gator P from the equation V.P = — 1, where

1
ﬂaﬂ,uv = E((Smpéﬁv o 5av5ﬂu)' (28)

Subsequently the limit b> — co must be taken. It is of advantage to go
in the coordinate system where k, = k, = 0. Alternatively,write =, = h,,,
Ty = hyy, T3 = hy3, My = has, Ts = h3s, Mg = hyy, Ty = hys, Mg = hyy,
Ty = hy3, To = h,,. Then V can be rewritten as a rather simple 10 x 10
matrix, that subsequently must be symmetrized. In the limit b* - o
one may in a row or column containing a b* neglect al elements, except
ofcourse the b? term itself. Inversion ofthat matrix is trivial, and providing
a minus sign the result is the propagator in the Prentki gauge:

I b
Puv,ac[i(k) i ﬁ (bpaévﬂ =+ 5uﬁ5va i m 5uv51ﬂ>

1 = 2 33
+ }:—,2(5#@5\’1?4 7 Outiava‘t & 5\:(15;4,;4 =+ 5”}5““4

e 2 = 2n — 6 k2
&= m 5uv51ﬁ4 = n__‘2 5alj‘5uv4> + nj 7‘(’2 5/1\»:1114' (29)

In here n is the dimensionality of space-time. Further

Rk k2, 5= (1 — 8l — 5v4)<5,,v -k )
5#\‘4 == 5u45v47 5uva/34 i 5u4év45a45[i4' (2-10)

The first part of eq. (2.9) corresponds in 4 dimensions (i. e n = 4) to
the propagation of two polarization states of a mass zero spin 2 particle
(seeref. 14, in particular section 3). The second and third part have no pole,
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G 'T HOOFT AND M VELTMAN 73

they are non-local in space but simultaneous (or « local ») in time. They
describe the 1/r behaviour of the potential in this gauge. In any case, they
do not contribute to the absorptive part of the S-matrix.

In addition to the above we must also consider the Faddeev-Popov
ghost. Subjecting C, of eq. (2.5) to the gauge transformation (2.3) and
working in zero'th order of thefield 4,, we obtain the quadratic part of
the F-P ghost Lagrangian:

"?FP = (p:(éuv 52 + gvau)q)v (211)

where the arrow indicates the 3-dimensional derivative. The propagator
resulting from this has no pole, therefore does not contribute to the absorp-
tive part of the S-matrix.

The above may be formulated in a somewhat neater way by means
of the introduction of a fixed vector with zero space components. For
instance:

Oy, = 0,h,, + 3,940,h4,,

iYip

2.12
8, = (0,0, 0, i) (2.12)

The continuous dimension regularization method can now be applied
without further difficulty.

3. EXTERNAL GRAVITATIONAL FIELD

In this section we assume that the reader is acquainted with the work
ofref. 8. The principal result isthe following. Let there be given a Lagrangian

1 1
£ = — iﬁu(Pi(}u(Pi + @:Ni0.0; + E(piMij(Pj (3.1)

where N and M are functions of external fields etc., but do not depend
on the quantum fields ¢,. The counter-Lagrangian A% that eliminates
all one loop divergencies is

1 1 1
A =-Tr|(-X*+=Y,Y, ) 3.2
ST (3% + 5%, 32)
The trace is with respect to the indices i,j, ... Further
X =M — N¢N¥,
Y,, = d,N"— d,N*+ N'N* — N"N¥, (3.3)
1 Iy 1
e 8ni(n —4)

It is assumed that N* is antisymmetric and M symmetric in the indices i,j.
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74 ONE-LOOP DIVERGENCIES IN THE THEORY OF GRAVITATION

For our purposes it is somewhat easier to work with complex fields.
Given the Lagrangian

F = — 0,0¥0,0; + 20F 10,0, + OFM;ip; (3.4)
one easily derives
1 1 ]
AL =—Tr (5 * + E@uv@,ﬂ),

X =M~ NN — 8 N (3.5)
@u\' == auv/Vv - avv/‘/“u 4+ NENY — NN
Writing ¢ = (A + iB)/ﬁ with real fields A and B, it is seen that (3.2)
is contained twice in (3.5) provided .# — 0,4, and 4", are symmetric
and antisymmetric respectively. Eq. (3.5) is valid independently of these
symmetry properties.

There is now a little theorem that says that the counter-Lagrangian
remains unchanged if in the original Lagrangian, eg. (3.4), everywhere ¢*
is replaced by ¢iZ,; where Z is a (possibly space-time dependent) matrix.
To see that we consider the following simplified case:

& = @}d*; + 0¥L;0%0; + QFM ;. (3.6)
The Feynman rules are

3:;
e A T = ¢-propagator,

k? ;,.
Z — k’Z,;  Z-vertex,
i

J
< Vi /-vertex.

ij
i

Any .# vertex may be followed by 0, 1, 2, ... vertices of the Z-type. Now
it is seen that the Z-vertex contains a factor that precisely cancels the pro-
pagator attached at one side. So one obtains a geometric series of the form

1
M—TM+7*H 234 ... =—— M
1 +7Z
Clearly, the results are identical in case we had started with the Lagrangian
|
Z = 0¥0%¢; + o*|—— | #o, .
P¥o*p; + @ (1+Z> @ (3.7)

which is related to the above Lagrangian by the replacement
1

* %
Wa o o bkl
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G 'T HOOFT AND M VELTMAN 5

In the following we need the generalization of the above to the case that
the scalar product contains the metric tensor g,,,. This tensor, in the appli-
cations to come, is a function of space-time, but not of the fields ¢. Thus
we are interested in the Lagrangian:

& = \/g(— 0,0*g" 0,0 + 20*N™"0,0 + ©* M ). (3.8)

This Lagrangian is invariant under genera coordinate transformations,
and s0 will be our counter-Lagrangian. This counter-Lagrangian is given
in eg. (3.35), and we will sketch the derivation.

Taking into account that A.# will contain terms of a certain dimen-
sionality only, we find as most genera form:

AY = /g(a,R? + a,R, R* + b, MR + b,D D" .M
+ by MN*N , + by D N* + bs. >
+ ¢;D,N*R + ;NN R + s NN R,
+ ¢, D NDEN, + ¢s DN D NE + ce NN DN
+ Co NN DNE 4 s NEN NH 4 CoN NN N, (3.9)

The term R,,,,,R** need not be considered; see Appendix B. As usual,

e,

N, = g, €tc. Several coefficients can readily be determined by compa-
rison with the specia case g,, = 9,

1
ba=0,by=—1,by=—1, bs=>.

L eg==, co=-. (3.10)

The remaining coefficients are determined in two steps. First, we take the
specia case
o+

B = B = Bl JE = F=l1 = (3.11)

In here f is an arbitrary function of space-time. The Lagrangian (3.8)
becomes:

1
L = p*Fd%p + 2¢*(F2,/V“‘ 4 56‘,F>(3”<p + @*F2te.  (3.12)

The replacement o* — ¢*F ! leaves the counter-Lagrangian unchanged;
we have thus the equivalent Lagrangian

1
L = o*d%p + 2(,0*<FJV” L 16“F>8u(p + @*FMp. (3.13)
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76 ONE-LOOP DIVERGENCIES IN THE THEORY OF GRAVITATION

This is precisely of the form studied before; the answer is as given in
eg. (3.5), but now with the replacements

M~ FM,
1 1
H* > FN* +F 9 F = 4, +5F10,F. (3.14)

To proceed, it is necessary to compute a number of quantities for this
choice of g,,. Using the notations

fa = aaj; faB S aaaﬂﬁ

we have (on the right hand side there is no difference between upper and
lower indices):

1 . . ,
I, = - EF”(&ZL + 05 f; = 6uvf“). (3.15)
For any contravariant vector Z*:
D2 = §2* -+ T2
Dot )
= 0,7*% — EF 1(5;‘jfv2“ T )

D,Z* = §,2* — 2F~f,Z*.

1 ;
Rl;la[} =2 = EF_I(BZfav - égﬁ}v - 5vl3fg o 5vafﬁ)

1
- ZF42(35‘ﬁfﬁfv — 305 fpfy — 30upfuf*
+ 35vaf[}fu + 5[3v55‘fyfy - 5av5§fyfy)' (316)

1 3 .
Rva = = EF—I(zfav + 5azv yy) = EF—Zﬁfv' (317)

o N
R = — 3P, — F0L, (3.18)
R,R™ = F Y fu foo + 2l

3 9
rre(ssth+ Sahh) + F AL (319)

9
R? = 9F *Lufpu+ OF °fo e + L g5 5 AR (3.20)
We leave it to the reader to verify that

VR R — 4R, R™ + R?) = total derivative. (3.21)
In this particular case, unfortunately, also another identity holds:

1
gl R,,R"™ — —R? | = tota derivative. (3.22)
H 3
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G 'T HOOFT AND M VELTMAN v
We must now try to write the counter-Lagrangian in terms of covariant
objects. First:
1 i 1
(FA/" - EF_15MF> + &#(FA/“ + 5F“‘&,,F)

1
= A"y = NP fy+ S F oy + FO N
p u l =2 1 —1
_fn‘/V —EF jufu_EF i

1
=FAN* N, + FD, A" + —FR. (3.23)
Similarly: 6

1 1
6“<JVV 37 2F“5VF) - av</Vu + EF-I@,F)

1 1
it <./Vu 13 EF—la,,Fva i 2F“0vF>

1 1
- (wv 4 EF”GVF)(JV!‘ +y F“O”F>

=D N, — DN, + N N,— K N, (3.24)
This equation looks more complicated then it is; one has
DN, =3,N, — %N,
Now I' is symmetrical in the two lower indices, and therefore
DN, — DN, =8N, — 0/,
The various F dependent terms all cancel out.
The result for the specia case g,, = J,,(1 —f) is:

I I 1.
Ag’=£gTr { 1—2@"“@/“4-2(//—=/V"JVM‘DMV"“6R> } (3.25)
&

Inspecting the general form eq. (3.9) and remembering the identity (3.22)
we see that we have determined A.# up to aterm

I
\/;rao(R,lvR““ - §R2>. (3.26)

To determine thecoefficient a, we consider the special case

£ = /e~ 8,0*¢"0,0). (3.27)
With g,, = é,, + h,, we need to expand up to first order in h

1
L =~ 0,0*0,0 + 0u<p*(h“" - 56“%“)0@. (3.28)
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78 ONE-LOOP DIVERGENCIES IN THE THEORY OF GRAVITATION

. 1
With s, = b — 5é““h“‘“ we need only compute the selfenergy type of

graph with two s vertices. Note that the terms of second order in h
in the Lagrangian do not contribute because they give rise to a vertex
with two h, and they can only contribute to A% in order h* by closing
that vertex into itself:

hh

These tadpole type diagrams give integrals of the form

Pubs
Jdnp =
p

and these are zero in the continuous dimension method.
The computation of the pole part of the graph

is not particularly difficult. The result is:

11 B P D e e ] 42¢ @ 3
AY :g m@ S”ua Suz + %U smﬁ Sua T &C SunCalpSap

1 1
20 040,5,,0,055 15 +.% auavsuvaaa,,saﬁ}, (3.29)
1
8 =iy

my mv 5

Oh

uv ot

Working to second order in h one has

viup vYutap wvp

1
Ruo = 5 @bty — 0dyhy — 00, + 3*ho). (3.30)

1
RoyR™ = & (07,0 heq + 0%ydhy — 20%h,,0,05hes

— 28,0 Padghg + 20,0 MusPudshag). (3.31)
R = ﬁzhm‘ — 8,0, (3-32)
R? = 0%y, 0%,y — 20%h,,0,0php + 004heyd 0k (303
The result is:
A:f:ﬁ[ikul R, R™ — LR? (3.34)
e |72 60\ * 3 ’ '

The first term has been found before (see eg. 3.25).
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G T HOOFT AND M VELTMAN 79

All coefficients have now been determined and we can write the final
result. To the Lagrangian (3.8) corresponds the counter-Lagrangian:

1 I 1_)?
AﬁﬁzigTr{IE@”@W+§<%—uM%Vu—DWV“—6R>

€
1 1
— (R, R*” —=R?*| ;. (3.
+60< - 3 )} (3.35)

Note that a trace is to be taken; the last term has as factor the unit matrix.
As before i
Y e =D, — D, + NNy — H oW (3.36)
To obtain the result for rea fields, write
20* N 40,0 = @* N, — 3,0* N " — @*0, N "o, (3.37)
and substitute

o Ll Pagd ¢:J4A—®. (3.38)

V2 V2

The result is then as follows. To the Lagrangian

1 1
P = \/§<— Eauqog‘”@vcp + oN#0,0 + 2(,0M(p>, (3.39)

corresponds the counter-Lagrangian

Je 1 1 LN
AL =>=Tr § =YY + 7| M = N'N, — 2R

& 24 4
+ L(R R* — IRZ) } (3.40)

20\ % 3 f '
Y, =D,N, — DN, + N,N, — N)N,.

Eq. (3.40) contains a well known result. The gravitational field enters
through g,, and the Lagrangian (3.39) describes the interaction of bosons
with gravitation, whereby gravity is treated in the tree approximation.
If one adds now to the Lagrangian (3.39) the term

1

12 Roo,

then the « unrenormalizable » counterterms of the form MR and N“N R
disappear. Indeed, the energy-momentum tensor of the expression

1 1
= DB = B
\/§< 50,9840, + - w),
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80 ONE-LOOP DIVERGENCIES IN THE THEORY OF GRAVITATION

is precisely the « improved » energy-momentum tensor of ref. 9. We see
also that closed loops of bosons introduce nasty divergencies quadratic
in the Riemann tensor. This unpleasant fact remains if we allow also for
closed loops of gravitons. This is the subject of the following sections.

4. CLOSED LOOPS INCLUDING GRAVITONS

We now undertake the rather formidable task of computing the diver-
gencies of one loop graphs including gravitons. The starting point is the
Lagrangian

W A T
L ﬁ( o o Eaucpg‘”d,@> (4.1)

R is the Riemann scalar constructed from g,,. In section 7 we will include
other terms, such as Re?.

Again using the background field method [6], [72] we write

o=0+0

guv = g;n' i huv' (42)
If we take the c-number quantities ¢ and g,,such that they obey the clas-
sical equations of motion then the part of .# linear in the quantumfields ¢

and h,, is zero. The part quadratic in these quantities determines the one
loop diagrams. We have:

Y = gcl o g it z + Gprest (43)

& and & are linear and quatratic in the quantum fields ¢ and h respec-
tively. The higher order terms contained in Z =t play a role only in mul-
tiloop diagrams.

At this point we may perhaps clarify our notations. In the following
we will meet quantities like the Riemann tensor R ,,. This is then the tensor
made up from the classical field g,,. In the end we will use the classical
equations of motion for this tensor. All divergencies that are physically
irrelevant will then disappear. In fact, using these classica equations of
motion is like putting the external lines of the one loop diagrams on mass-
shell, with physical polarizations. Notethat we still allow for trees connected
to the loop. Only the very last branches of the trees must be physical.

To obtain £ and £ we must expand the various quantitiesin eg. (4.1)
up to second order in the quantum fields. We list here a number of subresults.

Note that
hi = g"7h,,. (4.4)

Thus indices are raised and lowered by means of the classical field g,,.
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G 'T HOOFT AND M VELTMAN 81

The following equations hold up to terms of third and higher order in h
and ¢:

éuv = guv o+ huv = gua(5: g h:) (43)
gv = g’ — i + hth*, (4.4
Using
- - 1
\@ = Jdet (g) = exp <2 Tr lng>
= \/;7 exp( Tr In(82 + h"‘)>
== ~Tr| b — -kt
Ve (2 : ( T ”h"»
ey \[ lha l hahﬂ
= g €Xp 5 o _Z 8" |
we find
\/g—\/g,—r(l + = h“—~h 2hb + — h“-) (4.5)
Further -
Pe =% 4+ 0% 4 I (4.6)
e 7(h:,u + K, — ). (4.7)
e, =—- h‘”(hw ot By — ). (4.8)
1
Is, = h:u, = — Eh;hg’u. (4.9

We used here the fact that the co- or contra-variant derivative of g, is zero;
therefore
k., = D = gD h,y = D*hy, = by (4.10)

Note that we employ the standard notation to denote the co- and contra-
variant derivatives:

il =D bk, = D, DRh,,, te. (4.11)

Observe that the order of differentiation is relevant. The D symbol involves
the Christoffel symbol I" made up from the classical field g,,.

vaI} - Rvaﬂ i Rva/i i R\ap' (412)
|
R‘v‘q/] == D(IE‘\:[} = le[’\fa = E(h?;,va 0 h\'/l:”c! T /é:\l + h\x.j;)

+ 2R"a,,hv+ Rzﬂah“. 4.13)
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82 ONE-LOOP DIVERGENCIES IN THE THEORY OF GRAVITATION

In the derivation we used the identity

i D,Dht — DyD i = RE b, + RI, he. (4.14)
Further:
&‘\"aﬂ = Dagvlﬂ . DpE‘\‘u A Etyeryla = H\»l_"‘;,;- (4-15)
RV& = R\)a + BVZX + 5\)[1‘ (4'16)
| ] |
Bva = E(hﬁ,w - h/\{./!:t - hg.\'l} T hva:ﬁ/i) + ihg,[}a - ih‘\{,aﬁ
1
= 5 (hl/-;.\‘a = h/\{,zﬂ = hg.\'/i = h\u:/’/i)' (417)
1 1
1;wx = EDa(hﬁh;,v) + EDﬂ { he(hza = hz,v - ha)v) }
1
+ Z(h%‘v + K g — hR)(RE . + HE, — hih)
1
— L+ = B, (4.18)
R=R+R+R (4.19)
R = hfs — W2*, — RSk, (4.20)
1 1
R = — 3Dk + 3D, { Hhz — i)}
1
b (b By — ) 4 2 — %)
1 2hva hm v h[} 1 hvahﬁ
—-4( ‘x_a)ﬂ,v_i ,va
1
+ Eh;DB(h’j"' + h% — h2P) + hyhER2 (4.21)

Inserting the various quantities in eq. (4.1), we find

1 (i i

£ = \/§< — 3 KR — 2 0,08" 0,0k — h% + b,
< o sl

+ R3ht — 0,08"0,0 + 28uq08vqoh”v>. (4.22)

This expression will eventually supply us with the equations.of motion
for the classical fields ¢ and g,,- Allowing partial (co- and contra-variant)
integration and omitting total derivatives:

1 1 & -
& = \/é:(— EhZR — thaﬂfpg‘”c?v(p - thTf

1 e »
- 3 h*0 00, — ﬁuqog‘”@v(p) (4.23)
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G ‘T HOOFT AND M VELTMAN 83
Further:
2= [— %wav&(g“hz —~ 2h) — %@@M(kﬁhﬂ = %hzhﬂ
1 1 1 {2
— 5 0,98""0up — <§ (h2)* — Zh;hg><R + Eautpg"“ﬁqu)

1 1
— = h(hlh — e, — RES) + EDa(h;h‘;'“)

Dﬁ { h\a hav }

(hy o+ By — hp)(Ho® + hP2 — k)

= K3

'—-Nl

+
K| — -l>~\

1 1
(2h** — h2*)hb , + Ehvah‘{m = Eh;Dﬂ(h’f."’ + WP — pb)
— hyhERY]. (4.24)
Performing partial integration and omitting total derivatives.

1 ¥, | BRI filed 1
Z=./s [‘ 5 Qup0,p(e""hg — 21*) — 5 0,00, (W’av r Ehzhﬂv>
1 1 1 | -
= Eau(pg#vav@ = <§ (hz)z - Zh;hg><R + = anwguvav(p>
1
— KyhER® + fhgh;R’j h" S+~ hg (i

1

- iha ghft + h; “hg,‘] (4.25)

The Lagrangian .Z is invariant to the gauge transformation of ¢ and

hgv =% huv + (gav 3 hav)D;zna i (gua + hua)Dvrla + naDahuw (426)

To have Feynman rules we must supplement the Lagrangian eq. (4.25)
1

with a gauge fixing part — E(C,,)2 and a Faddeev-Popov ghost Lagran-

gian. In section 2 we have shown that there exists a gauge that allows

easy verification of unitarity; the work of ref. 7 tells us that other choices

of C are physically equivalent, and describe therefore also a unitary theory.
We will employ the following C:

1 5
C, = f/§<h,‘” - Eh:,u = qo(?u(p)t"“. (4.27)
The quantity #* is the root of the tensor g*:
R = ghv, (4.28)
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It has what one could call « mid-indices », but it will not play any substan-
tial role. Using (4.27) we find:

1 1 1 1
s = C2 v o o hv ol hv hau e ha,u
2 M 2 \/§< u,v 2 v,[-l)( Sa 2 (-3 )
1 sbn 1 el o
+ \/g(h,”v” - ﬁ?“)wﬁuw - Ex/z}wz@uwavwg‘”- (4.29)

With this choice for C we obtain:

I 1 !
cﬁ:Ja}4ww$+§@wV—2%%Ww

av ' fu

1 1
+ Eh;X"“h” + oY5hE + §<pZ<p>, (4.30)
with

1 o B2 W ol K Lot
Xt — 2<— 5 #DGD,p + 4 94DpD,G 1—65z55Dy<pD>'¢

1 e 1
+ g LD, DG — L SHR + - LR

8
- léﬁRu s _lalfRu 4 1Rliu (4 31)
2 v a 2 a v 2 av |» .
1 - =
Y; = 557;DVDV(,D — D;D%p, (432
Z= — D,gD". (439

The Lagrangian eg. (4.30) is formally of the same forms as considered
in the previous section, with fields ¢, written for the K%, Even if the result
of the previous section was very simple it till takes a considerable amount
of work to evaluate the counter Lagrangian. This will be done in the next
section. There also the ghost Lagrangian will be written down.

5 EVALUATI ON OF THE COUNTER LAGRANG AN

To evaluate the counter Lagrangian we employ first the doubling trick.
In addition to the fields h and ¢ we introduce fields h' and ¢’ that interact
with one another in the identical way asthe h and ¢. That is, to the expres-
sion (4.30) we add the identical expression but with h' and ¢’ insteadofh
and ¢. Obviously our counter Lagrangian will double, because in addition
to any cosed loop with h and ¢ particles we will have the same closed 1oop
but with h' and ¢’ particles.
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After doubling ofeq. (4.30) and some trivial manipulations we obtain:
1
Ly = \/§ { h;‘,,P“’“”DyDyhm, + Eh;‘,;(X““”” + X“”"”)h,w

+ @*D,D*o + @*Y*h,, + h¥Y* 0 + ¢*Zo } (5.1)

pabry — %gaugliv = %gaﬂguv. (5.2)

The counter Lagrangian is invariant to the replacement
with (compare eg. 2.8): e = Moo &3
P — Bl ¥ Bl 7 Bullips (5.4)

It isto be noted that the replacement (5.3) is not a covanant replacement.
But a this point the transformation properties of the /1,,are no more rele-
vant, they are treated simply as certain fields ¢, as occurring in the equa-
tions of section 3.

We s0 arrive at a Lagrangian of which the part containing two deriva-
tives (with respect to the fields h and ¢) is of the form

\/écp?‘DuD“w,» = — \/éﬁﬂw?‘g’”ﬁvw,—- (5.5)

Note that D,D"h,, is not the same thing as D,D"¢, treating the ¢;as
scalars. We must rewrite D,D"h,, in terms of derivatives D that do not
work on the indices «, . We have:

1

DuDvhat} = ;

D,D,h,; — 21720,k — (0,T)05h,,
+ I'n.T7.08h,g + IE F{[néglly‘g + I Ll
+ (same, but with o < p). (5.6)

na

In this way one obtains
J/2h2D,D*hy = \/g(h#D, D hyy + 2k N 5D by + KT k), (5.7)

u'tyy
with - -
'/Vgﬂ) T (_ 2gunrna(5;3)5)mm a, vy (58)

We have written for symplicity only one term, the subscript « symm »
denotes that only the part symmetrical with respect to «, f exchange, as
well as v, y exchange is to be taken. Further:

T =D NG + TRl G + N NGy

or symbolically
T =D N+ N N (5.10)

where the covariant derivative « sees » only the index explicity written.
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We can now apply the equations of section 3. The fields k,, h,,, €tc.
may be renamed ¢, ..., @0, the remaining fields ¢ as ¢; €tc. The
matrix 4" of section 3 can be identified with eq. (5.8), that is non-zero
only in the first 10 x 10 submatrix. The matrix .#is of the form

g 4P 1X Pty
= ( _ ) (5.11)
Y Z
Here
Y aBuv ! ay VY Bp 1 By Ty Xy
X :Eg g Xyn+§g g Xyn'
¥ = gvyE (5.13)

with X, Y, Z givenin egs. (4.31-33) and P~ 'in eq. (5.4). The counter Lagran-
gian dueto all thisisgiven in eg. (3.35). Notethat the 7 ineg. (5.11) cancels
out (see eg. 5.10). A calculation of a few lines gives:

Tr (¥*'¥,,) = 68""8""RE, R
= — 6R ., R¥® — gR2 — 24RaﬂR‘1ﬁ. (5.14)

afuv

See appendix B for the last equality (apart from total derivatives). From
eg. (3.35) we see that we must evaluate

1 2
<% = HUN , — DAY — 6R> ;
The various pieces contributing to this are
Tr (P7'XP~!X) = 2R? + 6R,,R* + 3(0,p2"0,0)>. (5.15)
1 s 1 31
Te{ = =P 1XR 4 —R? | ==~ —R2 .
r ( 3 + 36 > T (5.16)

In evaluating terms like Tr(R? remember that one takes the trace of a
10 x 10 matrix.

2Tr(YP~'Y) = 2(D,D"9)* + 4R*(0,00,0). (5.17)
1 1 1
Tr (z = R2> = gR(ﬁv(f)g’“éﬂgT)) 5 R? + (0,5¢"0,p)*. (5.18)

As a final step we must compute the contribution due to the Faddeev-
Popov ghost. The Faddeev-Popov ghost Lagrangian is obtained by sub-
jecting. C, to a gauge transfomation. Without any difficulty we find
(note ¢ — ¢ + DAY + @)):

Lo = 8 {125 = Ry* — (8,0,0)° ). (5.19)

Terms containing h or ¢ can be dropped, because we are not splitting
up # in cdasscd and quantum part. The Faddeev-Popov ghost is never
external. In deriving (5.19) we used an equation like (4.14), and trans-
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formed a factor ¢/ gt away by means of an #* substitution. Again, it is neces-
sary to work out the covariant derivatives; the contribution due to that is:

(Oyuvwﬂ")LuM o RaﬂpvRaﬂuv R2 . 4RaﬂRaﬂ' (520)
The evaluation of the rest is not particularly difficult; the total result is:
Je (1 ~ 17 7
AL) grost = — R(0,pg"0,P) + —R* + —R,,R*
( ):hnsl s { 6 (( PE (P) 60 30 B

I "
+ R*(0,(0,0) + 5(5,195g‘”5v90)2 } (5.21)

Notice the minus sign that is to be associated with F-P ghost loops.
Adding al pieces together, not forgetting the factor 2 to undo the doubl-

ing of the non-ghost part, gives the total result (remember also the last

part of eq. 3.35 for the non-ghost part; one must add 11 times that part):

AY = Vzg {«:z—R =

I
+~Ra Raﬂ+_6l~ uvavr-z
720 120 3(0x98"0.,9)

o
G

12

The obtain the result for pure gravitation we note that contained in eg. (5.22)
are the contributions due to closed loops of ¢-particles. But this part is
already known, from our calculations concerning a scdar particle in an
external gravitational field. It is obtained from eq. (3.40) withM = N = 0O:

\/é 2 ap 1 2
+_ R s e R
(144 4

€ 120 360

G

1
— R(3,$¢"0,$) + 2(D,D*¢)>* } (5.22)

Subtracting this from eq. (5.22) and setting ¢ equal to zero gives the counter
Lagrangian for the case of pure gravity:

AL, ., = \/E’ < b i RaﬂRaﬁ) (5.24)

<

6. EQUATIONS OF MOTION

From eg. (4.23) we can trivially read off the equations of motion that
the classical fields must obey in order that thefirst order part . disappears:

D,D*5 = 0, (6.1)
1 1
< ~ 3R — 7DD ~>5" bR Dv(pD“ =0. (6.2)
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Taking the trace of eg. (6.2) we find
1
R=w= E(Da@D“Cﬁ)-

Substituting this back into eq. (6.2) gives us the set:

D D¥G = 0,
1
Ruv e E(Du(b)(Dv(b)a (6.3)
1
R=— E(Du@(D“(ﬁ).
For pure gravity we have simply
R% =0, R =0 (6.4)
Inserting eg. (6.3) into eg. (5.22) and (5.24) gives:
203
AF = ﬁ*R?—, (6.5)
gray,sca 80
AL =4, (6.6)

If one were to approach the theory of gravitation just as any other field
theory, one recognizes that the counterterm eg. (6.5) is not ofatype present
in the original Lagrangian eg. (4.1), and is therefore of the non-renorma-

lizable type.

The question arises if the counterterm can be made to disappear by
modification of the original Lagrangian. This will be investigated in the
next section.

7. THE « IMPROVED » ENERGY-MOMENTUM TENSOR

The Lagrangian eqg. (4.1) can be modified by inclusion oftwo extraterms:

1 uv 2 ny
#=Jg[-R - 5 0uP8"0,0 + aRg? + bR®0,00,0 ). (7.1)
The last term cannot improve the situation, because it has not the required
dimension. So, we have not considered the case b # 0. Concerning the
1
coefficient a we know already that the choice a = 5 reduces divergen-

cies of diagrams without internal gravitons. These are not present in
ed. (7.1) because the ¢-field has no non-gravitational interactions of the
type ae*, say. Actually this same choice for a seems of some help in the
more general case, but it still leaves us with divergencies.
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The essentia tool in the study of more complicated theories is the Weyl
transformation (see for exampleref. 15). This concerns the behaviour under
the transformation

guv =% guvf; (72)

where f is any function of space-time. By straightforward calculation one
establishes that under this transformation

1 1 1
Rﬁaﬂ = R‘:zz[i = EégDﬁSv + E 5§Dasv+ EDﬂ(gvaSM)

1 1 1
— A Da(gv[fsu) + Z 5(‘;5/35‘, = 75;;‘9015\1

2 4
1 2 2
=+ Z(gﬂvsasu ) gﬂvégs = gavsﬁsu S5 gavégs ), (73)
with of
8 = } = 0 (1nf). (7.4)
From this: . 1 )
Rva = Rva o5 Dasv + igvaDﬂsﬁ . Esasv + 'igzxvsza (75)
and
R = g"R 1R+1<3D°’+3 )
=g v 2 7 @S 5 Sa8
4 / 2
1 3 i 3
Z?R +fDa% =t ﬁfafa' (76)
Conversely 1
8wy 7 Euwv >
M B f
ey
R - fR—3fDa7+2—fjaf". (7.7)
Consider now the Lagrangian
1 1
Z = \/§<_ fR - Eau(pg#vav(p - Em2¢2>’ (78)

with /=1 — ap? Now perform the transformation (7.7). We obtain

« 3 ;.
& = \/z:’(— R + 3Da17 = ﬁ.zfaf“— 2—1.6,1%‘”@4/)
1

This Lagrangian belongs to the general class
1 : 4
# = /g { = g Eﬁ/mog’”@vtpfl((p) + f2(0) } (7.10)
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It is not too difficult to see the changes with respect to the treatment of
the previous sections. However, it becomes quite cumbersome to work
out the quantity (.#)% and we have taken recourse to the computer and
the Schoonschip program [16]. Roughly speaking the following obtains.
The required Lagrangian (7.1) has f = 1— ap?. Asisclear from eg. (7.9)
the Lagrangian written in the form eg. (7.10) becomes a power series in
the field ¢, with coefficients depending on a. The counter Lagrangian
becomes also a power series in @ with non-trivial coefficients. Putting

1
the coefficient a to iVl is of little help, the fina result seems not to be of
any simple form.

8. CONCLUSIONS

The one loop divergencies of pure gravitation have been shown to be
such that they can be transformed away by a field renormalization. This
depends crucially on the well-known identity (see appendix B)

R,p, R*#* — 4R ,R* + R? = total derivative,

which is true in four-dimensional space only.

In case of gravity interacting with scalar particles divergencies of phy-
sically meaningful quantities remain. They cannot be absorbed in the para-
meters of the theory.

Modification of the gravitational interaction, such as would correspond
to the use of the improved energy-momentum tensor is of help only with
respect to a certain (important) class of divergencies, but unrenormali-
zable divergencies of second order in the gravitational coupling constant
remain. We do not feel that this is the last word on this subject, because
the situation as described in section 7 is so complicated that we feel less
than sure that there is no way out. A certain exhaustion however prevents
us from further investigation, for the time being.
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APPENDIX A

NOTATIONS AND CONVENTIONS

Our metric is that corresponding to a purely imaginary time coordinate. In flat
space g,, = 0,,. Units are such that the gravitational coupling constant is one.

The point of view we take is that gravitation is a gauge theory. Under a gauge trans-
formation scalars, vectors, tensors are assigned the following behaviour under infini-
tesimal transformations

' =@+ 10,0 scalar
A, = A, + A0 +n%0,A, covariant vector
A" = A* — A%d 0" + n°d, A" contravariant vector

Note that doBpredigts-Such,eS-ABR; afernél, By ari antcovirehtre @densosl ar.

Let now B,, be an arbitrary two-tensor. It can be established that under a gauge trans-

formation
J/det B’ = /det B + d,(n%/det B) (A.1)

A Lagrangian of the form
J‘d4x\/det B.op

where ¢ is a scalar (in the sense defined above) is invariant under gauge transformations.

One finds:
Jd‘,x~ /det B’ = Jd“x { det Bo + 9,(n*\/det Bo) } (A.2)

The second term is a total derivative and the integral of that term vanishes (under proper
boundary conditions).
Further invariants may be constructed in the usual way:

D,p = 0,0 (A3)
DA, = d,A, — T},A,, etc. (A.4)

with l
% = ig”‘(ﬁvg,,,; + 0,8, — 058,00)- (A.5)

In here g,, may be any symmetric two tensor possessing an inverse g*, but in practice
one encounters here only the metric tensor. The quantities I" do not transform under gauge
transformations as its indices indicate; in fact

I = (Tioensor + ,0.1". (A.6)
The quantities D,A, behave under gauge transformations as a covariant two tensor.
Similarly
D,B* = 4,B" + I':,B* (A7)
behaves as a mixed two tensor.

Let now g,, be the tensor used in the definition of the covariant derivatives. Then it is
easy to show that

D,g,, = 0. (A.8)
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Another useful equation relates the Christoffel symbol I'and the determinant ofthe tensor

used in its construction:
1

Iz, = 0,/det g. (A.9)

Jdet g
This leads to the important equation

det gD, A* = 3,(+/det gA¥). (A.10)
As a consequence one can perform partial differentiation much like in the usual theories:

Jd‘;x\@(fﬂDuA“) = fd4x\/§(D,‘<PA“)- (A.11)
Given any symmetric two tensor having an inverse one can construct the associated Rie-
mann tensor:
Rb g = = G518, 4 8, 4= T4, — Tl (A.12)
We use the convention R%,, = R*,,,, whichisof importance in connection with the raising
and lowering of indices.
The Riemann tensor has a number of symmetry properties. With, as usual
Ruvaﬁ = g[.l)'Rz,‘aﬂ’ Rvp = R‘v‘/xw R = Rvpgvﬂ (A-13)
one has
R,‘mp = —-R Ruval) = =5 R;w[iw Ruvaﬂ = Ruliuva
R,wa/} + Ruﬂva i Ruaﬂv =0, Rvg = Rﬁv’ (A-14)

vpafir

“The Bianchi identities are
D,R + D,R,,, = 0. (A.15)

The generalisation of the completely antisymmetric four-tensor is

afuy + DvRullyu afvy

1
A . T
g
sl {I if o8 uv=12734
& = Sq v == . .
i antisymmetric under exchange of any two indices. (A.16)
Note that
o Ny 85,8 s8vs = 1. (A.17)
It is easily shown that
D, ##e =1 (A.18)

In the derivation one uses the fact that in four dimensions a totally antisymmetric tensor
with five indices is necessarily zero. Thus:

UL e = TpPie 4 Thogpoe™ o Tglos o [ peber (A.19)
Finaly, the Bianchi identities lead directly to the following equation
DR = 0, (A.20)
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APPENDIX B

PRODUCTS OF RIEMANN TENSORS (6]

Let us consider the following Lagrangian

jd‘txx/angaaRuvya’lm“v”uﬂw- (B . |)
Subjecting g,, to a small variation

v >+ s
we will show that the integral remains unchanged (the integrand changes by a total deri-
vative).
In section 4 the equations showing the variation of the various objects under a change
of the g,, have been given. One finds:

1
5(\/§RRr[}1) = — Eg“ﬁhaﬂ(\/gRer)
—4 gg‘/li(DﬂE’t"a)RpSnénvarlﬂgw

+ 2/8hy8" R iR st n ",

The last term can be treated by means of the same identity as we used at the end of appen-
dix A, eq. (A. 19); i. e thisterm is equal to the sum ofthe four terms obtained by interchang-
ing = with 9, ¢, v and o respectively. The last three terms are equal to minus the original
term, and one obtains, after some fiddling with indices:

1
g‘”!RnSa/JRprvérly‘)vanpm” e Zguan\ﬂnB Rprvaf’lnsvﬁ’l”"’f~ (B.2)

The final result is -
3(/gRRA) = — 4/88,(DyLha)R seys™ ™. (B.3)

Using the Bianchi identities in the form (A.20), and exploiting the fact that the covariant
derivativesof g,, and #***¥ are zero we see that

3(x/gRRym) = — 4./2Dy(g,, Th,R vyt n™2) (B.4)

which is the desired result.
The consequence ofthis work isthat in a Lagrangian the expression (B. 1) can be omitted.
Now (B. 1) can be worked out by using the well known identity
£ Pg g5 = 01OY008 — 84530853
+ (all permutations of the upper indices with the approprate sign). (B.5)
One obtains
R5u5R sl R0Y = 4R, ;R — 4R, R* + R?). (B.6)
The above derivation can be generalized to an arbitrary number of dimensions. The
recipe is simple, take two totally antisymmetric objects and saturate them with the Rie-
mann four tensor. The resulting expression is such that its variation is a total derivative.
For instance in two dimensions:

Ropott™n®* = R,,"(6268 — 866%) = — 2R. (B.7)

nYy
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Clearly, the Einstein-Hilbert Lagrangian is meaningless in two dimensions. This fact shows
up as an n-dependence in the graviton propagator; in the Prentki gauge as shown in eqg. (2.9).
Also in other gauges factors I/(n — 2) appear, as found by Neveu [13], and Capper et al. [4].
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