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ABSTRACT: The structure of the divergences for transverse theories of gravity is studied to
one-loop order. These theories are invariant only under those diffeomorphisms that enjoy
unit Jacobian determinant (TDiff), so that the determinant of the metric transforms as
a true scalar instead of a density. Generically, the models include an additional scalar
degree of freedom contained in the metric besides the usual spin two component. When
the cosmological constant is fine tuned to zero, there are only two theories which are
on shell finite, namely the one in which the symmetry is enhanced to the full group of
diffeomorphisms, i.e. Einstein’s gravity, and another one denoted by WTDiff which enjoys
local Weyl invariance. Both of them are free from the additional scalar.
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1. Introduction

There are interesting theories of gravitation, such as Einstein’s 1919 traceless one, which
have the peculiarity that in order to obtain the field equations from an action principle, the
allowed variations &' 9w must obey gh” (5th,, = 0. This particular model has attracted some
attention since it provides a different point of view on the cosmological constant problem,
in the sense that from Einstein’s traceless equations one can obtain the usual equations
of General Relativity with the addition of an arbitrary integration constant that plays the
role of the cosmological constant (in [l] a general reference can be found).

A related slightly more drastic possibility is to restrict the symmetry of nature to the
subgroup including those diffeomorphisms that enjoy unit Jacobian determinant, which
we shall dub transverse! or TDiff. This subgroup is interesting because if the spacetime
symmetry is TDiff, then nature makes no distinctions between tensor densities: they all
transform as true tensors. In particular, the determinant of the metric is a scalar under
TDiff, and we have freedom to include operators in our actions exactly as one does with
usual matter scalars. In a related vein, we have recently proposed toy models in which not
only the vacuum energy, but every form of potential energy does not gravitate [ff], although
there may be some subtleties in the coupling between matter and gravity [J]. Transverse
higher spin theories have been analyzed in [[3].

The aim of this work is to study transverse gravity, that is, gravity models enjoying
this restricted symmetry principle, to one-loop order. For one reason: it has been shown
that in many cases transverse theories are equivalent, at the classical level, to ordinary
gravity with an extra scalar particle in the field content, akin to the usual dilaton, and
with an arbitrary cosmological constant. This has been studied in some detail in the
second reference in [l]. As far as we know, quantum effects may spoil the equivalence.

"We are of course aware of the fact that not every diffeomorphism close to the identity lies on a one-
parameter subgroup [E]



Furthermore, there are grounds to suspect that transverse theories ought to enjoy better
ultraviolet behavior than Einstein’s gravity, because there is no divergence associated to
the conformal mode. On the other hand, there is no reason why this should be seen in
perturbation theory. We shall begin by discussing the peculiarities of this kind of models
with respect to General Relativity (GR) and the corresponding problem of performing a
calculation where one cannot define a simple covariant gauge-fixing, and then we will study
an equivalent scalar-tensor theory which is the one we eventually compute to one loop order.

2. The one-loop transverse effective action

The principal hypothesis we will adopt in this paper is that the spacetime symmetry of
nature is not the full set of arbitrary coordinate changes, in the sense that it is assumed
in Einstein’s General Relativity, but only the subgroup of diffeomorphisms such that the
determinant of the corresponding Jacobian equals unity. Once we assume this symmetry
principle, a couple of important differences with respect to GR arise.

The first one of course is that now one is not able to distinguish between tensor den-
sities of different weight. A tensor density is an object that under an active change of
coordinates (Diff)

 — yH(x) (2.1)

transforms as

OxP1 OxPr ayyl ayyl
w g1...0,
TR I e T (x) (2.2)

T (y) = [D(y, x)]

where w is the weight of the density and we have denoted

D(y, z) = det <gz’:> (2.3)

i.e., the determinant of the Jacobian. It is plain that were we to restrict our transformations
to those that obey
D(y,z) =1, (2.4)

then every density behaves as a tensor. The most important consequence of this asumption
is that two crucial scalar densities of GR, the determinant of the metric that represents
the dynamics of gravity, as well as the integration element d"x, are now a true scalar and
dual to a true scalar respectively. Therefore, we are free to use the determinant of the
metric in the same way as any other scalar in the theory, writing down operators that were
forbidden by the symmetry before.

It has been shown in the second reference of [I] that at the linear level models invariant
under (the linealization of) TDiff propagate an additional degree of freedom included in
the metric besides the usual spin two graviton. Eventually this mode will be responsible
for an important piece of the divergences.

Secondly, in GR arbitrary changes of coordinates are considered as a gauge symmetry
that, as usual, one must fix. On a manifold of dimension n, there are n gauge conditions
one should give to gauge fix the local symmetry. Then, there is enough room to do the



fixing in a covariant way?, which is very useful to simplify computations. An example of
gauge commonly used is the harmonic (or minimal or DeWitt) gauge

_ 1._
Xv = Vuh;u/ - §Vuh =0 (25)

where h,, is the graviton fluctuation, h its trace with respect to the background metric
and the covariant derivatives are constructed with the same background metric. Now, a
slightly smaller symmetry means also less gauge conditions to fix. In particular, (P.4) forces
one of the n original gauge parameters to be determined in terms of the others in such a
way that there are only n — 1 gauge conditions to specify, resulting in the impossibility to
reach a convenient covariant gauge like the previous one. Of course, it is always possible to
find, instead of a vector that vanishes and gives us the desired n conditions, n — 1 scalars
constructed out of the graviton fluctuation, its trace and derivatives like for example

X1 = ?”?”hw ) x2 = V2h , (2.6)

The vanishing of these x1,...,Xxn_1 scalars constitutes an acceptable collection of gauge
conditions to fix the TDiff symmetry of the system. Another possibility mentioned in [I]
is to project the harmonic gauge into the transverse direction

X, =V, VPVh,, — V2VFhy, (2.7)

giving automatically n — 1 independent conditions. Both gauge fixing choices, even if per-
fectly valid from a gauge theory point of view, are not suitable to undertake a calculation,
the reason being that in general the operator obtained for the graviton fluctuations (and
incidentally for the ghosts) does not take a minimal form, in a very precise sense. In par-
ticular, it cannot be put in the form of a Laplacian (see ([A.19)). Everyone that has worked
out a one-loop computation using Background Field methods and Heat Kernel techniques
may appreciate the difficulties in dealing with non minimal operators, though there are
known tractable examples [f].

To avoid this unnecessary complication we will introduce a compensator field (some
sort of Stueckelberg field) that renders the theory Diff invariant and so that we recover
the original model in the, so to say, “unitary gauge” (in analogy with the breaking of
Electroweak symmetry) in which the compensator disappears from the spectrum. Imposing
this partial gauge is one of the n conditions of the Diff invariance and we are left with the
n — 1 conditions of TDiff, as it should be. The trick lies in maintaining the full invariance
during the calculation in order to obtain a minimal operator fixing the gauge as in standard
GR, but the price to pay is that the compensator will not vanish, since we have no symmetry
left to reach the unitary gauge, and will be present in the final result.

Let us start with a particular example of a TDiff action, which is not the most general
one can give. Consider the action

Sy= g | @0 E TG B 4250 A (2.9

2Here and in what follows we are refering to covariance with respect to the background symmetry
maintained in the Background Field method, and under which (E) is a vector. As it is well known, the
gauge fixing term must break the quantum symmetry ()



where A plays the role of a cosmological constant, f and f) are arbitrary functions of the
determinant of the metric g* = detgy,,, and the action is in general not Diff invariant,
except in the trivial case in which f and f) are constants. Moreover, under a Diff the

action transforms to
1 * * *
Sy= 5 /d% VI [FgCY) R + 2f3(g7C?) A] (2.9)

where C(z) is a compensator field, defined so that ¢* = g*C? transforms as a true scalar
(see (B-J)). The aforementioned unitary gauge would correspond to the choice C' = 1,
recovering the original action. We can write in terms of the scalar field a perfectly Diff

invariant action 1

252 d"z \/g* [f(¢") R* + 2fx(p*) Al (2.10)

To perform the computation is convenient to go to the Einstein frame, so we make a

Sy =—

conformal transformation

Guv = ng/jy
g = Q2ng*
p = gC? = Q*'g*C? = Q" (2.11)

If we choose the conformal factor (supposing n # 2) as
"2 = fp*) = Q) (2.12)

then in terms of the new metric the action takes the form

Sy = ~52 /d x /g [R+2F\(Q2) Al e /d x \/g 2 " 0,0,9
(2.13)
where we have made use of (R.12) in order to express f) in terms of
Q" AQTp(Q) = FA(Q) (2.14)

Notice however that this reasoning cannot be applied when f(g*) = g*% since in that case

[ s E e r = [ @ i r (2.15)

and one cannot get to the Einstein frame. A similar problem arises if f(¢g*) = constant
since then (P-IJ) is not invertible to give ¢* = f~1(Q"~2) or, in other words, we are already
starting in the Einstein frame and the conformal transformation is not defined. Appart
from these subtleties, a final redefinition of the scalar

p=+/2(n—1)(n—2) InQ (2.16)
gives us the desired action
1 1 1



We have maintained the notation F)(¢) for F (€2 (¢)) in the hope it will cause no confusion.

In this form of the action the additional scalar degree of freedom is manifest, and it is
suitable for performing the calculation using well known standard Background Field meth-
ods that, though straightforward, are quite tedious. The heavy details of the computation
have been relegated to an appendix. The final result for the one-loop counterterm of the
theory (R.§), in terms of the original variables, reads

1827 9
/ uv * *
171 o7

v * * — 1 _ _ 2
+5g AT 312 g 0,0 0o —gAQf 2f§+§A2 P =271 A

_1_5 A2 f2 [4 f— f)\ _ 3f—1 f/—l fﬂ\ _|_fl—2 f;{ _ f/—3 fl/ fg\]
S A PV R Al S Ml S A i } (2.18)

Prime denotes derivative with respect to ¢*. It is clear that our cherished hope that, in
the absence of the conformal mode, the ultraviolet behavior of transverse models could be
better than the correspondent in GR is not fulfilled. Even if the cosmological constant
vanishes, the first term in the counterterm remains, except in case f is constant, but that
corresponds exactly to the Einstein-Hilbert action, which is known to be one-loop finite [[L0].
In fact, the form of the counterterm reminds the one obtained when a scalar field, possibly
with a potential term, is coupled to gravity. That is because the mode responsible for the
divergences is the additional mode in the metric which cannot be killed in the lack of full
Diff invariance, as will become more transparent in what follows.

We should mention here that the GR limit f — 0 is not regular if the cosmological con-
stant does not vanish. But remember that this limit is one of the problematic cases regard-
ing the conformal transformation (see the coments following (B.f)). Also, quantum correc-
tions tend to generate a kinetic energy term for the determinant of the metric, so it is conve-
nient to include it in the bare action from the beginning, obtaining a more complete model.

3. A more general transverse action

Taking into account the last considerations, in this section we will extend the model by
introducing a kinetic energy term for the determinant of the metric. The resulting action
will be the most general gravitatory TDiff action with the usual properties one imposes to



a suitable action (to be a scalar of the symmetry, second order in derivatives etc.)?

-0 / d"z \/g* |f [ “YR* +2fx(g >A+%f¢<g*)g’:” ug*aug*] (3.3)

so that, as before, after an arbitrary change of coordinates
mn * 1 * v * *
gz [ T2 VE [ HR 20N R0 0| 3

where the scalar field is ¢* = ¢g*C2. We should now go to the Einstein frame through a
conformal transformation
= 0%, (3.5)
Choosing the conformal factor as
0" = f(e") (3.6)

the action in the new frame takes the form

S = —% /d":v VT [R+2F\(Q)A] +2_,1.@2 /d"x N [2(71— ;)2(71—2)

—1/0n—=2\\ 2
—0% g, (£ Q) <%> ] % 079,90, (3.7)

where we have defined
Q) =" A (FHQ?) (3.8)

A final redefinition of the scalar gives the desired action studied earlier

2(n—1)(n—2 )

2
02 )—Qz‘"f¢ (f_l(Q"_2))<af 09 > ]9””3u93u929””5u¢3v¢ (3.9)

and consequently we can use the counterterm quoted in the appendix. We have fixed the
sign of the kinetic term of the new field ¢ so that it is not a ghost, and then we are forced
to require the function of the left hand side to be positive definite. In terms of the original
functions it means

2(n—1) f=7 — (n—2) fo fr2 7220 (3.10)
Finally, we are able to write the one-loop counterterm of the theory (B.3)

11 203 . - e
A= /d%\/g_* {160 317217 = £ ) (0t 9 00")?

57 —3 g2 57 2 =2 2
S MBI = IR S] 9 B Bt — = M
30ne could have included a potential term
Sv=-5- /d"m Vgr M*V(g") (3.1)
but it can be absorbed in the definition of F)\(Q), i.e.,
20FN(Q) = Q" AL (FTHQTH) + MPV () (3.2)

so it does not include any interesting new issue and we won’t consider it.



T L N R A T T
[24f‘3 D=1 T =6 T 6T TR 10T T A S
+TFT TR s =2 T TR f¢+4f LI I L =2 T I fe + FTU A F)
X [12f 72 fr = 18 2 f T = 6T R 6T TR =2 T T A S
AT T A e =2 T T AT T e = 2T B e P A

] (3.11)

Let us remark that when A = 0 and the functions in front of the kinetic term and the
Einstein-Hilbert term are f = f; = 1 we recover the result of 't Hooft and Veltman for
gravity coupled to a scalar without potential

1 1
AS = = 4 inZ , *\ 2
S ; (471') / d*x 160 (g* u‘p ¥ )
1 1 4 203
= = 12
€ (47?) / dw R (3.12)

Notice in passing that now the limit f’ — 0 is not singular, and this is due to the
presence of a kinetic energy term for the scalar even if the conformal transformation is not
defined. Moreover, the following diferential equation relating both functions

2n — 1)f 2~ (n—2)fy =0 (3.13)

saturates the bound (B.1() and has a real solution if the product f fs, as a function of
the determinant of the metric, is positive definite, and therefore there is another family of
one-loop finite theories in case A = 0. Nevertheless, after an easy computation one may
prove that given the action (B.J), and under the hypothesis that the arbitrary functions
verify (B.1J), it (almost) always exists a conformal transformation, which is preciselly (B.4),
that leads to the Einstein-Hilbert action. As a result, the family of theories (B.13) are
nothing but GR written in another frame, with full Diff invariance. Under this point of
view the one-loop finiteness is not surprising.
The only theory that cannot be put in Einstein-Hilbert form is precisely when

flg) =g (3.14)

and f, is given by (B.13). It can be seen that this theory has an additional local Weyl
symmetry

Guv — 92(@9#1/ (3.15)
that prevents us from going to the Einstein frame. In fact, this theory is exactly the WTDiff
model of the second reference in [[l], which is a “unimodular” model (that is, a theory that
can be written in terms of a metric with unit determinant and nothing else) but written
in terms of a metric not restricted to have unit determinant.

It is important to mention that both finite transverse theories have an enhanced sym-
metry that allows us to remove from the spectrum the additional degree of freedom con-
tained in the metric. Then, as we have repeatedly advertised, the observed worse behavior
in the ultraviolet is due to this mode.



4. Conclusions

The main conclusion of our investigation is that there are only two transverse theories of
gravity that are finite on shell. The first one appears when TDiff is enhanced to Diff (and
besides, the cosmological constant is fine tuned to zero); that is Einstein’s gravity, whose
on shell one-loop finiteness was proven in a classic work by 't Hooft and Veltman [[L(].

The other theory enjoys also a greater symmetry, a local Weyl invariance denoted WT-
Diff, that allows to remove the additional degree of freedom present in generic transverse
models. One could then be sure that the divergence found is precisely due to this mode.
WTDiff theories include the so-called unimodular ones, which can be written using only the
metric g, such that det g,, = 1, but the class of WTDiff could perhaps be larger that the
unimodular one. Here we should mention that the computation was done in the Einstein
frame, in which there is no function (other than the square root of the determinant) in
front of the curvature scalar. However, as we have said, technically is not possible to reach
this frame in a theory with Weyl invariance like WTDiff, for obvious reasons. Therefore,
though the model with WTDiff verifies (B.13), it falls into the cases we cannot treat with
our formalism. Strictly speaking one should then repeat the calculation in an arbitrary
frame to be sure of the conclusions, but at the end the result will certanly be the same
since its physical origin seems to be clear: the absence of the scalar mode.

It should be remarked also that we actually have calculated in a Diff invariant theory
which coincides with the transverse theory of our interest in the unitary gauge C' = 1.
Our computation was done in the equivalent of the renormalizable gauge for Yang-Mills
theories, and it does ultimately rely on gauge invariance of the extended theory. In this
sense it would be interesting to extend the analysis of the existence of a nilpotent BRS
symmetry perhaps along the lines of what was done for transverse theories in [f].

Acknowledgments

We are grateful for useful discussions and /or correspondence with Drs D. Blas and A. Y. Ka-
menshchik. This work has been partially supported by the European Commission (HPRN-
CT-200-00148) and by FPA2006-05423 (DGI del MCyT, Spain), Proyecto HEPHACOS ;
P-ESP-00346 (CAM) and Consolider PAU, CSD-2007-00060. A.F.F. has been supported
by a MEC grant, AP-2004-0921. J.J.L-V. wants to thank J. M. Martin-Garcia for his
help regarding the use of the package xTensor [[12], which was used to check the algebraic
computations.

A. Some details of the computations
To begin, let us be quite explicit on our notation and conventions.
e The flat tangent metric is mostly negative

Nay = diag (1,—1,—1,—1). (A.1)



The Riemann tensor is

RM op = 0oy — 0Tt + Th, T0s — TV T7, (A.2)

(e 7

and we define the Ricci tensor as
R =R . (A.3)

Our conventions for the cosmological constant are such that for a constant curvature
space

2
R, = —m)\gw, (A.4)

then the ordinary de Sitter space has negative constant curvature, but enjoys positive
cosmological constant. The Einstein-Hilbert action is consequently defined as

e n
g _@/d 2/Tg] (B + 2)) + Swmatter (A.5)

with k2 = 87G.

Background covariant derivatives can be integrated by parts:
m —I O n — 1 — mn —
J v = [ae Vil an (V) = [awa (Vi) o)

and some useful commutators with our conventios are:

[Vﬁ’ ?’Y} wp = wu R g
[?ﬁvﬁv} VP = —VIR? wyB
[?5, ?7 haﬁ = —hAﬁRa Mt ha)‘R)\fy (A7)

Let us now begin with the analysis proper, pointing out only the different steps of the
calculation. Both the metric and the scalar field in the action (R.17) are expanded in
a background field and a perturbation

Juv = Guv + /fh;w
g =" — KW + &2 R + O(KP)
o =0+Ko. (A.8)

Where indices are raised with the background metric and geometric quantities (cur-
vature tensors, covariant derivatives...) calculated with respect to this metric wear
a bar. To take into account one-loop effects it is enough to expand the action up
to quadratic order in the perturbations. After expanding, the term linear in the
coupling cancels due to the background equations of motion, namely

V24 4 2AF(¢) = 0
- __ _ 1 _ o
VuoV,o + ngaﬁvawm =0 (A9

1-_ —\
Ry — §R9HV — AF\(9)Gw —

N =



and prime denotes derivative with respect to ¢. Using the known expansion for the
scalar curvature the quadratic order operator is

1 — |l 1l. _ =92 1. _ =9 1_ = = 1. = =
Sg = 5 / d"z \/§ [h 6<Zgaﬁguuv2 - Zgaugﬁuv2 + §ga,uvﬁvu - §g,uuvavﬁ
1 _ 1 _ 1= 1 - - 1 R
+§gaﬁR,uu - §§a,uRBV - §Ro¢uﬁu + §§auaﬁ¢au¢ - Zgaﬁa;ﬂsalﬂﬁ
(R +20F\(9) — 39”70,0050)

— 3 (GapGuw — 29apgpv) ) h#”
1 _ _ - 1- "o, —
+h*P <§gaggp"a,,¢>aa — D003 — Aga5F£(¢)> ¢+ <—§V2 — AF, (¢)> <zﬁ]
(A.10)

At this stage the operator is very cumbersome, but we still have the freedom to fix the
gauge in a way that simplifies the computation, since we have been careful enough to
include the compensator to increase the symmetry to full Diff. Taking the expresion

_ 1= _
Xv = VP, — §V,,h — 0, ¢ (A.11)
we choose as gauge fixing term
1o~ 1,
Ser=5 [ d"v Vg 52 7" Xuxw (A.12)
2 2
which after expanding can be expressed in the form
1 n _ 1 of [= © © - T v I =2 puv
ng = 5 d"x \/§ 2_5 h guuvavﬁ - gauvﬁvu - Zgaﬁguuv h

- 1 - o 7
+2h00 (aaqzsaﬁ +VaVpé = 5ap5" 0p005 — §§a5§”"vpvo¢> ¢

+¢ <§“ﬁ aaqz_ﬁ@ﬁqz_ﬁ) qb} (A.13)

Let us define the following tensor with the desired symmetry properties, i.e., sym-
metric in (uv), (af) and under the interchange (uv) < (af)

T, _ o
Caﬁ,uz/ = 7 (gaugﬁu + Jov 9By — gaﬁg/u/)

4
Caﬁuu — gaugﬁu +gaugﬁu o 2 gaﬁguu
n—2
5o = 8.ap) (A.14)

the full action can be written as
1 1
Sg+ Syr = 3 / d"r /g 5 [ho‘ﬁMagwh‘“’ + haBDaﬁqb + ¢E, Y + qSng] (A.15)
where the operators are

= 1-— = (= 26 -1 - =
Mg = Cappo <—5ggv2 + nguyv@v@ - %ﬁgv@vu) - Pﬁ,‘j)

— 10 —



D o D, °x 1 e} i ° o —p0 D
P = 2R, — 25" R) + (R +20F3(9) — 5 ﬁaagbaﬁ(b) 807 + 3% Ry

(™)
2 g R g R 26%0,8076 — Lg.,008005
(n — 2) Guv (Tl — 2) Juvg (e V) 2g;w
1 - 1 AT
N T e
2(1 — =TS0 +1 =poo T N7
Dag = % Caﬁpo VPpVT + gT Caﬁpovpv ¢— AF;\((b)gag
En = 2(55_ 2 Chvpo VPOV + “Tl C’uzj,ocrvpvaﬁ_5 - AF;\(Q_S)guV
— " — 1 - -

in such a way that in terms of the combined field

YA = <h:: ) (A.17)

and in the minimal gauge, corresponding to £ = 1, the operator

1 1
5= / NN (A.18)
is minimal, in the sense that it takes a Laplacian form
Aap = —gapV*+Yap (A.19)
with the metric
Copuv 0
= A.20
JdAB ( 0 1) ( )
the inverse metric
CoBrv ()
AB
= A21
g ( 0 1> (A-21)

and the term without derivatives

Coppo Pl 2C 03,0 VPV — AF(4)g
Var — _“appoti _ afpo V"V AP/ Taf A.22
w <QC’WPUVPVJ¢ = AF(9)Gu  —2AF) (¢) + 377 0,005¢ ( )

On the other hand, once we have an operator in the Laplacian form ([A.19), the
one-loop counterterm (supposing that we work in n = 4 dimensions) is given by the
following coefficient in the heat kernel expansion [f]

1 1 _ _
= —— — [ d"z\/gtr (180Y? - 60RY +5R*~
YT ams 360/ TV +
2R, R 4 2R 1o R 4 30W,,, WH) (A.23)
and the field strength is defined through

[V, Vot = Wi, 08 (A.24)

— 11 —



Therefore, in order to find the counterterm we will need the following traces

B _n(n+1)42
trl= 855 +1= ="
trY = g"BYyp = 645 PP — 2AF () + 577 0,00-0

_ n(n;l) <R+2AFA(¢_5)——9””8,)¢80¢> —nR+(n+2)§" 0,60,6—2AF) (9)

_ A2
tr Y2 = Yap ¢%€ Yop gDA PSS P 12D 45 B, CPV0 + (2AFA (3)— gﬂaapwggb)
—8n +4 n+2
e
n—2 Ry R n—2

2
~59°0,00,0) + "D (R4 2ARG) - 9770,00,0) + 29209

SRy RO 4" nF2p2 onp <R AR (D)

.- 8 _ n*—5
—8AF} V%6 — AR (9)” +

n(4 —n)(3n — 8) — 4(n — 2)?
" (n—2p

12 (n+ 1)<R+2AFA(¢) _ % gpoapgb(%gb) T 056006+ (2AF;’ (3)— gp”é)p(;?a(,&) ?

(87°0,60,0)"

y n?+4n—16 5 . - -
R" 8,,00,¢ — WRg” p 05 )

tr W WH = —(n+2) Ryype R*P (A.25)

e Using the known expression ([A.23) of the fourth heat kernel coefficient one gets

11 _
- " [542 1) = 30(n + 2)] Ryupo RP
as ()% 360 z g {[p42+n(n+1) (n+2)] Ry
—8n+4 o 2 Bn(n+1)+10] -
+ [180771 n_"; —n(n+1)—2}RWR’“’+[18O—Z—f2+60n+—n(n+2 )+ }R2

—30n(n + 13)R (R + 2AF)\(¢) — %gmapéagq‘a) +90n(n + 1) (R + 2AF)\(¢)

3n —8) —4(n — 2)?
(n—2)?

1 N2 4— _ o
—§gf’"6p<z>ag¢> 4 180™A = R8,$0,6

2
—60 [3% + (n+ 2)} R§"0,00,¢ + 360 (n + 1) <R + 2AFy ()

_lgﬁ ap¢ag¢> o ¢8)\<;5+ 180Ln27 (gpoapq‘baoq—sf —1—36062(;_5?2(2_5
FI20ARF ()~ 1440AF ()9°6— T20A S (5)3 0,00, 6 — 00 NX(F(3))?
+720A2(F§(q’s))2} (A.26)

e Remember that we need also the contribution coming from ghost loops. The gauge
fixing term mantains background invariance, under which the background g, trans-
forms as a metric and the fluctuation h,, as a tensor. On the other hand it has to
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break the quantum symmetry

0Guw = 0
2 _
Ohyy = ;wau) + Lehy
5 =0
1 -
6p = Eg”vu (<;5 + /{(;5) (A.27)

The ghost Lagrangian is obtained performing a variation on the gauge fixing term
1 ,- _ o
Sxy = ~ (V2Gu + Ry — V0V, 0) & (A.28)

plus terms that give operators cubic in fluctuations and therefore are irrelevant at one
loop (the ghosts are always quantum fields, they do not appear as external states).
Then, as ghost Lagrangian we will take

1 1 — _ -
S = / e VG Vi (-VRg — B RV V, (A.29)
The relevant traces are

trl=n
trY = —R + g_]poapqgao(l;
tr Y2 = Ry R™ — 2RM9,00,8 + (57 0,005)°

tr W, WH = — Ry pe R*P (A.30)

and the coefficient

gh 1 1

ay = (4m)3 360 / d"z /G {[2n — 30] Ry po R**7 + [180 — 2n] R, R*

+[60+5n] R2—360R™ 8,68, 6 — 60RG*” 0,60, $+180 (gf"’a,,éa(,&f} (A.31)
Adding the two pieces together and particularizing to the physical dimension n = 4

one gets the one-loop counterterm (notice the factor and the sign of the ghost con-
tribution)

1 oy 101 W Tl e 241~ 15,
AS = E<a4—2a4 )—EW /d X \/§ {@RHJ/PUR —ERHVR +§R

2
g <R L OAR(G) — %gp°8p¢_580¢3> 5 <R L OAR(G) — %gwa,,&agas)
S RG70,50,6+5 (R INFL(G) - 5377 0,60,0) 70,6055+ (779,50,0)
FV20VEG+ SARE (5)—4MF} (5) V20— 2AF (5)9770,00,6— 813 (1 (9))?

+20%(Fy (6))?} (A.32)
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After having obtained this result, we have found in the literature a completely equiv-
alent computation [{]. The counterterm of Barvinsky et al. is expressed in a different
gauge, but using the background equations of motion one can go from one to the
other. This is a consequence of the old theorem asserting that the pieces in the
counterterm that do not vanish on-shell are gauge invariant [[[T].

In case that the cosmological constant vanishes the final result is

1 1
AS = @2 360 / d*z /G {426R,p0 RMP7 — 1446R,,, R* + 435R?
€

+60R g””apgb(%qﬁ + 360 (57 0,60,6)° + 36026726 }
1 1

_ _ 1._ _ _
T e (an)? / d"z /G {&RMVRW + @P@ + GR35 0,005 + (5% 0p0056)"

W?w?(p} (A.33)

which coincides with the result of 't Hooft and Veltman except for the last term.
That term is however irrelevant in this case since it vanishes due to the background
equations of motion. Using them the counterterm can be written in the form

AS == / d'x 203 R? (A.34)

On the other hand, if we had considered pure gravity in the presence of a Cosmologi-
cal Constant that would correspond in our notation to Fy(¢) = 1 and ¢ = 0. Besides,
in order to compare with the results present in the literature, we have to subtract
from ([A.32) the contribution from scalar loops, which is trivially

1
7= " 2R upo RMP7 — 2R, R* + 5R?
“T s 360/ = VG 2o PR
_ 1 _
= w [ VG o Bupe B — oo R R Il (ass
(47r)2/ x*/g{lso ke 150 7 } (4.35)

in such a way that, after using the equations of motion and neglecting the topo-
logical invariant, the one-loop counterterm coincides with the well known result of
Christensen and Duff [f]

1

1 1 1
AS== (ar—af-2af") == — —
e\ € (4m)2 180

/ d"z /G {212R,, o R""7 —2088 A*}
(A.36)

It is possible to use the background equations of motion ([A.g) to simplify the final
result (A-33). It is convenient to express the counterterm just in terms of the scalar,
since we are interested in inverting the conformal transformation. The counterterm
is then

AS——

7 _
{160 ( poaﬁ¢80¢) + ;_0 AFA(¢) p06p¢80¢

5

T ARG 3 A (B0 120 ()P~ 4 F@) L) (430
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e If we want to write the counterterm in the original frame we must undo the conformal
tranformation, which is very easy once we have it in terms of the scalar. The scalar
is related to the conformal factor through (B.9), and the conformal factor and the
original function of the determinant of the metric verify (B.6]). With this in mind, we
can express the different contributions to the counterterm in terms of the functions
appearing in (B.J). Taking into account the definition of the potential F)(¢) given
in (B.§) and supposing that f(¢*) is not a constant we get

Fa(¢*) = f77 (%) faly")
F(p") = (n-2)f¥m

1

S T AT A2 D (=2 f T - (22 R

2—
2 o [2n2(n—
Fie") = (=215 [2n- (-2 (n-22 021 P oy,

“an = 1)+ 2) 20— D0 —2) S A
b2l -1 —2) g O e g
P22 o iy g, o M g g gy
-2y

+n(n=2)f T Sy —(n=2)2 7 4f”f +—
2(n—1) )
n —

I 4f,\f¢}

70,00, = [T 212 =71 | 92 O0up* Oug” (A.38)
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