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We develop a quantum effective action for scalar-tensor theories of gravity which is both spacetime-
diffeomorphism invariant and field reparametrization (frame) invariant beyond the classical approximation.
We achieve this by extending the Vilkovisky-DeWitt formalism, treating both the scalar fields and the
components of the gravitational tensor field as coordinates describing a manifold. By using tensors
covariant under diffeomorphisms of this manifold, we show that scalar-tensor theories can be written in a
form that is manifestly frame invariant at both classical and quantum levels. In the same context, we show
that in order to maintain manifest frame invariance, we must modify the Feynman rules of theories with a
nontrivial field space. We show that one such theory is general relativity by demonstrating explicitly that it
has a nonzero field-space Riemann tensor. Thus, when constructing theories of quantum gravity, we must
deal not only with curved spacetime, but also with a curved field space. Finally, we address the
cosmological frame problem by tracing its origin to the existence of a new model function that appears in
the path-integral measure. Once this function is fixed, we find that frame transformations have no effect on
the quantization of the theory. The uniqueness of our improved quantum effective action is discussed.
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I. INTRODUCTION

The laws of nature should not depend on the way we
choose to describe them. While there may be many
different ways of parametrizing the underlying degrees
of freedom in a theory, its physical predictions should not
depend on which parametrization one uses. This seemingly
obvious fact has historically had far-reaching conse-
quences. For example, imposing that the laws of physics
not care about the way we label space and time leads
inevitably to Einstein’s celebrated theory of relativity [1].
This idea is known as reparametrization invariance and
throughout this paper we use it as a guiding light with the
goal of developing a formalism in which reparametrization
invariance is made manifest.

When writing down a quantum field theory (QFT), we
must define a set of quantum fields in which to express it.
We are always free to reexpress the same theory in terms of
a different set of fields. This is known as a change of frame.
There has been much debate in the literature [2—19] as to
whether such a change of frame represents an observable
change to the theory or merely a change of description.
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Since changes of frame correspond to field reparamet-
rizations, we expect that they should not affect any physical
observables. However, in the ordinary formulation of
QFTs, off-shell calculations of quantum corrections can
yield different results depending on the set of fields used to
perform them, as shown in the Appendix A. Furthermore, it
has been shown that when gravity is included, one can get
different predictions even for on-shell observables depend-
ing on whether the quantum effects are applied before or
after changing frame. This has become known as the
cosmological frame problem. For a historical overview
of the issue, see [20].

In light of the above issues, our aim is to develop a
formalism in which reparametrization invariance is made
manifest both on and off shell and hence does not suffer
from the cosmological frame problem. It is important to
note that whether or not a formalism is reparametrization
invariant is a consequence of its representation, not its
content. Any physical observable of the theory must be
invariant under reparametrizations, but this fact can often
be obscured by the way the theory is written down.

We emphasize that because the content of a theory has no
bearing on reparametrization invariance, this formalism
places no restrictions on which theories are allowed.
Therefore, reparametrization invariance cannot be consid-
ered a symmetry in the traditional sense and there will, in
general, be no Noether current and no gauge degrees of
freedom associated with it.
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A better point of comparison is the use of spacetime
tensors to highlight the diffeomorphism invariance of a
QFT. Although the physical predictions of any theory will
necessarily be independent of the spacetime coordinates
used to perform the calculation, the use of covariant objects
makes this fact manifest.

In this paper, we shall focus on scalar-tensor theories of
quantum gravity [21-27] with a field content that consists
of a spin-2 graviton field g,, and a set of scalar fields i
(collectively denoted as ¢b) and with an action of the form

SE/d“xw/—g[,

= SO g L hn@)0,00,0" - V(@)

: (1.1)

where g = det(g,,). Here f(¢), ky5(¢h) and V(¢h) are the
effective Planck mass, the scalar field-space metric and the
potential, respectively. We shall refer to these three func-
tions as model functions and together they fully define our
theory at the classical level. In the context of such theories,
there are two types of transformations that amount to
nothing more than a change of description—spacetime
diffeomorphisms and field reparametrizations. We wish to
write our theory in way that is manifestly invariant under
both of these.

Spacetime diffeomorphisms consist of changing the
coordinates of spacetime,

Xt — X = X (x"). (1.2)

This is just a relabeling of the points on the spacetime
manifold and thus should not affect any physical observ-
ables. Diffeomorphism invariance is the backbone of
general relativity and, as such, has been much studied in
the literature. We will therefore not focus on it here.

Field reparametrizations involve changing the definition
of the fields of the theory by making the transformation

G = gﬂl/ = g/w(gpm ¢)7

¢A - ¢A = ¢A(g/)m ¢> (13)
Again, this is just a relabeling of the degrees of freedom in
the theory and should not have a physical effect.

Spacetime-diffeomorphism invariance restricts the class
of field redefinitions that we have to consider. When
performing the transformation (1.3), we must maintain
the spacetime covariant structure of the fields and should
not introduce any new spacetime tensors. If we also insist
that our field redefinitions do not mix derivative and
nonderivative terms, then this restricts the admissible set
of transformations to those of the form

G = T = (D) G- (1.4)

P = ¢t =9 (@) (1.5)
We will refer to these transformations as a conformal
transformation and a scalar field reparametrization, respec-
tively. Together, they constitute a frame transformation.
Under such a frame transformation, the model functions in
(1.1) transform as [28]

f=F=Q7f
V- V=Q"V,
kap — ];AB = KCAKDBV‘CD —6f(In Q‘),C(ln Q) p

£3fc(nQ) p +300Q) ofpl.  (16)
where a comma 4 = 9/9¢" denotes differentiation with
respect to the field ¢* and K5 = 0¢* /0P is the Jacobian
of the scalar field reparametrization.

In this paper, we will show explicitly how we can write
down a theory in a manifestly reparametrization-invariant
way by using the well-known technique of field-space
covariance [29-33], whose relevance to resolving the
cosmological frame problem was first pointed out in
[34]. We treat both the scalar fields and the components
of the graviton field as coordinates describing a manifold.
Frame transformations of the form (1.3) are then simply
diffeomorphisms of this manifold. Provided we write down
our theory in terms of objects that are both spacetime and
field-space tensors, and then fully contract any indices, the
theory will be manifestly reparametrization invariant.

With the field-space covariant technique, the theory of
general relativity (which is just a scalar-tensor theory
without the scalars) can also be expressed in terms of a
field-space manifold. This manifold is separate from the
spacetime manifold and comes with its own Riemann
tensor, Ricci tensor, and Ricci scalar. As we will see in
Sec. VI, all these curvature invariants are nonzero. Thus,
when studying quantum theories of gravity, we must
necessarily deal not only with curved spacetime, but with
a curved field space as well. We believe that this obser-
vation will be important to consider when constructing a
UV complete theory of quantum gravity and may be part of
the reason why such a construction has proven so difficult.

We shall express our reparametrization-invariant theory
using the quantum effective action [35-38]. All predictions
of the theory can be obtained from this effective action and
thus defining it is sufficient to fully define the quantum
theory. However, as we shall see in Sec. III, the ordinary
construction of the effective action depends on our choice
of parametrization.

If we can treat gravity as a classical background, the
Vilkovisky-DeWitt (VDW) formalism [39,40], reviewed in
Sec. 1V, is enough to solve this problem. However, if we
wish to treat gravity as a field and place it on the same
footing as the other fields in our theory, we encounter
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ambiguities, which inevitably lead to the cosmological
frame problem.

As we shall show, these ambiguities arise from a frame-
dependent choice that must be made in the standard
approach to scalar-tensor theories of gravity. The graviton
field g,, is normally identified as the metric of spacetime.
However, g,, transforms under a field reparametrization
(1.3) whereas the metric of spacetime does not. This
identification is therefore only valid in a particular frame
[17], and thus the frame invariance of the VDW formalism
is ruined.

In this paper, we overcome the cosmological frame
problem by defining the metric of spacetime in a frame-
invariant manner. We achieve this through the introduction
of a new model function, £ = #(¢), so that the metric of
spacetime is given by g,, = g,,/ £?. We are therefore able
to construct, for the first time, a manifestly frame and
spacetime-diffeomorphism-invariant quantum effective
action for scalar-tensor theories of gravity.

In practice, the quantum effects of a theory are usually
calculated using Feynman diagrams. However, as we shall
see in Sec. V, the usual way in which these diagrams are
calculated crucially depends on the frame in which they are
evaluated. Feynman rules, when calculated in the usual
way, are not covariant field-space tensors and thus different
parametrizations of the fields will yield different sets of
rules. We will show how the Feynman rules must be
modified in the presence of a nontrivial field space.

We adopt the following conventions throughout this
paper. Lowercase Greek letters (i, v, etc.) will be used for
spacetime indices, and repeated indices will imply sum-
mation in accordance with the Einstein summation con-
vention. Uppercase Latin letters (A, B, etc.) will be used for
field-space indices with repeated indices again implying
summation. Lowercase Latin letters (a, b, etc.) will be used
for configuration-space indices and will thus simultane-
ously represent both a discrete field-space index and a point
in spacetime. For such indices, we shall use the Einstein-
DeWitt notation [41] in which repeated configuration-space
indices imply summation over the discrete index and
integration over spacetime, e.g.,

J.pt = %:/deA\/——QJA(XAWA(XA)v (1.7)

where D is the number of spacetime dimensions and g,,,
with determinant g, is the metric of spacetime.

This paper is laid out as follows. We begin in Sec. II by
reviewing the construction of the field and configuration
spaces for scalar field theories. We then review the effective
action formalism in Sec. III, explicitly demonstrating that it
is dependent on the parametrization of the fields. We show
in Sec. IV how Vilkovisky and DeWitt’s reformulated
effective action resolves these issues when gravity can be
treated as a background. In Sec. V, we show the effect of

reparametrizations on ordinary quantum calculations using
Feynman diagrams and develop a method for calculating
Feynman rules in a reparametrization-invariant manner.

We show how the same geometric approach of
Vilkovisky and DeWitt can be applied to gravity in
Sec. VI, explicitly constructing the field space for general
relativity and showing that this field space is positively
curved. We add scalar fields to the theory in Sec. VII,
showing that when we do, there is an ambiguity in the
definition of the spacetime metric, which is responsible for
the cosmological frame problem. In Sec. VIII, we construct
a field space for the scalar and tensor fields, which we call
the grand field space, and use it to write down scalar-tensor
theories in a way that is manifestly invariant under a frame
transformation (1.3). We then incorporate the spacetime
dependence of the fields in order to construct a grand
configuration space in Sec. IX. This allows us to construct a
fully frame and spacetime-diffeomorphism-invariant path-
integral measure, which we can then be used to quantize the
theory in a reparametrization-invariant way. We provide a
concise description of the formalism in Sec. X, before
discussing our findings in Sec. XI.

II. COVARIANCE IN SCALAR FIELD THEORIES

Let us begin by reviewing the construction of the field
space for scalar field theories without gravity. Such theories
have actions of the form

SE/de\/—gﬁ,

1
= Eg"”kAB(qb)aﬂ(ﬁAG,,(ﬁB - V(g), (2.1)
where D is the dimension of spacetime. In this section, we
will take the metric of spacetime g, to be fixed and will not
consider any redefinitions of the form (1.4). We will relax
this assumption in Sec. VI.

As discussed in the Introduction, we could just as easily

describe this theory in terms of a different set of fields ¢
and the transformation

P = ¢ = ()

is just a change of description and should therefore not
affect any calculations. In order to make this fact explicit,
we will construct a manifold known as the field space
[28-33] and treat the fields ¢ as coordinates describing that
manifold. With such a construction, the transformation
(2.2) is simply a diffeomorphism of the field space. We can
then write down the theory in a way that is explicitly
reparametrization invariant by simply building it out of
field-space covariant objects.

The field space is a Riemannian manifold, and so we can
equip it with a metric. Such a metric should satisfy the
following three properties [39]:

(2.2)
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(1) It should transform as a symmetric rank 2 tensor
under (2.2).
(2) It should be determined from the classical action
(2.1).
(iii) It should be Euclidean for a canonically normalized
theory.
The only quantity that satisfies these conditions is the
model function k,z(¢h) and so that is what is used in the
literature.

In this paper, we want to introduce a new expression for
the field-space metric; one that is constructive, rather than
relying on the identification of a particular term in
Lagrangian. We will thus define the field-space metric to be

O 0*L

948 =D 00,0 00.47)

(2.3)

where D is the number of spacetime dimensions. Notice
that for the theory described by (2.1), this new prescription
still gives G,p = ksp. However, this new prescription
is now constructive and can thus be applied to any field
theory—even, for example, those with higher derivative
terms.' This constructive prescription also ensures that the
field-space metric is unique for a given theory.

With the field-space metric thus defined, we can
straightforwardly define a connection on the field-space
manifold,

0Gpc _ 0Gpc
P |’

1 gan [9Gep
29 99 T ogP

T = (2.4)

where GA2 is the inverse of G45. We can also define a field-
space covariant derivative,

oxA
VX4 = 96° +T4,XP,
0X
VeX, = 0772 —T2,X), (2.5)

and so on in the usual manner for higher-rank tensors.

When quantizing the theory, the field-space manifold
alone is not sufficient. In the path-integral formalism, we
must integrate not just over the fields, but overall configu-
rations of the fields. In order to construct this integral in a
covariant manner, we define an infinite-dimensional con-
figuration-space manifold. Each direction on this manifold
represents a different configuration of the fields and thus
we can describe it using coordinates

¢ = ¢ (xa). (2.6)

'In the case of a higher derivative theory, (2.3) would lead to a
Finslerian metric [42]—one that depends on both the fields and
their derivatives. We will not discuss such theories here, but will
save them for future work.

The lowercase Latin index a = {A,x,} is a continuous
index that runs over all points in spacetime in addition to
all the scalar fields in the theory, as described in the
Introduction.

In order to define a metric for the configuration space,
we need to add one more property to the list above. The
configuration-space metric should be ultralocal, i.e., it
should be proportional to a Dirac delta function only
and contains no derivatives of the fields. We therefore
define the configuration-space metric as

_ Y 8%S
7D §(0,0*)8(0,4")

= G400 (x4 = xp).

G
(2.7)

Here we have defined the functional derivative with respect
to a partial derivative as

5F[0, " (x)]
50,97 ()
= i PP TGV FOR

u

where the Dirac delta function is normalized such that

/ dPx,/=goP)(x) = 1. (2.9)
Such a definition allows 6(°)(x) to be diffeomorphism
invariant. We note that with this definition §®* /5(9,®*) =0.

The connection on the configuration-space manifold is
as follows:

re — 1 .al0Gpa 0G4 6Gpe
be =75 g c b sid
2 o¢ o¢ o¢
= Fgc‘s(m (XA - xB)‘S(D)(xA - Xc), (2-10)

and thus the configuration-space covariant functional
derivative is

oX“

VX4 = G +Ie,x9,
5X

VX, =—2-T4X,, (2.11)
Sep°

similar to (2.5).

With the configuration-space manifold defined, it is
straightforward to write theories in a manifestly reparamet-
rization-invariant way. We simply need to build our theory
out of configuration-space tensors and ensure that all
indices are fully contracted.

It is also easy to identify quantities that are not
reparametrization invariant. Two examples of noninvariant
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objects are the quantum effective action and Feynman
diagrams, as we shall show in the following sections.

III. NONCOVARIANCE OF THE ORDINARY
EFFECTIVE ACTION

The ordinary effective action formalism [35-38] funda-
mentally stems from the one-particle irreducible (1PI)
approach in QFT. Through its application, it is possible
to define an action that inherently incorporates all quantum
effects beyond tree level, in principle allowing us to study
radiative corrections nonperturbatively.

The starting point for the derivation of the effective
action is the generating functional for 1PI diagrams,

2] = exp W1
~ [moimiglexs| 561+ | G

defined in the presence of an external source field J, =
J4(x4) (also collectively denoted as J). Here the functional
integral element is [Dg] =[], 4 d¢p*(x), and M[g] is the
measure of the configuration space for the quantum fields
¢“. We have also reintroduced the reduced Planck constant
7 as a means of keeping track different orders of quantum
loops. The generating functional is reminiscent of the
partition function in statistical mechanics, which is a
weighted sum of Boltzmann factors over the different
microstates of the system. In a similar vein, the generating
functional is defined as a weighted integral over all possible
configurations of the quantum fields ¢“ of the system.

From the generating functional, it is possible to arrive at
the effective action via the Legendre transformation,

[lp] = W + ind ,¢°, (3.2)
where the ¢“ (collectively denoted as @) are the mean fields
and J, = J,[@] is considered to be a functional of . In the
presence of the source terms J,, the mean fields and the
sources are related by

SWJ]
5,

0° = —ih (3.3)

The usefulness of the effective action is thus that extrem-
izing it generates the quantum-corrected equations of
motion.

Already at this point, it is possible to observe that this
construction lacks covariance. Since ¢“ is not a configu-
ration-space vector, J,¢? is a frame-dependent expression
and thus all three equations (3.1)—(3.3) are sensitive to the
way in which we parametrize the fields in our theory. This
is a major drawback for this approach and once we shall
return to, but for now, let us proceed in order to illustrate

how the ordinary effective action is usually derived and
pave the way for the derivation of the covariant expression.

The effective action I'[@] satisfies the following implicit
functional integro-differential equation:

exp (%F[cv])

—/[ng]/\/l[d)]exp{% [S[d)]—i—égfif] ((p“—lﬁa)} } (3.4)

Equation (3.4) may be derived by substituting (3.2) and
(3.3) in (3.1). Evidently, solving (3.4) exactly is prohibi-
tively hard. Fortunately, it is possible to solve for I'[@]
in a perturbative loopwise expansion with the help of
the background field method [43], where we split the
quantum field ¢“ into a background component, which we
treat classically, and a quantum perturbation. Similarly,
we expand I'[p] = Sy[@] + AT [gp] + AT [p] 4 - - -. At
each loop order, the path integral can be evaluated
explicitly. In detail, at one- and two-loop order, we have

g] = iln M|gp] —%lndetS.ah[qo], (3.5)

1 1
T@g] = G APANS sy =5 AP ALNTS 1o by, (3.6)

where a comma , = 6/5¢ indicates a functional deriva-
tive with respect to the field ¢* and

Aab _ 52S -1
Spo”
is the propagator.

As we shall explore in detail in Sec. V, (3.6) can be
represented graphically by the Feynman diagrams

OO

Note that I [p] contains only 1PI graphs. Other possible
one-particle reducible diagrams, such as

OO

evaluate to zero and so do not contribute to the final
expression (3.8).

For our theory to be fully reparametrization invariant, we
require that the effective action be a scalar under repar-
ametrizations of the mean fields

(3.7)

(3.9)

9" = 9" = (o). (3.10)
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We saw above that the explicit dependence of the generat-
ing functional on the fields ¢“ spoils the covariance, and as
a result, such a transformation will not leave (3.5) and (3.6)
invariant. This occurs because the difference ¢ — ¢* does
not transform as a vector in configuration space, spoiling

the covariance of the term %[(GM (% — @) in (3.4).
Similarly, the presence of ordinary functional derivatives
in (3.5) and (3.6) induces extra terms in the expression for
M and F(2>, which means that the expression for the
effective action is not a configuration-space scalar. The
parametrization dependence of the effective action can be
seen explicitly in Appendix A.

IV. VILKOVISKY AND DEWITT’S SOLUTION:
THE COVARIANT EFFECTIVE ACTION

The VDW effective action formalism [29,39,40,44-47]
was developed in order to address the problems of non-
covariance of the ordinary effective action that were out-
lined in the previous section. Unlike the conventional
approach, this formalism does not unduly privilege a
particular frame. In this section, we review the key results
of the VDW formalism.

As noted in Sec. III, the noninvariance of the ordinary
effective action stems from the term 55(; (¢* — %) in (3.4),
which is not a configuration-space scalar. Vilkovisky’s
proposal [39] was therefore to replace the difference
@ — ¢“ with a two-point quantity X*[¢@, ¢] that transforms
as a vector with respect to the mean field ¢, a scalar with
respect to the quantum field ¢ and satisfies X*[¢h, ¢p] = 0.
Making this replacement in (3.4) gives

o)

— [wolrtiienn] ;| sia1+

ol'[p]

o

lol| . @)

There are no frame-dependent terms in (4.1) and therefore
this newly defined action is fully frame invariant.
Vilkovisky’s original proposal was to use X%(@, @] =
o‘lp, @], where o“[p, @] is the tangent vector to the
geodesic connecting @ and ¢ evaluated at ¢. The affinely
normalized tangent vector can be found by solving

o"lo.$IVio'lp. $] = o’[p. B, (4.2)
along with the boundary conditions
o“lo.Pllp—p =0,
Vo [0, @llp—g = 5587 (xa —x5) = 5. (4.3)

where V, is the covariant derivative as defined in (2.11) and
is taken to act on the first argument @. It is possible to

in terms of the configuration-space con-

expand ¢“[@, @]
| as

nection I' [

(g, p| = (9" — ¢°)

Tl = ) =)+ (4

However, ¢“ is not the only possible choice of two-point

quantity that satisfies the required properties to make the

action frame invariant. In fact, any superposition of tangent
vectors

p.¢] = (C'])} 0" [o. B] (4.5)

will do. We therefore need to introduce another requirement
to fix the matrix C§.

For theories with a flat configuration space, we can
always go to a frame in which the metric is Euclidean and
all the connections vanish. In such a frame, there should be
no nontrivial field-space effects and thus the VDW effective
action should agree with the ordinary effective action
calculated in the previous section. It can be shown [48]
that this requirement forces us to choose Cj = 6% for such
theories. However, for theories with nonzero configuration-
space curvature, no such frame exists and so a different
condition is required to fix Cf.

The choice made by DeWitt [40] is the condition of
vanishing tadpoles

(9. ¢l)x =0, (4.6)

where the expectation value is defined as

(Flo.d)s = exp(~4Ti0l) [[DULMIFi0.9)

Tz} @)

« exp{% [S[d)] +

This choice was made for two main reasons. First, it allows
the effective action to be calculated perturbatively as a sum
of 1PI Feynman diagrams [49]. Second, when the formal-
ism is extended to gauge theories, (4.6) is vital in ensuring
that the resulting effective action is independent of the
choice of gauge-fixing conditions [44,48].

In order to satisfy (4.6), we find that we require [40]

C%p] = (Vo' [, d])s

— (50— L Re, oo lp. Blolp ] + s

3 (4.8)

Here R?.,,; is the Riemann tensor of the configuration-
space manifold. Notice that the Riemann tensor for a flat
manifold is RY, , = 0, and thus we recover Vilkovisky’s
original proposal in this case.
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We can use the background field method to expand (4.1)
perturbatively, exactly as we did for the ordinary effective
action (3.4). This gives us the following equations for the
one- and two-loop corrections to the VDW effective
action [48]:

] = - % Indet V4V, S, (4.9)
@ [(p] = %AabACdv(avbvcvd)S
- é AP AAAT(V( YV Vo) (Vi VaVp)S),
(4.10)

where A% = (V,V,S8)~! is the covariant propagator and
the parentheses (...) denote symmetrization with respect to
the indices enclosed. Notice that ") and I'® are both now
invariant under a frame transformation (3.10) as expected.

It was noted in [48,49] that the VDW effective action
defined in (4.1) does not generate the covariant correlation
functions of @ in its current form. In order to achieve this,
we must instead define

exp <%f[¢,¢o}>
~ [Ipsimig

X exp{% [S[d)] +%(Za [@o, ] —2¢ [q’o,q’])] }

(4.11)

where @, is an arbitrary base point.

The effective action in (4.11) depends explicitly on the
base point @, and so one may question its uniqueness.
However, as shown in [49], this explicit dependence of
f[qo, @o) on @, gets cancelled against the implicit depend-
ence of @ = @(@,) evaluated at the same base point, i.e.,

I .| = 0.
P [@(@0). @]

(4.12)

Hence, T[p(@,). @o] is independent of .

As a consequence, one may consider a simplified
scheme, in which ¢, is identified with ¢, such that
X4]@o, @] vanishes on the rhs of (4.11). In this simplified
scheme, we recover the VDW effective action, where
['[p] = ['lp, p]. However, when calculating higher order
n-point correlation functions, the above identification of ¢
with @ must be made only after any covariant differ-
entiation with respect to @ in order to avoid introducing
spurious terms.

For brevity, we shall only present the VDW effective
action (4.1) in this paper. Nevertheless, it is straightforward
to introduce a base point and generalize to (4.11) by simply
making the replacement,

. ¢] = Z@o. d] — (o, @]. (4.13)

o
5(/}ll

which case the expressions for the ordinary effective action
(3.4) and the VDW effective action (4.1) are identical.
Thus, we are guaranteed to get the same results for on-shell
observables regardless of whether we use the ordinary
effective action (3.4) or the VDW effective action (4.1).
This also means that any parametrization dependence that
arises when using the ordinary effective action must vanish
when the calculations are performed on shell. We show
some examples of this in Appendix A.

The fact that the VDW formalism remains covariant off
shell is important for a few reasons, even if off-shell
quantities will never appear in observables. First, from a
geometric point of view, we expect covariance to be
satisfied for the entirety of the configuration space, not just
the geodesics. The ordinary approach is parametrization-
independent only for a severely restricted subspace (the on-
shell region), and so the VDW approach is required to restore
covariance for the whole configuration space. Second, off-
shell formulations of QFTs have many important applica-
tions, such as in supersymmetry [50] and the analysis of
quantum anomalies [51]. Finally, inflationary observables
are often computed in the slow-roll approximation [52].
Such an approximation forces us to perform calculations in
the off-shell regime.

It is important to note that, on shell, we have =0, 1in

V. COVARIANT FEYNMAN RULES

In the previous section, we showed how the quantum
effective action can be constructed in a fully covariant way.
However, in practice, radiative corrections are often calcu-
lated perturbatively with the help of Feynman diagrams. As
we will show in this section, usual Feynman diagrams are
also inherently noncovariant. As such, their form depends
on the parametrization used to calculate them. They should
therefore be replaced with an alternative, fully covariant
method of calculating Feynman rules. Such a covariant
expansion was first developed by Honerkamp [53-55] in
the context of chiral pion theories, but can be readily
extended to any scalar field theory as shown below. In this
section, we provide an explicit derivation of the formalism
before applying it to specific examples in Appendices A, B,
and C.

We first review how ordinary Feynman diagrams may be
employed to calculate correlation functions (as well as
S-matrix elements through the Lehmann-Symanzik-
Zimmermann reduction formula [56]). The derivation
can be found in most textbooks on QFT (see, e.g., [57]),
but our treatment here most closely follows [58,59].
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In the path-integral formulation of QFT, a correlation
function in the presence of a source J is given by

VM) . el

a hb ::JTZ)
(¢¢”...d) [[DpI M p]er LSlpo+e)+7 .9 ’

(5.1)

where ¢ is an arbitrary point around which we quantize—
usually taken to be the classical vacuum. This can be
calculated using the generating functional Z[J| defined in
(3.1). In terms of this generating functional, the correlation
function becomes

(pog.... )Z[J]. (5.2)

1 o O
=’>:m(a@“

In order to perform perturbative calculations, we use a
Taylor series expansion of the action

Slpo + b = > S ay ..., (5.3)
N
where
1 &S
Sy = T Rra saan (5.4)
NISG .54,

The constant term S(*) gives factors which cancel out in
(5.1) and therefore we will therefore ignore it. We will also

take ¢ to be the classical vacuum so that we have S((ll) =0.
The lowest order nontrivial term in our expansion is
therefore
2 a
Slbo + @) ~ S5 9", (5.5)
about which we shall expand the generating func-
tional Z[J].
We must also Taylor expand the path-integral measure.
Using Vilkovisky’s suggestion of M|[¢] = /detG,,, we
find [29]

Mgy + 0] = 1+ 50(0) / {2 x\/=FTrIn G ylh ()]
Yo (5.6)

From this expansion, we see that all nontrivial effects of the
measure are proportional to 8°)(0). This is a simple
divergence equal to the total volume of the spacetime
manifold and, as such, will be removed by our regulari-
zation procedure. Therefore, the functional form of the
measure will have no impact on perturbative results and so
we can set M = 1.

With this knowledge, and the expansion given in (5.4),
we can write

b
< > s “Naj 5JaN)

N>2

i o2 4a a
X / [DepentSen ¥ 9" +1ad" (5.7)

The functional integral is now Gaussian and so can be
calculated explicitly. The result is

o
Z[J] = Nexp < ZSa, ay 5J '5‘]aN>

x exp (—ihJ A%},

(5.8)

where A“’ is the inverse of S(fb), often known as the
propagator, and A is an irrelevant normalization factor.
Expanding out the two exponentials, we see that the

correlation function (5.2) is

J>:%<§5—jb>

M @es )|

N>2 LV =0
X E —(—
|
=P

Feynman diagrams [60] are a beautiful graphical way to
keep track of the nonzero terms in (5.9). If we represent
each propagator by a line,

(@*¢"....

inJ AT ,)P . (5.9)

a b =AY, (5.10)

and each term of the expansion (5.3) with a vertex,
a2 as

N
_NIS(N) — )

aean = gganggen |,

ay an

(5.11)

then each term in (5.9) can be expressed as a diagram with
P propagators and Vy vertices of order N. Calculating the
correlation function then simply amounts to summing up
all possible diagrams with the correct number of external

legs. Finally, it can easily be shown that the prefactor 7177 ©

the rhs of (5.9) has the effect of removing all diagrams that
are not fully connected.

The above derivation is very elegant and has been used
extensively in QFT calculations. However, it is not repar-
ametrization invariant. This is because, as we have seen, the
quantity ¢* is not a configuration-space vector. Therefore,
it will not transform in a covariant manner and cannot be
contracted to form reparametrization-invariant quantities.
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This means that the individual terms on the rhs of (5.3)
will change under a field redefinition. Although the full
sum will remain invariant (since the lhs is a configuration-
space scalar), the individual terms will mix into each other
and hence any finite truncation of the sum will not be
invariant. Moreover, the term J,¢“ in (3.1), as well as the
definition of the correlation function (5.1), is not field
covariant. As such, their form is dependent on our choice of
parametrization. Some examples of the parametrization
dependence of ordinary Feynman calculations are shown in
Appendix A.

It is therefore clear that a new, covariant approach to
Feynman diagrams is required if we are to calculate
quantum corrections in a fully covariant manner. The
simplest way to achieve such invariance is to replace the
coordinate ¢ with a configuration-space vector, much like
we did in Sec. IV. However, in contrast to the previous
section, we will employ Vilkovisky’s original choice and
choose it to be the tangent vector in configuration space
‘o, Po + @]. We shall therefore calculate the covariant
correlation functions

[ [Do](c6"... esSlbo+d)+J 0

a b =
(6%6"....J), = f[Da]e%S[‘ﬁﬁ‘MH“"“

. (5.12)

where the suppressed arguments of ¢ are [y, o + @] in
all cases. Notice that [Dg|M¢] = [De] and thus the
measure is trivial in this case.

We note that 6%[dg, g + @] = ¢° + O(¢?), and there-
fore the correlation functions (5.1) and (5.12) have the same
pole structure. This means that the renormalized on-shell

S-matrix elements

E 2_ 2

2 2
ky —mj
1

(¢ (ky)p?(ky)....0)  (5.13)

1
—m 2
1 ZI

are identical [61]. Here E is the number of external fields in
the correlation function, and m; and Z; are the (renormal-
ized) mass and wave function renormalization of particle /,
respectively. Off shell, however, the correlation functions
(5.1) and (5.12) will not be equal in general.

Note that we should continue to use the correlation
functions (5.12) to calculate S-matrix elements even in the
presence of field-space curvature. The correlation functions
of DeWitt’s modified two-point quantity X give only linear
combinations of (5.13), as can be seen from (4.5), and
therefore should not be used.

Let us modify the definition of the generating function to
make it frame invariant,

Zl]] = / [Do-]eés[¢o+¢]+1a5a[¢0v¢o+¢]. (5.14)
We then find that the correlation functions are given by

(096> ], = = <5 o .)zm.

Z\6J,67, "
Finally, we consider an alternative, but equivalent, covar-
iant expansion of the action [39], given by

(5.15)

Slpo + b = >S50 a,6% [bo. o + b)...c [dby. o + b].
N
(5.16)

where

w1
Sal...a,, - mv(‘ll"'van)s|¢0 (517)

and (---) refers to symmetrization over all indices. Now,
since ¢ is a genuine field-space vector, all S™) are fully
covariant field-space tensors, and every term in (5.16) is
independently reparametrization invariant.

We can repeat the same derivation as above to calculate
the correlation functions graphically by using Feynman
diagrams. Now, however, the Feynman rules must be
calculated covariantly with the propagator being given by

a b = (VaVSly,) " (5.18)
and the vertex factors given by
ag as
=V ...Va")5|¢0 . (5.19)
al Ay,

Notice that the Feynman rule is symmetrized over its
indices. This is because only the symmetrized version of
(5.17) appears in (5.16). For (5.11), this symmetrization
had no effect since the ordinary functional derivative is
already symmetric. However, for theories with curved field
space, covariant functional derivatives do not commute and
as a result, this symmetrization is vital in fixing the order of
differentiation.

In Appendices A, B, and C, we perform some explicit
calculations using the covariant Feynman approach, dem-
onstrating its relation to results obtained in the ordinary
approach.

VI. THE GEOMETRIC STRUCTURE OF GRAVITY

So far, we have treated gravity as a background and have
not considered the metric g,, to be a field. However, the
Vilkovisky-DeWitt covariant approach explored in the
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previous sections can be readily applied to tensor fields
[17,39,62]. We therefore promote g,, to become a fully
dynamical field. Doing so will lead us to the construction of
the field space for gravitational theories. This space is a
Riemannian manifold and is distinct from the manifold of
spacetime. The goal of this section is to illustrate the
geometrical features of gravity as described by general
relativity.

We begin by examining the action for general relativity,
described by the Einstein-Hilbert action,

1
S = —z/dew/—gR. (6.1)
We use the standard definitions
ofp
FZI/ = 7 (gﬂu,ﬂ + upv — gﬂb,ﬂ)’
Rallﬁl’ = Fi/x/t/} - FZ}!,IJ + F(ﬁxllr‘l%ﬂ - nglréy’
R;u/ = Ra/mw
R =¢g* R/w (6,2)

for the spacetime Christoffel symbols, Riemann tensor,
Ricci tensor, and Ricci scalar, respectively.

This action is, famously, nonrenormalizable [63,64].
Because of this, the construction of a UV-complete quan-
tum theory of gravity has yet to be achieved and remains
one of the most important open problems in physics.
Performing such a construction is far beyond the scope
of this paper and, as such, we make no attempt to solve the
issue of nonrenormalizability. However, we believe that the
issues identified in this section, in particular the curvature
of the field space of GR, will be important to consider in
any future worked aimed at solving these problems.

For D-dimensional gravity, the D(D + 1)/2 degrees of
freedom of the field space will be represented by an unordered
pair of spacetime indices (uv). In order to maintain consis-
tency with the position of the indices, we take the fundamental
field to be ¢"*. This means that ¢** is a contravariant vector in
field space and &g, is a covariant vector.

As discussed in Sec. II, the field-space metric can be
explicitly calculated from the classical action (6.1) by using
(2.3). However, there is a subtlety with gravity, stemming
from its gauge freedom. This freedom requires us to add to
the action a gauge-fixing term of the form

Y v
Sgr = —5/ dPx\/= 9" Gux’ - (6.3)
Here, y* = 0 is the gauge-fixing condition and y is a non-
negative constant. When we apply (2.3) to the sum of (6.1)
and (6.3), we get the metric’

’Note that we can also arrive at (6.4) up to an irrelevant
normalization simply by enforcing that G,,)(,,) transforms as a
spacetime tensor and is symmetric under y <> v and p < o.

G( (gﬂ/)g()'l/ + ucYpv — agyyg/m)v (64)

| =

wv)(pe) =

where a = a(y*,y) is a constant that depends on the gauge-
fixing condition y* and the constant y. For example, in de
Donder gauge ¢*°T%, = 0, we have a =2 — .

Because y* and y are both arbitrary, we need another
condition to fix a. The condition we choose is

(G—1)<MV)(/)”) — Gw)(po) = g“”g/"’“g"/’g’l”G(aﬂ) (1) (6.5)

where (G~1)(#)(?) is the inverse metric satisfying

G () (o) (G PO = (88 + 538,).  (6.6)

N[ =

Mathematically, this condition is useful, since it means that
there is no difference between raising (uv) indices with the
spacetime metric or the field-space metric.

The inverse metric can be calculated from (6.6) and is
found to be

1 2a
-1\ (uv)(po) — _ c C PV _ v ,p0
(G=hHwie _2<g”ﬂg” +g° D(X—zgﬂ 4 > (6.7)

The solution to (6.5) is therefore”

4
=—. 6.8
a= (63)
Thus, in four dimensions, (6.4) reduces to
1
G(/w)(/)o') = Pﬂl//m = 5 (g/,t/)g(w + Guc9pw — g,uygp(f)’ (69)
where P, is Vilkovisky’s metric for gravity, derived in

[39] by different considerations.

Note that this differs from the DeWitt metric [67], which
imposes a time slicing condition and focuses only on the
spatial part of the spacetime metric. In contrast, our
calculation considers all components of the spacetime
metric equally. This allows the metric (6.9) to transform
as a tensor under diffeomorphisms of the full spacetime.

We note that the metric (6.9) can be projected onto the
space of gauge orbits if one wants to maintain manifest
gauge invariance of the VDW effective action [39]. While
gauge dependence of the effective action is an important
topic, and indeed was one of the original motivations for
Vilkovisky’s work, it runs parallel to our objective of frame
invariance and has been much studied in the literature
[29,44,46,68,69]. For simplicity, we shall therefore ignore

The solution a =0 also allows satisfies this equation.
However, we choose to use the solution in (6.8), since it agrees
with Vilkovisky’s original calculation [39] in D = 4, as well as
other results in the literature [65,66].
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this complication in the remainder of the paper. The
configuration-space metric (6.9) is good enough to achieve
our goal of manifest reparametrization invariance.

We are now equipped to determine the curvature
of the field space for gravity. The expressions for the
curvature tensors are identical to those for spacetime, but
with spacetime indices replaced with field-space indices.
Thus, the field-space Christoffel symbols and Riemann
tensor are given as

@ 1,

F(HD)(PU) o EP /jyé(a(ﬂv)P yopo + a(pa)P Hvyd 8(75)1) /U/ﬂl’)’

(6.10)
(uv (v
R )<aﬁ)(pa>(7ﬁ> 9 (P")F(’;é)(aﬂ) g (}’5)r(£5)(¢1ﬂ)
(uv) (kA v (xA)
0wl 6oy ~ Loy (o) (@)

(6.11)

respectively, where 0(,,) = 0/0¢". Correspondingly, the
field-space Ricci tensor and Ricci scalar for gravity are
given by

Rap)r0) = R (ap) ) (9)

R = P“ﬁy‘s?{(aﬂ)(ﬂ;). (6.12)

To cope with the complexity of this calculation, we
employed the symbolic computer algebra system
CADABRA2 [70,71]. In this way, we find the following
explicit forms for the Riemann tensor ERO‘”)(aﬁ)(M)(},&)
(shown in Appendix D), the Ricci tensor:

1 D D
2R(;u/)(/m) = Zg;wg/m - §gﬂ/)gua - gg/mgu/) (613)
and the Ricci scalar
D D* D3
= ————. 6.14
R 4 8 8 ( )

These tensors are all nonzero (except when D = 1, which is
expected since one-dimensional curvature is impossible).
Therefore, this shows that gravity has a genuinely curved
field space. Indeed, we can see from (6.14) that the field
space is always negatively curved. It would be interesting
to explore whether this negative curvature is the origin for
the nonconvergence of the path integral for pure gravity.

VII. THE COSMOLOGICAL FRAME PROBLEM
IN SCALAR-TENSOR THEORIES

After studying scalar field theories and gravitational
theories separately, we now wish to combine the methods
of the previous sections and look at theories with both
scalar fields and gravity. In the following two sections, we

will therefore construct a covariant formalism for scalar-
tensor theories with an action of the form (1.1).

However, before we do so, we must address the
cosmological frame problem, which stems from a subtlety
regarding spacetime-diffeomorphism invariance in scalar-
tensor theories. Diffeomorphism invariance is normally
achieved by identifying the graviton field g,, as the metric
of spacetime and thus defining the spacetime line element as

ds* = g, dx"dx". (7.1)
However, when 9w is taken to be a dynamical field, the rhs
of (7.1) is no longer reparametrization invariant. Indeed, it
picks up a conformal factor Q> under a conformal trans-
formation (1.4). In contrast, the spacetime line element ds>
is a measurable quantity and so must be invariant under
reparametrizations of the fields.

Previous authors [10,17,72] have dealt with this (either
explicitly or implicitly) by choosing a “preferred frame” in
which the frame-dependent relation (7.1) holds. Different
choices of this preferred frame lead to different quantum
corrections for otherwise identical theories, even when
these corrections are calculated on shell.

In order to avoid the cosmological frame problem, we
shall use a different, frame invariant, definition of the
metric of spacetime. The most general such definition that
does not require the introduction of any new spacetime
tensors and has no momentum dependence is

g _ [
m2(e)

where g, is the metric of spacetime and # is a (generally

spacetime dependent) length scale. In this paper, we will

restrict ourselves to the case where # depends on x only

through the scalar fields ¢p in which case #(¢h) represents

another nonsingular model function in our theory.*
Provided that ¢ transforms as

(7.2)

C—->¢=QF (7.3)
under conformal transformations (1.4) and does not trans-
form under scalar field redefinitions (1.5), then g, is frame
invariant. Thus, we may define a spacetime line element

ds? = g, dx"dx", (7.4)
which is both frame and diffeomorphism invariant. This
line element is also dimensionless, in contrast to the

standard definition, and therefore qualifies as an observable
according to the Buckingham-z theorem [73]. Previous

“Note that if we do not make this assumption, then 7 (x) would
act as a new field in the theory and we would have to quantize it
accordingly.
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authors [9,74-76] have defined similar frame-invariant line
elements, but have assumed a particular form of #. To the
best of our knowledge, we are the first to identify (¢) as a
freely selectable model function that must be specified
when defining a scalar-tensor theory.

At first glance, it may appear that £ has no physical
meaning. After all, it does not appear anywhere in the
classical action (1.1) and so will have no effect on any
classical observable. However, as we will show below, ¢
does appear in the functional measure of the path integral
and therefore the choice of ¢ will have an observable
impact at the quantum level.

Specifying a particular form of Z(¢h) is mathematically
equivalent to specifying a preferred frame in the ordinary
approach. The frame in which the metric of spacetime
G = Gy is the one in which #(¢) = 1, which we shall
refer to as the metric frame. The effects of a nontrivial £(¢)
are therefore equivalent to the so-called frame discriminant
calculated in [17].

However, in our formalism the metric frame is no more
preferred than any other and thus we are able to write down
a scalar-tensor theory of gravity without ever singling out a
particular frame. This distinction, although subtle, is vital
in constructing a unique, reparametrization-invariant effec-
tive action. In addition, by defining a reparametrization-
invariant spacetime line element (7.4), we can see explicitly
how the form of #(¢) affects the theory, as we will show in
the following sections.

Note that in general the Einstein frame and the metric
frame are different, and it is not always possible to choose a
frame both with minimal coupling f(¢p) = 1, and with
Z(¢p) = 1. Because of this, the metric g,,, will not, in general,
obey Einstein’s equations even in the Einstein frame. This is
to be expected. Einstein’s equations are the equations of
motion that arise upon varying the action with respect to the
gravitational tensor field g,, . It is therefore this tensor field
that obeys Einstein’s equations (in the Einstein frame), and it
is g, that will form part of our grand field space.

Let us therefore clarify the difference between g, and
9w~ The metric g,, is the metric of spacetime and therefore
appears in the spacetime line element (7.4) as well as in the
construction of all spacetime-invariant objects. Conversely,
9 18 a field, on the same footing as the scalar fields ¢, and
thus appears in all equations of motion as well as in
Feynmann diagrams. When solving the equations of
motion to calculate the field configuration, it is g,, that
must be calculated and thus Einstein’s equations may still
be used (provided one works in the Einstein frame).

VIII. THE GRAND FIELD SPACE

In this section, we will construct an augmented field-
space manifold that incorporates both the scalar fields ¢*
and the gravitational tensor field ¢* [17,77]. To this end,
we shall define the following coordinate chart:

v
o= (%) s
where I = {uv, A}. We call this augmented space the grand
field space.

As mentioned in the Introduction, any physical observ-
able should be invariant under reparametrizations of the
fields. Such reparametrizations are nothing but diffeomor-
phisms of the grand field space. In fact, the transformations
(1.3) can be reexpressed in this notation as

o - /(D). (8.2)

We now equip our grand field space with a metric. We
wish to define the metric in such a way that both spacetime-
diffeomorphism invariance and invariance under (8.2)
remain manifest. To do so, we first define the invariant
Lagrangian

L=1¢0r (8.3)

such that

S = / dPx\/=gL = / dPx\/=gL. (8.4)
This definition allows £ to be invariant under both
spacetime diffeomorphisms and (8.2). This is in contrast
to the standard Lagrangian £, which picks up a conformal
factor under the conformal transformation (1.4).

We can now define the metric of the grand field space in
a way analogous to (2.3). Explicitly, we have

I PL
~ D 9(0,9")9(0,97)

Gy (8.5)

It is important to note that the effective Planck length £ is
now part of the definition of the field-space metric, since it
appears in the definition of g,,.

For the scalar-tensor theory described by (1.1) in four
dimensions, the field-space metric is

P vpo -3 I
G,,:ﬂ( J;"” 4f’3”>, (8.6)
_Zf.Ag/m' kAB
where P,,,, is defined in (6.9).

We note that, as discussed in Sec. VI, the metric (8.6)
does not follow directly from (8.5), unless the gauge-fixing
term takes the specific form discussed in Sec. VI [c.f. (6.8)].
However, previous works [29,44,46,48,68,69] have shown
that one can define a projected field-space metric from Gy;
in (8.6), such that the resulting VDW effective action is
independent of the gauge-fixing condition. One can there-
fore use the techniques developed in these works in order
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construct this projected field-space metric (8.6) in a
unique way.
This metric can be used to define a frame-invariant field-
space line element, given by
do? = G;d®'dd’ . (8.7)
By construction, this line element is both spacetime-diffeo-

morphism invariant and frame invariant. We can also define
the connection on the grand field space as

1
F.I]K :EGIL[aJGLK‘I—aKG‘]L —aLGJK], (88)

where 9; = 9/0®". The form of the connection can then be
used to construct the field-space covariant derivative

ox!

VX! =27+ DXk,
0X

with straightforward generalization to higher order tensors.
Anything constructed out of field-space tensors and the
field-space covariant derivative will be invariant under (8.2)
provided all indices are properly contracted.

IX. THE GRAND CONFIGURATION SPACE

We now wish to extend the geometric construction of the
grand field space in order to take into account the spacetime
dependence of the fields. This means that each coordinate
now comes with a spacetime argument,

' = ol (x). (9.1)
As in Sec. II, the lowercase Latin index i = {I,x;} is a
continuous index and runs over all points in spacetime as
well as all the fields in our theory.

In order to maintain both manifest diffeomorphism and
frame invariance, we will make use of the invariant
spacetime metric (7.2) and define the spacetime line
element as in (7.4). We will also use the corresponding
invariant volume element when performing spacetime
integrals and from now on, integrations of repeated
configuration-space indices will be performed as

X' =3 [ PuyEaxa o). 02)

This choice of spacetime metric directly affects the
definition of both the functional derivative and the func-
tional determinant, and we will be explicit in defining them
such that their dependence on the metric is made clear.

With the help of the spacetime metric g, , we can define
functional differentiation as follows:

SFIOW]_ ;IO +e8P(x=y)=FloE@)] g5

(_3(1) (y) e—=0 €

where we have defined

5P)(x) = £PsP)(x) (9.4)

such that

/de\/—QS(D)(x) =1 (9.5)
With the definition (9.4), 5”)(x) is both diffeomorphism
and frame invariant. As a result, functional derivatives
defined as in (9.3) will inherit their transformation proper-
ties from the functional F and field ®.

Notice that in general g,, depends on all of the grand
field-space coordinates ®' and therefore so does 5°)(x).
This means that derivatives of the form

5 -
—o6P) 0
50 )

(9.6)

will be nonzero. This is not just a consequence of the
definition (7.2). Even with the standard noninvariant
definitions (i.e., with g,, identified as the metric), the
diffeomorphism-invariant Dirac delta function cannot be
treated as a constant once the metric is dynamical.

The condition (9.6) causes the functional derivative (9.3)
not to commute. This is not a problem. As the calculation in
Sec. V shows, Feynman rules must be calculated in a
symmetric way and therefore there is no ambiguity stem-
ming from the order of derivatives. Furthermore, 5°)(x)
has no dependence on 9,®" and so the definition of the
configuration-space metric (2.7) can be generalized
straightforwardly as shown below.

The choice of metric g,, also affects how we take the
functional determinant, since for an infinite-dimensional
matrix, the determinant involves an integral over the
continuous degrees of freedom. We must therefore explic-
itly choose which volume measure we will use to count
them. Using the invariant volume element derived from
(7.4), the functional determinant is given by

det(M,,) = exp [i / de\/—_gln(M)xx]. (9.7)

We have written both the functional derivative and the
functional determinant with an overbar to emphasize that
these are defined with respect to the metric g,,. Using any
other metric (e.g., g,) would lead to a nonequivalent
definition and, in general, would not maintain diffeomor-
phism and frame invariance.

These definitions allow us to define the metric of the
grand configuration space as follows:
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5*S

9 %3(8 @)5(9, D7)
=Gplx

) (xl - x;). (9.8)

The uniqueness of the configuration-space metric was
questioned by DeWitt (see discussion in Sec. 14 of [40]).
Indeed, without the introduction of the model function Z,
there would be an ambiguity as to which spacetime metric
should be used in the definition (9.8) [ 17]. In our prescription,
however, ¢ is a fundamental part of the theory, no less
important than f, k4, or V. Therefore, for a given theory, ¢
must have a fixed functional form and hence the definition
(9.8) is unique. Nonetheless, as we discuss below, one needs
to take care in eliminating any further dependence of the
effective action on gauge-fixing conditions.

With the help of the grand configuration-space metric,
we may write down the line element of the grand configu-
ration space as

D32[®] = G, DD DD

_ / dPx\/=5G,, (x)D®! (x)DD (x).  (9.9)

We can also construct the configuration-space connection,
given by the Christoffel symbols

Fl- = — il _—J _ — _—] 9. 1 0
w =29 LSCD" ob/ 5! (.10)
and hence a covariant functional derivative

_ . 5xi

\Y X' = Y —+1I" kX"

- oX;

with straightforward generalization to higher order tensors.

The invariant configuration-space line element allows us

to construct an invariant path-integral volume element

[D®]4/det(G;;). (9.12)
Note that the functional integral element [D®]=
[1.,d®'(x) is the product of integral elements at every
point in spacetime. How these points are counted depends
crucially on the metric of spacetime and therefore [D®]
will depend on the model function #. We have highlighted
this by denoting it with an overbar to emphasize the choice
of g,, as the metric of spacetime.

We can see the dependence explicitly using the identity
[[;A; = exp (3 ,;In(4;)), which holds for discrete prod-
ucts and can be extrapolated to continuous products.
We therefore have

(9.13)

[D®] = exp {Z / dPx+/=j(x) In(DD’ (x))

Finally, we must ensure that gauge fixing is done in a
reparametrization-invariant manner. We therefore modify
the gauge-fixing term (6.3) to be

Sor(@] = = [ @Pry =g (@) (@) (0.14)
Defined in this way, the gauge-fixing condition y#(®) is a
grand configuration-space scalar.

We note that the gauge-fixing condition is, in general, a
function of not only the tensor field g,,, but also the scalar
fields ¢b. Even if a gauge condition y* that depends only on
gu 18 chosen in some frame (e.g., the De Donder gauge
used earlier), it will pick up a dependence on ¢ after a
frame transformation.

At this stage, one may worry whether the gauge-fixing
termin (9.14) will threaten the uniqueness of (9.8). However,
previous works in the literature [29,44,46,48,68,69] have
shown that it is possible to define a projected configuration-
space metric leading to an effective action which is inde-
pendent of the gauge-fixing condition. Therefore, one can
employ the techniques developed in these earlier works, as
well as the model function #(¢) to define such a projected
configuration-space metric in a well-defined and unique
manner.

Gauge fixing also requires us to include the Faddeev-
Poppov determinant [78] in our path-integral measure. This
can be defined in a frame-invariant way as

=)

where £ are the gauge parameters. With this term included,
we see that the path-integral measure is

Vip = d t( (9.15)

M[®] = Vp @(gij)‘ (9.16)

We can use the above constructions to define a diffeo-
morphism and frame-invariant effective action,

exp <%F[¢]>

where @ = (¢"*, ¢h) collectively denotes the grand fields of
(8.1) and S[®] includes both the classical action (1.1) and
the gauge-fixing term (9.14). The effective action defined in
this way satisfies the important property
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Clp:2($). (@), kas(). V(@)]
=T(p@):2(). F (). kas(h). V().

In (9.18), the transformations of @, Z, and (f, l}AB, V) are
given by (8.2), (7.3), and (1.6), respectively. Thus, by
construction, I" is manifestly frame invariant.

Given that the configuration-space metric G;; depends
on the definition of g,,, there will be nontrivial effects of
the model function £(¢h) at the quantum level arising from
the measure (9.12).

These effects are equivalent to those calculated in [17].
However, here we provide an alternative interpretation.
Instead of arising from a mismatch between the frame that
we choose to work in and some preferred frame in which
the theory is quantized, the “frame discriminant” is a
simply the one-loop effects of the model function £(¢).
In our approach, the choice of measure does not introduce
an ambiguity in the definition of the effective action.
Instead, it is part of the theory itself. Therefore, theories
with different measures will have different but unique
effective actions.

(9.18)

X. SUMMARY OF THE FRAME
COVARIANT FORMALISM

In this section, we summarize our frame covariant
formalism for scalar-tensor theories. To fully specify a
scalar-tensor theory, we require the following four model
functions:

(1) The effective Planck length ¢

(2) The effective Planck mass f

(3) The scalar field-space metric k,p

(4) The scalar potential V
In detail, with these model functions, the classical action is
given by

JR | kg

S[@] = /de\/—[ L0 " -

+ Sar[®]. (10.1)
where @ are the grand fields given by (8.1), spacetime
indices are contracted with g,,, and S is given by (9.14).
We can then extract the metric of the grand configuration
space, G;;, from the classical action using

]

G >5[
9l =5 50, S50

o (102

where g, = g,,/ ¢? is the metric of spacetime as given
in (7.2).

We can calculate the quantum effects of this theory
in two equivalent ways. One way is to use the VDW
action I'[p]. This can be calculated from the implicit
equation (9.17).

An alternative way in which quantum corrections can be
calculated is through the use of covariant Feynman dia-
grams as described in Sec. V. In this approach, Feynman
rules are calculated in a covariant manner with the
propagators given by

0 j = (ViV;Sla,) ™ (10.3)
and the vertices given by
12 13
=V - ViySlag, (10.4)
il Zn

where @ is the base point of the perturbation, usually
taken to be the classical vacuum. Feynman diagrams can
then be calculated in the usual way.

Both of the above approaches agree with the standard
calculation for on-shell observables, but they additionally
preserve reparametrization invariance off shell.

XI. CONCLUSIONS

We have developed a covariant formalism for scalar-
tensor theories of quantum gravity. By extending the
Vilkovisky-DeWitt effective action and the geometric
structure of the configuration space, we have constructed
a quantum field theory that is manifestly frame and
spacetime-diffeomorphism invariant.

This is in contrast to previous approaches, which required
us to identify a preferred frame in which the expression for
the ordinary effective action (3.4) holds. The noncovariance
of (3.4) leads to an inequivalence in the standard approach
between theories with different choices of preferred frame.
This is the root of the cosmological frame problem.

Our formalism resolves this issue by identifying a new
model function #(¢) that relates the spacetime metric g,
and the gravitational tensor field g,,. Choosing the form of
¢(¢) in our formalism is equivalent to choosing a preferred
frame in the conventional approach but does not unduly
privilege a particular frame.

In addition, we have seen how the choice of spacetime
metric affects the contraction of DeWitt indices, the
definition of functional determinants as well as the nor-
malization of the Dirac delta function, and the definition of
functional derivatives. In many cases, the £ dependence in
these definitions will cancel out and the results of calcu-
lations using our conventions will reduce to those obtained
using the standard definitions involving g,, . Indeed, we see
that the only dependence of £ in (9.17) that does not cancel
is in the definition of the configuration-space metric (9.8).

However, the conventions we have laid out in this paper
are essential if we want to keep both diffeomorphism
invariance and frame invariance manifest. Without a
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frame-invariant definition of the spacetime metric, it would
be impossible to define configuration-space tensors that
transform correctly. For example, the standard functional
derivative §F /8@’ does not transform as a configuration-
space vector, even if F' is a configuration-space scalar. In
addition, in order to obtain frame covariant correlation
functions from the effective action, we must use the covariant
functional derivatives as defined in (9.11).

The freedom of choosing a preferred frame still exists in
our formalism. However, it is now explicitly part of the
content of the theory, captured by the model function Z, as
opposed to being expressed by singling out a particular
parametrization. After all, the relation between the tensor
field g,, and the metric of spacetime g,, is a physical one
and not just a convention. Two theories with the same
classical action, but a different relation between g,, and g,,
cannot be related by a frame transformation (8.2) and will,
in general, give rise to different quantum predictions.

Our formalism therefore draws a clear dividing line
between the content of a theory and its representation. Once
we have picked a particular form for the model functions f,
kag, V, and ¢, we have uniquely specified our QFT and
therefore all of its physical predictions. However, we may
still change the representation of the theory by performing a
frame transformation (8.2). The model functions will be
different after this change of frame, but the QFT as defined
by I'[@] will still have the same functional form as shown in
(9.18) and will make the same predictions.

We note that when Z is treated as a model function,
the definition (9.8) determines the configuration-space
metric in a way that does not depend on the parametrization
and does not rely on any preferred frame. Although we
have not discussed it here in detail, previous works
[29,44,46,48,68,69] have shown that any dependence on
the gauge-fixing condition can also be removed. Hence, the
configuration-space metric for a scalar-tensor theory can be
uniquely defined. Once the configuration space has been
defined, the definition (9.17) fully determines the VDW
effective action. Consequently, the VDW effective action is
uniquely determined from the four model functions f, k,p,
V, and 7.

Since the covariant quantum effective action (9.17) is
frame invariant and the ordinary effective action (3.4) is
not, it is clear that they can only agree in at most one frame.
This frame is one in which # = 1 and additionally all the
scalar fields are canonically normalized. However, such a
canonical frame does not exist for theories with intrinsic
field-space curvature. Thus, for such theories, the usual
approach is not suitable in any frame and we must adopt the
formalism developed in this paper in order to maintain
reparametrization invariance.

This observation may be important for the development
of a UV-complete quantum theory of gravity. The Einstein-
Hilbert action for gravity (6.1) is nonrenormalizable, which
has long prevented such a theory being constructed. As we

have shown in Sec. VI, general relativity features a curved
field space. This curvature alters the calculation of quantum
corrections and must therefore be taken into account in
order to UV complete the theory.

By identifying the model function #, we have identified
the source of the cosmological frame problem. It is not
possible to write down a unique effective action without
specifying the form of £, and any formalism that does not
include this model function will have an inherent ambiguous
choice of frame. Any frame transformation that does not take
into account the transformation of # will lead to a different
theory with different quantum predictions. This implies that
the classical action is not sufficient to fully define a QFT.

In this paper, we have taken reparametrization invariance
as a fundamental guiding light. We argue that a theory
should not depend on the way it is parametrized, and
therefore Lagrangians related by a frame transformation are
different expressions of the same underlying theory. Based
on this idea, we have developed a formalism in which the
invariance of physical predictions under such field repar-
ametrizations is made manifest. Our formalism can be used
to derive a quantum effective action that is manifestly
invariant under frame transformations that include 7.
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APPENDIX A: THEORY WITH A COMPLEX
SCALAR FIELD

As an example to highlight the parametrization depend-
ence of the standard formulation of QFTs, we consider the
example of a single complex scalar field ¢ with action

5= / dx0,00°) - m¥ P — AP (AD)

We choose our parameters with m* <0 so that the vacuum is

1 —m?
This theory has U(1) symmetry ¢ — e, which is
spontaneously broken by the vacuum (A2). Therefore, the
perturbations will have two modes, a massive Higgs mode
and a massless Goldstone mode.
For simplicity, we will assume a flat, static, background
spacetime with Minkowski metric 77, = diag(1,-1,-1,-1).

(A2)
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1. Standard approach: Linear parametrization

The complex field ¢ contains 2 real degrees of freedom,
which we can parametrize in terms of its real and imaginary
parts as

¢1+i¢2.

= A3
¢ 7 (A3)
In this parametrization, the action (Al) is
1 1
S = /d4x |:2(9”¢18”¢1 +§3ﬂ¢28"¢2
1 A
TR AR

|
—0? —m? = 3)¢3 —

5% _ <
SPA (x)3¢P(y) —22¢1h,

and the vacuum (A2) is

(@1) = po. (¢2) =0 (A4)
As stated before, the perturbations consist of a massive
Higgs mode, corresponding to perturbations of ¢;, and a
massless Goldstone mode corresponding to perturbations

of ¢2.

a. Effective potential

Let us start by calculating the one-loop correction to the
effective action via (3.5). The inverse propagator for this
theory is

—249:19>

A5
—% — m? = 312 (A3)

i )5(4) &=2)
- 1

Without loss of generality, we can use the U(1) symmetry to set ¢», = 0. Thus, the one-loop effective action evaluated for
a static configuration (the effective potential) in the MS renormalization scheme is

Vet (@) = —%F[Q{’l =@, ¢, =0]

=V(p) - %ln detGyp + %ln det[0? + m? + 31¢?] + éln det[0” + m* + 1¢?]

2.2

1
i {(m2 + 31¢%)? [In(
T

where V, is the total four-volume of spacetime. Notice that,
for a static configuration, Indet G4z = 0 in dimensional
regularization.

2

b. Feynman rules and renormalization

The standard calculation (5.11) leads to the following
Feynman rules:

7 7
= 2a """" = F7
—< —6iApo, —_ = —2iApo,
oo (A7)
>< = —6i), k= —6iA,
> = —2i\,
where
m} = m? + 3pj = —2m? (A8)

M) _%} + (m? + dgp?)? {m(%) —%] } (A6)

|
is the mass of the Higgs mode. Here we represent the Higgs
mode ¢, by a solid line and the Goldstone mode ¢, by a
dashed line.

Let us use these Feynman rules to calculate the renorm-
alization of the Higgs mass. At one-loop order, we have

iT'y ¢, (p)

3t A
22 2
_Z(p ml) + (47T)2A(m1) + (47T)2 A(O)
z2 202
+ 181( p)o Bo(p*,my,my) + 2i (47Tp)02 Bo(p*,0,0)
- Npg -~ Npg
-1 A(m?) — 9 A(0).
S ey 1)~ Sz A
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Here we have defined the following two integrals:

k1
A(mZ)E/Wm, (A10)
d'k 1 1
Bo(p*.my.my) = | — . (A1l
O(P ny m2) /iﬂ'2 kz_m% (p—l—k)z—m% ( )

which we can perform using dimensional regularization
scheme to give

A(m?) = m? [CUV +1-1In <’:—j>} (A12)

BO(pzv nmy, m2)

:CUV_/ldxln<m%(1—x)+m%x—x(1—x)p2>’
0

2
(A13)

where p is the renormalization scale and
Cyy = i_p IE + In(4x) (A14)

is the UV divergence that is cancelled by counterterms in
the MS renormalization scheme. Here D = 4 — 2¢, and
yg = 0.577... is the Euler-Mascheroni constant. We there-
fore have

/ImZ p2
Ly (p) = (p> —m7) + 4—7[21111 (/72)

_ Ami
(47)?

1 -1 2 2
+9/ dxln(W)].
0 H

Note that A(0) = 0 and thus the third and final diagrams in
(A9) give no contribution.

From (Al15), we see that there is no wave function
renormalization, as expected, and the beta function of the
Higgs mass is

{—4CUV +4

(A15)

ofs _imd

v = —p—2="21 Al
ﬁml lu aﬂ 271_2 ( 6)

We can also calculate the Goldstone self-energy. At one
loop, we have

L, X ) 3i
=iv® + A + M)

(A17)

Since (A17) has no dependence on y, the Goldstone mass is
not renormalized and remains zero in accordance with
Goldstone’s theorem.

Finally, let us compute the coupling renormalization
using the Callan-Symanzic equation [79,80]

0

W Veff =0,

0 0
Ma—ﬂ‘Fﬂaa‘Fﬁmz (A18)

where
Veff((p> = Ve (@) = Vesr(0) (A19)

is the modified effective potential. From the expression for
V. in (A6), we have, at leading order,

1 1
Zﬁwf‘ - Zﬁmffﬂz
_ (m2 + 3/1(‘02)2 + <m2 —|—ﬂ.§02)2 —2m* -
3277 B

0. (A20)

where we have used the identity f,» = —2f,,, which

derives from (AS8).

Rearranging and using the expression for ﬂm% from
(A16), we see that the beta function for the coupling
renormalization, evaluated at the vacuum ¢ = p, is

5
Bi= .

= (A21)

2. Standard approach: Nonlinear parametrization

Alternatively, we could have used a nonlinear para-
metrization of the complex field
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¢ = Lpel}%.

= (A22)

In this parametrization, the action (Al) is

S = /d4 =0,p0p + = Lz 26 oo — lm2,02 - %p“
2 Lo K 2 4
(A23)

and the vacuum (A2) is
|

s (
5 (x)3" (v)

-0 + 0,00'c — m* — 31p*
—20,p0 06 — 2p0%6 — 2p0, 00"

{p) =po. (o) =0. (A24)

In this parametrization, the Higgs mode is in the direction
of p and the Goldstone mode is in the direction of o.

a. Effective potential

Let us calculate the one-loop effective action in this
parametrization using (3.5). The inverse propagator in this
parametrization is

—20,p0 0 — 2p0%6 — 2p0, 60"

200, p — (A25)

)5<4J (x =),

As before we can, without loss of generality, use the U(1) symmetry to set 6 = 0. Again, we will consider a static
configuration in order to calculate the effective action. In the MS scheme, this is given by

1
Ve (@) = _V—4F[ﬂ =@,0=0]

)
1

Notice that (A6) and (A26) differ off shell, highlighting
the parametrization dependence of the standard effective
action. However, on shell when ¢ = p, = \/—m?/], the
two expressions agree.

Note that if we had instead taken m? > 0, the vacuum
would lie at ¢ = 0. Surprisingly, in this case, (A6) and
(A26) do not agree even on shell. This is due to a
peculiarity with the particular coordinate chart (A22).
The point ¢ = 0 is multiply covered by this chart and
therefore represents a coordinate singularity—a point
where the chart cannot be trusted.

To rectify this problem, we can define an offset para-
metrization ¢ = \/LE (pe'® — &) so that the vacuum ¢ = 0 is
no longer at the singular point. In the offset parametriza-
tion, the effective potential is

Ver(p = 9.6 =0)

=3 m§ =0 +5 (55"
N (m2+1/11(;(f2_5)2)2 [m( 2+31 > }
g_Z(mz +24(‘<7};2— 5)2)? [ln <5m +/1(;p 5)? > _%}

(A27)

which we can see does agree with (A6) at ¢ = 6. Thus, in
order to calculate the effective action (A26) at ¢ = 0, we
should take the limit » — 6 — 0 in (A27), which gives us

A
—m?@* + 4_1(’04 — Indet [0? + m?* + 31¢?]

A 1 m? + 31¢* 3
— 222 4 2 221 _2
SMY+ 9 t i {(m —|—3/140){n( e 5 (-

— Indet [¢*?]

(A26)

[

Vet (0) (A28)

2m? m? 3
=27 Im(=) ==

641? u? 2
in agreement with (A6). This expression will be needed for
the Callan-Symanzic equation.

b. Feynman rules and renormalization

The standard Feynman rules from (5.11) in this para-
metrization are

29
1

i ~k 2
= —6i\pp, — = ——ky - ko,
N Po
<y
~ k1 2
><:—6i>\, > =tk ky.
“ ko Po

(A29)

As before, the solid line represents the Higgs mode and the

dashed line represents the Goldstone mode. As expected,

these Feynman rules are different from (A7), showing

explicitly the parametrization noninvariance of this approach.

If we calculate the Higgs mass renormalization with this
parametrization, we will find

045014-19



FINN, KARAMITSOS, and PILAFTSIS

PHYS. REV. D 102, 045014 (2020)

. 37 21 d*k
S i —md) + S Am?) + 2 /(

(4m)? P 2m)*
A
-0-182( )0 Bo(p?,my,m1) + (4 ) B (p?,0,0)
. Npg m?)
—18i (47r)22n§A
3Am? —I—)\
=i(p® —m3) + (1 (
z)\ml B
\ ng (4) {(3+ £
( T — 1 2+ ml) ]
(A30)

We see that, as expected, this differs from (A15) off shell.
In fact, due to the presence of the p* divergence, this theory
is naively nonrenormalizable. However, if we only consider
on-shell momentum, so that p> = m? the two expressions,
(A15) and (A30), are equal. As a result, the beta function
will be given by (A16).

We can also calculate the Goldstone mass renormalization,

—ip? (4::;2 SA(m3)
g A 2 [ G
+ {23@)22? (m?) +Z(p(247r) i ’ml’o)}
=ip® +i 11?;2:; i |:CUV +1—In <_22)}
_‘_Z,(p;;zm?z[ uv

_A;mm<u—xMﬁ;ﬂ1—mﬁ>}

(A31)

As before, this expression differs from the expression
obtained using the linear parametrization (A17) and also
contains nonrenormalizable terms. However, on shell, when
p* =0, we have

Fool(p? = 0) =0 (A32)
in agreement with (A17) and the Goldstone mass is not
renormalized as expected by Goldstone’s theorem.

Finally, we look at the coupling renormalization,
which we shall calculate through the Callan-Symanzic
equation (A18) as before. Using the expression (A26)
for the effective action gives us

(m? +31¢%)* =2m* 1
- 324 b

1
=Bt =0, (A33)
On shell when ¢ = p,, this becomes identical to (A20),
which means that the beta function for the coupling
renormalization is

5
pi= i

e (A34)

as before.

Although the two approaches led to several differences
in the intermediate, off-shell results, as the above calcu-
lation demonstrates, all physical observables are the same
regardless of the parametrization.

3. Covariant approach

We have shown in the main text how to alleviate the
parametrization dependence of quantum calculations by
using an explicitly covariant formalism. Let us now repeat
the above calculations using this formalism to show how
parametrization invariance is maintained.

For the linear parametrization (A3), the field space is
trivial, and so there is no difference between the covariant
approach and the standard (ordinary) approach. Thus, the
VDW effective potential will be (A6), the covariant
Feynman rules will give (A7), and the renormalization
group calculations will be identical to those in Sec. A 1.

We will therefore focus on the nonlinear parametrization
(A22). In this parametrization, the configuration-space
metric (2.7) is

1 0
= @ (x, — xp),
Gab (0 (P/P0)2>5 (Fa =)

and the nonzero configuration-space Christoffel symbols
can be calculated as

(A35)

>Note that we had to use (A27) to calculate V(@ = 0). Had
we used (A26) instead, the two results would not have agreed. As
stated earlier, this is because the parametrization (A22) features a
coordinate singularity at p = 0 and so cannot be trusted there.
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p(z)
rﬁ((j = _75<4)(z —x)5¥(z~y), (A36)
0

- 1
/JE)ZC;G(}’) - @5(4)(2 - x)5(4)(z - y)‘ (A37)
|

-2 + 0,00'c — m* — 3)p?
VaVbS - <
p0,c0"

—pd, pO* — p*d* + p*0,60%c — m*p* — Ap*

a. Vilkovisky-DeWitt effective potential

Let us first calculate the Vilkovisky-DeWitt effective
action for this theory using (4.9). The covariant 2 x 2
inverse propagator is

9, 50"
Poue )5(x,—x,), (A38)

where ¢ = (p, c). As before, we can use the U(1) symmetry to set ¢ = O without loss of generality. We will also consider a
static configuration as before. Therefore, the one-loop VDW effective potential in the MS scheme reads

1

Vet (@) = _V_4F[P =@,0=0]

2

1 A
=-—m?p* + 1404 —Indet [0? + m? + 31¢*] — Indet [* + m? + 1¢*] — In(¢?) + Indet[G,]

1 1 1 2 4+ 397 3 2 4+ 1p? 3
——m2¢2+—,1(p4+—{(m2+3,1(p2)2 [hl(u) _5}"'(’"2"‘/1(#2)2 [hl(u) __}}, (A39)
H H

2 4 647>

where V, is the four-volume. Observe that the expression
(A39) is identical to (A6). As expected, the Vilkovisky-
DeWitt effective action is independent of parametrization.

b. Covariant Feynman rules and renormalization

With the help of (5.19), we can calculate the covariant
Feynman rules for this theory. We find them to be

By construction, these Feynman rules are identical to (A7)
and thus all RG calculation are identical both on and
off shell.

APPENDIX B: CURVED
FIELD-SPACE EXAMPLE

We wish to consider a simple toy model with genuine
field-space curvature in order to study the effect this has on
the quantum observables. Since it is impossible to have
curvature in one dimension, we consider a theory with two
fields p and o, and take o to be an angular variable with a
shift symmetry. In order to avoid ghosts, the metric of the

2

|
field space must be positive definite. Consequently, we take
our field-space metric to be

Can = <<1> (p/;)o)%)'

The nonzero Christoffel symbols of this metric are easily
calculated,

(B1)

n
2n szf:_'
P

Po

I, =-n (B2)

From these, we obtain the nonzero components of the field-
space Riemann tensor,

" __nn=1)p" . _n(n=1)p™"
opo T 2 n’ oop — 2 o
P o P o
nn—1) nn—1)
RZM:T, Rgdp:—T. (B3)

We see that provided n # 0, 1, the Riemann tensor is
nonzero and thus the field space is curved. Notice that
n=0 and n =1 correspond to the two flat field-space
examples we have looked at already in Appendix A 1 and
A 2, respectively.

The simplest model with curvature is therefore the case
n = 2, which has the Lagrangian

| 1/ p\4 1 p
=9 p0p+~ (2 Ho ——mip? —2pt. (B4
L 28ﬂpap+2<p0) 0,00V'c ST =P (B4)
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We will consider the symmetry-broken vacuum,

ﬂ b

{p) = ro (BS)

as we have done before.

1. Standard approach

We start by calculating the renormalization group flow in
the standard way by looking at the standard Feynman rules
(5.11). For the Lagrangian (B4), these are given by

where m} = m? + 34p§ as before. Higher order interactions

also exist; however, they will not be necessary for the one-
loop calculations we will perform.
First, we will calculate the self-energy of the p field. This

is given schematically by

il'pp (p) =

; ; T
B L = + - +—< D —
« k1 o
. ’ _k‘l . kg ’ AN -
= —6iApo, — =—4i + ! | 4 < 5
* \ £o \ ! S o .7
* ko N ---
k1 v ka (B7)
. / ks - k4
= —61], . =—12
ko g Po
(B6) and calculated to be
|
) 3il 22p} A d*k 22p3
r = - 18i A(m?) + 12— 18i —2B :
l pp(p) l( ( ) ( ) l(47[) m% (ml) + m%/(z ) —+ l( ) 0(p ny ml)
1 / d*k 2ip*
[ T By(p.0.0)
py ) @m)* " (4m2pg
i P m? 4 2
= i(p? 2)+’m1 [(3+4 )CUV+6ln< )—4p—4ln<p—2>
(47)? my e my H
1 —x(1 = 2 4
—9/ dxln<w> 6+8—] (BS)
0 H my
|
As expected, the nonrenormalizability of the theory leads to
a UV-divergent term proportional to p*, which cannot be oo (p)
absorbed into a counterterm. In order to compare to the
covariant approach, we calculate the on-shell self-energy as =------- + +
follows: NS
Am2 m2 A
r,,,,(p2=m%):(4m)12[ 7CUV—71n< )+20 3\/_71] T N
7T u? el
(B9) (B10)
We now compare to the Goldstone self-energy, which is
given schematically by and calculated to be
|
6ip? p?a p? d*k 3p?—m? (p —m1)2
iTo(p) =ip? + () =121 LA =167 / L4 TA(m?) + L)y 0)
A L e N e T
3p2 —m? " (p —m?)>? 1 xp?—m?
=ip +4l—m [C +1-1In (—1>}+4 Nk it {c +1- / dxln(il)]. (B11)
(dn)2p3 LY W @3 Y 0 W

045014-22



FRAME COVARIANCE IN QUANTUM GRAVITY

PHYS. REV. D 102, 045014 (2020)

As before, due to the nonrenormalizability of the theory,
this expression contains divergences that cannot be ab-
sorbed by a counterterm. However, on shell, we have
p? = 0 and the expression reduces to
Foul(p? = 0) = 0, (B12)
implying that the Goldstone boson receives no correction to
its mass as expected.
Finally, it is instructive to calculate the tree-level

S-matrix element for pp — oo. Taking into account the
contributing diagrams, we find

k1 ]{53/,/'
iM(pp — 00) = ]
ks kg >~
L, T~ - \‘\ II
e > b
A ) /\‘\ // \I
2 2 _4)2 2 .2
i i g mi )
Po p5(s —m1) pot Pott
2 2 2 t2 2 2
:__;{3 S 2+2( 1 )+2(m1 u) 7
Po L S—Mmy

(B13)

where s = (k; + k)%, t = (k; — k3)?, u = (k; — k4)? are
the standard Mandelstam variables. Note that in the high
energy limit, M(pp = 66) «x —2s/p3.

2. Covariant approach

We now perform analogous calculations in the covariant
formalism using (5.19). Here we show a limited set of the
covariant Feynman rules for this theory,

i i
- — 7

—< —61Apo, —<: = —4i\po, (B14)

><61)\ S = o

There are also an infinite set of higher order vertices, which
we do not calculate since they do not affect the one-loop
calculations we make in this section.

Finally, there is the ppoo vertex. Due to the curvature of
the field space, there is an ambiguity in the order in which
the covariant derivatives are taken when calculating this
vertex. In Sec. V, we argued that the correct approach was
to symmetrize over all possible orderings. Nevertheless, we
calculate each ordering explicitly. We have

k1 o ky bk
>: =V,V,VoV,8 = —4iX — di——2,

ko X % kg K
ppoc

kl M k4
>i = V,V,V,V,8 = 4k — 4"

ko s Po
oopp

ki - (ks + ks — ka)

2 b
Po

=V,V,V,V,S8 =2i

Ead
=
\(’
RN

ol
o

ko ks

popo, poop
k1 o ks s
‘ =V,V,V, VS = 4i)+ 2i
ko ks

oppo, Tpop

(k14 ko — k4)

05

4

(B15)

where the ordering is denoted under the diagram. In the
above, we did not display the other orderings of the two
individual p and o particles when calculating these rules,
which may be obtained by exchanging k; <> k, and/
or k3 <> k4.

It is interesting to calculate the form of the vertices when
taking all external particles to be on shell. We set

R=R=m=2p KB=kK=0.  (Bl6)
Conservation of momentum then implies that
0:k1+k2+k3+k4, k kz—kg k4 ml,
kl‘kg,:kz‘k4, kl‘k4:k2‘k3. (B17)

Employing these relations, we see that on shell, all six
orderings are equal,

k1>< < ks k1>< ks k1>< o ks
N N Y T

ppoc oopp popo, poop (B18)
k1 o ka o - e
= >< = 4i\ — 4i2 1
ko ¥y 7l
oppo, apop

Notice that the expression on (B18) is invariant under
ky <> ky and k; < ky.

We have found that ordering does not matter when the
particles are on shell. However, any quantum calculation
will involve off-shell particles and for these, the ordering
will make a difference. It is therefore important to use the
fully symmetrized rule,
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k1 > o ka
ko ks
20\ 20 (ky — ka) - (ke — ka) (k1 — ka) - (k2 — ha)
33 i ’

(B19)

as discussed in Sec. V.
Let us now calculate the pp and oo self-energy as we did
above. For the oo self-energy, we obtain

ORI

inp(p) =

+— St !
. 3\ . )\2p2
ERPYRE. SA(0) + 18i A6 L Bo(p, m1,m)
(4m)2m3 (4m)? ’
N3
.—B 2
+8Z (47‘(’)2 ()(p ,0,0)
“5 e (34 ) 10+ 2 | ]
2 [(4m)2 \ 3 Po (2
)\ 2
i —m?) + 34”;1 [mw 6l (m_ ln( )

1
1
_ 1_
—2+9/ da:ln(ml v(1 —)p +>
0

Notice that in the covariant approach, there is no nonrenor-
malizable divergence. If we set the particle on- hell, we get

y) 2
i {70Uv 7ln< )+20 3[;:}
u?

(B20)

L,,(p*=m})=

was not really tested in this calculation. Let us instead
calculate the self-energy of the o field, which will test the
ordering. This is given by

Too(p) = --@---

Before completing this calculation, let us focus on the
last diagram, which is the only one in which the ordering
makes a difference. Although we will eventually symme-
trize over all possible orderings, let us first consider them
all individually,

appa, apop

Note that the different orderings of the above diagrams lead
to different results. However, these results converge to a
single expression when the external particles are taken to be
on shell, i.e p?> = 0, despite the fact that the particle in the
loop is off shell. For the diagram with off-shell external
particles, we will use the symmetrized Feynman rule,
which gives

(47)? 2i 1 p?
p 2
=— )\(l—l———)A(m)
(le) (477)2 m% 1
This is in agreement with (B9). (B23)
In the previous calculation, only the final diagram of
(B20) depends on the ordering of the Feynman rule and it
vanishes regardless of the ordering. As such, the ordering In this way, we find
|
124 2p? 2p? 2p? 24 1 p?
[, = p° A0) = 12— A(m?) -8 0 A(0) + 16 =% By(p?, m3,0) — —— 1 + = |A(m?
oo V4 + (471_)2 ( ) (477.')277’1% (ml) (47[)27)1% ( >+ (47[)2 0(p ml ) (4”)2 + 6m% (ml
A 8Am? m3 1 m? — xp? 1 p? m?
=p}1-=cC — L In{— /dll —(In{=]-1]]. B24
p( 3 UV>+(477;)2 n qu A X In +24m% n 'u2 ( )
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For on-shell Goldstone particles, we have

Fop(p?=0)=0 (B25)
in agreement with (B12).

As in Appendix B 1, we calculate the tree-level S-matrix
element for pp — oo in the covariant approach. The
contributing diagrams are

kq kl?i’ -
iM(pp — 00) = ]
ko k; ~o
- \‘\ II
> > < l + | :</
/ -~ // \V
(B26)

As discussed earlier, the ordering in the first diagram does
not matter when all particles are on shell. Therefore, we
have

M(pp = o0)
$ 20 |1 221 2 1
=2(22-5 ) =242} ———5 - 16023~ — 164
Po s —mj
2 2 2 _ 42 2 \2
:__2[3 LS i) P U ”) (B27)
Po L s—mj t u

This result coincides with (B13).

APPENDIX C: EXAMPLE WITH
LINEAR POTENTIAL

We now consider an example with Lagrangian given by

1 1 2 1
L= Eﬁﬂpﬁ”p +3 <,0£o> 9,00t0 —1,p — Emzpz. (C1)

This has a flat field space—the kinetic part on its own is just
a reparametrization of two canonical kinetic terms.
Additionally, the potential has no interaction terms between
the p and o fields. However, as we shall see, the theory
described by (C1) is nonetheless interacting.

The theory has a symmetry-broken vacuum, which we
parametrize as

o) =po=—t,/m?, () =0.  (C2)

We can then calculate the covariant Feynman rules for this
theory using (5.19).

The propagators are

i i

p2

—m2’ »

where a solid line represents the Higgs mode p and a
dashed line represents the Goldstone mode o.
The three- and four-point interactions are

S,
! =
" p% ’
\ (C4)
// t \\ // t
Lo==2i%,  Oxl =34
N 12 N Po
while the five- and six-point interactions are
// _-" . t
ik, T = oilh,
Po A Po
24012 T gl
= ,, \?\\\* pga (CS)

~
~

= —452—’;.
. 2

-
-

|

|
Sk

|

|

|

Notice that there is an infinite series of higher-point
vertices, which are proportional to 7,. Moreover, these
infinite series include interactions that are absent in the
standard approach.

To better understand why this theory has an infinite
tower of interactions, we switch to a canonical paramet-
rization and define

¢, = pcos <£) , ¢, = psin (£> ) (Co)
Po Po

Then, (C1) takes the form

1
*3 10"y + 3 u 20"y = 5m (1 + ¢3)

- tp \/ ¢% +¢%

With this parametrization, the field-space metric becomes
manifestly Euclidean and thus ordinary and covariant
Feynman rules will be identical. The final term in (C7)
is nonpolynomial and thus has an infinite Taylor series
expansion. This term therefore leads to an infinite tower of
Feynman rules as presented.

(C7)
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APPENDIX D: FIELD-SPACE RIEMANN TENSOR FOR GENERAL RELATIVITY

In Sec. VI, we have only presented the field-space Ricci tensor and Ricci scalar, but not the full expression for the

Riemann tensor R #¥)

() (po)(y5) due to its length. In this Appendix, we explicitly display R

aﬁ’ (o) (ys)- With the aid of the

symbolic computer algebra system CADABRA2 [70,71], we find that the field-space Riemann tensor for general relativity

reads
R (k) ! — & - i&”év
(ap)(po)(y8) = 32 396y Yas 32 3Y9py9as —
~5% 5 8490690y — 3%5’(?5;%59@ -
- % 5204 9oy G5 — % 52049,y 9p5 —
%5 o, v9ss9py — %55559/)59/}7

1
25 oy gpﬁg(m

3 3

_5 51/9/)(1965 +

32 3

+ ﬁ 55!51;;9/7590'/} +

1 1
+ e 568, 9,p905 + 3 820590590y +

1
26 oy gpygrm

25 859pa9oy +

3 > 5}/;569/;;/9(15 312 843y Yoy as

8306 GpsGay — 312 543y Go5Yay
3 3 5§5agay9ﬂ5 312 850Gy ps
0 ~—= 818495595, — 312 85Gps9py
312 85659y 9o + 312 856, G5 9oa

25 559/)090;/ 2 6 6;/9/)0:.965

3 3

ﬁ %5ggpygaﬁ + ﬁ 5%5%590/; + ﬁ 5{5[5]&9;);/96[?

1
=& 5(1.gpﬁg(75 =+ 325 5?19/)/}96}/

1
327

1 1 1 1
+ g/)ygﬂ go’/igaﬁ + g/)ég” ga/igay + Egpagﬂbgo'yg/ié + = 4D g/)agﬂ 9559/37
1 1 T 1
4D gpyg gaagﬁé +—= 4D gpégﬂ gvag/fy + Egpﬁgﬂ gaégay 4D gpﬁg gaygaé
1 1
4D g gpﬂgo'ygaé gwgpﬂgo'égay - Egﬂygpygaagﬂé - Egﬂygpéguagﬂy
1 1
- —DQ” Y GpaToydps — EQ" Y Gpadosdpy — Eﬁ’ Y 9p590p9ay — EQ” Gy IopYas- (D1)

We note that this tensor vanishes for D = 1. This is to be expected since the field space of gravity in one dimension cannot

be anything other than trivial.

Note that these results differ from those reported in [81], where the DeWitt metric was used instead.
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