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Abstract

Quantum gravity is analyzed from the viewpoint of the renormalization group.
The analysis is based on methods introduced by J. Polchinski concerning the per-
turbative renormalization with flow equations. In the first part of this work, the
program of renormalization with flow equations is reviewed and then extended to
effective field theories that have a finite UV cutoff. This is done for a scalar field
theory by imposing additional renormalization conditions for some of the nonrenor-
malizable couplings. It turns out that one so obtains a statement on the predictivity
of the effective theory at scales far below the UV cutoff. In particular, nonrenor-
malizable theories can be treated without problems in the proposed framework. In
the second part, the standard covariant BRS quantization program for Euclidean
Einstein gravity is applied. A momentum cutoff regularization is imposed and the
resulting violation of the Slavnov-Taylor identities is discussed. Deriving Polchin-
ski’s renormalization group equation for Euclidean quantum gravity, the predictivity
of effective quantum gravity at scales far below the Planck scale is investigated with
flow equations. A fine-tuning procedure for restoring the violated Slavnov-Taylor
identities is proposed and it is argued that in the effective quantum gravity context,
the restoration will only be accomplished with finite accuracy. Finally, the no-cutoff
limit of Euclidean quantum gravity is analyzed from the viewpoint of the Polchinski
method. It is speculated whether a limit with nonvanishing gravitational constant
might exist where the latter would ultimatively be determined by the cosmological
constant and the masses of the elementary particles.
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Zusammenfassung

Die Quantentheorie der Gravitation wird untersucht vom Blickwinkel der Renor-
mierungsgruppe. Die Analyse basiert auf Methoden von J. Polchinski beziiglich der
pertubativen Renormierung mit Flussgleichungen. Im ersten Teil der Arbeit wird
das Programm der Renormierung mit Flussgleichungen vorgestellt und erweitert auf
den Fall effektiver Feldtheorien mit endlichem UV Cutoff. Dieses wird durchgefiihrt
fiir eine skalare Feldtheorie durch Einfiihrung zusétzlicher Renormierungsbedin-
gungen fiir einige der nichtrenormierbaren Kopplungskonstanten. FEs stellt sich
heraus, dass man auf solche Weise eine Aussage iiber die Prediktivitit der The-
orie auf Skalen weit unterhalb des UV Cutoffs bekommt. Insbesondere kénnen
nichtrenormierbare Theorien in dem entwickelten Rahmen problemlos behandelt
werden. Im zweiten Teil wird die tibliche kovariante BRS Quantisierung der Gravita-
tion durchgefiihrt. Eine Cutoff-Regularisierung wird eingesetzt und die daraus resul-
tierende Verletzung der Slavnov-Taylor Identitaten diskutiert. Nach der Herleitung
der Polchinski-Renormierungsgruppengleichung fiir Euklidische Quantengravitation
folgt eine Analyse der Prediktivitat effektiver Quantengravitation auf Skalen weit un-
terhalb der Planckskala mit Hilfe der Flussgleichungen. Eine ”fine-tuning”-Prozedur
zur Wiederherstellung der Slavnov-Taylor Identitédten wird vorgestellt und es wird
dargelegt, dass im Kontext der effektiven Quantengravitation die Wiederherstell-
lung nur mit endlicher Genauigkeit gelingen kann. Zuletzt folgt eine Analyse des
No-Cutoff Limes der Quantengravitation im Rahmen der Polchinski-Methode. Es
wird spekuliert, dass ein solcher Limes fiir nichtverschwindendene Werte der Grav-
itationskonstante existieren konnte, wobei letztere dann bestimmt wére durch die
kosmologische Konstante und die Massen der Elementarteilchen.
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Chapter 1

Introduction

One of the most intriguing unsolved problems in contemporary physics is the unifica-
tion of Einstein’s theory of gravitation, general relativity, with quantum mechanics.
It is well-known that the traditional approach to such a quantum theory of gravity,
i.e. the covariant quantization program which treats general relativity as a flat-
space field theory, leads to severe conceptual difficulties. In particluar, it turns out
that the theory is perturbatively nonrenormalizable [41] [13]. This means an infinite
number of free parameters has to be fixed. For this reason, Einstein gravity was
long considered a failure as a quantum field theory, and different strategies have
been pursued. Among those are string theory and loop quantum gravity. However,
until today none of these approaches has been fully successful.

In the recent years, there have been some renewed efforts concerning the quan-
tization of general relativity along the lines of ”conventional” quantum field theory.

On the one hand, there have been attemps to treat quantum gravity as an ef-
fective field theory [9] in the framework of perturbation theory. An effective theory,
unlike a truly fundamental one, cannot be valid up to arbitrary scales. For the case
of quantum gravity, the limiting scale is the Planck energy (~ 1.2 - 10 GeV ) as
indicated by the size of the gravitational constant. In the effective field theory ap-
proach, the nonrenormalizability of general relativity is not an issue, and it has been
shown that quantum corrections to Newton’s potential as well as the Schwarzschild
and Kerr metrics can be derived [3] [5]. However, one has to content oneself with
predictions of finite accuracy, and one does not get new insights on the physics above
the Planck scale.

On the other hand, the nonperturbative properties of (Euclidean) quantum grav-
ity have been studied using the renormalization group flow equations [33]. Evidence
for the existence of a non-Gaussian fixed point in the space of couplings has been
found which would render the theory nonperturbatively renormalizable along the
lines of Weinberg’s ”aymptotic safety” scenario [46]. In particular, one may hope
that only a finite number of free parameters has to be fixed, corresponding to a fi-
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nite number of dimensions of the UV critical surface [20]. Applications to cosmology,
black hole physics and the structure of spacetime have been discussed [21] [35] [34].
However, in order to perform the analysis, the space of actions has to be truncated.
Thus, one cannot completely rule out the possibility that the non-Gaussian fixed
point is only an artefact of the truncation.

One could ask if there is any relation between the effective field theory approach
(which implicitly relies on the Gaussian fixed point) and the nonperturbative renor-
malization group analysis. In particular, the latter (being the more general one)
should have a certain domain where the former is valid.

Asking so one is led to a paper by Polchinski [31] concering the perturbative
renormalization of scalar ¢* theory by means of the renormalization group flow equa-
tions. In Polchinski’s proof of renormalizability, no Feynman diagrams are needed
and the cumbersome analysis of overlapping divergences employing Zimmerman’s
forest formula is avoided. Instead, the task is accomplished by bounding inductively
the solutions of the renormalization group flow equations, which are a system of
first order differential equations. It is crucial for the analysis that the couplings are
small, i.e. that one is in the vicinity of the Gaussian fixed point. The method has
turned out to be particularly simple and also transparent from a conceptual point
of view.

It is therefore not surprising that Polchinski’s work has stimulated various con-
tributions over the following years. Among those are a simplified and mathemeti-
cally rigorous version of Polchinski’s original proof employing physical renormaliza-
tion conditions [17], extensions to composite operator renormalization [15] [16] and
Symanzik’s improved actions [47], and a proof of the perturbative renormalizability
of QED via flow equations [I4]. Finally, also the perturbative renormalization of
spontaneously broken Yang-Mills theory has been accomplished [I8] in the frame-
work of the flow equations.

The reader notices that an analysis of quantum gravity along the lines of the
Polchinski method is still missing. This is what the present work is about.

Since Polchinski’s concepts implicitly rely on the Gaussian fixed point (as does
perturbation theory), it seems likely that for such an analysis one will again be con-
fronted with the perturbative nonrenormalizability of general relativity. However, it
will be shown that it is possible to extend the method of renormalization via flow
equations to the case of a (perturbatively) nonrenormalizable theory if one treats it
as an effective field theory that has a finite cutoff. In fact, it will turn out that in
doing so, one obtains a statement on the amount of predictivity the effective field
theory has at scales far below the cutoff. One aim of the present work is therefore to
investigate the predictivity of effective quantum gravity at energies that are small
as compared to the Planck scale.

Applying a renormalization group analysis to quantum gravity, one has to sur-
mount another serious obstacle. The cutoff regularization that has to be imposed
in oder to obtain the flow equations inevitably violates the local gauge invariance of



any gauge theory. For the case of general relativity, this means the symmetry under
general coordinate transformations will be broken. Since on the quantum level gauge
invariance is expressed in terms of BRS invariance and Slavnov-Taylor identities for
Green’s functions, one will end up with violated Slavnov-Taylor identities. It has
been shown [I8] that the analogous problem appearing in the renormalization of
Yang-Mills theory with flow equations can be cured by a so-called fine-tuning pro-
cedure which ultimatively aims at the restoration of the Slavnov-Taylor identities in
the no-cutoff limit. In the present work, a similar procedure for effective quantum
gravity will be proposed. The important difference to the Yang-Mills case lies in the
fact that since a finite cutoff has to be retained, the restoration of the Slavnov-Taylor
identities will only be accomplished with finite accuracy.

Although the results that are obtained from our analysis are already known from
the ”conventional” treatment of Einstein gravity as an effective field theory [9] using
dimensional regularization etc., in our opinion the investigation with flow equations
has the benefit to be particularly systematic and transparent while employing the
"modern” language of the renormalization group. In fact, the methods that are
developed in this work for investigating effective field theories with flow equations
should be applicable to any effective field theory, not just gravity. Comparing to a
full nonperturbative renormalization group treatment & la [33], our results will only
be valid near the Gaussian fixed point. However, we do not need to truncate the
space of actions, and it will be shown that for generic initial conditions the effective
Lagrangian of quantum gravity is attracted towards a finite dimensional submanifold
in the space of possible Lagrangians at scales far below the Planck scale.

Finally, it has turned out that the Polchinski analysis of quantum gravity allows
for an interesting speculation concerning the no-cutoff limit of the theory. In the
framework of the flow equations, a nonrenormalizable theory is defined as a theory
with field and symmetry content such that no renormalizable interactions, except
for kinetic and mass terms, are permitted. In the no-cutoff limit, such theories
become free when an analysis a la Polchinski is applied. We find that quantum
gravity without a cosmological constant is nonrenormalizable in the described sense,
as it has already been conjectured by S. Weinberg in his book on quantum field
theory [45]. However, for nonzero values of the cosmological constant the situation is
different because some renormalizable interactions are introduced. This gives rise to
the speculation whether quantum gravity with cosmological constant has a no-cutoff
limit with nonvanishing gravitational constant. Moreover, since in the no-cutoff limit
the nonrenormalizable running couplings are determined by the renormalizable ones,
the value of the gravitational constant should then be determined by the cosmological
constant. It is furthermore pointed out that a related situation may be produced
by coupling massive fields to gravity, leading to the speculation of a gravitational
constant that is determined by the cosmological constant and the masses of the
elementary particles. The latter might indicate a deeper relation between the Higgs
mechanism and the gravitational force.
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The structure of the thesis goes as follows. In chapter (2)), we will give an intro-
duction into the key concepts of renormalization with flow equations. Furthermore,
the strategy for extending the method to effective field theories is outlined, ultima-
tively leading to estimates concerning the predictivity of effective theories at scales
far below the cutoff. The overview in chapter (2]) should serve as some kind of map
through the inductive proofs carried out in perturbation theory in the next two
chapters.

The perturbative renormalization of scalar field theory via flow equations is re-
viewed in full detail in chapter (3]). We proceed along the lines of [17] who presented
an improved and considerably shortened version of Polchinski’s original proof [31].
As compared to their version, we include the following generalizations. Instead of
¢*, we will consider ¢>+ ¢* theoryEI. Moreover, nonvanishing bare values of the non-
renormalizable couplings are allowed for from the very beginning, and an alternative
proof of the uniqueness of the no-cutoff limit is employed. These generalizations will
turn out essential when the concepts are applied to effective quantum gravity in
chapter (@).

In chapter (), the extension of the Polchinski method to effective field theories
is developed rigorously for a scalar field theory following the strategy described in
chapter (2)). To do so, the vertex functions of an effective potential being the solu-
tion of the Polchinski renormalization group equation are expanded in generalize
perturbation theory. New bounds for the vertex functions are established in an at-
tempt to unify the results of [47] and [I7], and additional renormalization conditions
for some of the nonrenormalizable couplings are imposed at an arbitrary renormal-
ization scale. These will be referred to as ”improvement conditions”. We prove
that there exist small initial conditions for the nonrenormalizable couplings at the
bare scale such that appropriately chosen improvement conditions can be met. The
main advantage of our approach as compared to [47] is that the case of vanishing
renormalizable couplings does not pose any problems and thus also nonrenormaliz-
able theories can be treated. Finally, it will be established that the improvement
conditions lead to an enhanced predictivity of the effective field theory at scales far
below the cutoff.

In chapter (B)) we turn to quantum gravity. The standard covariant BRS quan-
tization procedure for Euclidean Einstein gravity is reviewed, as it can be found
for instance in [39] and [6]. Our dynamical variable is a perturbation of the metric
density /g g"” around flat space. Unlike the authors mentioned, we allow for non-
vanishing values of the cosmological constantﬁ. A momentum cutoff regularization

Thus, we do not restrict ourselves to couplings assigned to operators with even numbers of
fields.

2This means perturbation theory in the renormalized renormalizable and some bare nonrenor-
malizbale couplings.

3The problems that arise due to the cosmological term when gravity is treated as a flat-space
QFT are discussed, as well as possible resolutions.



for the generating functional of quantum gravity is introduced and the resulting
violation of the gauge invariance and hence the Slavnov-Taylor-identities (STT) is
discussed. We review a fine-tuning procedure that has been shown [I§] to cure the
analogous problem occuring in the perturbative renormalization of Yang-Mills theory
via flow equations, and propose first implications of a similar procedure for quan-
tum gravity. Finally, the Polchinski renormalization group equation for Fuclidean
quantum gravity is derived.

The concepts developed in chapters ([B]) and ({]) are applied to Euclidean quantum
gravity in chapter ([@). A bare action containing all field invariants that are permitted
by general coordinate invariance is introduced, and the relation to higher derivative
gravity is discussed. It is argued that in the effective field theory approach the
known unitarity problems [39] will not appear. As a first step of the analysis, we
disregard the violation of the Slavnov-Taylor identities and establish bounds for
vertex functions of the gravity effective potential in generalized perturbation theory.
It is shown that by introducing appropriate notations, we may proceed in close
analogy to the case of the scalar field theory considered in chapters (B) and (). A
set of (for the time being) arbitrary renormalization and improvement conditions is
imposed. By inverting the renormalization group trajectory, it is argued that the
improvement conditions force the cutoff of effective quantum gravity to be the Planck
scale. Finally, we establish that the family of theories described by the arbitrary
renormalization and improvement conditions is predictive at scales far below the
Planck scale with finite accuracy.

We then proceed to the restoration of the STI. Introducing bare regularized BRS
variations, the violated Slavnov-Taylor identities (vSTI) are worked out. Bounds
for vertex functions carrying the nonlinear BRS variations as operator insertions
are established, and we note that a crucial difference to the Yang-Mills case lies in
the fact that the gravity BRS fields contain nonrenormalizable parts. By imposing
renormalization and improvement conditions for the BRS variations, it is proven that
the dependence of these vertex functions on the bare initial conditions is suppressed
at scales far below the Planck scald]. Tt turns out that the violation of the STI can
be described in terms of vertex functions carrying a space-time integrated operator
insertion having canonical dimension 5. It is therefore argued that the STI can
be restored to finite accuracy if one particular set of arbitrary renormalization and
improvement conditions for the couplings and BRS variations can be determined
such that the relevant and leading irrelevant parts of the vertex functions describing
the violation of the STI are driven small at scales far below the Planck scale. Here,
”small” means the order of accuracy to which the theory is predictive.

In the last section of chapter (@), we consider the no-cutoff limit Ag — oo of
quantum gravity from the viewpoint of the analysis with flow equations. The vertex
functions of the gravity effective potential are expanded solely in the renormalizable

4This is similar to the statements concerning the predictivity of the effective theory.
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couplings, and their boundedness and convergence is established in the limit Ag —
00. Applying the same program to the vertex functions carrying the nonlinear BRS
variations as operator insertions, we observe that the nonrenormalizable parts of
the gravity BRS fields will go away in the no-cutoff limit if smallness of the bare
BRS couplings is imposed. It is shown that if the latter constraint is dropped,
convergence of the BRS vertex functions may still be proven. Proceeding with the
restoration of the STI, we argue that for zero renormalized cosmological constant
A = 0 the theory will become free as Ay — oo, and that the latter statement is
compatible with gauge invariance. It is speculated whether a nonzero cosmological
constant Ax # 0 might lead to a nonvanishing value of the gravitational constant in
the no-cutoff limit, and it is pointed out that the gravitational coupling should then
become determined by the cosmological constant. Finally, we observe that a similar
effect might be obtained by coupling massive fields to gravity, leading to speculations
if the gravitational constant is given in terms of the cosmological constant and the
masses of the elementary particles as Ag — oo.

In chapter () we conclude with a discussion and an outlook. Some relations of
our results to the ”conventional” treatment [9] of quantum gravity as an effective
field theory as well to the nonperturbative analysis employing the renormalization
group flow equations [33] are given.



Chapter 2

Overview of the Method

In this chapter we will give an introduction into renormalization with flow equations
and into effective field theories from the viewpoint of the renormalization group.
Both topics will be investigated in full detail in perturbation theory in chapters (3))
and (@]). This overview serves as some kind of map through the perturbative woods.

2.1 The Wilson/Polchinski Renormalization Group Equa-
tions

Let W(J) be the generating functional of an Euclidean Quantum Field Theory
(QFT) involving a scalar field ¢ and the action S(¢),

W(J) = / Dpe( @) +(9), (2.1)

J denotes an external source, and the scalar product (,) refers to some position or
momentum space integration. The functional (ZI]) contains all information of the
QFT. Suppose that we are only interested in the physics below some scale A. We
split up the fields according to their momentum degrees of freedom:

¢ = oL+ om
b k* > A?
o k2 < A% (2.2)

In addition, we restrict the source terml] to momenta below A,

J=0 for k*> A% (2.3)

!This is not an essential ingredient. See Appendix (A4) for details.

7
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If we integrate out ¢z, we are left with a functional integral with an upper frequency
cutoff A and an effective action Se(¢r):

W(J) = /D¢LD¢HQS(¢L+¢H)+(J,¢L>
= / Doy e5e(@)+(10) o

where
(Se(or) . / Dy @rtom) | (2.5)

Generally, S, will contain all possible interactions of the fields ¢, and their deriva-
tives as a compensation for the removal of the Fourier modes ¢p.

The change of S, while integrating out field modes is described by a renormaliza-
tion group differential equation (RGE). This is the Wilson equation for the effective
action:

d
—A—S.(A) = (A)). 2.
dAS() F(Se(A)) (2.6)
In the following, we will consider Polchinski’s version [31] of the RGE (2.6]). There-

fore we writ

Seld A) = —5(6,A519) + Lo, A) (2.7

where Ay is the propagator of the QFT multiplied with some cutoff function K (k2/A?),
and L(¢, A) is a (not necessarily local) interaction term. The cutoff function is taken
to be

1, 0<z2<1
K(z) =4 smooth , 1<z<4 (2.8)
0 , 4< 2.

Hence, K (k?/A?) suppresses the propagation of field modes with momenta k? > A.
If we demand invariance of W(J) under a change of the cutoff A as is implied by

eq. (Z.4),

d !

it turns out that the effective potential L(¢, A) must satisfy Polchinski’s equation.
In coordinate space it reads

~Aggh=3 / / (A%AA> <52<Lx> 5:;([;/) ! 6¢<2>25L¢<y>> |

2In chapter (@), we will employ a slightly refined version of (Z7), see eq. (3.1).

A

(2.10)
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Eq. (2I0) has a simple graphical interpretation: as modes are removed from the
propagator, compensating terms must be added in the effective potential L(¢, A).

Let O;(z, ¢) be local composite field operators and let Do, denote their canonical
dlmenswnsﬁ We define initial conditions (a ”bare potential”) at some scale Ay which
from now on will be referred to as the UV cutoff of the QFT:

L, 0) =3 4¢ [ Oi(a.0). (2.11)

The coefficients p) are called "bare couplings”. They have canonical dimensions
Do =d— Do, (2.12)

where d is the number of space-time dimensions. Solving the Polchinski RGE ([2.10])
employing the initial conditions (2.11]) now yields a trajectory

[A7A0] - L(¢7A7A07IO?) (213)
which, in turn, leads to a generating functional depending on the initial conditiond]
at Ag:

W (J, Ao, p0) = / Dpe™ 3 (BAL A+LG.AR0,00)+(),6), (2.14)

It is always possible to perform a (position-space) derivative expansion of the effec-
tive potential L(¢, A) into local composite field operators and a nonlocal remainder
term R(®),

L(g,A) = ,oz / O;(x, ¢) + R (). (2.15)

pi(A) are running coupling constants with associated canonical dimensions D,, =
d — Dp,, and s € N is some index. See Appedix (A.2) for more details on the
expansion (2.15]).

In the following, we will often need dimensionless running coupling constants
which are defined by

Ai(A) == A=Prip;(A). (2.16)
Furthermore, it will turn out necessary to consider small deviations
SL(A) := L(A) — L(A) (2.17)

from a solution L(A) of the RGE (2.I0). They obey a linearized Polchinski RGE:

gL = //y<A AA)( i@) 5¢fy)+5¢<$fz¢(y)>ﬂ
_ (2.18)

3See section (BLT) for the determination of the canonical dimension of a field.
4Sometimes we will just write sloppily W (J, Ao) instead of W (J, Ao, p?).



10 CHAPTER 2. OVERVIEW OF THE METHOD

2.2 Renormalization via Flow Equations

Let us begin by recalling what renormalizability of a Quantum Field Theory means.
Therefore, we have to distinguish between renormalizable (or relevaniﬁ) couplings
pq and nonrenormalizable (or irrelevant) couplings p,, by their associated canonical
dimensions D,,:

Pa D,, >0
DOn D,, <0. (2.19)

The significance of this distinction will become clear throughout this sectionﬁ Hav-
ing employed an UV momentum cutoff regularization as proposed in the last section,
the renormalizability of a QFT can be summarized as follows.

Renormalizability: While taking the UV cutoff Ay to infinity holding the renor-
malizable couplings fixed at some renormalization scale Agr < Ag, all other quantities
of the theory must converge to limits as inverse powers of the UV cutoff.

Note that this in particular means that the running nonrenormalizable couplings
become determined by the renormalizable ones in the no-cutoff limit. We will come
back to this important point in more detail. If the field and symmetry content of
a theory is such that it does not permit any renormalizable interactions, that is no
couplings except for kinetic and mass terms, it is called nonrenormalizable [45]. As
we will discuss at the end of section (Z3]), the running nonrenormalizable couplings
then vanish in the no-cutoff limit.

In the following, we will go through the essential steps of the renormalization
programme for the scalar field theory introduced in the last section employing the
method of flow equations proposed by Polchinski [31]. We begin by choosing the
initial conditions (Z.I1]), i.e. the bare couplings p?, to lay on an initial surface in the
space of couplings whose coordinates are the bare renormalizable couplings:

P = Pn(pa)- (2.20)

Hence, the dimension of the initial surface amounts to the number of renormalizable
couplings. A particular simple, but not necessary choice for the surface (2.20) would
be to take pO = 0.

The solution of eq. (2.I0) now becomes

L= L(,A, A, p2). (2.21)

®We do not distinguish between marginal and relevant couplings.
5The meaning of relevant, marginal and irrelevant directions in the space of actions near a fixed
point is explained in Appendix (A3
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As mentioned above, renormalization requires to fix the renormalizable couplings
pPa at some renormalization scale Agr. This is done by specifying renormalization
conditions for them:

Ioa(ARv A07 ,02) = pf (222)

The renormalization conditions imply that

a (
dAOpa

0
Ao 9pa N Ipa Opyy >

Ar, Ao, p)) = A
R, Mo, pp) 0 <8A0 apg EIe
= 0. (2.23)

This leads to an implicit definition of the bare ”coordinates” p! as functions of the
renormalizable couplings, the UV cutoff and the renormalization scale:

Py = pa(Ag, Ao, pld). (2.24)

Eq. ([224) means that we do not have to know about the initial values pJ at the
bare scale Ay in order to solve the Polchinski RGE (ZI0), but instead may use
the renormalization conditions pt at some arbitrary renormalization scale Ag as an
inputﬁ. This is a good thing, because typically the bare scale is not accessible to
any measurements.

If Dp,/0p) is invertible, eq. ([Z23) yields

0p)  (0pa\ " Opa
= (5) o (229)

Therefore, at A = Ag the quantity

- L  OL (9p.\ " 9pa

is the total derivative of L(Ag) with respect to Ag holding the p,(ARr) fixed:

V(AR) = Ag-1r

2.2
dAg (2.27)

pa(AR)=fixed

Note that the last term on the RHS of (2.26]) can be interpreted such that the part
of the original Ag-dependence of L which is due to the renormalizable couplings is
subtracted of. Thus V(Ag) points towards the irrelevant directions in the space of
couplings. This becomes even more obvious if we think of L as given by a derivative

"Together with the definition of the initial surface Z20). However, it will turn out that within
certain limits, its exact form has no influence on the (renormalized) theory in the limit Ag — oco.
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expansion (ZI5) with s = co. Then V(A) can be expressed in terms of running

couplings p;(A):
A dpi  Opi (Opa ! 9pa
Vi(A) = Ag (E?Ao o0 (Z?pg) oA ) (2.28)

Clearly, we have V,(A) = 0, which in turn means that all relevant components of
(2:26)) vanish.

As is explained in Appendix (A.3]), the nonrenormalizable directions in the space
of couplings correspond to negative eigenvalues of the linearized RG transformation
in the zero-coupling limit. Hence, deviations in these directions get damped away
in the infrared as powers of A/Ag. Since there is nothing discontiuous about the
RG transformation as the couplings are changed, the latter will still be true for
sufficiently small couplingﬁ. Thus, we expect that the quantity V(Ag) should be
driven small as powers of Ar/A¢ for small enough couplings.

To prove this, we have to find a RGE for V(A). Since AOaiAOL and %L both

satisfy the linearized Polchinski RGE (2.I8]), we obtain

d B OL [dpa\
—AV = M(V)—a—pg<apg> M, (V)
= N(V). (2.29)

In the next chapter, we will investigate in detail an equation similar to (229]) in
perturbation theory. In order to get an idea of the results that can be expected of
such an analysis, we may approximate the operator N by the canonical dimension
D,, of the least irrelevant coupling p; of the QFT:

N(V)~D,, V. (2.30)

This is justified for sufficiently small couplings by the reasoning above. By virtue of
(230), we may now easily integrate eq. (2.29]). As integration limits we choose Ag
and Ag and arrive at

Agr ~Dey
V(AR) = V(Ag) <A_> . (2.31)
0
For some proper definition of a norm || ||, the local composite operators of the

effective potential (2.I5) can be estimated as || [ O;(z, @)|| ~ A~Pri. We assume
that
V(M| =1 (2.32)

corresponding to sufficiently small initial values of the nonrenormalizable couplingsﬁ:

R <A D, <o (2.33)

8That is in the vicinity of the Gaussian fixpoint.
9Remember that only V;,(A) # 0.
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Note that in terms of the dimensionless couplings defined in eq. (ZI6]), eq. (233
means A, (Ag) < 1. With eq. (227)) we thus may write

d AR Doy
[PYRay; I < <—> (2.34)
dAO pa=fixed AO
which again can be integrated with respect to Ag. The result is
AR =Dy, AR =Dy,
ety - sl < (3) - (5) - @)
0 0

From Cauchy’s criterion now follows the existence of a no-cutoff-limit limi L™ (AR) =
L(AR,00) which implies renormalizability as we have defined it at the beginning of
this section. For having fixed the renormalizable couplings via the renormalization
conditions (2.22), all other quantities of the theory (contained in L) converge to
limits as inverse powers of the UV cutoff Ag. This result can also be expressed on
the level of the effective action:

Ag\ Pr
152 (Ars Aou 2(Ags Ao, 1)) — SE™ (A, pB)|| < (rff) (2.36)

where SS(Ag, pF) = lima,—oo Se(Ar, Ao, PO (AR, Ao, pF)). Note that once the
effective action is known, we may calculate the generating functional W (J) of the
QFT via (Z4) without needing to worry about divergences, because S (Ag, p)
has an effective cutofl Ag.

We would like to stress that it is not being said that the running nonrenormaliz-
able couplings p, (A, Ag) go to zero when Ag — oo, but that their values pc®(A) :=
lima,— o0 Pn(A, Ag) are determined by the renormalizable couplings p,(A) in this
limit. This can be understood intuitively by noting that while integrating out field
modes, the renormalizable couplings generate new contributions to the nonrenor-
malizable ones.

Furthermore, it is crucial that the initial values of the nonrenormalizable cou-
plings are small in the sense of eq. ([2.33). Keeping pQ of inverse powers of some
smaller scale Ap < Ay would destroy the convergence of S, to its no-cutoff limit
Seont since V (Ag) would be blown up .

The results stated above, in particular the no-cutoff limits L™ and S, are
independent of the exact choice of the initial surface in eq. (2.20) as long as the
initial values of the nonrenormalizable couplings are taken to be sufficiently small.
This can be seen as follows. Consider a given initial surface p = p0(p%). An easy
way to change its "shape” is employing a parametrization

Py = o i=tph, te[0,1]. (2.37)

"We adopt the notation L°°™* from [47].
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The case t = 0 corresponds to p2 = 0, whereas t = 1 yields again the original
surface pY(p?). Moreover, we also allow for the ”coordinates” p?, i.e. the bare
renormalizable couplings, to depend on the parameter ¢:

po = pa(t). (238)
The total dependence of the potential L on ¢, A and Ay now reads

L = L(AAo,pd(t), 2t p2(t)))
= L(A,Ao,pg(t),t). (2.39)

In analogy to the definition of V' (A) we define the quantity
OL _ 0L (9pu\"" 9pa
ot 9p) \ 9p) ot~
At A = Agr, W is the total derivative of L with respect to the parameter ¢t holding
the renormalizable couplings p,(AR) fixed:

d

W(A) = (2.40)

(2.41)

pa(AR)=fixed

Thus, W(AR) describes the impact of a change of the shape of the initial surface a
la (Z37) on L while at the same time the coordinates p? are adjuste such that
their renormalized values pff remain fixed at the renormalization scale Ap.

Since W (A) has been defined in analogy to V(A), it obeys the RGE ([2:29)):

d
—AZW = N(W). (2.42)

We may proceed as in the analysis of V(A) and arrive at an equation corresponding
to eq. (231)):

W(AR) ~ W(Ao) <— (2.43)

where D), still denotes the canonical dimension of the least irrelevant coupling of
the QFT. As an initial condition for W at the UV cutoff Ag, we again assume that

W (Ao)ll < 1. (2.44)

This is justified for small initial values of the nonrenormalizable couplings a la eq.

233). With eq. (2:41]) we arrive at

-D
1<) (2.45)
pa(AR)=fixed Ao

"This means that we move to another point (p2(t), 5% (¢, p2(t))) on the initial surface.

d
—L
I
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Integrating over ¢ with integration limits 0 and 1 yields the result

Ag\ P
||L(AR’A0’p2(AR’AO’p§’1)’1) - L(AR,Ao,pg(AR,Ao,pf,O),O)H < <A_IO%> .

(2.46)

Since eq. (246) is valid for any initial surface pO(p%) = pY(1,p2(1)) as long as it
satisfies eq. (2.33]), we conclude with the triangle inequality that for two different
initial surfaces pg’A(pg’A) and pn” (po?) which are in accordance with eq. (Z33)

Ag\ P~
IL(AR, Ao, p (AR, Mo, pE)) — L(AR, Ao, p2P (AR, Ao, pI))I| < <A_§> _
(2.47)

Eq. (247) shows that the no-cutoff limit L®" is independent of the choice of the
initial surface as long as the initial values for the nonrenormalizable couplings are
small in the sense of eq. (2.33).

Note that for finite Ag, we can also interpret eq. (2.47)) in the following way. At
the scale Ag, the ignorance about the exact values of the bare couplings pO amounts
to an indetermination of the potential L(Ag) of the order of (Ar/Ag) 7. This
?effective field theory” interpretation will become important in the next section.

2.3 Effective Field Theories from the Viewpoint of the
Renormalization Group

In addition to the renormalizable couplings p,, one could think of fixing one or
more of the nonrenormalizable couplings p, at the renormalization scale Ar. This
defines additional renormalization conditions which we will refer t as improvement
conditions. We will give the motivations for pursuing such a strategy shortly. Before,
let us note that the nonrenormalizable couplings cannot be set to arbitrary values
since they are already determined by the p, in the limit Ag — oo:

lim pn(Ars Ao, p2(AR, Ao, o)) = o™ (A, ). (2.48)

Ap—o0

This has been shown in the last section, and in fact it is the reason why the p,, are
called nonrenormalizable. To be more precise, for small initial values p (p?) in the

sense of eq. (2.33)),

Dy,
p?LSAOp I Dpn <O7

a running dimensionless nonrenormalizable coupling A,, satisfies at A = Ag

A\ Pr
(A s Aou 22(A s Aoy o)) — X (A, o] < (A—f) (2.49)

2Following [47].
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where AX"(Ag, pB) = lima,—oo An(AR, Ao, p2 (AR, Ao, pF)) and D, is again the

canonical dimension of the least irrelevant coupling of the QFT. Eq. (249) follows

from eqns. (235]), ([2.36]) and a derivative expansion (2.15]). It seems reasonable and

will be proven in perturbation theory in chapter () that the inversion is also true:
Let AN be some real numbers which satisfy

NR t R VAN
Y= e ol < (2) (2.50)
Then there exist initial values p?(p?) which are small & la eq. (233 such that the
improvement conditions

)\n(AR7A07p2(AR7A07p§)) = )\iVR (251)

can be met.
By fixing some of the couplings p, to values pY# at the renormalization scale
AR, the following two different aims may be pursued.

e The rate of convergence of the effective action S¢(A, Ag) to its no-cutoff limit
Seont(A) as Ag — oo can be improved by keeping one or more of the nonrenor-
malizable couplings p,(Ag,Ag) fixed at their "continuum values” p<°"(Ag).
This has been shown by C. Wieczerkowski [47].

e One or more of the nonrenormalizable couplings p, can be fixed at the renor-
malization scale Ag to values p)Y % that differ from the values pc™(AR) they

would take in the limit Ag — oo if no improvement conditions were specified
for the:
PR £ g (A ). (2.52)

A possible motivation for this may be experimental input, since in some QFT's
it might turn out that the values of some nonrenormalizable couplings p, (AR)
measured by experiments do not coincide with their respective p<"(Ag). Re-
member that the latter can in principle be calculated™ if the pa(AR) are known.
In fact, this scenario seems to apply to the case of quantum Einstein gravity -
see chapter (Gl). As follows from eq. (2.49]), we then cannot send the UV cutoff
A to infinity if the initial values p® for all nonrenormalizable couplings are
supposed to be small. We are therefore dealing with an effective field theory
which, unlike a fundamental theory, cannot be valid up to arbitrary scales.
However, we will show that even if we are forced to keep the bare scale Ag
finite, we are still left with a theory that is predictive at scales A << Ag with
finite accuracy.

3The notation p<°™(Ar) always refers to the case without improvement conditions for the

pr(AR).
141n perturbation theory in the renormalizable couplings p.(ARr).
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We will now briefly review the first point, and then outline the strategy for the
second one.

Let again D, denote the canonical dimension of the least irrelevant coupling p; of
the QFT, and let s be some integer number which is henceforth called ”improvement
index”. Our aim is to introduce improvement conditions for those nonrenormalizable
couplings p;,, that have canonical dimension 0 > D, > D, — s, and to study
the impact of the improvement conditions on the convergence properties (2.30) of
the effective action. To distinguish the couplings for which renormalization and
improvement conditions have been specified from the others, we refine our notation
to the effect that couplings with canonical dimensions D,, > (D, — s) are denoted
by pa, and those with D,, < (D, — s) by ps. The initial surface in the space of
couplings is now taken to be

P = pa(pd)- (2.53)
Its dimension amounts to the numer of renormalizable couplings plus the number of

nonrenormalizable couplings which have canonical dimensions 0 > D, > (D,, — s).
Consequently, the solution of the Polchinski RGE (2.10) becomes

L= L(6, A, Ag, o). (2.54)
The renormalization and improvement conditions are defined as follows:

n D,, >0
&A,A,Q = pa, Pap
paln, ho, 72) LWMM&0>%>@rﬁ
(2.55)

In analogy to eq. (2:24), they lead to an implicit definition of the bare couplings
P = pa(Ar, Mo, o3l 57" (AR, 7)) (2.56)

A repetition of the analysis in the last section using an extended version of the
quantity V' (A) of eq.(2.26]) ,

-1
VA=A | 2L 2L <8”ﬁ> Opa | (2.57)

dho  0p2 \ 9p? ) DAg
then yields s-improved convergence of the effective action:

AR - (DPl —S)
1A Ao p8(A R Ao 67 (o)) = ST A~ (F2)
(2.58)
We will now focus on the case where nonrenormalizable couplings are fixed to values
that differ from the ones they would take in the limit Ag — oo if no improvement
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conditions were specified for them, pVf # p¢°"*(AR). We define renormalization and
improvement conditions

R
i Q . Pa s Dprz 2 0
pa(AR,A07pa) - { péVR7 0> Dp& > (Dpl - S)

The pX'f are taken such that their dimensionless counterparts AY(A) := A=Pra pVE
satisfy

NR __ycont R ﬁ ~Pn
[IAG "“(AR) = A& (AR, pa)I| < Ap (2.59)

where Ap > Ag is some scale. We demand that the initial values pg, 0>D,, >
(Dp, — s), remain smalld as defined in eq. (233). Thus, the UV cutoff of the theory
is now restricted to

Ao < Ap (2.60)

as follows from the discussion at the beginning of this section, leading to eqns. (2.50)
and (Z5I). This fact can also be interpreted in the way that a measurement of the
values of the nonrenormalizable couplings at the scale Ar defines the UV cutoff scale
of the theory to be Ay = Ap. In the following, we will employ this view.

At scales A << Ap, the theory remains predictive to finite accuracy. This can be
seen as follows. As we have done in eq. (237, we use a parametrization to change
the shape of the initial surface ([2.53)):

Py — P = tph, te01]. (2.61)

Allowing also the coordinates ,02 to depend on the parameter ¢, the total t-dependence
of the potential L becomes, in analogy to eq. (2.39),

L = L(AAp,pd(t),t). (2.62)

We extend the definition of the quantity W(A) of eq. (Z40) to

-1
. oL oL 8pa 8pa
W(A) = o 8—[)2 (apg> 5 (2.63)

150One might ask the question whether abandoning the requirement of small initial values for the
nonrenormalizable couplings p2, 0> D,, > (D,, —s), while keeping it for the p2, Az < (D,, —5)
, would allow to fix nonrenormalizable couplings pa(Ar) at values pY ® # p<°™(Ar), where the pX'®
satisfy eq. ([2359), even for an UV cutoff Ao > Ap. At least if one works in perturbation theory in
the nonrenormalizable couplings the answer is that this is not possible because then, counterterms
for all couplings in order to cancel the arising divergences are needed. The counterterms are the
initial values p2 and p2. Thus, if any divergence occurs that needs large p? to be cancelled, there
will be others that require large p3.
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and repeat the corresponding steps that follow in section (22)). In doing so, we
employ the assumption that the initial values p2 are small. The result is

A _(Dpl_s)

£ A, (Ar Ao 1) — Ll Ap. A Ao 010 < (32)
(2.64)
Again, we conclude that for two different sets of initial values p%A(pg’A) and p%B(pg’B)
which are in accordance with eq. (2.33)) we have
0, R 0,8 R Ag\~Pa?
HL(AR’ AD’ pd7 (AR7 AD7 Pa )) - L(AR7 AD7 P(j (AR7 AD7 Pa ))H < <E> .
(2.65)

Eq. (2.65) shows that at the scale A = Ag the ignorance about the exact values
of the bare couplings p2 amounts to an indetermination of the potential L(Ag) of
the order of (AR/AD)_(D”_S). If we know about the potential L, we know about
the effective action S, which in turn allows us to determine the generating func-
tional W (J) of the QFT, see eq. (24]). Hence, the knowledge of L(ARr) to an
accuracy of (Ar/ AD)_(D”Z_S) leads to a QFT that is predictive with an accuracy of
(AR/AD)_(DPL_S).

Comparing eq. (263]) to eq. ([247) where renormalization conditions only for
the renormalizable couplings have been specified, we furthermore see that the intro-
duction of the improvement conditions has led to an enhanced predictivity of the
effective field theory at scales A << Ayg.

Let us summarize the results of this section.

e The deviation of the values to which the nonrenormalizable couplings are fixed,
pa(AR, Ao, p2) = pB, 0> D,. > (D,, — s), from the values pS® they would
take in the limit Ag — oo if no improvement conditions were specified for
them, defines an UV cutoff scale Ap.

e Although we have to keep the UV cutoff Ag below the scale Ap, for Ag = Ap
the theory remains predictive to an accuracy of (Ag/Ap)(~Pr=)) at A = Ag.

e As we fix more nonrenormalizable couplings at the renormalization scale, the
improvement index s increases and we achieve more predictivity.

This is the paradigm of effective field theories from the viewpoint of the renormal-
ization group. In particular, it may be applied to the case of a nonrenormalizable
theory which has been defined at the beginning of section (22]) as a theory that
does not allow for any renormalizable couplings, except for kinetic and mass terms.
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The Fermi theory of weak interactions is a well-known example for such a theory,
as well as Einstein gravity without a cosmological constant- see chapter (@). In a
nonrenormalizable theory we have

P (M) =0 (2.66)

because there are no renormalizable interactions which generate new contributions
to the nonrenormalizable ones while integrating out field modes. Thus, the latter
die out according to their canonical dimensions in the limit Ag — oo. However, one
important point of this section was to show that ”a nonrenormalizable theory is just
as good as a renormalizable theory for computations, provided one is satisfied with
finite accuracy.” [25]



Chapter 3

Renormalization via Flow
Equations

The perturbative renormalization of scalar field theory with flow equations is re-
viewed. We proceed along the lines of G. Keller, C. Kopper, M. Salmhofer [17] who
presented an improved and considerably shortened version of Polchinski’s original
proof [31]. Compared to [17], our version contains the following generalizations. We
do not restrict ourselves to couplings assigned to operators with even numbers of
ﬁelds This amounts to considering ¢3 + ¢* theory instead of solely ¢*. Moreover,
we allow for nonvanishing values of the nonrenormalizable couplings at the UV cutoff
scale from the very beginning and employ an alternative proof of the uniqueness of
the no-cutoff limit. The latter will turn out crucial for investigating the predictivity
of an effective field theory in the chapter ([@). One can regard the present chapter
as a rigorous version of section (2.2]).

3.1 Renormalization of scalar ¢* + ¢* field theory

3.1.1 RG inequalities for vertex functions

The central aim of this chapter will be to prove the boundedness and convergence of
solutions L(¢, A, Ag) of the Polchinski equation (2.I0]) in the no-cutoff limit Ay — oo
while renormalization conditions for the renormalizable couplings are imposed at
some renormalization scale Ar. This program will be carried out for a scalar field
theory in perturbation theory in the (renormalized) renormalizable couplings. As we
have pointed out in the last chapter, the potential L(A) corresponds to an effective
action S¢(A) which in turn leads via eq. (2.I4]) to the determination of a generating
functional W (J) of a QFT. Remember that since S.(A) contains an effective cutoff

"We do not require the theory to be invariant under ¢ — —a.

21
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A, we do not have to worry about possible divergences any more once finite bounds
for L(¢, A, Ap) have been established for the limit Ay — oc.

In the following we will always work in momentum space. We begin by rewriting
the effective action (2.7)):

@n?

4
.08) = [ g (~ 502 + B)K 02 /3000 + 4%

2m) 2

K is the cutoff function defined in eq. (Z8). Note that in ([3.]), we have included
terms linear and bilinear in the fields associated with couplings A and B into the
"free” part of the action. It will turn out that the definition of the effective potential
L following from (B.1]) is more suitable for the upcoming proofs of boundedness and
convergence, as compared to the one associated with eq. ([2.7)) of chapter (2I).

The redefinition of L leads to an additional term in the Polchinski renormal-
ization group equation, as compared to the original version (Z2I0). By requiring
invariance of the generating functional (2.I4) under a change of the scale A we
obtain (in momentum space)

. d g 5L 6L 52L oL
Agel =g [ dHen A gran <5<z>< R 5o R) | 5o k) Aé(":)w(k))

(3.2)

where the regularized propagator is given by

K(k:Q/Az)
K2+ B

At this point, we will not prove the modified RGE ([B.2]), but instead refer the reader
to the proof of Theorem ([7]) where an analogous RGE for Euclidean quantum gravity
is established.

Furthermore we would like to point out that we do not require the renormaliza-
tion constant B of the "mass term” in (B.I]) to be positive. This poses no problems
to the analysis of the effective potential L(4,A) as long as we keep A2 > |B|, as
can be seen from the RGE (3.2)). Due to the properties (2.8) of the cutoff function,
A%AA has compact support A < k < 4A. Thus, only momenta k > A contribute
to the integral in ([3.2)) and therefore to a solution L(¢, A, Ag) of the RGH]

We will now focus on the analysis of the effective potential L(¢$, A). Therefore,
we expand L(¢,A) in powers of the fields ¢:

4 4
L(¢, M) Zn,/d;‘jr 4ff g (k:1,...,kn,A)54(Zki)qS(kl)...gb(kn). (3.4)

20One can see A and Ag as an IR and UV momentum cutoffs for L(¢, A, Ag) respectively.

Ay = (3.3)

5<k>¢<k>> T L(g.A).

(3.1)
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The expansion coefficients Ly, (ki, ..., k,, A) are henceforth called vertex functz'onsﬁ.

As it is explained in Appedix (A.T]), the (momentum-space) fields ¢(k) have
canonical dimension Dyy = —3. Thus from eq. (3.4) it follows that the canonical
dimension of the vertex functions is given by

Dy, =4—n. (3.5)

The Polchinski RGE (3.2]) can be reformulated in terms of the Ly (ki, ..., ks, A) and
then be generalized to a RGE for momentum derivatives of vertex functions. The
resulting equation is

- d
ﬁ@pL (kly knyA) = — Z Z <8P1EAA(K, A) OPQLZ(/% '-'7kl—17K, A)
p1,p2,p3: > pi=p =1

1
O3 Lo i(kiy ooy kon, — K, A)) + 3 <l " 1> permutations

1 d*k d
=5 | G Ensaldrs ki b~ A) e A, )

d

1
_§A 8an-i-l(kib e knv 07A) dA

Ax(0,A). (3.6)

Here, we have defined K := ) k; and employed the notation

n
oP = 8“1’]1 . al;jjp (3.7)
where
" 0 0

takes care of the fact that Ly(ki, ..., kn, A) makes only sense for >, k; = OE.

Using Taylor’s theorem we expand the vertex functions L, (ki, ..., k,, A) around
k; = 0. The expansions up to O(k°) and to O(k?) readd

Ln(kiy .ok, A) = Ly (0, Z k“lk“?/ dr(1 —71)0" 9" Ly(ky, ..., kn

i1,m " i9,n
i1,i2=1

3They are not identical to the conventional vertex functions of the 1 particle irreducible (PI)
effective action but instead are related to the connected amputated Green’s functions. See Appendix

(A4) for details.
Write Ln (ki ...kn—1, Kn, A) with K, := — 3" "k;. Then &L, = ;2 L, + 5oL, % =

39=Ln — 58— Ln.
5Terms with odd powers of momenta vanish because of the invariance of L,, under the orthogonal
group, see Appendix (A2) .

)‘k =1k;

(3.9)
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n—1
1
L (kpy oo b, A) = Ln(0,.,0,A) + > KK 0 012 La(ky, ok, Mg
i1,i0=1

Z e .k”‘*/ dr(1 = 720 O L(os ooy M)

11, t4=1

The last terms in ([3.9]), (B.10) are remainder terms, respectively. The expansion
coefficients in ([B.I0]) give rise to the definition of running coupling constants’ p,(A):

p1(A) = Li(0,A) (3.11)
p2(A) = L5(0,0,A) (3.12)
p3(A) 6" = 07507y La(k1, k2, A)|jy=ka=0 (3.13)
pa(A) = L3(0,0,0,A) (3.14)
ps(A) = L4(0,0,0,0,A). (3.15)

These are equivalent to the coupling constants introduced in the position-space
derivative expansion (2.I%]), as is shown in Appendix ([A.2). The corresponding
dimensionless couplings A\,(A) are defined as in eq. (ZI6). All couplings p, are
renormalizable, i.e. their mass dimensions D, satisfy

D,, >0 (3.16)

as follows from eq. (B.3). In an analogous way we may define nonrenormalizable
coupling constants p, with D, < 0. This will be done in chapter ). We now
impose renormalization conditions at some renormalization scale Ap < A:

pi(Ar) = 0 (3.17)
p2(Ar) = 0 (3.18)
ps(Ar) = 0 (3.19)
pi(Ar) = pff (3.20)
ps(Ar) = p&. (3.21)

Note that the p;(Ar), i = 1...3, are associated with the constants A and B appearing
in the "free” part of the effective action (B.I)) and the field strength renormalization.
For the dimensionless couplings, we introduce the notatio

MEA) = A Prapl (3.22)

See Appendix [A2) for details on the definition of p3(A).
If we write AZ, we always mean AZ(A), and not A (AR).

(3.10)
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The vertex functions Ly, (k1, ..., k,, A) are being evaluated in perturbation theory in
the renormalized renormalizable couplings pf and pZ:

Lk, oo ki, A) = > (o)™ ()2 L) (s oy i, A). (3.23)
r1,r2=0

Note that since the expansion parameter pf is dimensionful, the canonical dimen-
sions of the expansion coefficients Lﬁfl’”) become dependent of the order in pertur-
bation theory in pf.

We will work mostly with dimensionless vertex functions. These follow from eq.

(Bﬁ)aﬁﬁ

Ap(kiy sk, A) == A" L, (ky, o ke, A). (3.24)
Accordingly, we may expand
An(kyy ok, Ay = > DO AT (R, o e, A) (3.25)
r1,72=0
where
Ao (ko ke, A) r= APTTTALIN) (B A, (3.26)

The perturbative expansion (3.25]) makes only sense if the dimensionless couplings
are small. Therefore we impose as an additional constraint to the renormalization

conditions (B.17)-(3-21])
MEA) < 1. (3.27)

Note that because of the definition ([3.22)), this in particular means pf < Ap for
A > Ag and thus

MEA) < == . (3.28)

Moreover, we remember that we have included terms linear and bilinear in the
fields asscociated with ”couplings” A and B into the "free” part of the action in
eq. ([BJ). From the RGE (3.6) then follows that for increasing order (ri,r2) in
perturbation theory in pft, p& of the vertex functions Alrr2) (A) there will be graphs
involving increasing powers of A’s. Thus, for A=A > 1 the vertex functions will
become arbitrarily large at high orders (r1,72). In order to avoid such behaviour and
remembering the discussion at the beginning of this section concerning the values
of B, we impose as conditions for B, A

[A7*B|
[AT2A]

1 (3.29)

<
< 1. (3.30)

8The dimensionless couplings Ao (A) defined in (ZI8) can also be introduced by replacing Ly, in
the definitions (BI1))-(B3IH) by A, and by multiplying the result with powers of A that correspond
to the number of derivatives present.
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To Oth order in perturbation theory in )\f, )\éz the vertex functions vanish:
ACO () ke, A) = 0. (3.31)
Finally, we define an overall order in perturbation theory via
ri=r]+ . (3.32)

Due to the compact support of dK/dA it is easy to see that there are constants C
and D,, such that

dk L d
/(2 ) FIAP AN < Ot (3.33)
- n

H oY grlall < DA™ (3.34)

where the notation || || is defined by

1 (R, oo k) || = max [f(y, ... b, A)] (3.35)
k2<4A

for some function f of one or more momenta. We now rewrite the RGE (3.6) in
terms of the dimensionless vertex functions (B8.24]) and express the resulting equation
in perturbation theory in A¥ and A¥. Applying the bounds (333 and (3:34)) as well
as the condition (3.30) for the renormalization constant A, we arrive at the key RG
inequality

| SN ATTIW)| < ey Ag‘"‘”(‘\apAn’ia” (W)l + 7 AT ()

AT A (A >uuap3An’128;“‘”’<A>H)
(3.36)

where we introduced the abbreviation

1,72

Z = > Z > (3.37)

p1,p2,p3: » pi=p =1 s1,52=0
1<s<r—1

The inequality (3.36]) is the starting point to deduce four more inequalities which
turn out to be crucial to show boundedness and convergence of the vertex functions
in the limit Ag — oo:
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1. We integrate eq. (B306) down from the scale Ag to A. Using the triangle
inequality, we get

AP AT (A < AP AL (M) |
Ao
+ Cnyp /A ds s3~nm (uapASi;“ Do) + 1|07 ATH ()]
+3 7 5P| AP ()| o AL SR (s >u>.

(3.38)

Eq. (3.38)) is now being differentiated with respect to Ag. With regard to this
we note that

g(z,xo) = /wo h(s,xq)ds = /OO h(s,x0)O(xo — s)ds (3.39)

for any function h(s,zo) and the step function ©(xg — s). Therefore

d%jog(a:,xo) = /;O (%@M&m)) O(zg — s)ds + /:O h(s,x0)d(xo — s)ds

o d
= h(azo,xo)—i-/ <d—xoh(s,x0)> ds. (3.40)
Consequently, we arrive at
d
AT PAT W] < A AL ()]

Henp AFTT (HapAn’i’? (Ao)|| + 9P AT (Ao
+ZAo_’“H@pzAl(sl’SZ)(Ao)H|!8P3A§Z1;f}’”_”)(Ao)H)

Ao
3—n—r (r1,r2)
by [ ds s 1(‘% AT (s)

+\|—6PA£§’{2’< )|

2 g oA ()| AT s )H)-

(3.41)
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2. We integrate eq. (3.36) up from the scale Ar to A and make use of the triangle
inequality:

HA4—n—r1 apAgLrl,rg)(A)” < HA}l{—n—m apAng,TQ)(AR)”

A
+ Cng /A ds s3" (uapAi:‘:; D) + 1P AT ()]
R

£ s ar AR (s) || ore AT S%)n)
(3.42)

Differentiating with respect to Ag now yields

| AR AT ()| < H—A4 TGP AT (Ag)|
0

Feny / ds 57 "1<u TP ALY G

+H—apA$Zi’{2>< )|

+2Zs—plu 072 A >||\|ap3A£’1;f;"‘2‘”’<s>u).
(3.43)

3.1.2 Boundedness and convergence of the vertex functions

We begin by proving in perturbation theory in A and /\gz the boundedness of the

norms ||8PA£LT1’T2)(A)H of the vertex functions as the UV cutoff Ay — oo. Our
analysis is based on the work of Keller, Kopper and Salmhofer [I7] who presented
improved bounds for the vertex functions as compared to the original version of
Polchinski [31]. We generalize their treatment to the case of ¢® + ¢* theory.

Theorem 1 (Boundedness I) Given the renormalization conditions (3.17)-(3.21)

and assuming initial conditions

A A
10745 om0 < 457 (32) Pl (£2) (3.44)

forn+p>5, to order r1,ry in perturbation theory in )\f and A?

AN A A A
P A(r1,72) < AP 0
||OP A, (P1y s P M| <A™ < > <Pln< > + 0Pl ( >> (3.45)

where Pln(z) denotes some polynomial in In(z) whose coefficients are taken to be
nonnegative and Ar < A < Ag.
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Proof 1 Since this proof will serve as a blueprint for the proofs of the upcoming
Theorems (2)-(@), it will be performed in full detail. The proof is done via induction
in both the overall order in perturbation theory, r = r1 + ro, and the number of

external legs, n, of the vertex functions ASZ”“"Z). This induction scheme is motivated
by the fact that the terms appearing in the key remormalization group inequality

(RGI) (3.36) satisfy

rLHS > TRHS NV TLHS = TRHS N NLHS < NRHS. (3.46)
Furthermore we note that
ALr2)(A) =0 for n>2r 42 (3.47)

and remember eq.(3.31)

Thus, we are led to the following induction scheme:
e Induction start: (3.47) holds true for

{(ryn):r=0 A neN}V{(rn):r>1 A n>2r+2} (3.48)

o Induction hypothesis: (3.49) holds true for

{(ry,n):r<rg AN neN}Vv{(rn):r=r9g A n>ng} (3.49)

e Induction step: (3.]3) holds true for

{(r,n):r =79 N n=mng Vny € N}. (3.50)

We will prove the induction step using the RGIls (3:38) and ({343). To do so, we
will need the following

Lemma 1 Let P denote some polynomial of degree n with positive coefficients,
and let a < b, a,b € R™ and m € Z. Then

b [—2zm+1p(™) (In a:)]z , m< =2
/ dz P™(Inz)a™ < [P+ (In $)]I; Com=-1 (3.51)
¢ [zm 1P (In x)]z , m>0.
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Proof of Lemma 1 Using integration by parts one shows that

1_i%n(lnx)"“. , m=—1.

(nz)" m+1 _ _n_ n—1,m B
/d:r (Inz)"z™ = { Tm & o J o (nz)™a™ o om -l (3.52)
Thus Lemma () follows immediately for m = —1 and recursively for m < —2. For
m > 0 the recursion yields a polynomial in Inx that may have negative coefficients.
Let P™ denote some polynomial with coefficients of arbitrary sign, and P™ the

corresponding polynomial with all coefficients made positive. Then

~ b b
[meP(") (In x)} < [meP(")(ln z) (3.53)

a a

fora <b, m>—1. Thus Lemma () follows for m > 0.

We

1.

now may proceed with the proof of Theorem () .

The case p+n > b:

We start with the RGI (3.38). On the RHS, we plug in eq. (3.44]) as the initial
condition at Ay and eq. (3.49) as the induction hypothesis. The result is

AP AT ()| < AR AGT TP PIn <% )
R

Ao A
—r1 3—n—p S S 0
+ AR A ds s <Pln <_AR> + —AOPln <—AR>> .

:=I1(A,Ao)

With Lemma (1) it follows that

Ao
Pin (&) AstIn(s) , p+n=>5
Il(A,Ao) < A}_%Tl |:—S4_n_pPlTL (Ai> -+ ?\R 0_1 S
R —PlnﬁAos P p+n>6 N
(3.55)

Plugging this into ([3-53]) and multiplying the whole equation with At
yields the bound (3.43]) for n+p > 5.
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2. The casen+p <4

We start with the RGI (3.72) and plug in eq. (343]) as the induction hypoth-
esis:

HA4_n_T18pA£LT1’T2)(A)” < HA;I%—n—naPASLH,m)(AR)”
+AR" / Y s v (i + - pin (20
R An 59 " A Ao AR
(3.56)

The renormalization conditions (3.17)-(3.21) serve as initial conditions at Ag.
We begin with n = 4, p =0 and vanishing external momenta k; = 0:

A
AT AT (0, 0,A) < 6710872 +A;;1/ ds s~ <P1n< >+ —Pln <A°>>.
Ag A Ao AR

:=I2(A,Ao)

(3.57)

With Lemma (1) it follows that

Iy(A, Ag) < AR KPln <AR> + A—OPl (ﬁ;))}i : (3.58)

We thus arrive at the bound (343]) for Aé(fl’TQ)(O,...,O,A). Taylor’s theorem

(Z9) allows us to reconstruct Ayl’TQ)(kl, ey kg, N) where the remainder term
1s already bounded since it corresponds to the case n+ p > 5.

We now proceed to n = 3, p =0 and vanishing external momenta k; = 0:

A
JATTTAT(0,0,0,0)] < 60 4+ AR /A ds(..).  (3.59)
R

With Lemma (1) we solve the integral and establish the bound (343]) for

A(’"W)(o 0,0,A). Again, the generalization to Agl’m)(/ﬁl,kg,kg,A) follows
with Taylor’s theorem (3.9).

In the same manner, we treat the case n =2, p < 2, k; =0:

A
A2l 00 < A7 [Cdss() (360
AR
A
AT D2 AT (kg Ky, Ay —kamoll < AR | ds s7H(). (361
R
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Thus (3.43) follows with Lemma () for Agl’m)(O, 0,A) and a2A§””‘2’(k:1, ko, A)k,—o-
These are the first two coefficients of a Taylor expansion (310) ongl’m)(k‘l, ko, A)

around k; = 0. Since the remainder term corresponds to the case p+mn > 5,
the bound (343) is established for Agl’m(k’l, ko, ).

Finally, we treat the case n = 1, p = 0. Here, it suffices to prove (3.43]) for
AYI’TZ)(O,A) since Ay is only defined for k = 0.

We thus have established the induction step for all ng € N.

O

The bounds (B.45]) for the vertex fuctions Agl’m)(A) would still allow an oscillatory
dependence on the UV cutoff Ag. Therefore we will also prove convergence of the
vertex functions as Ag — oco. In Polchinki’s original version [31], this step amounts to
analyzing the quantity V' (A) that has been defined in eq. (2.20]) in the last chapter.
However, as Keller, Kopper and Salmhofer have shown [17], a major shortcut in the
proof can be achieved by pursuing a slightly different path. Instead of defining V' (A)
as the total derivative of the effective potential L(A) with respect to Ag holding the
renormalizable couplings fixed and then analyzing associated vertex functions V,,(A)
by integrating a renormalization group inequality that can be deduced out of the
RGE (2:29)), they start by integrating the RGIs for the vertex functions L, (A) of
the effective potential L(A) and then differentiate the result with respect to Ag. The
fixing of the renormalizable couplings at the renormalization scale is incorporated
through the initial conditions for the L, (A) at A = Ag.

We will follow the latter path and extend the analysis [I7] to the case of ¢ + ¢*
theory.

Theorem 2 (Convergence) Let there be renormalization conditions (3.17)-[(321).
Assume that to order r1,r9 in perturbation theory in A\t and )\5R

AN A
1074 o ) £ 477 () P (£2). (3.62)

and that forn+p>5

T1
||Ao—apA<“"“2><p1,. oAl < A7 (A0 (Do) (363
AR Agr
Then
d AN A A
D A(r1,72) < P 2 0
800 AL (01, o A < A (AR> 1P (AR> (3.64)

where Ap < A < Ay.
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Proof 2 Note that eq. (362) is a weaker version of the bound (347]) and thus has
already been established in Theorem (). We employ the same induction scheme as
in the proof of Theorem (dl). In order to prove the induction step, we will use the
RGIs (371) and (3.73).

1. The casep+n > 5:

We begin with the RGI (371)). At the RHS, we plug in (3.62), (3.63) as the
initial condition at Ao and (3.64) as the induction hypothesis. The result is

d

I -

Ao
+ AR Pln <A°> Ay / st Py
Ar A

< AFAGZATP P <A°> (3.65)
AR

A4 T’lapA(m’rz)(ply- apns M < A_”Ag P <‘/jto>

which is equivalent to (3.67).

2. The case p+n < 4:
We start with the RGI (3.43) and plug in (362) and (3.64) as the induction

hypothesis:
I AT ATTI Q)| < AR AT (AR
—r AO 2 A 4—n—
+ AR Pin Ay ds s L
AR Ar
(3.66)

Again, the renormalization conditions (3.17)-(3.21)) for the renormalizable cou-
plings p, serve as initial conditions at Ar. Since these conditions mean that the
couplings p, are kept fixed at the renormalization scale, their total derivatives
with respect to Ay vanish at A = Ag:

d

JaPe(An) = 0. (3.67)

We therefore have

Ao

AR

AWl < A7 P (52

A
>A 2 dss™™P (3.68)
AR

where n,p have to be taken according to the definitions (311)-([313) of the
couplings pq. Thus, eq. (3.64) follows easily for all d;xopa(A). In complete
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analogy to the strategy set forth in the proof of Theorem (), we use Taylor
expansions (3.9) and (3I0) to expand Agl’m)(kl,...,kn,j\) around k; = 0
and thus to reconstruct the full ﬁASﬁ”h”)(kl, oy kn, A). Since all remaining

terms in the expansions correspond to the case n+p > 5, the claim (3.64) is
established for n +p < 4.

O

Given Theorem (2)) and using Lemma (1), we may easily integrate eq. (3.64]) with
respect to Ag in order to explicitly show the convergence of the vertex functions
AU (A Ag) to a no-cutoff limit

Agent ) () = Tim AU2)(A, Ag). (3.69)

Ag—o00

The result is the analogon to eq. (3.64)):

r1
HASLm,m)(pl’,,.,pn,A,AO) - Afzont (7“1,7’2)(p17m7pmA)H < <A> APZ” <ﬂ> .

3.1.3 Uniqueness of the no-cutoff limit

In order to establish the boundedness and convergence of the dimensionless vertex

functions ASZ”““Z)(A) in Theorem () and (2)), it has been necessary to specify initial
conditions at the UV cutoff scale Ag. These are the momentum derivatives of the

vertex functions OPA%“’TQ)(AO) for n+p > 5. We will now explicitly show in pertur-

bation theory in Af and A that the no-cutoff limits AL (Tl’m)(A) do not depend
on these initial conditions as long as they are sufficiently small in the sense of eq.
B.44).

We follow the strategy set forth in section (2.2)). For a given set of initial condi-

tions a la (3.44),

r1
uapAgW(pl,...,pn,AomgAgp(%) pm<_>, nip>s,
R

we construct another one via the parametrization

PATLT2(Ag) — P AT (AG) =t P AT (Ag), te[0,1], n+p>5.

n

(3.71)

(r1,72)

Obviously, t = 0 corresponds to the case 0P Ay, (Ap) =0, n+p > 5, whereas
t = 1 leaves the original set of initial conditions unchanged. Thus, the ”"running”
vertex functions become dependent on the parameter t:

aPASLm,m) — OPAglm,m)(pl, ey Prs Ny A, 8). (3.72)
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We could now proceed as in section (22)) and analyze the quantity W (A) defined
in eq. (240), that is the total derivative of the vertex functions with respect to
the parameter t holding the renormalizable couplings fixed at A = Ag. Instead, we
will choose a strategy very similar to the proof of convergence of the vertex func-
tions in Theorem (2): we start by integrating the RGIs for the vertex functions,
thereby employing the renormalization conditions, and then differentiate the result-
ing inequalities with respect to the parameter t. The first step has already been
performed in eqns. ([B.38) and (3:42]), and we proceed to the second one.

1. Differentiation of ([B.38]) with respect to the parameter ¢ yields

H—A4 PPPATII )] < H—A4 TP (o)l

Ao
Fenp / ds s3 (u ZOP AT (s)]
A
+H—8PAS1’{2’< )|

d S1.8 T 81,12—S
F2 DTS SO AP () |0 AL 2’<s>|l>-
(3.73)

Note that in [B.73]), the terms of ([B.41]) that stem from the differentiation of
the upper bound of the integral in (3.38]) are missing.

2. Differentiation of (3.42]) with respect to the parameter ¢ yields

H—A4 mPATIRI (A < H—A4 PTOPATTT) (AR)|

ey [ ds 310 (n LA )|
AR
Hl AT ()]
P23 L g A ) 0P AL s >||>.
(3.74)
Theorem 3 (Uniqueness of the no-cutoff limit) Let there be renormalization

conditions (317)-(321). Assume that to order r1,7o in perturbation theory in A{
and A&

AN A
1074 g, ) £ 477 ()P0 (£2). (3.75)
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and that forn+p>5

d D A(r1,72) —p Ag " Ao
Then
d AN A A
2 gp A(rire) < AP 22 - 20
||dt6 AV (pry ey oy A < A <AR> AOPln <AR> (3.77)

where Ap < A < Ay.

Proof 3 The proof goes in complete analogy to the proof of Theorem (2) if the RGIs

(5-41) and (343) are replaced by (3:-73) and (3.77).

O

We now may integrate the inequality (3.77]) over ¢ with integration limits 0 and 1:

LAY A A

’ pl?"'7p77/7 ) - ’ pl?"'7p77/7 ) — n M
| Alrr2)( A1) — P AT A0)]| S AP Pin | 2
Ar) Ao AR

(3.78)

Since eq. (B.78)) is valid for any set of initial conditions &”’ASLH’TZ)(AQ), n+p > 5,
as long as they satisfy eq. (3.44]), we conclude with the triangle inequality that for

two different sets 8PA£1(T1’T2)(A0) and 8%45 (”M)(Ao) which are in accordance with
eq. (B:44) the associated ”"running” vertex functions satisfy

71
187 AN (o1 o, A) — PAPE) (o p Y| < AP (i) A pin (ﬂ) |
AR AR

(3.79)

This result is the analogon to eq. (2.47) and shows that the no-cutoff limit of the

cont

vertex functions A, (rl’m)(A) is independent of the choice of the initial surface as

long as the initial values &”’Ag’l’rz)(Ao), n + p > 5, remain sufficiently small.

For finite Ag, eq. (B.79) means that at the scale A the ignorance about the
exact values of the bare vertex functions 8PA£Z“1’T2)(A0), n + p > 5, amounts to
an indetermination of the "running” vertex functions 8pAgT1’r2)(p1, eeey Pns ) of the
order of A%Pln (1[\\_,02>



Chapter 4

Effective Field Theories from
the Viewpoint of the
Renormalization Group

We investigate the predictivity of an effective field theory that has a finite UV cutoff
scale Ag by means of the renormalization group flow equations. Therefore, additional
nonrenormalizable coupling constants are introduced and the vertex functions of the
effective potential are expanded into perturbation series in the renormalized renor-
malizable and some of the bare nonrenormalizable couplings. This is referred to
as ”generalized perturbation theory”. New bounds for the vertex functions are es-
tablished in generalized perturbation theory in an attempt to unify the results of
[47] and [17], and improvement conditions for the nonrenormalizable couplings are
imposed at the renormalization scale Ar. We prove that there exist small initial
conditions for the nonrenormalizable couplings at the UV cutoff scale Ag such that
appropriately chosen improvement conditions can be met. The proof is done in per-
turbation theory in the renormalized renormalizable couplings and in the deviations
of the renormalized nonrenormalizable couplings from the values they would take
at the renormalization scale Ag for vanishing initial conditions at the UV cutoff
scale Ag. The main advantage of our approach as compared to [47] is that the case
of vanishing renormalizable couplings does not pose any problems and thus also
nonrenormalizable theories can be treated. Finally, it is proven in generalized per-
turbation theory that the improvement conditions lead to an enhanced predictivity
of the effective field theory at scales A << A for a finite UV cutoff Ag. The present
chapter can be seen as a rigorous version of the concepts introduced in section (2.3]).

37
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4.1 Initial and improvement conditions for the nonrenor-
malizable couplings

4.1.1 Generalized perturbation theory and RG inequalities for ver-
tex functions

In this chapter, the main objective is to analyze the behaviour of the effective poten-
tial L(¢, A, Ap) as additional renormalization conditions for some of the nonrenor-
malizable couplings are introduced at the renormalization scale Ag. These come in
addition to the renormalization conditions for the renormalizable couplings, and are
again referred to as ”improvement conditions”. The analysis will be carried out in
perturbation theory in the renormalizable couplings and in some of the nonrenor-
malizable couplings.

In order to define nonrenormalizable coupling constants, we consider a Taylor
expansion of the vertex fuctions Lj,(ki,...,kpn,A) introduced in eq. (B4) around
ki = 0 up to O(k*):

1 n—1 R .
Ln(kly-.-akTL’A) = Ln(O,,O,A) —|— 5 Z kilkf«; 87/:117n87/:;2’nLn(k1"kn’A)|kL:0
i1,i2=1
1 n—1 3 )
T DL MR O O Lk e, g
’ i1...14=1

n—1

1 1 - -
+5 > k;;l...k;;ﬁ/o dr(1—7)°0 Ok Ly (K, by M)

Ulyeeyt6=1

The expansion coefficients in (4. may be used to define the additional running
coupling constant, which we will denote by pz(A) in accordance with the notation
employed in section (23)):

po(A) 01 = OOV La(ky, ko, ks, Mlmor 0= 1,2 (4.2)
pr(A) " = 030 3L3(k1, ko, k3, A)lg=0, @7 J =1,2 (4.3)
ps(A) = L5(0,...,0,A) (4.4)

po(A) IMP7 = 0501 207 207 3 Lo (K1, k2, A) [0 (4.5)
p1o(A) 0" = 0}407 s La(k1, k2, k3, kas A) k=0, 1 =1...3 (4.6)
p11(A) " = 0407 4Lk, ko, k3, kay A)|p=0, i #j=1..3 (4.7)
pia(A) = Lg(0,..,0,A) (4.8)

!See Appendix ([A2) for details on the definitions of the couplings.

(4.1)
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where [HVP7 = §HV§PT + §HPEVT + §H96VP. The couplings (A2)-(ZL8) are indeed

nonrenormalizable since their mass dimensions D, satisfy

-1, a=6,7,8
Dz = { -2 , a=09,.. (4.9)
see eq. ([B3). In the following, we will restrict our considerations to the couplings
with D,, > —1, that is from now on a = 1...8 unless stated otherwise.
For the bare nonrenormalizable couplings pz(Ag), we define initial conditions

pa(Ao) :=p2, a=6..8. (4.10)
In analogy to the notation introduced in eq. ([B3.22)), we employ
AQ(A) := A Pra g (4.11)

The vertex functions L, (ki, ..., k,, A) are expanded in perturbation theory in the
renormalized renormalizable couplings pf and pZ introduced in eqns. (B.20)-(B.21)
and in the bare nonrenormalizable couplings pg, a = 6...8, of equns. ([@I0):

Ln(klv oo o, A) = Z (pf)rl (pé%)rz (pg)rg (pg)m (pg)TsleTl,---,T’s)(kh wees ks A)
T1,...,79=0

(4.12)

We refer to the expansion ([AI2]) as ”generalized perturbation theory”, in contrast
to the expansion ([B3.23) that is done only in the renormalizable couplings pf and
p?. The reason for using bare nonrenormalizable couplings as additional expansion
parameters is that in the integrations performed in the inductive proofs of upcoming
Theorems () and (@), the initial values for the nonrenormalizable couplings have to
be specified at the bare scale Ag.

In the following, we will work with the dimensionless vertex functions A, (A)
defined in eq. (3:24]). With

AL (o E, A) = AT L) () (4.13)
and the definitions (3:22]), (4.11)) we may write

An (ks b, ) = Y (A (A (A AT ) (ky, ..y Ko, A).
1,...,75=0

(4.14)

The perturbative expansion (4.14]) is sensible only for small dimensionless couplings.
Therefore we again impose eq. ([3.27) as an additional constraint to the renormaliza-
tion conditions (BI7)-(B.2I]) and equally demand that the initial conditions (£.I0])
are such that

M(A) <1, a=6.8. (4.15)
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Note that because of the definition (ZII]), this implies pd < Ay 1 4 =6..8, for
A < Ag and thus
A
MA)<—, a=6..8. (4.16)
Ao
To Oth order in perturbation theory in all coupling constants the vertex functions
vanish:

A0 () ke, A) = 0. (4.17)
Finally, we define overall orders in perturbation theory via

roi= ri4..+7rs (4.18)
rNR = T3+7ra+7rs. (4.19)

ryg gives the overall order in perturbation theory in the bare nonrenormalizable
couplings A, AY and 3.

We rewrite the RGE (B.0]) in terms of the dimensionless vertex functions (3.24))
and express the resulting equation in perturbation theory in the couplings )\f, )\?,
A, A% and AJ. Applying the bounds ([3.33)) and (3.34)) as well as the condition ([3.30)
for the renormalization constant A we arrive at

Hdcjl\A4 n— T1+TNR8PA(T’17 T )(A)H
< Cnp A?’—"—“”NR<|rapA¥iy (W] + om AT (A)]
£ ATT Al () 0 AT TS‘S”(A)H)
(4.20)
where

T1ye.5T,

Z = > Z Z (4.21)

p1,p2,p3: > pi=p =1 s1,...,s5=0
1<s<r-—1

The RGI (£20) is the analogon to the RGI (8.36]) of chapter (). Integrating (4.20])
with respect to A and differentiating the resulting RGIs with respect to Ag, we can

easliy deduce RGIs that correspond to the RGIs (B38), (341]), (3:42) and (3.43) of
chapter [@). The same holds true for the RGIs (3.73]) and (3.74). We leave this step

to the reader.
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4.1.2 Boundedness of vertex functions in generalized perturbation
theory

We establish new bounds for the norms ||8PA£LT1""’T5)(A)H of the vertex functions
in generalized perturbation theory. These bounds can be viewn as the unification
of the improved bounds of Keller, Kopper and Salmhofer [I7] and the results of
Wieczerkowski [47] concerning boundedness of vertex functions in generalized per-
turbation theory. The bounds established in Theorem () are included as the special
case of Oth order in perturbation theory in the nonrenormalizable couplings.

Theorem 4 (Boundedness II) Given the renormalization conditions (3.17)-(321)
and the initial conditions [{.10), and assuming that

oA \? A
|10 AL (py, .y py Ao) || < Ag” (A—;> Pln <—°> (4.22)

orn+4p>6, to order i, ...,r5 in perturbation theory in A\, M, A0, A) and A9
5 7 8

8P A1) (py oy sy A

AN (AR A A Ao
< P2 — - — _—
() (B) o) e ()

(4.23)

where Pln(z) denotes some polynomial in In(z) whose coefficients are taken to be
nonnegative and Agp < A < Ag.

Proof 4 At first we note that to Oth order in perturbation theory in the bare non-
renormalizable couplings A3, XY and ], that is for rygr = 0, Theorem (J]) reduces
to Theorem () that has already been proven. We therefore proceed to the case
ryr > 0 and follow the induction scheme employed in the proof of Theorem (1),
that is the proof is done via induction in both the overall order in perturbation the-
ory, r = r1 + ... + r5, and the number of external legs, n, of the vertex functions

ATS)  The induction start is now given by

{(ry,n):r=0 A neN}Vv{(rn):r>1 A n>3r+2} (4.24)
because of the perturbation theory in the bare couplings.

1. The case p+n > 6: On the RHS of the analogon to the RGI (3.38), we
plug in eq. ([{-23) as the initial condition at Ao and eq. ({.23) as the induc-
tion hypothesis. The integrals can be solved easily and as a result, [.23) is
established.
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2. The case p+n = 5: Plugging eqns. (4.10) as initial conditions at Ay and
eq. (4-23) as the induction hypothesis into the analogon to the RGI (3.38), the

bound ([{-23) can be proven for all expansion coefficients (4.2)-({-4]). We will
demonstrate this for the example n =3, p = 2:

L (T O N [ e

Ao s
+ AE”ASNR/A ds S_2A—0Pl’l’L (

Solving the intergral and multiplying the whole inequality with A"'"1""NE yields
#-23)-

3. The case p+n < 4: The bound ({{.23) has to be proven for the expansion
coefficients (311) -(3.173). We start with the analogon to the RGI (343) and

plug in eq. ({-23) as the induction hypothesis. Because we are treating the case
rygr > 0, all initial conditions at Ag vanish. Solving the integrals establishes

the bound ([{-23).

4.1.3 Inversion of the RG trajectory

At the renormalization scale Ap we impose improvement conditions for the non-
renormalizable couplings pg, @ = 6...12. The canonical dimensions of the couplings
for which improvement conditions are defined determines an improvement index s
that has been introduced in section (2.3]):

s=1t palhn) = VR G
s=2: pfl(AR):péVRv a

6,....8 (4.26)
6,...,12 (4.27)

We restrict ourselves to the case s = 1. In analogy to equs. B.22]), (£II)) we
introduce dimensionless versions of the couplings (4.20)):

AVE(A) = A= Pra pl'E, (4.28)
For small initial values of the nonrenormalizable couplings as implied by eq. (4.I3]),
MN(Ag) <1, @a=6,..,8, (4.29)

the improvement conditions (£.26]) cannot be chosen freely. It follows from Theorem
@) and eq. (B1Q) that for initial conditions a la eq. (£29) we have

Erl,rz) . gont (r1,r2) < A " % & s
H)\a (AR,AQ) )‘a (AR)H ~ <AR> Ao Pin AR s a 6...8,

(4.30)

Ao
Ar)’

(4.25)
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where )\gont (Tl’TQ)(AR) = )\gl’m(AR, o0) and the index (r1,73) refers to perturba-
tion theory in the renormalizable couplings A¥ and AZ. Since the latter are small
according to eqns. [B27), (3:28) we conclude that for small initial values (£.29) the
running nonrenormalizable couplings must satisfy at A = Ag

A A
Ia(Ar, Ao) = A (AR)| < SEPIn(>), a=6.8, (4.31)
Ag Ar
in agreement to the discussion at the beginning of section (Z.3]).
In the following, it will be proven in perturbation theory that the inversion is
also true: for given improvement conditions (428 that satisfy
A A
W) )l < P (32
R

> . Ap>Ap, a=6..8, (4.32)
Ap

there exist small initial conditions a la eq. ([E29) such that the improvement condi-
tions can be met:

Xa(Ar, Ag) = A (AR) (4.33)
for an UV cutoff scale Ay that obeys Ag < Ap.

We begin by expanding the running dimensionless coupling constants \z(A), a =
6...8, in perturbation theory in the renormalized renormalizable couplings )\f and
A and in the bare nonrenormalizable couplings A, A and AQ:

Y A )R B (YA () (4.34)

T1,..,75=0

Eq. (@34) follows essentially from (4I4]) and the definitions (£2])-(@4]). Next,
we introduce auxiliary variables A\z(A) which are defined as the values the running
dimensionless couplings take for vanishing initial conditions (4.I0]). This can also be
viewed as the Oth order in perturbation theory in the nonrenormalizable couplings:

o0

Xa(A) = ST AT ) AR AR (M) (M) (W) (4.35)
71,...,75=0
#NRio

where xR is again the overall order in perturbation theory in the nonrenormalizable
couplings. Defining the deviations

AXa(A) := Aa(A) — Na(A) (4.36)
we may write
A= S AW OBT AR OYSO Y. (487)
1,...,75=0

rNr>1
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Furthermore, we note that

)\20,0,1,0,0) R (4.38)
)\g070,071,0) = ar (4.39)
Aéo70,070,1) = s (4.40)
Thus, for a =6...8
A= S AT ) AR AR (M) (A (M) (4.41)
r1,...,r5=0
T’]Xi?l

and we finally arrive at

o0
N =) = 3 AT WOHT YD O (4.42)
71,...,r75=0
rNp>1
r>2
Eq. (£37) gives us the deviations AX;(A) in perturbation theory in the renormalized
renormalizable couplings )\f and )\g and the bare nonrenormalizable couplings A2,
A and AY, whereas eq. (£42) serves as the starting point for the inversion. This
will become clear in the following.
We expand the couplings )\8, )\g and )\g in perturbation theory in Af and /\gz and
in the deviations

ANE(A) := (Ag/N)Pra AN (AR), a=6,...,8. (4.43)
The result is
NA) = 308 R AN AN @AM @AD" (444)
For a = 6...8 we have
/\g (0,0,000)  _ )\2 (1,0,0,0...,0) _ /\2 (0,1,0,0..0) _ (4.45)
A0 (0,0,1,0,0)  _ 0.6 (4.46)
N 000105 (4.47)
I\ (0,0,00,1)  _ Jas. (4.48)

In order to keep the complexity of the upcoming equations under control, some
notations have to be introduced:

Ay = (AL, A2, =1 (4.49)
B, = (B,..B)), idy=1l.ry (4.50)
Ci, = (C,..,C3), izg=1.rs, (4.51)
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the "norms”

Al = Aj +..+A, dip=1l.rs (4.52)

and
T = Aj+..+A,+B1+..+C,,. (4.53)

We now plug the perturbative expansions (444]) into eq. (@42]) and arrive at a
system of equations for the coefficients A} (l-15) (A} of the expansion ([@Zd):

)\Q (11,...,15)(A)

l1,l2

= AN () - > > > <5T1,31 072 55073 15074 1,075 15

81,52=0 r3,74,75=0 A1..Ang
s1+s2<li+la—1 ryr>1 B;..B,,
C1..Cry=0
(li—s1,l2—s2,73,74,75) 0A; 0Ar;\0B; 0 Cyy
Ay (A))\ﬁ g Ar Tl Ag P
- - 0 A 0C
(0,0,r3,74,75) 0 A r310 B1 ry
-y > (g dr Al DA)AQ A1) Ars )0 Br 30

r3,74,75=0 A1.. A,
TNR22 Bi..B,

C1...Cry=0
(4.54)
where @ = 6...8. Note that with [ := 11 + ... + 5,
AN (AR) = 6,104 (4.55)
AN ARy = 6,160 (4.56)
AN AR = 6180 (4.57)

Eq. ([@354) is our key equation for the inversion of the RG trajectory, as is shown by
the following theorem:.

Theorem 5 (Inversion of the RG trajectory) Fora =6...8 andla :=13+14+

l5 let
AN /A2 A A
AN Ay < (2 20} Zpi(22) . 4.
[[ANG W < i, N In Ay (4.58)

Then to order ly,...,l5 in perturbation theory in )\f, )\5R and the deviations A)\éz,
ANE and AN

I Ia
0 (l1;---,l5) A < A ﬂ AP ﬂ 4
B3 (M) < <AR> (A i In A (4.59)

where Ap < A < Ag.
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Proof 5 The proof is done via induction in the overall order in perturbation theory
I =11+ ...+15 of the couplings A\, \E and the deviations ANE, ANE and ANE. We
note that

A ot (py = AN (A for 1= 1, (4.60)

and thus the induction start is established. In order to prove the induction step, we
make use of eq. (4.-54). The overall orders in perturbation theory |A;, |, |Bi,|, |Ci,|

of all coefficients )\g A“, )\(7) B¢2; )\g Cia appearing on the RHS of (4.54) satisfy
|Ai1 |7 |Bi2 |7 |Cz3| < L (4'61)

This follows from the constraints on the summation bounds appearing on the RHS
of (4.59)). We thus plug eq. (4.59) as the induction hypothesis into the RHS of

eq. (4-54). The bounds for )\éll_sl’lrs%rs’”’%)(A) and )\éO’O’TS’T4’T5)(A) follow from
Theorem ([4)) and the induction step can be established.

O

The couplings A\¥, Af are small as defined in eqns. ([3.27), (3:28). If we demand also
smallness of the deviations (4.43]),

ANE(A) <1, a=6,..,8, (4.62)

Theorem (Bl implies that for

A Ao
~ < - _ .
|AX(A)]] < A Pin (AR> (4.63)
we have
A A
Q < — 0
Az (A)]] < A Pin (AR> (4.64)

Let us remember that \z(A) refers to the case of vanishing initial conditions ([EI0),
as follows from the definition (435]). Thus, Theorem (2)) and eq. (£3TI]) imply

_ Ao
Ra(Ar, Ag) — AL (AR)|| < —Pln <A > i=6.8. (4.65)
R

Since AXz(A) = Aa(A) — Aa(A), we conclude with the triangle inequality that if

AR A
IXa(AR, Ag) — A& (AR)|] < —Pl <A°> ., a=6..8, (4.66)
R

the bare couplings are small @ la eq. (4.64). The conjecture discussed at the be-
ginning of this section in eqns. (A32]) and (4.33]) has therefore been proven: there
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exist small initial conditions )\g(A), a = 6...8, such that the improvement conditions
Aa(Ag,Ag) = ANE(AR) for the nonrenormalizable couplings can be met as long as

they satisfy eq. (4.32]) .

In eq. (£44]), we have expanded the bare couplings )\8, /\(7) and )\g in perturbation
theory in )\f and )\5R and in the deviations A)\g, a = 6...8. This approach is suitable
for analyzing the predictivity of an effective field theory for a given UV cutoff scale
Ag, as will be shown in the next section. In particular, the special case where
the renormalized renormalizable couplings A and A are chosen to be zero can be
treated without problems.

However, if the aim is to fix nonrenrormalizable couplings at their continuum val-
ues A\&"(AR) in order to achieve improved convergence in the limt Ag — oo, this ap-
proach is problematic because of the Ag-dependence of the deviations A)\dR(A, Ap), a =
6...8. In this case, it seems reasonable to follow the strategy outlined by Wiecz-
erkowski [47] and to replace the expansion (£.44]) by one that is done in the renor-
malizable couplings only4:

A(A) = 300 R (A (AR, (4.67)

A repetition of the analysis outlined in this section then yields an equationﬁ similar
to eq. (A54) and ultimately the analogon of Theorem (Bl in perturbation theory in
the renormalizable couplings A\Y¥ and \E.

4.2 Predictivity of effective field theories and improved
convergence

In order to investigate the predictivity of an effective field theory, we follow the
strategy set forth in section (2.3]). For a given set of initial conditions a la (£.22]),

Ao

T1
182 A (pr, . py o) | < AP (A—R> Pin <_> ntp>6,

we construct another one via the parametrization
P Alrrrs) (Ag) — QPAT ) (Ng) i=t AT (Ag), t€[0,1], n+p>6.
(4.68)
(T15.575)

Obviously, t = 0 corresponds to the case 9P Ay, (Ap) =0, n+p>6, whereas
t = 1 leaves the original set of initial conditions unchanged. The ”running” vertex

2This essentially amounts to consider the equations beginning with eq. ([@Z4)) in the case of 0th
order in perturbation theory in the deviations AAY, @ = 6...8, and to withdraw eqns. @355)-(@E51).

3In [47], the part of this equation that corresponds to the last term of the RHS of ([@54) seems
to be missing.
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functions become dependent on the parameter ¢:

P AT = P AT (o, pgy A, Ao, B). (4.69)
Theorem 6 (Predictivity of Effective Field Theories) Let there be renormal-
ization conditions (3.17)-(321) and improvement conditions ({.26]), meaning the

improvement index is chosen to be s = 1. Assume that to order ri,...,r5 in pertur-
bation theory in )\f”, )\g, )\8, )\(7) and )\(8)

AN A\ A
D A(r1,.-75) < AP 0 0
|0 Ay, (P1s s P A)|] <A (AR> ( A > Pin (AR> , (4.70)

and that form +p > 6

I8 AL 1, Aol < 857 (32 P (A @)
dt n oo Py > g Ar An . .
Then
d A T1 A TNR A 2 A
D aparird oo <A () (R0 (AN pyy (Mo
50 A el <477 () (3) 7 () P (5

where Ap < A < Ag.

Proof 6 We note that (4.70) is a weaker bound than ({.23) and thus has already
been established in Theorem (). We follow the by now well-known induction scheme
outlined in the proof of Theorem (1).

1. The case p+n > 6: On the RHS of the analogon to the RGI (3.73), we
plug in eq. ([{.71]) as the initial condition at Ao, eq. (4.72) as the induction
hypothesis and eq. ({.70). The integrals can be solved and as a result, {{.73)
is established.

2. The case p+n < 5: The inequality ([{.72) has to be proven for the derivatives
of the expansion coefficients (3.11) -(3.13) and ({{.2)-([4-4) with respect to the
parameter t. We start with the analogon to the RGI ({3.7]) and plug in eq.
(4-72) as the induction hypothesis and eq. ([{.70). All initial conditions at Ag
vanish because the renormalization conditions (3-17)-(3.21) and improvement
conditions (4.26]) mean that the couplings ps, a = 1...8, are independent of t
at A = Ag. Solving the integrals establishes ({{.72).
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We can integrate the inequality (£72]) over ¢ with integration limits 0 and 1:

||apA£L7‘1,...,r5) (ph -+ssPn, A7 1) - apAgLrl,...,%) (pb o3 Dn, A7 0)”
AN (A /AN Ao
<AP|— — — | P — . 4
() (B) (%) mis) o
Since eq. ([£.73) is valid for any set of initial conditions 8pA£LT1""’r5)(A0), n+p>6,
as long as they satisfy eq. (4.22]), we conclude with the triangle inequality that for

two different sets 87’Af(r1""’T5)(Ao) and OP AL (Tl""’r5)(A0) which are in accordance
with eq. (£22) the associated "running” vertex functions satisfy

0P Ap 1T (py o p, A) = OPADT ) (py L p, A

cor () () () () o

As has been stressed before, the perturbative approach is sensible only for small
dimensionless expansion parameters & la eqns. (3.27) for A¥, AE and (ZI5) for A2,
A, A9, Theorem (Bl and the thereof derived eqns. (&66), (&G4 ensure that for
improvement conditions which satisfy (£32]), that is

A A
H)\(]iVR(AR) - )\gont(AR)H < _RPln =L ) AD > AR7 a= 687
Ap Ar
the couplings A, A%, AJ are small in the sense of eqns. (ZLI5) as long as the UV

cutoff stays below the scale Ap, Ag < Ap.
Coming back to the discussion at the end of section (2.3]), we now have proven

that the ignorance about the exact initial values o ASL”"""“”) (Ap), n+p > 6, amounts
to an indetermination of the "running” vertex functions 8”A£LT1""’T5)(A) of the or-

2
der of (%)T’NR <AA0> Pln (ﬁ—g). Note that for small couplings AJ, A}, A3 in the
sense of eqns. ([AI5]), (AI6) this amounts to an indetermination of 9P A, (A) of the

2
order of (AAO) Pin (/Ix\_g)’ Compared to Theorem (B]) and eq. (3.79) where only

renormalization conditions for the renormalizable couplings have been specified, the
improvement conditions (4.26]) for s = 1 have thus led to enhanced predictivity.

We will now briefly comment on the case where the nonrenrormalizable couplings
pa(AR), a = 6..8, are fixed to their no-cutoff values p¢°"*(Ag) in order to achieve
improved convergence in the limt Ag — oo. Following [47], we then assume that the
initial conditions for the nonrenormalizable couplings are defined in perturbation
theory in the renormalizable couplings, see eq. (A67]). Consequently, also the vertex
functions are given in perturbation theory in the renormalizable couplings )\f and
M. Employing the RGIs (34I) and ([3.43) and following the path set forth in
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Theorems (@) and (2), improved convergence as compared to eq. (BXZ0) of the
vertex functions to their continuum limits can be established:

A A Ao

r1 2
(r1,r2) _pcont (r1,r2) < (= S 0
A 1 A o) = 45 O oV < (1) (1) P (52)

(4.75)



Chapter 5

Polchinski’s Equation for
Euclidean Quantum Gravity

The standard covariant BRS quantization procedure for Euclidean Einstein gravity
is reviewed, as it can be found for instance in [39], [6]. Unlike these authors, we
include a cosmological term. Our dynamical variable is a perturbation of the metric
density /g g"” around flat space, and in contrast to [41], [9], we do not work in the
background field method. We state the Slavnov-Taylor-Identities (STI) for quantum
Einstein gravity and deduce graviton and ghost propagators. The problems that
arise due to the cosmological constant when gravity is treated as a flat-space QFT
are discussed, as well as possible resolutions. A momentum cutoff regularization
for the generating functional is employed and the resulting violation of the gauge
invariance and hence the Slavnov-Taylor-Identities is discussed. We review a fine-
tuning procedure that has been shown [I§] to cure the analogous problem occuring
in the perturbative renormalization of Yang-Mills theory via flow equations. The
ultimate aim of this procedure is the restoration of the STI in the no-cutoff limit.
First implications of an analogous procedure for quantum gravity are proposed.
Finally, we establish the Polchinski renormalization group equation for Euclidean
quantum gravity and discuss the properties that a solution of this RGE must have
in order to represent a valid candidate for a quantum theory of gravitation.

51



52 CHAPTER 5. POLCHINSKI'S EQUATION FOR QUANTUM GRAVITY

5.1 Covariant quantization of Euclidean gravity

5.1.1 BRS quantization of Einstein gravity with a cosmological con-
stant

The Einstein-Hilbert action for Euclidean gravity with a cosmological constant is
defined ad]

1
S = 53 / & /G (—4Ax + 2R) (5.1)

where \? := 327G is proportional to Newtons constant G and A is the cosmological
constant. The canonical dimensions of A and Ax are

N = A (5.2)
[Ag] = A?

where A is some scale of mass. We would like to remind the reader of the definitions
of the geometrical quantities in the action (5.1)):

g = detgu (5.4)
R”, = 8,I%,—9,I" 4 T7, I, —T%, (5.5)
Cow = 50w+ Outon ~ Dosyn) (5
Ruw = R, (-7

R = R‘. (5.8)

Obviously, the metric g,, is the only dynamical variable the Lagrangian depends
on. It turns out convenient to define the contravariant metric density (weight +1)

P = g 9" (5.9)

where g"” is the inverse metric, g"’g,, = 6", and to rewrite the action (G.1)) in
terms of g"”. With

det g = g*det g™ = g*g~"
=g (5.10)

and §"*g,, = 6", we find [0]

1 — 1_,.,. - - -
S = ﬁ/dzlx <—4AK\/deth — ig“”gaﬁgyaaugmaugaé

1_,.,. . - - . - -
+Zguygaﬁgy53uga63ugw + gagﬁuga”&,g”ﬁ> . (5.11)

!See Appendix ([A.6) for our conventions.
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The tensor density g is split up into a flat Euclidean background §*¥ and a per-
turbation part h*:

G = GM 4 AR (5.12)

The quantity h* will be our dynamical field variable. With 1 = L — x%(a: —x0) +
0

o
x—lg(x —0)% + ... we find

Gur = Oy — M + Nh oy — N0 1 hgy, + .. (5.13)

where hy,, = 5ua5ugh0‘5, In addition, because of detx = exp(trlnz) and Inx =
S L1t (z — 1) it follows that

n=1n

=1 Iy La2puge o212
\/det g+ —1+2)\h 4)\ hE,hP, + A 8h + ... (5.14)
where the notation k"), = h has been employed@. Thus, we can expand the Einstein-
Hilbert action (5.1l in powers of h,,. Since we are expanding around flat space,
the scalar curvature R vanishes to Oth order in h,,. Furthermore, we would like to
stress that for Ax # 0 the flat background is not a solution of the field equations
and we are left with a term linear in h,, in the action:

SpH = / d'z (—41;—;{ + LW 4 £3 4G 4 > . (5.15)

Here, £, £2) . denote the Lagrangians linear, bilinear, etc. in h. The constant
term — 41\21( will merely give rise to a multiplicative factor in the generating functional
of quantum gravity and we will drop it from now on. From Ref [6] and eq. (5.14])
follow

£® = —2ATKh (5.16)

1 1 1
L® = Ag(Wne, — 5h2) = 5 0uh 0" 17 + 20,0 B Oyl hyp.
(5.17)

As shown in Appendix (A7), the tensor density (5.9]) transforms under infinitesimal
general coordinate transformations as

§ = g =g+ Lxg"” (5.18)

2Sometimes we will use the notation h also as an abbreviation for huw-
3The contributions linear in h that stem from the expansion of R vanish because they are total
derivatives.
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where
Lxg" = XPOpg"" + g 0, XV — g7 0, X1 — g0, X7 (5.19)

Lx denotes the Lie derivative with respect to a vector field X = X*0,. Regarding
our gravitational field variable h,,,, we define "gauge transformations”

W= Y AT L g (5.20)
o= 6 (5.21)

Here, the freedom to ”shift” the changes induced by the coordinate transformation
on g between the parts 6* and Ah*" has been exploited such that only the h,,
field is transformed and the flat Euclidean background *” remains fixed. With eqns.

(.12) and (5.19) it follows that

LXG" = 010, XP 0P 0, X160, XV 4N (XP O+ 8, X~ 8, XV —h#9,X")
(5.22)

in agreement with Ref [39].
In order to quantize gravity, the gauge has to be fixed. As a gauge condition we
employ the harmonic gauge:

FrO(7) = 0 (5.23)

with FAo = 60, (5.24)

In the following, we will often use the abbreviation F# = F’,,(h*”). The Faddeev-
Popov procedure [30] then adds a gauge fixing term

Sar(h) = 15 d*zF"F, (5.25)

as well as a ghost term@

Sar(h,C,C) /d4 < 5XV),> cv (5.26)

to the action where F(*) = F',,(h*°’). With eqns. (5:22) and (5.24]) we find

S(FH)

o = 005+ A(9,0h + 9,109, — 6,0,h7°0), — 8, hP78,0,)  (5.27)

in agreement with Ref [6].

. / 1 §h! » — ’ »
4Note that since % = 6§5,“) 550 and 5;5 = Lcgpo We have fd4:c Cu (65&? )C’ =

[d*z C, (‘sgju ) Lcgpo. An expression of the latter kind was used by Ref [33].
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Let € be an anticommuting constant parameter. One can check that the total
action

Siot = Spu(h) + Sar(h) + Squ(h,C,C) (5.28)

is invariant under the BRS transformations

ShH = Loge (5.29)
5CH = AC"9,Cle (5.30)
6.C, = & 1'Fe (5.31)

These are in complete analogy to the corresponding BRS transformations of Yang
Mills theory [30]. We may define an extended total action Sy, by introducing sources
By and 7, that couple to the nonlinear BRS variations (5.29) and (5.30):

gtot = Stot + /d4.’1' (ﬂwﬁcg“l’ + TM)\CV&/C”) . (532)

One can show that (5.29]) and (5.30) are nilpotent,

6c(Leg™e) = 0 (5.33)
6.(CY9,Cte) = 0. (5.34)

Thus, also Sj is invariant under the BRS transformations (5.29)-(5.31) and the
BRS invariance can be stated in the for

o 5§tot 5§tot 5§tot 5§tot —1 5§tot
ePtot = F,—— =0. .
OeSiot = 55, ol 5r, sow & w0 (5.35)
Finally, we add a source term
Sy = /d4x (twh +5,C* + "C,) (5.36)

to the action.
We are now ready to formally write down two unregularized generating func-
tionals for Euclidean quantum Einstein gravity:

W(J) = / Dh,,, DCPDC, etot+5 (5.37)
and an extended version

W(J, Buvs Tu) = /DhuuDCHDUM egt0t+sj (5.38)

SSince f(x + 6x) = f(x) + %517 the invariance f(z + dz) = f(x) means %517 =0.
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where we employed the notation
J={tw,ou, "} (5.39)

Note that W (J, B.,7,) involves the composite field operators (5.29) and (5.30).
In addition, we introduce a generating functional Z(J) for connected correlation
functions,

W(J)=e?, (5.40)
and similarly an extended version Z(J, B, Tu)-

The (extended) generating functional W (J, B.,,7,) as well as Sy are invari-
ant under the BRS transformations (5.29)- (5.31]), whereas the source term S is
not. This leads to a condition for W (/J, 8., 7,), the Slavnov-Taylor-identities (STT).
Introducing the BRS operator

(5
they can be compactly summarized as
DW (J, By, ) = 0. (5.42)

The STI (5.42]) take the same form when they are written down in terms of the
functional Z(J, B, 7).

o

+£ o Fﬂpo(&;» (5.41)

DZ(J, By, ) = 0. (5.43)
For completeness sake, let us also define classical fields
- 67
By = T (5.44)
6z
b= _—— A
=5 (5.45)
- 6z
and denote o ~
¢ = {huuyguafu}' (547)
The Legendre transform I'(®, Buvs Tu) of Z(J, Buvs ),
T, B, 7)) = / 0w (1 + 7,8+ 0'E,) ~ Z(7. ), (5.48)

generates 1PI correlation functions. The Slavnov-Taylor-identities can be formulated
in terms of T'(®, B, 7p):

ST 6T 6T 6T oy OT
d*x — 4R (R = 0. 5.49
/ <56W Ohy 0T OCH & Fipa )5@ (5.49)

Again, (5.49) are in complete analogy to the Slavnov-Taylor identities of Yang-Mills
theory.
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5.1.2 The graviton and ghost propagators

In order to find the graviton propagator in harmonic gauge, we have to include the
gauge fixing terms (5.25) into the Lagrangian bilinear in the quantum fields, £2).
We wish to obtain a free-field Langrangian of the form

L= —%h’“’A‘l hPe (5.50)

pvpo

where A, is the graviton propagator. From equs. (5.17), (5.14) and (5:25) follows
that

1 1 .
LD 4 Lop = —Ag <§h2 - h“phpu> = ek 9
1 1
5 OulpOh? + 2 0,h"h+ Q0D . (5.51)

If we choose the parameter £ = % and use partial integration the above expression
simplifies to

LO 4+ Lop = Ag <h“pw - %h2> + % <h,,p6“8”h”p - %h@ﬁ“h) .

(5.52)
By comparison with eq. (5.50) we conclude that
. 1 o
AW}PU = _5 (5MP(5VJ + 6uaéup - 6MV5po') (8aa + 2AK)
= Do (0a0% + 2Ax). (5.53)

To obtain the graviton propagator, A;l,lpo has to be inverted. The operator D, s

is symmetric in p,v and p,o and under the combined operation u < p, v <> o. By
direct calculation one finds that

1
DD 500 = 3 (848% + oksY) (5.54)

where again D = % (50‘“55” + v §Br — 5aﬁ5“”). Thus we conclude that the
propagator for gravitons on a flat Euclidean background is

d4k ik(z—
A/u/pa(x_y) = /Wek( y)AuupJ(k2) (555)

where we have employed the Fourier transform

1 0upOvo + 0o dvp — O Opo

Ao () = 5 K2 —2hg

(5.56)
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The expression (5.50) deserves some comments. It is known from the literature [49]
that in flat Euclidean space, the propagator for a massive spin 2 particle with five
physical degrees of freedom is given by

_ 1GpGro + GuoGup — 3G G o
2 k2 +m?

ASpin2 (k’2)

pvpo (557)

where G, = 8, — (kuky)/m?. As is explained in Appendix (A6, to Oth order in
A physical sources t*¥ satisfy
kit = 0. (5.58)

Thus, if we consider the one-particle exchange amplitude between two physical
sourcedd # and ' for the massive spin 2 state described by (BE5TD) we arrive
at

1
tu ' — it/

e (5.59)

with ¢ = #",. On the other hand, the one-particle exchange amplitude derived with
the graviton propagator (G.56]) reads

Lt — St 1 !
k2 —2Ak  6k%2—2Ag’

(5.60)

By comparison it follows immediately that for Ax < 0, the first term in (5.60)
corresponds to the exchange of a massive spin 2 particle. However, the second term
has the "wrong sign” and must be associated with a repulsive interaction due to
a massive spin 0 ghost. This result is in agreement with [44]. For Ax > 0 things
look actually worse: in this case one would naively conclude that (5.60) describes
the exchange amplitude of a massive spin 2 particle and a massive spin 0 ghost with
?masses” ivVAKk.

However, for Ax = 0 there is no problem because then (5.56) is just the well-
known propagator for a massless spin 2 field with two degrees of freedom. Note
that there remains a difference between the graviton propagator (5.56]) for Ax = 0
and the massive spin 2 particle propagator (0.57)) in the limit m — 0 even if they
are coupled to physical sources k,t*" = 0. This is known as the van Dam-Veltman-
Zakharov (vDVZ) discontinuity [43] [48] and is ultimatively due to the extra degrees
of freedom of the massive spin 2 state as compared to the massless case.

For A # 0 the appearance of the ghost and the imaginary "masses” iv/Ax
respectively disqualify the linearized theory described by the action

Sk, = / die <£<1> + L@ 4 cGF) (5.61)

SFor real sources t** (k) we just have t"*'(k) = t**(—k).
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as a consistent quantum theory of gravity because negative probabilities, gravitons
travelling faster than the speed of light and other problematic behaviour will occur.
However, this can be seen as an artefact of our expansion around flat space that is
not a solution of the field equations for Ax # 0 and thus does not represent the
ground state of the theory. In case of Ax # 0, the solutions of the field equations
that correspond to the flat space solution for Ax = 0 (i.e. that have the maximal
number of symmetries, 10 Killing vectors) are either de Sitter (Ax > 0) or anti
de Sitter (Ax < 0). See Appendix (A.G]) for some more details. Indeed it can be
shown [29] that in an expansion around (anti) de Sitter space, the spectrum of the
theory with nonvanishing cosmological constant does not suffer from ghosts or other
pathologies and the gravitational field involves only two physical degrees of freedom.

In this work, we will not attempt to enter a deeper discussion involving quantum
field theory in curved spacetimes. However, it will turn out in the next chapter that
the case Ag # 0 has some interesting implications for the renormalization group flow
of gravity. Therefore, we propose the following pragmatic point of view. It can be
argued [II] that a nonlinear completior[l of the action (561)) such that ultimatively,
the full Einstein Hilbert action with cosmological constant (5.1]) is restored,

Segg = S}%‘H + V(h), (5.62)

should eliminate the ghost, the longitudinal polarisations of a massive graviton and
the wrong sign "mass” terms respectively. This is due to the nonlinear interactions
in V' (h) which are supposed to allow for a background rearrangement such that the
signature of the kinetic term of the ghost changes and a shift to the correct ground
state of the theory occurs. Then one effectively ends up with a QFT in curved
spacetime (de Sitter or anti de Sitter).

Thus, we will formally treat quantum gravity with (small) nonvanishing Ax as
a QFT in flat Euclidean space, keeping in mind that a more accurate treatment
would amount to doing it in (anti) de Sitter space. Note that since we will work
with an (effective) IR momentum space cutoff A, the occurrence of the wrong sign
"mass” term in the propagator (5.50]) for Ax > 0 will not pose any problems from
a technical point of view as long as we keep A% > Ag.

Finally, it remains to derive the propagator Agp,, for the ghost fields c”, Cu.
This one can be extracted out of the ghost term (5.26]). Employing eq. (5.27) we
find

Sau(h,C,C) = / d*zC ,6",0°0,C" + O(N) (5.63)
and thus
d'k tk(z—y) 2
AgHuw(r —y) = (271)46 AcHuw (k%) (5.64)

"It is known [42] that an analysis of this kind can cure the the vDVZ discontinuity problem.
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where

S
AcHuw (k) = ﬁ (5.65)

5.2 Cutoff regularization and Polchinski’s equation
5.2.1 UV cutoff regularization of gravity and violation of the gauge
invariance

We begin by decomposing the total action (5.28)) of Einstein gravity into the graviton
and ghost kinetic terms, a term linear in the field steming from the cosmological
constant and an interaction Lagrangian LE! (h,C,C):

AK v o Vol -1 v
Stot = /m 2Th_ _<h‘u Auulpcrhp >_ (C 7AGH/JI/C > /ﬁmt (h C C)

(5.66)
In addition, we introduce an extended interaction Lagrangian Elb;f (h,C,C,B3,7)
involving the composite field operators LogM and CY0,CH by

Eznt (h C C Ba ) znt (h C C) + 5MV£C'QMV + )\Tucua C*H. (567)

Note that from the definition (5.32]) of the extended total action follows that

Q AK v o ral - v

Stot = /m 2Th - _<hﬂ A,uulpcrhp >_ <CM7AG}{W/C > /Eznt (h C C Ba )
(5.68)

In order to be able to write down a renormalization group equation for Euclidean

quantum gravity, we have to employ a cutoff regularization. Let A be some scale.
We introduce a cutoff function K (—0?/A?) which has the properties (Z.8):

1, 0<z2<1
K(z) =< smooth , 1<z<4
0 , 4< 2.

The UV regularization is done by multiplying the graviton propagator (5.55]) with
the cutoff function,

DNppor(@=y) = Appo(@ —y) = K(=0°/A*) Ay (@ —y).  (5.69)
Similarly, we regularize the propagator (5.64]) for the ghosts:

Awen(—y) — Apgu(e—y) =K /A)Awen(e —y).  (5.70)

80ne can think of K(—8%/A?) as K(k*/A?) where k* are the eigenvalues of the operator —92.
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At this point, some important comments are in order. A momentum cutoff regu-
larization inevitably violates the local gauge invariance of any gauge theory. To see
this, consider a homogeneous gauge transformation of some field ¢(x),

o(z) — Qz)o(x). (5.71)

In momentum space the gauge transformed field is given by a convolution of the
field with the gauge transformation,

/d4/<; Q(p — k)p(k), (5.72)

and consequently any division of momenta is lost. On the quantum level, the
gauge symmetry leads to BRS invariance of the total action and ultimatively to
the Slavnov-Taylor-Identities for the generating functional. Hence, if gauge invari-
ance is destroyed by the regulator, so will be the BRS invariance and we will end
up with violated Slavnov-Taylor-identities (vSTT).

This fact poses a serious obstacle to any kind of analysis of a gauge theory
involving RG flow equations. Moreover, since the STI are generated by nonlinear
BRS transformations of the fields, additional complications arise because composite
field operators will have to be renormalized, too.

In the case of the perturbative renormalization of Yang-Mills (YM) theory via
flow equations, it has been shown [18] that these problemes can be surmounted by
the following procedure which has as its ultimate aim the restoration of the STI
(and therefore the gauge invariance) of the theory in the limit Ay — oo, i.e. when
the UV cutoff is taken away:

1. As a first step, one disregards the violation of the STI and establishes a finite
UV behaviour of the vertex functions of an effective potential L for the theory
at hand. Here, L is defined as in eq. (2.7). Since local gauge invariance
is destroyed in the regularized theory, the RG flow will generally produce
contributions to all those operators that are not forbidden by the unbroken
global symmetries, e.g. O(4) invariance. Thus, one has to add as counterterms
to L not only terms corresponding to the ”classical” interaction part of the
theory, but also all local renormalizable operators allowed by the unbroken
global symmetries. In general, the number of such terms is much higher than
the actual number of free parameters in the theoryﬁ.

Thus for an arbitrary set of renormalization conditions, a family of finite the-
ories is established. The procedure up to now is essentially the same as the
renormalization of a scalar field theory described in chapter (3)).

°In the case of spontaneously broken SU(2) Yang Mills theory, there are 37 such counterterms
needed, whereas only 9 physical renormalization conditions exist [27].
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2. The second step consists of finding one particular choice for the set of renor-
malization conditions such that in the limit Ag — oo the theory satisfies the
STI, i.e. gauge invariance is restored. This so-called fine tuning procedure is
rather involved and, roughly speaking, goes as follows [18].

It turns out that the violation of the STI can be expressed through vertex
functions carrying a space-time integrated operator insertion which depends
on the UV cutoff Ag. These vertex functions will vanish in the limit Ag — oo
if the set of renormalization conditions can be chosen such that the inserted
vertex functions have vanishing renormalization conditions for all of their rel-
evant local parts. However, it turns out that there can be more relevant parts
of these insertiond'd than renormalization conditions describing the family of
finite theories mentioned above. In this case it has also to be shown that there
are linear interdependences between the relevant parts of the insertions. This
can be achieved by relating the BRS variation of the bare action (which can
be worked out explicitly) with the vSTI for the vertex fuctions by means of
the flow equations.

Clearly, the fine-tuning procedure involves the renormalization of composite
field operators, namley the BRS variations of the fields and the space-time
integrated operator insertion describing the vSTI. In the context of renormal-
ization via flow equations, this problem has been studied in [15], [16].

To summarize this second step once more from a slightly different point of view,
one could say that the STI determine all arbitrarily chosen renormalization
conditions of step one but the ”real” free parameters of the gauge theory.

Now let us come back to our analysis of quantum gravity as an effective field theory
by means of the RG flow equations. Since the cutoff regularization (5.69]) violates
the invariance of the Einstein-Hilbert action (5.15]) under the local ”gauge” transfor-
mations (5.20), the BRS invariance (5.35]) of the (extended) total gravity action will
be broken and as a result, we will observe a violation of the Slavnov-Taylor-Identities
(5:42]) and (5.49]) respectively.

Thus, in order to arrive at a theory that yields sensible physical predictions, one
would expect that some kind of fine-tuning procedure as described above for the case
of Yang-Mills theory is needed also for quantum gravity in order to restore gauge
invariance and hence the STI in the end. However, the situation for gravity is some-
what different because contrary to the Yang-Mills case, the theory is perturbatively
nonrenormalizable (at least without cosmological constant). Thus, it will in general
not make sense to discuss the restoration of the STI in the limit Ay — oo, i.e. when
the UV cutoff is taken away. We will come back to this point in the next chapter
and propose a fine-tuning procedure adapted to the case of quantum gravity.

19Again for the example of spontaneously broken SU(2) Yang Mills theory, the insertion has
canonical dimension 5 and there are 53 relevant parts of it [27].
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For the time being, we will restrain ourselves to the implications of step one of
our discussion on the previous page for quantum gravity. This means that the cutoff
regularization (5.69) and the resulting violation of the gauge/BRS symmetry (5.35l)
enforces the introduction of counterterms for all local renormalizable operators still
allowed by the unbroken global symmetries. In our case, this is just the Euclidean
O(4) invariance. Hence, a bare total gravity action S, (Ag) will be defined in the
following way:

Siot(Ao) WV AR BP7) = (C" ALy CY) + L(h, C,C, Ag).

(5.73)

Note that we included an arbitrary renormalization constan A for the term linear
in the field h. Furthermore, it is understood that the cosmological ”mass term”
—2A i appearing in the graviton propagator (5.56) is replaced by another arbitrary
renormalization constant Bq, and that the ghost propagator becomes equipped with
a "mass” squared By. See eqns. (.79) and (5.80) for the new momentum space
propagators. Finally, we introduced the bare interaction term

L(1,C.T, Ao) = / LEH (0,0, T) + Leor. (b, C, T, Ag). (5.74)

In eq. (B74), LEI means the "classical” interaction Lagrangian of quantum Ein-
stein gravity introduced in eq. (5.66), whereas Lo . (h C,C, Ao) contains all local
counterterms necessary to cancel the upcoming divergences. Note that since Emt in-
volves (infinitely many) nonrenormalizable operators as will be explained in section
(6110, in the standard perturbative treatment we would also need counterterms
corresponding to higher order field invariants (i.e. higher powers of the curvature,
such as R?) that are not present in £E [41] [I3]. This would be the case even if
a symmetry respecting regulator would be used, such as dimensional regularization.
However, if the theory is treated as an effective field theory with flow equations
along the lines developed in chapter (), only a finite number of counterterms will
be needed depending on an improvement index s. This will become clear in the next
chapter.

By virtue of the definition (5.73]), we may now easily write down an UV regular-
ized generating functional for quantum gravity:

W (J; Ao) = / Dh,,, DC*DC,, ¢totRo)+57 (5.75)
Defining also an extended bare total gravity action gtot(AO) via
27T v Ao — T ol Ao —1 T ral
Stot AO / A <h# A;ugpa 1hp > <O ) AG(}—[MVC > + L(h7 07 07 ﬁa T, AO)

(5.76)

"The factor (27)*/2 is chosen in order to obtain a nice RGE in the next section.
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where
L(h,C,C,B,7,A¢) = / LEX(h,C,C,8,7)+ Lo (h,C,C, B,7,Ao),  (5.77)
we arrive at the extended regularized functional
W (J, By T3 Ao) = / Dy DO*DC,, eSotS1 (5.78)

The latter can be used as a starting point for deducing violated Slavnov-Taylor-
Identities. Note that counterterms for the nonlinear BRS variations have been in-

cluded in (5.77]).

5.2.2 Polchinski’s equation for Euclidean quantum gravity

In this section, we will work in momentum space. In the spirit of the effective action
BI) and our definition (B.73]) of a bare gravity action, we introduce an effective
total action Si¢(A) for quantum gravity referring to some scale A. To do so, we
employ regularized momentum space graviton and ghost propagators,

A 2y _ 1 2 /A2 5up5wr + 5uU5Vp - 5MV5PJ
A,uz/po(k ) - 2K(/€ /A ) k’2 +B1 (579)
O
AgHﬂu(k2) = _K(k2/A2) L2 _ﬁ 32 . (580)

Note that two arbitrary renormalization constants By and By ("mass” squares) have
been included in (5.79) and (5.80). Our effective action for quantum gravity takes
the following form:

1 ) -
Suld) = [ (;’;"4 <A(22) S(RVR(E) — SO () (Ao (8)) ™ 17 (<)

—~Co T (k) (A () 0”<—k>) +L(hC,TiA) (581)
where L(h,C,C; A) is a not necessarily local interaction term depending on the fields
Py, C’”,Uu and the scale A. We will refer to it as ”effective potential”.

The action (5.81]) gives rise to an Euclidean quantum field theory described by
the generating functional

W(J) = / Dh,,, DC*DC,, &Stot M +57, (5.82)

The dependence of L(h,C,C;A) on the scale A is given by the Polchinksi RGE for
quantum gravity, which will be deduced in the following theorem.



5.2. CUTOFF REGULARIZATION AND POLCHINSKI’S EQUATION 65

Theorem 7 (Polchinski’s equation for Euclidean quantum gravity) Let A be
some scale, and assumd that

J(k) =0 for k?> A2 (5.83)
Under a change of A the generating functional W (J) defined in eq. [{5.82) remains
unchanged,
d

AW () =0, (5.84)

if the effective potential L(h,C,C;\) satisfies

d @mt d 5L 6L &L 5L
~ AL = o A——AD AS(k)oH ——
dA / e T <6h,w Sy | Shmon, A0 5hpa>

0L L 5L
(2 4A A — — : .
/d 7T GHuv <5Cu 50’/ + 50“50”) (5 85)

Proof 7 Differentiation of W (J) with respect to A yields

d _ d*k d 1
N — K — ——h*"A— A re
AW /DhWDC DC,, [/ o) < WA (Bvpa) B
d -1 d
— C”Ad—A (Adp) C” ) + A L(h, C, C, A)] eStot(M) 457,

(5.86)

Due to eq. (2.83), J(k) has no overlap wzth for a cutoff function which has the
properties (2.8). Moreover, we havd:

-1 « loa 1 g a —
(AD, (k%) T AP (1) = 3 (6567 + 6760) K~ (5.87)
(Apa (k) ' A () = SpE" (5.88)
Using K~ 2Acffg = —Adcf\K_ and neglecting field-independent terms which only

change W (J; A) by an overall factor we therefore find that

4
/ o A oy, 0 Kh”“K‘l—k(%) N >eStot<A>]

dA ShHv 2 dhre

v d A Ly po

/ Dhyu / d'k - [ T A (Dipe) 1
d » 5L oL 5L w OL Y| Sior ()
+ (2m)t AGE Al <5hw Sy Sy T AOKN 6hm>] e
(5.89)

'2This is not an essential ingredient. See Appendix ([(A4) for details.

13See also eq. (B.54).
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5
5C,°

6 0

C} =1 and remembering that R =

Employing the identity {%, C.}=A{
—56%50% we similarly have

/ d%AZ—lA( / DCHDC, [% (—cﬂ K—leswm)
g b
— mR 1 4 A MY Stot(A)
T 5o <<C K™+ (2m) AGH5—0V> et )]

- / DCHDC,, / d*k { (2i)46”A% (Alp,,) " C

d 5L 6L  &°L
+ (27)*A—AL ,,( — + — )} Stor(A)
e AR Acmn \ 5556, T 5e00, )] €

(5.90)
Hence, if we choose in eq. (2.86) the quantity —A%L as proposed by the Polchinski

RGE (2.83) we obtain
a4 _ 4, A 9K WDC w1 CON e 0\ Si(n)
AW = /dkAdA DhWDCDCM[MW <<h K S A ) e
5

_ k) 0
- 14 —1 Stot(A) - 7 -1 4 j222 - Stot(A)
+ ol (C’ K e )+ el <<C K+ (2n) AGH(;@V) e )]
= 0. (5.91)

O

We would like to point out that the derivation of the Polchinski equation does not
depend on translational invariance of the effective potential [23].

The Polchinski RGE (5.85]) for Euclidean quantum gravity can also be written
down in position space:

d
At
1/dA<5L 6L 62L 5L>
=— [ A—AD + + Ad(x — y)or”
2 Joy dA 7\ Shyw (@) Shpo (y) Ol ()R po (y) ( ) 6hypo ()
d 6L 6L 62L
- / A—AL V< — + = ) 5.92
vy AN TN 50, (2) 6C,(y)  6C . (2)6C, (y) (5.92)

Please refer to [27] for a general derivation of position-space RGEs.
In analogy to the definition of the effective action in eq. (E81]), we may introduce
an extended effective action Sy, (A) by employing an extended effective potentia

L(h,C,C,B,1,A). (5.93)

147t is understood that at some bare scale Ag, the extended effective potential L is given by eq.

&)
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The latter involves again the couplings 3,7, to the BRS composite fields (5.29)
and ém and leads to an extended generating functional W (J, 8,,,7,). One can
chec E that the dependence of lNL(h, C,C,B,, A) on the scale is again given by the
Polchinski RGE (5.80) if we perform the substitution

L(h,C,C;A) — L(h,C,C, B,7,A). (5.94)

If we would find a way to solve the RGE (5.85]) for the (extended) effective potential,
employing the bare potential (.77 as initial condition at Ag, we would obtain a
trajectory

[A, Ao — L(h,C,C, 3,7, A, Ag). (5.95)

The solution ﬂ(h, C,C,B,7,A, Ap) then leads via eq. (5.82) to a generating func-
tional W (J, B, Tu; Ao) of some QFT@. If this QFT would satisfy the following
conditions,

1. only a finite number of renormalization conditions at some renormalization
scale Ar has to be imposed in order to retain a finite solution L in the limit
A(] — 00

2. the arbitrary renormalization conditions of the various couplings that arise
due to the symmetry breaking cutoff regularization can be chosen in such a
way that the generating functional W (J, B, 7,; Ao) satisfies the STI (5.42]) of
quantum gravity in the limit Ag — oo

3. crucial physical requirements such as the unitarity of the quantum theory are
satisfied

4. the observed coupling strenghts, i.e. of the cosmological constant Ax and
Newtons constant G = A\?/327, are reproduced correctly,

then we would presumably have found the quantum theory of gravitation. However,
it is well-known that so far, all attempts to find such a solution (at least in pertur-
bation theory) have failed in one or the other points stated above. We will discuss
this in more detail in the next chapter, and we will investigate the problem from
the viewpoint of renormalization via flow equations and the analogous treatment of
effective field theories proposed in chapter (4).

> Remember that the derivation of the Polchinski equation does not depend on translational
invariance of the effective potential.

6See Appendix ([(A4) for a cleaner relation between z/(h7 C,C,B, T A, Ao) and W (J, Buv, Tu; No)
which does not need source terms that satisy the condition (5.83]).
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Chapter 6

Euclidean Quantum Gravity via
Flow Equations

A bare action for quantum gravity containing all field invariants that are permitted
by general coordinate invariance is introduced. The relation to higher derivative
gravity is discussed, and it is argued that in the effective field theory approach the
known unitarity problems [39] will not appear. In the following, the methods that
have been developed in chapter (4]) for investigating the predictivity of effective field
theories are applied to effective quantum gravity. As a first step, we disregard the
violation of the Slavnov-Taylor identities (STI) and establish bounds for the vertex
functions of the gravity effective potential in generalized perturbation theory in the
renormalized renormalizable and some of the bare nonrenormalizable couplings. It
is shown that by introducing appropriate notations, we may proceed in close anal-
ogy to the case of the scalar field theory considered in chapters (@) and (). A
set of (for the time being) arbitrary renormalization and improvement conditions is
imposed. By inverting the renormalization group trajectory, it is argued that the
improvement conditions force the UV cutoff Ag of effective quantum gravity to be
the Planck scale Mp. Finally, we establish that the family of theories described by
the arbitrary renormalization and improvement conditions is predictive at scales far
below the Planck scale with finite accuracy. We then proceed to the restoration of
the STI. Introducing bare regularized BRS variations, the violated Slavnov-Taylor
identities (vSTI) for the extended effective potential are worked out at the value
A = 0 of the floating cutoff. Bounds for the vertex functions carrying the nonlinear
BRS variations as operator insertions are established, and we note that a crucial
difference to the Yang-Mills case lies in the fact that the gravity BRS fields contain
nonrenormalizable parts. By imposing renormalization and improvement conditions
for the BRS variations, it is proven that the dependence of these vertex functions
on the bare initial conditions is suppressed at scales far below the Planck scal.

!This is similar to the statements concerning the predictivity of the effective theory.
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The violation of the STI can be described in terms of vertex functions carrying a
space-time integrated operator insertion having canonical dimension 5. It is there-
fore argued that the STI can be restored to finite accuracy if one particular set of
arbitrary renormalization and improvement conditions for the couplings and BRS
variations can be determined such that the relevant and leading irrelevant parts of
the vertex functions describing the violation of the STT are driven small at scales far
below the Planck scale. Here, ”small” means the order of accuracy to which the the-
ory is predictive. In the last section of this chapter, we consider the no-cutoff limit
Ag — 00 of quantum gravity from the viewpoint of the analysis with flow equations
a la Polchinski. The vertex functions of the gravity effective potential are expanded
solely in the renormalizable couplings, and their boundedness and convergence is
established in the limit Ag — oo while the STT are still violated. Applying the same
program to the vertex functions carrying the nonlinear BRS variations as operator
insertions, we observe that the nonrenormalizable parts of the gravity BRS fields
will go away in the no-cutoff limit if smallness of the bare BRS couplings is imposed.
It is, however, shown that if the latter constraint is dropped, convergence of the
BRS vertex functions may still be proven. Proceeding with the restoration of the
STT of quantum gravity, we argue that for zero renormalized cosmological constant
A = 0 the theory will become free as Ay — oo, and that the latter statement is
compatible with gauge invariance. It is speculated whether a nonzero cosmological
constant Ax # 0 might lead to a nonvanishing value of the gravitational constant
in the no-cutoff limit, and we point out that the gravitational coupling should then
become determined by the cosmological constant. Finally, we observe that a similar
effect might be obtained by coupling massive fields to gravity, leading to specula-
tions if the gravitational constant is given in terms of the cosmological constant and
the masses of the elementary particles as Ag — co. We ask whether this indicates a
Higgs-gravity connection.

6.1 The bare action for effective quantum gravity

6.1.1 Quantum Einstein gravity without a cosmological constant is
perturbatively nonrenormalizable

As it is explained in Appendix ([A.T]), the canoncial dimension of a field of some QFT
follows from the large momentum behaviour of its dedicated propagator. Thus we
can determine the canonical dimensions Dy, Do and D of the graviton and ghost
fields h,,, C, and C, introduced in section (5.L1]) by looking at their respective
momentum space propagators (5.56]) and (5.65]). We find that in d = 4

Dy=Dc=Dg=1. (6.1)
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Let us now come back to the expansion (G.I0]) of the Einstein-Hilbert action with a
cosmological constant,

Segn = /d4$ (—4;}—2]{ +LW 4 £2 4 £® 4 > .

In eqns. (5.16) and (5I7) we have already given the Lagrangians linear and bilinear
in the gravitational field h, £1) and £3). We will now derive some terms of higher
powers in h. From eq. (5.I4) and Ref. [6] we obtain

2 1 1 1 1

3 v 3 v o

£® = Mg (—gh“yh Wy Sh I, — h ) — AR <§auhpgauhp — 1 0uhdh
+ 0Py 0% by — Ophyg @Y7 + a,,hwaph> (6.2)

1 1 1
4 2 4 2 v
Lo = A2Ag <——96h GO, = ShIY, R HE,

1
(h* hP,)? + §h“,,h”phpgh"u> + O(\?) (6.3)

1

8

£O) = X3\ 20w 1 he L e Y g e bt b pe po
- K_gupa)\u—i_g(pu)(upu)—’_zVpau

1 1 1 1
wonp \2 210 pV 1P Ry TN 5 3
— _16h(h ph u) — —12h h*,h ph ut —48h h ph [P —960h > + O(\).

(6.4)

By virtue of eqns. (B.16]), (517) and ([6.2))- (6:4]) we have now explicitly given all field
operatorﬁg of quantum Einstein gravity with a cosmological constant up to canonical

dimension 5. Of course, the expansion does not stop there. In fact eq. (5.15]) provides
us with an infinite sum of operators of ever increasing canonical dimension, involving
higher and higher powers of the gravitational coupling A. Hence, the latter must
have negative canonical dimension, as was already pointed out in eq. (5.2]).

The conventional wisdom is therefore that quantum Einstein gravity is pertur-
batively nonrenormalizable by dimensional analysis. Indeed it has been shown by
t’Hooft and Veltman [41], employing the background field method and dimensional
regularization, that the 1-loop divergence of pure gravity with Ax = 0 is given by

1 1 —2 7 - SuUV

—|—R +=RuLR . 6.5

8me <120 RIS ) (6:5)
Here, the parameter ¢ = 4 — d is the deviation of the space-time dimension d of
4, and the overlined curvatures refer to the background metric §u,E. Clearly, the

2Modulo the operators involving the ghost fields.

%In the background field method (BFM), one employs a splitup g, = G, + hyw of the metric
where g, is the background field. The latter is often required to satisfy the classical field equations.
See |24] for a good review of the BFM.
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divergence (G.3]) is not proportional to the original Einstein action (&), which is
the kind of behaviour one would expect from a nonrenormalizable theory.

However, for pure gravity with Ax = 0 and a background field that satisfies
the Einstein equation (AII3), we have R,, = 0 and thus the divergence (6.5)
disappears- pure gravity is one loop finite! This is no longer true in the presence of
matter fields, and furthermore it has been shown [13] that at two loops a divergence

2

209\ lﬁuu éﬁfyé O.RPU , (66)
2880(16m2)2 ¢ 7 P a

of pure gravity appears which remains even after the Einstein equations have been

used. Hence, the conclusion seems inescapable: quantum Einstein gravity is pertur-

batively nonrenormalizable.

Note, however, that the inclusion of the cosmological term does not only provide
us with a term linear in A and some kind of "mass” term in the action, with prob-
lematic consequences (see the discussion in section (B.1.2])), but also with additional
interactions, i.e. operators involving more than two fields. In particular, there ap-
pear two operators in £3) and £ multiplied with the cosmological constant@ which
have canonical dimensions < 4 and which are therefore renormalizable. This would
not have been the case had we only considered the expansion of the curvature scalar
R. Then, apart from the kinetic term, only operators with canonical dimension > 5
appear in the action.

We will discuss systematically the various operators appearing in the expanded
gravity action in section (6.2.1]). The inclusion of the cosmological term will then
lead to some interesting speculations in section (6.3]).

6.1.2 The general action for gravity

The underlying principle of general relativity is the invariance of the theory under
general coordinate transformations. Hence, an action of a theory describing gravi-
tation should be gauge invariant in that sense. The Einstein-Hilbert action (5.1I), of
course, meets this requirement. However, the principle of gauge invariance does not
define the theory completely, since infinitely many invariants can be constructed out
of the metric. In addition to the operators \/g and /gR appearing in (5.1I), there
are invariants \/§R2, VIR RMY, \/§R3 etc. Hence, the most general action for a
theory of gravitation takes the following form:

A 2
ngv = /d4$\/§ <_4/\—[2( + VR + ClR/waj - C2R2 + ) (6'7)

where ¢1, co are additional (dimensionless) coupling constants and ... means higher
powers of R, R, and R,,,,. Note that we did not include a term |/gR,, o R*"F? in

4The operators have ”mixed” couplings AAy and A2Ax.
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the action (6.7 because of the Gauss-Bonnet topological invariance in four dimen-
sions [39]:

/ d*2\/g (Rupo R*? — AR, R™ + R?) =0 (6.8)

for space-times topologically equivalent to flat space.

The experimental bounds on the couplings ¢;, co are very poor. From [9] we ob-
tain c1, ca < 1074, whereas the coefficients of yet higher powers of R have essentially
no experimental constraints. The basic reason for this is that at the energies acces-
sible at our present-day experiments, the curvature is so small that higher powers
of R are even smaller. We will demonstrate this behaviour in an explicit calulation
at the end of this section.

Thus, there is no real justiﬁcationﬁ for preferring the Einstein-Hilbert action
(5I) over the general action (6.7 in a theory of gravitation. It cannot be argued
on the basis of symmetry nor experimental input. Unlike in other theories, renor-
malizability is not a criterion, either: as has been discussed in the last section, a
quantum theory based on the Einstein-Hilbert term already involves infinitely many
nonrenormalizable operators.

We therefore refine our definition of a bare gravity action given in eq. (5.73)) as
follows:

(27

4
1 — _
Stot(Ng) = /A 2) h—§<W,Aﬁgp;1hp0>—(C“,Agg,;jo”>+L(h,C,o,Ao)

(6.9)

where the bare interaction term L(h, C,E,Ao) is now understood to contain all
interaction terms of the classical general action (6.7)) expanded in powers of the
gravitational field h, as well as counterterms necessary to cancel the upcoming di-
vergences:

L(h,C,T, Ay) = / L9 (1, €, C) + Lo, (h, G, T, Ag). (6.10)

Hence, our bare gravity action (6.9]) contains an infinite number of coupling constants
Ag, A c1,c,.... In the next section, we will show that if we employ an effective field
theory approach with flow equations & la chapter (), only a finite numbelﬁ of
counterterms has to be included in Lo, (h, C,C, Ao). Remember that due to the
symmetry-breaking cutoff regularization, among these will be counterterms for all
operators allowed by the unbroken global O(4) invariance.

®One may, however, demand that the classical equations of motion for the metric tensor be
second order partial differential equations [22]. Then one is restricted to the Einstein-Hilbert term.
SDepending on the number of renormalization and improvement conditions that are imposed.
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The inverse regularized propagators appearing in (6.9]) are still (the position-
space versions of) the graviton and ghost propagators (5.79) and (5.80]) that have
been extracted out of the Einstein-Hilbert term. This means that contributions
bilinear in h that stem from the higher order field invariants in (G.7]) have been
included in the interaction term (6.10]).

From the literature [39] it is known that a quantum theory of gravitation that is
based on the action

2
Sre = /d4x\/§ (FR+01RWR“” — 62R2> (6.11)

is renormalizable, but plagued by unitarity problems. We will refer to (611]) as
R?-gravity. Since our bare gravity action (6.9) contains the operators of (6.11]), we
have to discuss the implications of R?-gravity for our work.

To do so, we consider the contribution bilinear in A to the interaction term
[, L9 (h,C,C) that is generated by the operator

int

/ \/§ (CIRMVRHV - C2R2) . (612)

From the definitions (0.5 and (5.6 of the curvature tensor and the Christoffel
symbols follows that each operator R, ,, and its contractions R, R, contain two
derivatives. Hence for an expansion (5.12]) of the metric density, the term bilinear
in the gravitational field h emerging out of (6.12]) will be of the form

quad __ﬁ 4
Loy = =2 [ no'n. (6.13)

The exact form of (G.I3)) is rather lenghty due to the proliferations of Lorentz indices
and we will not give it here. A momentum space version can be found in [39]. In
order to extract the relevant physics, let us instead consider a toy model of the bare
action (6.9) that contains only two operators:
1 ci\?
/ —hd*h — ——hd'h (6.14)
2 2
where the second term in (6.14) is treated as an interaction. The momentum space
propagator of the model is thus again

1

w2 (6.15)
whereas the vertex factor of the ”interaction” (6.13]) follows from

Ci)\2
2

/ giebigivabe OO _pewady G500 gyl 4 1) (6.16)
xr1T2
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as
(k) = —c\EL (6.17)

Using the geometric series, we may calculate the full or ”dressed” propagatorﬂ:

1 1 1 1 1 1
2 2 _ 274 274 214
_ ! (6.18)
RZ A2 ’

From (6I8) two important conclusions can be drawn. First, we may apply an
expansion into partial fractions

1 1 1

2+ e 2k K2 K2+ 1/(ca2) (6.19)

The second term on the RHS of (6.19) corresponds to the propagator of a massive
scalar, but with the wrong overall sign. Hence, the full propagator (6.18]) leads to a
potential that includes an additional Yukawa term:

V() ~ —% <1 - e—’“/\/cw> . (6.20)
From (6.20]) it is now clear why the experimental bounds on the couplings ¢; are so
crude. Since A\ ~ 107%%m it requires very large values of ¢; to produce observable
effects.

Second, if we look at the denominator of the propagator (6.I8]) we see that the
k* term becomes dominant over k2 for

k2 > N2 (6.21)

A 1/k* propagator makes the theory perturbatively renormalizable, as can be argued
already on the level of dimensional analysis. From (A.3]) follows that the canonical
dimension of a field ¢ is Dy = 0 for an UV behaviour o = 4 of the associated prop-
agator, and thus all operators of the (expanded) R2-action (G.II)) have dimensions
< 4 and are therefore renormalizable.

On the other hand, the R2-propagator introduces bad behaviour such as ghostlike
particles and hence violation of the unitarity [39]. However, it can be shown [3§]
that these kind of problems only arise in the high energy domain (6.21]), i.e. when
the UV behaviour of the theory is governed by the 1/k* term and RZ-gravity is
treated as a fundamental theory. If we introduce a cutoff and restrict ourselves to
momenta k2 < ¢;\?, the R? terms produce only small corrections to the Einstein-
Hilbert theory and no problematic behaviour is introduced. This argument holds

"This is of course what we would have obtained had we used the full action ([6I4) to derive the
propagator.
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still true when even higher order field invariants are included in the action, as we
have done in (6.7)).

We conclude this section by noting that we also refine the definition of the bare
extended action Sy, (Ag) given in eq. (5.76) by replacing (5.77) with

L(h,C,C,B,7,Ag) := / LI (h,C,C, B,7) + Lo (h,C,C, 8,7, Ay)  (6.22)

int

where

LI (h,C,C,B,7) = LI (h,C,C) + A" B Logh + 1,870, C. (6.23)

int int

Concerning the counterterms appearing in Lo (h, C,C,B,, Ao) , we refer the reader
to the remarks following eq. (6.I0). Note however that additional counterterms for
the nonlinear BRS variations have been included in (6.22)).

6.2 Predictivity of effective Euclidean quantum gravity
from the viewpoint of the renormalization group

6.2.1 Analysis without Slavnov-Taylor identities

As has been discussed in the last section, a quantum theory of gravitation whose
UV behaviour is governed by the 1/k? propagator of the Einstein-Hilbert term of
the bare action (6.9) involves infinitely many nonrenormalizable operators. Thus it
is clear by the arguments given in section (2.3]) that we will not be able to fix the
(nonrenormalizable) couplingﬁﬁ A, c1,Ca... to arbitrary values at some renormaliza-
tion scale Ar while at the same time sending the UV cutoff of the theory to infinity,
AO — OQ.

However, as has been outlined in section (Z3]) and proven in chapter (@), it is
possible to extract information out of a nonrenormalizable theory as long as one
keeps a finite UV cutoff Ay and contents oneself with predictions of finite accuracy.
We will therefore show in the following how the program of chapter (@) can be
applied to the theory of gravitation described by the general action (6.7]).

To do so, let us once more examine the structure of (6.7,

A 2
Sgrav = /d4x\/§ <—4)\—[2{ + pR + ClRuwaj — 62R2 + ) .

As we have discussed in the last section, each curvature tensor R comes with two
derivatives. Hence, if we express the action in terms of the metric density gt =

V9 9" and apply the splitup (5.14)
G = 5 4 ARH,

8The cosmological constant Ax is a renormalizable coupling. See section (6.3).
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the expansion of (6.7]) in powers of h takes the following schematic structure:

A
Syrav  ~ / d'z (TKh + (0% 4+ A )h 4+ Mg h® + N2Ah? + Ah20%h + N3A g h®

+ eI AR + eaN2hO h + N2RPOPh + )\4AKh6...) . (6.24)

In (6.24)) we have dropped all Lorentz indices and ordered the field operators with
respect to their increasing canonical dimensions (with the exception of the kinetic
term, which appears together with the "mass” term). Note that all combination

/h"a2mh, n,meN (6.25)

of powers of fields h and derivatives 9% possible appear in (G.24).

In order to perform the analysis of chapter (), a cutoff regularization had to be
imposed. We have already done this for the action (6.7)) in the last section, leading to
the definition of a bare gravity action in eq. (6.9). As has been discussed in section
(EZT)), the cutoff regularization violates the BRS invariance of the gauge fixed ac-
tion, and hence in eq. (6.I0) counterterms for all operators allowed by the unbroken
global O(4) invariance have been included in the bare potential L(h, C,C, Ao).

In section (B.2.I]), we have reviewed a fine-tuning procedure developed for the
perturbative renormalization of Yang-Mills theory with flow equations which aims
at the restoration of the Slavnov-Taylor identities (and therefore the gauge/BRS
symmetry) of the theory in the no-cutoff limit. The first step of this procedure
consists of introducing counterterms for all operators allowed by the unbroken global
symmetries, and of establishing the boundedness and convergence of the vertex
functions in the limit Ay — oo for an arbitrary set of renormalization conditions.
The second step then amounts to the determination of one particular choice of these
renormalization conditions such that the STI are restored in the limit Ay — oc.

We will now propose an analogon to the first step of this procedure for the
theory of gravitation described by the general action (6.7). The main difference
to Yang-Mills theory lies once more in the fact that gravity is nonrenormalizable:
the expansion of (6.7) leads to infinitely many nonrenormalizable operators, and
hence renormalization conditions for some nonrenormalizable operators will have
to be imposed, too. In section (23] and chapter (), these have been referred to
as improvement conditions, and it has been pointed out that their introduction in
general prevents us from taking the no-cutoff limit Ag — oo.

The starting point of our analysis will be once more the definition of a momentum-

9The operators fz h™9%™R"2 ny 4+ ne =n+ 1, and fz h™9?™h are not linearly independent, as
can by shown by integration by parts.
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space effective total action for quantum gravity:

4 )4 -
Suh) = [ e (AC5L 809m00) = 5 ) (3 (02) 17 ()

— OH(k) (A[C‘;Hw(kz))_lﬁ"(—k)> +L(h, C,U;A) (6.26)

where L(h,C,C;A) is a not necessarily local interaction term. While (6.26]) looks
exactly the same as the effective gravity action (5.81]), note that it is understood
that Siot(Ao) is now given by the bare gravity action (6.9) introduced in the last
section.

In the following, the behaviour of the effective potential L(h,C,C;A) will be
investigated as renormalization and improvement conditions are imposed. Therefore,
we have to define vertex functions by expanding L in powers of the fields h,,, C* and
6“. To keep things as simply as possible, let us introduce the following notations
for the fields and indices:

O = (hw,C",C,) (6.27)
n = (ny,ne,ng) , ni=n,+nc+ng. (6.28)

We will also sometimes refer to the ”components” h, C' and C of the vector ® by
the placeholder ¢. The vertex functions can now be defined as n-fold functional
derivatives of the potential L(®,A):

04 (k1 + oo bon) L (ks o By A) = (27) 0V L(@, M) (6.29)

where
sm . 0 0

¢ 5¢(k) T 0¢(kn)
In our simplifying notation, we have suppressed the O(4) tensor structure of the
vertex functions, as well as the assignment of the momenta to the multiindex n.
Note that the L, (k1,..., k,, A) are symmetric (antisymmetric) upon permuting the
variables belonging to the graviton fields h,, (the ghost fields C*, Eu) .

Formally, the vertex functions (6.29]) look exactly the same as those introduced in
eq. (B4 for the scalar field theory. This is of course a benefit of our notation, and in
fact it was the reason for employing it. Hence, if we define running coupling constants
pi(A) as coefficients of Taylor expansions of the vertex functions L, (ki, ..., kp, A)
around k; = 0, we may just adopt the definitions of equs. (B.II)-(BI5) and (@.2)-
(£3]). Note that the so introduced couplings have to be understood as k;-tuples

pi(A) = (P} (M), . pfF (M) (6.31)

in order to account for the different combinations of fields h, C, C and the O(4) ten-
sor structure entering the vertex functions. However, all couplings p! (A) belonging
to a k;-tuple p;(A) share the following two properties:

(6.30)
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1. They emerge from vertex functions that have the same number of external legs
2. All p{ (A), j = 1...k, have the same canonical dimension D,,.

The latter property follows from the first and the fact that all fields h, C, C have
canonical dimension Dy = 1, as has been pointed out in eq. (6.II). Since from the
point of view of our analysis the attributes above are what matters, we will not have
to distinguish between couplings belonging to the same k;-tuple p;(A).

In order to avoid possible confusion, we would like to stress that ultimatively,
the running couplings p;(A) are not expected to be all independent from each other.
In fact, they are supposed to be given in terms of the ”physical” running couplings
A (A),A(A),c1(A),ca(A).... But this is only after some kind of restoration of the
Slavnov-Taylor identities, which will be the subject of the next section. For the
moment, the STT are violated by the cutoff regularization and we have to treat all
couplings as independent. Note that an intuitive way of understanding the effect
of the restoration of the STT is to relate the couplings p; to the coefficients of the
expansion (6.24]).

In the following table, we have collected all running couplings p;(A) having canon-
ical dimension D,, > —2. They are given by the definitions of eqns. (B.11])-(B.15)
and ([4.2)-(48)). In addition, we give the corresponding position space composite
field operators, together with their canonical dimensions Do, = 4 — D,,,. They are
related by a derivative expansion of the position-space effective potential L(®,A),
as is discussed in Appendix (A.2). Remember that in our notation each ¢ is a
placeholder for h, C' or C, where of course the fields have to be distributed such
that symmetries as O(4) invariance are respected@. Finally, we state the associated
coefficients of the expansion (6.24]) in order to give a relation of the p;(A) to the
”physical” couplings.

The quantity I*?? appearing in Table (6.I]) has been defined in section (£I.1])
ag [MPT = GHVHPT + GHPHVT 4 GHOGYP. Furthermore, it has been pointed out in
Appendix ([A.2]) that by integration by parts, the operators fx $?0%¢ and fx ¢0PpOP
are not linearly independent. Thus, one can merge the couplings pg and p7 into just
one coupling constant associated with the operator fx $?0?¢, which turns out to be

1

pe/7 = —pe(A) + 5107(1\)- (6.32)

Eq. ([€32) means componentwise addition of the k;-tuples pg, p7. A similar relation
holds true for the couplings p1g and p1;.

ONote also that because of a symmetry under global phase transformations, only pairs
C,, 0" (h)C, will appear in the composite field operators O;. If we assign ”ghost numbers” +1
and —1 to C, and C, respectively, this means that there will be only vertex functions associated
with ghost number 0.
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Coupling p; | Definition via momentum-space | D, | Position-space | Do, | "Physical
vertex functions L, operator O; coupling”
nd) [ Li0,A) 3 5 T [ Ax/>
p2(A) L2(0,0,A) 2 ®? 2 Ak
(Wupg(/\) 8526521/2(1{71, k‘Q, A)|ki:0 0 ¢62¢ 4 1
pa(A) L3(0,0,0,A) 1 o 3 Mg
ps(A) L4(0,0,0,0,A) 0 Pt 4 N A g
(Wupﬁ(/\) 8536531/3(1{71, k‘Q, ]{73, A)|ki:0 -1 ¢262¢ 5 A
oM pr(A) 8’{7385’3L3(k1, ko, k3, A)|k,=0 -1 POPOP 5 A
ps(A) Ls5(0,...,0,A) —1 ¢° 5 N Ak
I“Vpapg(A) 8’1f281”,28f28f2L2(k1, k‘g, A)‘ki:(] -2 <;584¢ 6 Ci)\2
plO(A) 854854[/4(]{71, k‘g, ]{73, k‘4, A) |ki:0 -2 ¢362¢ 6 /\2
5 p11( ) 85465’4L4(]€1, k‘Q, ]{73, k‘4, A) |ki:0 -2 ¢26¢8¢ 6 /\2
plg(A) LG(O, vouy 0, A) -2 (256 6 )\4AK

Table 6.1: Some couplings and field operators of effective quantum gravity

Let us now come to the renormalization and improvement conditions that have
to be imposed for the couplings p; in order to establish bounds for the vertex func-
tions L, (A) of the effective potential L(®,A). As we have already stressed, at this
point of our analysis we will have to impose a set of arbitrary renormalization and
improvement conditions. However, the question arises for which couplings improve-
ment conditions should be introduced. Recall from section (2.3)) that the canonical
dimensions of the couplings for which improvement conditions are specified deter-
mines an improvement index s, that in turn is related to the amount of predictivity
the effective field theory will have in the end.

To answer this question, let us consider the experimental values of the ”physical”
coupling constants Ag, A, ¢1, ¢2... appearing in the action (6.7). They correspond to
the renormalized values of the couplings. Recent astrophysical data [19] strongly
suggests that the cosmological constant Ax should be nonzero and positive, while
extremely small. The observational bounds are [9]

|Ax| < 10783CeV2. (6.33)

The coupling A has been defined at the beginning of section (5.I.1]) as A\? = 327G
where G is Newton’s constant. Thus we have

A~ (10 Mp)~! (6.34)

where Mp ~ 1.2 - 10" GeV is the Planck scale. In the following, we will simply
speak of A as given by the inverse Planck scale, ignoring the factor of ten appearing

in eq. (©34).
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Concerning the couplings c¢1, ¢o, we have discussed in the last section that their
experimental bounds are very poor,

c1,co < 10™, (6.35)

whereas the coefficients of yet higher invariants have essentially no experimental
constraints.

Now if we look at the expansion ([6.24]) and Table (6.I]) respectively, we find that
all field operators O; that have canonical dimensions Do, < 5 (corresponding to
running couplings p;(A) with D,, > —1) are associated with the "known” couplings
Ag and A. The "unknown” couplings ¢; appear for the first time associated with
the operator

$d*¢ (6.36)

which has canonical dimension Dp, = 6, corresponding to the running coupling
constant pg(A) with Dy, = —2.

We therefore conclude that renormalization conditions for the couplings p;, ¢ =
1...5, and improvement conditions for the couplings p;, ¢ = 6...8, will have to be

imposed, the latter having canonical dimensions D,, = —1. Doing so, we adopt the
notations employed in chapters (3] and (@):
pa(Ag) = 0, a=1,..,3 (6.37)
pa(Ar) = pff, a=4,5 (6.38)
pfl(AR) = IO¢]~1VR7 a= 67 ) 8. (639)

Because of the lack of experimental input for the couplings ¢y, co, ... it will not make
sense to specify improvement conditions for couplings p; with D, < —2. Comparing
to section (2.3]) and chapter (@), we recognize that the situation corresponds to an
improvement index s = 1.

Before we can apply the analysis of chapter (@) to the vertex functions (6.29])
of our effective gravity potential, we have to add two more ingredients. First, the
Theorems (), (B) and (6] established in chapter (@) refer to a fixed bare scale Ag.
Moreover, remember that a crucial point for proving boundedness and convergence
of vertex functions (Theorems (1), ([2) and (4))) and for estimating the predictivity
of an effective field theory at scales A << Ay (Theorems (@) and (B])) has been the
smallness of the nonrenormalizable couplings at the bare scale Ag. Employing again
dimensionless couplings \;(A) = A=P#i p;(A), this amounts to the constraint

An(Ag) <1 (6.40)

for the bare values of the nonrenormalizable coupling. Therefore, the following
two questions arise:

11We have adopted again the notation introduced in section (22) where renormalizable couplings
have been denoted by A, and nonrenormalizable ones by \,,.
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1. What is the bare scale Ag for effective quantum gravity?

2. Are the bare nonrenormalizable couplings p,(Ag) = p2 sufficiently small?

We will now show how these questions can be adressed by virtue of an analogon to
Theorem (B) and the experimental bounds for the physical couplings Ag, A, ¢1, co....
To do so, let us recall some definitions and notations and adapt them to the case of
effective quantum gravity.

The bare values for the couplings pz, @ = 6...8, are again denoted by

pa(Ao) = p3- (6.41)
We will use dimensionless couplings

AR(A) = A Drapl
A(A) = A Prapd

42)
43)

(=2 N

(
(
as well as dimensionless vertex functions A,, which are related to the L, (k1, ..., ky, A)
defined in eq. (6.29) by

Ap(kry ok, A) = AL, (ky,y o e, A). (6.44)

The dimensionless vertex functions are expande in perturbation theory in the
renormalized renormalizable couplings A and MY and the bare nonrenormalizable
couplings )\g, a=6..8:

An (ks ki, ) =Y (T2 (A9 (A AT ) (ky, .y Ko, A).
1,...,,5=0

(6.45)

Note that since the couplings Az are kz-tuples as defined in eq. (6.31), it is under-
stood that the indices r; denoting the orders in perturbation theory are multiindices

T (v R [ e R (6.46)

and that
Aa)" = ()\l)ril co e (MRt

a

(6.47)

The perturbative expansion (6.45]) is sensible only for small dimensionless couplings.
Therefore we impose as additional constraints to the renormalization and initial
conditions

AT (M) , a=45 (6.48)
A2(A) , a=6.8. (6.49)

?Please refer to eq. #I3) of section ([EII) for a definition of the coefficients
(r1,..-,75)
Ay (K1, .oy kny A).

ININ
[ S
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Because of the definitions (6.42) and (6.43), this implies pff < Ag for A > Ag and
P2 < Agl, a=06...8, for A < Ag. Thus
AF(A)
Aa(d)

Ar/A, (6.50)
A/Ag, a=6..8. (6.51)

At this point we already give an analogon to Theorem (I]) concerning the bound-
edness of vertex functions for the case of effective quantum gravity. To do so, we
define an overall order rxr = |r3| + |ra| + |r5| in perturbation theory in the bare
nonrenormalizable couplings )\g, a = 6...8, and assume for the time being that there
exists some bare scale Ag where the nonrenormalizable couplings are small a la eq.
(640). This will then be justified later.

Theorem 8 (Boundedness of Gravity Vertex Functions) Given the renormal-
ization conditions ([0.37)-(6.38) and the initial conditions (6.41]), and assuming that

p Ao\ Ao
[P AL 75) (py sy Ao)|| < Ag? (A_R> Pin (—) (6.52)
for n+p > 6, to order r1,...,5 in perturbation theory in A, )\5R, )\8, )\g and )\g

8P AT (py s sy A

AN A\ A, A Ag
< AP 4 il - -
() (3) (o () i (52)

(6.53)
where g = |r3| + |ra| + |r5| and Arp < A < Ayp.

The condition ([6.52]) amounts to the assumption of small inital values for couplings
pin(Ao), n > 9, as follows from their definitions in Table (€.I]). The proof of Theorem
) goes in analogy to the proof of Theorem (), and we will therefore skip it.

In order to proceed, we will again need the auxiliary variables A\z(A) introduced
in section (4.I.3]). They are defined as the values the running dimensionless couplings
take for initial conditions )\2 =0, a = 6...8, of the nonrenormalizable couplings:

Xa(d) = 3T AT A AE)T (A2 () (M) (AQ)"s (6.54)
1,...,75=0
17"NR:0

where g = |r3| + |ra| + |r5]. The Xz(A) give rise to the definition of deviations
ANz (A) = Az(A) — Xz(A), which we will need in the following form:

ANE

a

(A) = (Ag/AN)Pra AN;(AR), a@=6,...,8. (6.55)
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We will consider expansions in the renormalized renormalizable couplings )\f”, )\5R and
the deviations A)\g, a = 6, ...,8, where the order of the expansion will be denote
by (l1,...,15). As we have dicussed above, all couplings have to be understood as k-
tuples, and this holds also true for the deviations A/\g. The expansion has therefore

to be understood in the sense of eq. (6.47)), and we introduce
| =1} 4 . 4 1 (6.56)

in analogy to eq. (6.46]). We are now ready to formulate an analogon to Theorem
[B) for effective quantum gravity.

Theorem 9 (Inversion of the RG Trajectory of Effective Quantum Gravity)
Fora=6...8 and I := |l3]| + |l4] + |I5] let

[11] N
(11 ds) < (A Ao\® A Ao
[AN=B) )| < <AR> <A> P (52 (6.57)

Then to order ly,...,l5 in perturbation theory in )\f, )\g2 and the deviations ANE,
ANE and AN

[i1] N
9 (l17“'7l5) < A ﬁ A ﬂ
A )| < (AR) ( A) L i (R0 (6.55)

where Ap < A < Ay.

In proving Theorem (@), we have to appl Theorem (). The proof goes in analogy
to the derivation of Theorem () discussed in section ([A.I1.3]), and we will not give it
here.

For small couplings A(A), Af(A) in the sense of eqns. (648), (650) and small
deviationdd ANE(A) <1, @ =6,...,8, Theorem (@) implies that if the A\z(A) are
small,

A Ao

i < — — a = 6... .
AN (A)]] < Aopln<AR>’ i=6..8, (6.59)

then also the bare values of the nonrenormalizable couplings )\g are small:

A A
0 < 0 -
[|Ag (A)]] Ao Pin <—> a=06...8. (6.60)

Let us now discuss the implications of eqns. (6.59) and (6.60) for gravity. To
do so, we analyze the auxiliary variables Az(A) entering the deviations AX;(A) =

3The order of an expansion in the couplings AZ, A, A3, A% and A2 has been denoted by (r1, ...y 75).
141t is therefore understood that the bare values for the couplings pa(Ao), 7 > 9, are small.
15See also the discussion at the end of this section concerning the smallness of couplings.
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Aa(A) — Xz(A). They have been defined in eq. (6.54) as the values the running
couplings Az take to Oth order in perturbation theory in the bare nonrenormalizable
couplings A, A2 and \J. Hence, they are given solely in terms of the perturbative
contributions in the renormalizable couplings A¥ and /\g. If we look at Table (6.1]),
we see that the latter are both associated with the cosmological constant Ag:

P4 ~ )\AK, pPs ~ )\2AK (661)

where A is the gravitational coupling. On the other hand, the relations of the
couplings A\z(AR), a =6,...,8, to their "physical” counterparts are given by

P6, PT~ N, ps ~ NAg. (6.62)

Note that the cosmological constant does not enter the couplings Ag, A7, and recall
that the relations (6.61) and (6.62]) should hold after some fine-tunig procedure has
been imposed in order to restore the Slavnov-Taylor identities.

As we have pointed out in eq. ([6.33]), experimental input bounds the cosmological
constant to be extremely small. In particular, if we compare it to the size of the
gravitational constant G ~ A2 ~ M52, we arrive at the famous ratio

NAg ~ 107120, (6.63)

It is therefore reasonable to assume that the size of the auxiliary variables A\z(A)
calculated in perturbation theory in )\f and /\E{% will be neglectible to those of the
couplings A\z(A), a = 6,7. The latter should be of the order A/Mp as is suggested
by eq. ([6.62). Thus, the deviations AXz(A) = A\z(A) — Az(A) can be estimated as

AN (A)]| < Mipzn (%) i=6..8. (6.64)
P R

Now if we demand that the bare values )\2, a = 6...8, can be taken small in order
to arrive at renormalized values \z(A) ~ A/Mp, equs. ([6.59]) and (G.60) tell us that
the UV cutoff scale of effective quantum gravity must not exceed the Planck scale.
This motivates us to define the bare scale Ag of quantum gravity to be

Ag ~ Mp. (6.65)

If the Planck scale is considered to be the characteristic energy scale of the theory,
it is natural to assume that all ”bare” physical coupling constants Ax (Mp), N(Mp),
c1(Mp), ca(Mp)... entering the action (6.9]) should be of the order of this scale.
This, in turn, suggests that the (dimensionless) vertex functions A, (A) of the gravity
effective potential L(®,A) should satisfy
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where the norm || || is defined as in eq. ([B35). In the following, we will always
assume that (6.60) holds true, and therefore in particular take it for granted that
the bare values of all nonrenormalizable couplings pO will be small in the sense of
eq. (G40).

From the viewpoint of a ”characteristic energy scale Mp” and eq. (6.66]), it
is of course disturbing that the renormalized value of the cosmological constant is
so small. It requires a very delicate adjustment of the bare potential L(®,Ay) and
therefore a lot of ”fine-tuning” in order to reproduce the experimental bounds (6.33])
and the factor of 107'29 appearing in eq. (6.63). We have nothing new to say about
this puzzle. Note however that from a technical point of view, there is of course no
problem in imposing a tiny renormalized value for the cosmological constant, other
than it seems unnatural.

Let us now investigate the predictivity of effective quantum gravity at scales
far below the Planck scale, A << Mp, as the renormalization and improvement
conditions ([6.37), ([6.38]), (6:39) are imposed as well as the assumption ([6.66). To
do so, we proceed as in section (4.2]) and introduce bare vertex functions depending
on a parameter ¢

OPATLT) (Mp) =t AT (Mp), te0,1], n-+p>6.
(6.67)

By varying ¢, the impact of a change of the initial conditions (6.67]) on the "running”
vertex functions A, (A) can be studied. This is of course related to the effect of not
knowing the exact values of the couplings ci(Mp), co(Mp).... The A,(A) become
dependent on the parameter t,

OPALrs) — gp As) () A Mp,t), (6.68)

and we may formulate an analogon to Theorem (@) for effective quantum gravity.
This will be done again in perturbation theory in the renormalized renormalizable
couplings MY and AL and the bare nonrenormalizable couplings A2, @ = 6...8. Since
all couplings have to be understood as kg-tuples, recall the notation conventions of

eqns. (6.46]) and (6.47]).

Theorem 10 (Predictivity of Effective Quantum Gravity) Let there be renor-
malization conditions (6.37)-(6.38) and improvement conditions (6.39). Assume
that to order ry,...,75 in perturbation theory in )\f, )\?, A )\(7] and )\g

AN o\ TR M
P A(T1,--75) < AP Lid P
02 A e <477 () (52 P (FE). 09
and that form+p > 6

o (Mp\I™ M
150 A bl < 207 (F2) P (F2). (00)
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Then
d AN Mp TR AN M
2 gp A(r1,.rs) < AP et N et

where rng = |r3| + |ra| + |r5] and Ag < A < Mp.

For deducing Theorem ([I0), we refer the reader to the proof Theorem (@). Note
that the conditions (6.69]) and (6.70]) are satisfied by virtue of Theorem (8) and the
assumption (6.60]).

Integrating eq. (6.71]) and employing the triangle inequality we conclude that for
two different sets of bare vertex functions 9P A; "™ (Mp) and 9P AZ" ") (Mp)
which are small & la eq. (6.60) the associated "running” vertex functions satisfy

107 A7 175 (pr, ey py A) = OPATCL 73 (py o p, A

() () () (). e

It has therefore been established that the ignorance about the precise initial values
0”A£LT1""’T5)(M p), m+p > 6, amounts to an indetermination of the "running”

vertex functions 8pA£LT1""’T5)(A) of the order given by eq. (6.72]). Note that for small
couplings AZ(A), AJ(A) in the sense of eqns. (6.48)-(6.51) the latter implies

142 (A) — AB(A)| < (Mip)szn (f—;’) | (6.73)

As follows from the definitions in Table (61, the initial values 9P A" (Mp), n+
p > 6, correspond to bare couplings pi(Ag), n > 9, which (after some fine-tuning
procedure in order to restore the STI) are related to the ”physical” couplings ¢y, ca, ...
of the general gravity action (6.7]). Thus we conclude that our ignorance about these
couplings results in an effective theory of quantum gravity that is predictive at scales
A < Ay to an accuray given by eq. (6.73).

Let us finally point out one more time that the perturbation theory in the cou-
plings AF, )\5R, )\8, )\g and )\g employed in Theorems (8] and (I0) makes only sense
if the (dimensionless) couplings are small & la eqns. (648 and (6.49). The same
holds true for the perturbation theory in the couplings A%, /\gz and the deviations
ANE G =6,...,8 employed in Theorem (). If we look at Table (6.I)), we see that
the couplings Az, a = 2,...,8, are associated with products of the cosmological con-
stant Ax and the gravitational constant A ~ M, L Moreover, remember that in eq.
(664 we estimated the deviations as AME ~ A/Mp, and that our scale has to stay
above the "mass” /A as has been pointed out at the beginning of section (B.1.T]).



88CHAPTER 6. EUCLIDEAN QUANTUM GRAVITY VIA FLOW EQUATIONS

Remembering the definitions ([6.42)), (6.43]) and (6.55]) it seems therefore reasonable
to assume that (at least after some restoration of the STI) the couplings remain
small on scales A that are in the range

VAR <A< Mp (6.74)

which means 107%2GeV < A < 10"GeV. However, as has been dicussed in eq.
B30) of section BII), also the coupling p; ~ Ax /A has to remain small in order
to prove Theorems (§])- (I0). This would suggest a lower bound of A > AxMp ~
1072'GeV. Note that the latter is probably an artefactd of using a flat Euclidean
background which does not fullfill the field equations for Ag # 0.

The renormalization of the extended effective potential ﬂ(h, C,C,B,, A) involv-
ing couplings of the sources (3, 7 to the nonlinear BRS variations (5.29]) and (5.30])
will be discussed in the next section.

6.2.2 Restoration of the Slavnov-Taylor identities for effective quan-
tum gravity

As has been mentioned on various occasions, the introduction of the momentum
space cutoff regularization violates the gauge (BRS) invariance of the (total) gravity
action (6.7) and leads to violated Slavnov-Taylor-identities (vSTI). We will now
derive the vSTI and then discuss how they can be restored for effective quantum
gravity with finite accuracy.

To do so, we will have to consider the renormalization of vertex functions with
one insertion of a composite field. Some key elements of this subject (employing the
method of flow equations) have been summarized in Appendix (A]), which we will
repeatedly refer to.

Let us begin by introducing bare versions of the composite BRS fields (5.29]) and
(E30) according to the rules discussed in Appendix (A5):

U (z,Ag) = RI§"9,CP — RY(5”9,CH + 5°9,C")
+ R30,(CPR™) — R} (W 9,C* + W*9,C%)  (6.75)
Qt(x,Ag) = R2C0,C* (6.76)

where the R? are some bare coupling constant having canonical dimensions
Dpo = 0, i=1,2 (6.77)
Dp = —1, i=3.5 (6.78)

For the definition of (6.75]) we have made use of eq. (5.22]). The BRS fields ¥ (x)
and Q#(x) have ghost numbers 1 and 2 respectively, and their canonical dimensions

63ee the discussion in section (B1Z).
1"We will introduce the couplings R; more systematically later.
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are
Dy = Dg = 2. (6.79)

Note that there is again no (bare) insertion for the linear BRS variation (5.31) of
the antighost field, because the STI (5.42]) can be established by generating this
variation through functional derivation with respect to the source field ¢, .

By virtue of the bare BRS variations (6.75]) and (6.70]), the extended effective
potential ([6.22]) can now be written as

L(®,8,7,h0) = L(®,Ao) + / d*z (B, I + 7,01 (6.80)

Uu) for the graviton and ghost fields has been

where the notation & = (hW,C“,
(<I>,A0) has been defined in eq. ([G.I0). Moreover,

employed, and the potential L
introducing the quantity
(27‘(’)4 1 B — o al Ao —1,w
Q(P, Ag) == /:CATh— 5 VAR 17— (CF, A CY) (6.81)
the (extended) total bare gravity action (6.9) can be compactly expressed in terms
of L and @Q:

Stot((I)y AO) = Q((I), AO) + L((I), AO) (682)
Stot(q)7ﬁ>7—a AO) = Q(q)7A0) + E((I)7ﬁ>7—a AO) (683)
Finally, let us define regularized bare BRS variations of the fields:
Shoprv .= (KMOWH)(z)e (6.84)
slocr = (KMOM)(z)e (6.85)
M0, = (KMET1E,)(x)e (6.86)

where K20 := K(9%/A3) is the (position-space) cutoff function introduced in eq.
23), and £71F, = £719%h,,, refers to the gauge fixing, see eq. (5.24). The motiva-
tion for employing regularized BRS variations will become clear later.

Denoting the sources of the graviton and ghost fields by J = {t,,,0,,5"}, the
violated Slavnov-Taylor identities now follow from the requirement that the regu-
larized generating functional of quantum gravity,

W (J; Ag) = / DY ¢Ster(PA0)H(®T) (6.87)
be invarian{'§ under the BRS variations ([684)-([6.80) of the fields:

0L / DP ¢St @AHET) (580(P, Ty 4 5895,,(®, Ag)) (6.88)

18This amounts to the statement that the Jacobian of the BRS transformation is equal to 1.
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Note that the BRS variation of the source term d0(®, .J) gives rise to ” conventional”
STI (5.42)), whereas 620.5;,:(®, Ag) contains contributions stemming from the cutoff
regularized inverse propagators appearing in (6.81I]) as well as from the BRS vio-
lating counterterms that had to be included in the bare potential (6.80). Let us
analyze 620 S;,+(®, Ag) in some more detail, employing the ”split-up” (6.82)). The
BRS variation of the ”free” part (6.81)) is

e O T Ly

—(C" MGk ) — (€', AG}WO”>)6. (6.89)

Observe that in the terms bilinear in the fields, the cutoff function in the regular-
ized BRS variations (6.84)-(6.86) has cancelled its inverse appearing in the inverted
propagators. On the other hand, the part linear in the field as well as the BRS vari-
ation of the bare effective potential 5A°L(<I> Ao) contain the cutoff function and will
therefore be nonpolynomial in the field derlvatlve@ However, all nonpolynomial
parts will be multiplied with powers of Ay 2,

The vSTI (6.88)) can be rewritten as follows. We employ an extended regularized
generating functional of quantum gravity,

W (J, 3,7 Ao) = / Do Stot(BOTR)HET) (6.90)

and define a regularized version of the BRS operator (5.41)):

5 5
_ u oe—1g-Ag v
5 oK FMPU(&M)y (6.91)

KA5

DAO . ( s 56
uv

> + <EM7KAO

Here, K0 is again the cutoff function. Moreover, we treat the BRS variation of the
bare action as a space-time integrated operator insertion:

Ly (®,A0)e = 520S,00(®, Ao). (6.92)

From the properties of the BRS fields (6.75]) and (6.76]) and from looking at eq.
([6.89) it follows that the operator insertion L(;)(®,Ao) has ghost number 1 and
canonical dimension

Dpy =5 (6.93)

in the sense of space-time integrated operator insertions as it is discussed at the end
of Appendix (A.5]).

19Concerning the linear term, the nonpolynomial parts will go away because they are total deriva-
tives.
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By introducing a modified functional

W (J: Ag) = / DD ¢ ot (®.80) txLis)(.40) +(8.) (6.94)
with x € R, the violated Slavnov-Taylor identities (6.88]) now take the form
~ d
DMW (], B,7)|p=r=0 = aWX(J; Ao)|y=o- (6.95)

From the viewpoint of the analysis with flow equations, the central object of interest
is the effective potential L, rather than the generating functional of Greens functions
W. We will therefore show how the vSTI (6.95]) can be expressed in terms of L.
Let A < Ag denote some scale. Consider the "running” extended effective po-
tential .
L(®,3,7,A,Ao) (6.96)

that can be seen as a solution of Polchinski’s equation for quantum gravity (5.92])
with initial conditions (6.80). In complete analogy, we may introduce a running
potential

L, (@,A,Ao) (6.97)

by employing initial conditions L(<I>, AO) + xL1)(®, Ag), see eq. (6.94). In order to
reduce the notational complexity of the upcoming equations, let us also define the
following abbreviations:

L(A) = L(®,8,7,A,Ao)|g=r=0 (6.98)
) -
LY (z,A) = ———L(® A, ANo)|p=r= .
ﬁ(x> ) 5ﬁuy(x) ( 7677—> ) 0)|ﬁ—7’—0 (699)
0 -
1 =
LAz, A) = 5%(%)L(@,B,T,A,AOWZT:O (6.100)
d
L(l)(A) = aLx((I),A,A())’X:(). (6.101)

We are now ready to give the vSTI in terms of the effective potential.

Theorem 11 (Violated Slavnov-Taylor Identities) Employing the notations (6.98)-

(G I00), the violated Slavnov-Taylor identities for quantum gravity are

v — o el -1 v — -1 vpo
<h'u 7A,uylpoLg (O)> + <C 7AGH;L1/LT(O)> +§ 1<Cﬂ7 AGH;WF P (hPJ)>

_ - 6L(0)

1 1 vpo A _

+ 5 <CM7AGH;WF P <Apcroaﬁ 6ha6 )> - L(l)(o)
(6.102)

where SL0 SL(0
(Aﬁﬁagwiﬁ)) (z) = /y Abe s(x—y) mé (;). (6.103)
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Proof 11 As follows from the discussion in Appendiz (A7), see in particular eqns.

(A.29) and (A.61), the effective potentials (6.96) and (6-97) can be related to the
functionals W (J, 8, 7; Ag) and W, (J; Ag) by

W(J, 8,75 Ag) = eb#Bn07) L (2870.00) (6.104)
W (J; Ag) = e3 a0 )L (0.00) (6.105)

where
(J, ApgT) o= (t, ANS o t77) + (0", A, 7") (6.106)

and the fields ® are understood to be given in terms of their respective sources J,

@) = [ Allole =9 () (6.107)
)

Cule) = [ Ayle =)o) (6.108)

Cu(z) = [ Ay, — )" ). (6.109)

The vSTI for the effective potential can now be derived by plugging eqns. (0.104)
and (6105) into (6.98) and reexpressing the resulting equation for the sources J in
terms of the fields ®. The latter is done by inverting the relations (6.107)-(6.109).

d

In the following, the violated Slavnov-Taylor identities will be analyzed. At first
we note that the potentials (6.98)-(6.I01) appear in eq. (6.102]) with ”floating”
cutoff A = 0. This implies a relation between the the effective potentials L and the
generating functionals W a la eqns. (6.104) and (6.105), which in particular allows
for external momenta ]‘512 > 0 in the vertex functions L, (k;, 0, Ag). However, so far
in this work we have employed the perception that we probe the physics only below
A, corresponding to a relation (2.I4]) between L and W and external momenta
k? < A% In addition, problems may arise when A? < Ay, see the discussion at
the end of section (5.1.2]). We will therefore analyze the functionals appearing in
the vSTI (6.I02) for nonvanishing floating cutoff A and keep the latter above the
external momenta k; as well as the (at this point arbitrary@) ”mass” squares By, By
appearing in the graviton and ghost propagators (5.79)) and (5.80):

A? > k2 By, Bs. (6.110)

20 A fter the restoration of the STT has been accomplished, B will be related to Ax.
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The A-dependent results of this analysis will then (at least qualitatively) be related
to the functionals appearing in eq. (6.I02) by replacing A? with the mass Square
B1, By and the external momenta k? respectively. This is suggested by analogous
result<?3 for Yang-Mills Theory [27].

We begin with the LHS of eq. (6.102) and notice that the three functionals L(A),
LEV(A) and L% (A) defined in eqns. (6.98)-(6.100) appear.

In Theorem (8)) of the last section, we have already established bounds for the
(dimensionless) vertex functions A, (k1, ..., kn, A, Ag) of the functional L(A). In the
discussion following Theorem (@) we then have argued that the UV cutoff of effective
quantum gravity should be the Planck scale, Ag = Mp. Finally, improvement
conditions have been introduced in eq. (639) and the dependence of the vertex
functions on the unknown initial conditions (6.67]) has been analyzed in Theorem
([@I0). The result, summarized in eq. (6.73]), was that at some scale A < Mp the
vertex functions A, (A) (and therefore the functional L(A)) are known to an accuracy
of (A/Mp)2.

In order to establish these bounds for the entire LHS of eq. (6.I02)), a similar
analysis has to be performed for the generating functionals L}" (v, A) and L7 (x, A) of
the vertex functions carrying one BRS field ¥*¥(z) or Q(x) as operator insertion.
The necessary steps to do so have been developed in Appendix (A.5), leading to
Theorems (6] and (7)) concerning bounds for vertex functions with one operator
insertion and their dependence on the unknown initial conditions.

Let us therefore apply these theorems to the functionals L (x,A) and L7 (z, A).
We introduce the Fourier transforms

L (q,A) = / e LY (2, A) (6.111)

T

LE(q,A) = /eiquﬁ(x,A) (6.112)

xT

and define momentum-space vertex functions

g+ Ky + o+ k) Ln (g, Ky oo iny A) = (27) 05 Lp(q, @, M)y (6.113)
S8+ k1 + oot Bn)Lrn (@ kt, ook, A) = (20) 60 Lo (g, ®,A)] . (6.114)

Here, the schematic notation introduced in eq. (6.29)) has been employed. As has
been pointed out in eq. (6.79)), the canonical dimension of the BRS composite fields
UM (x) and Q*(z) equals 2. Hence, the canonical dimension of the momentum-space
vertex functions Lg, and L, is

DLBn :DLTn = 2—-n (6.115)

2!Modulo problems that may arise with ”wrong sign” mass squares such as B; ~ Ax for Ag > 0.
22Gee in particular eqns. 4.52 and 4.117 of [27] in the limit A — 0.
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in accordance with eq. (A73) of Appendix (A5).
Note that the (suppressed) tensor structure of eqns. (6113 and (G.I14]), as

well as the ghost numbers +1 and +2 associated with the functionals Lg'/(q,A)
and L5 (q,A), restrain the number of nonvanishing vertex functions Lg, and L.
Introducing running coupling constants R;(A) as we have done in eqns. (A74)-
(A.77), it therefore turns out that all couplings having canonical dimension Dp, >
—1 are given by the following (schematic) definitions:

Ri(A) = O (50?/%)[/5(% A)> ‘C':kl:q:O’ 1=1,2
1) ) )
Ri(A) = aj <5C(k‘1) 5h(k2)Lﬁ(q’A)) |h:C:kj=q=0’ i=34
0 0 .
Ri(A) =0 <5C(/<:1) 5c(k2)LT(q’A)> lotymgmor E=5

(6.116)

The index i stems from the different possibilities to contract the (suppressed) tensor
structure on the RHS of eqns. (6.110]).

The running couplings R;(A), ¢ = 1...5, are of course the pendants to the bare
couplings R?, i = 1...5, appearing in eqns. (6.75) and (6.76]). This is underlined
by the fact that if we look at eqns. (6I116]) and (6II5]), we see that the canonical
dimensions of the running couplings R;(A) are

Dg, 0, i=1,2 (6.117)

Dp, = -1, i=3.5 (6.118)

1

in agreement with the previous eqns. (6.77) and (6.78). Note also that eq. (G.II8])
means that the BRS transformations (6.84)-(6.86)) for gravity contain nonrenormal-
izable parts. This is an important difference to the Yang-Mills case [18].

Proceeding as in Appendix (A.5]), we define renormalization conditions for the
couplings having canonical dimensions Dg, = 0,

RE .= R;(AR), i=1,2 (6.119)

where Ap < Mp is some renormalization scale, and initial conditions for the cou-
plings having Dg, = —1:

RY := Ry(Mp), i=3..5. (6.120)
Moreover, we introduce dimensionless couplings

REA) = RE i=1,2 (6.121)

7

RYA) = ARY, i=3..5 (6.122)
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and impose as an additional constraint to the renormalization and initial conditions

that (6121)), (6.122)) be small for A < A < Mp:
REWAN) < 1, i=1,2 (6.123)

)

RIA) < 1, i=3..5. (6.124)

Note that because of the definition (6.122]), this in particular implies RY < M;l, 1=
3...5, for A < Mp and thus

RY(A) < A/Mp, i=3..5. (6.125)
As always, we will consider dimensionless vertex functions
Agn(A) := A" 2Lg,,  Am(A):=A""?L,, (6.126)

and expand them in the dimensionless renormalized renormalizable couplings R,
RE, A\ and A defined in eqns. (612I)), (6.42) and the bare nonrenormalizable
couplings RY, i = 3...5, and A, @ = 6...8 of eqns. (6.122)), (6.43). For Ag,(A) we
thus obtai

00 4
Aﬁn (q7 ]{717 ey kn) A) = Z Z RzR/O ()‘f)rl ()\?)Tz

1,...,r5=0 =1

(A (AN (A2 AGT ") (g, Ky, o Ko, A)

(6.127)
where we have employed the notation
R B
R/O L R’L 5 1= 1, 2
RO .= { R i—34. (6.128)

Hence each graph contributing to (6.127]) contains one extra vertex associated with
a renormalized coupling constant R, R¥ or a bare one RY, R} because of the BRS
operator insertion. Remember also that the couplings A; have to be understood as
ka-tuples, and recall the notation conventions of eqns. (6.46]) and ([6.47]).
The procedure for A;,(A) goes in complete analogy, with the exception that the
extra vertex is always associated with the bare nonrenormalizable coupling Rg.
Finally, we introduce symbols @f and @? as we have done it in Appendix (A.5):

i=1,2: ©F=1r0=0 (6.129)
i=3.5: Of:=0A00=1 (6.130)

We are now ready to establish bounds for the vertex functions Ag, by applying
Theorem (I6]) of Appendix (A.5]).

ZPlease refer to eq. (A8 of Appendix ([AL) for a definition of the coefficients
A(ﬁl,’l”"”’r"))(q,kl,...,kn,A).
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Theorem 12 (Boundedness of Vertex Functions with BRS Insertion) Let
Ar < A < Mp. Given Theorem (8), the renormalization conditions (6.119), the
initial conditions (6.120) and assuming that

Mp

o7 r5 - M Ira]
|07 AU (g gy pe M) < MRP (=2 ) Pin (=2 (6.131)
pn AR AR

for n+p >4, to order r,...,r5 in perturbation theory in )\f, )\g’?, /\8, )\9 and )\g

187 G (py, ., py A

AN [ Mp\"NETE! A A Mp

< AP - R = ekl it 8
() (F) (eren(s) +are (50)
(6.132)

where the index i refers to an extra verter associated with a renormalized coupling
RE i = 1,2 having canonical dimension Dg, = 0 (©F =1, @Y = 0) or a bare
one RY, i = 3,4 having canonical dimension Dg, = —1 (0% =1, ©F = 0), and
rnr = |r3| + [ra| + [75].

The Theorem concerning boundedness of the vertex functions A, is the same with
the exception that the extra vertex is always associated with the bare nonrenormal-
izable coupling R2. Thus, we do not need the renormalization conditions (G.119)
and we only have the case Y = 1, ©Ff = 0.

Let us introduce improvement conditions for the nonrenormalizable couplings
R;, 1 =3..5:

RNE .= Ry(AR), i=3..5. (6.133)

It is assumed that the improvement conditions (6.I33]) are taken such that they are
compatible with small initial conditions (G.I20), where small is meant in the sense
of eq. (6124). By the arguments given in the last section, this will amount to
the requirement that the improvement conditions should be (not larger than) of the
order of the inverse Planck scale,

RNE ~ Myt (6.134)

Considering the renormalized BRS variations (5.29) and (5.30) (after some restora-
tion of the STI), it seems reasonable that this will be so because we observe that
effectively, the RZN R become replaced with the gravitational constant \.

In order to investigate the dependence of the vertex functions Ag,(A) and A;,(A)
on the unknown initial conditions, we introduce the parametrization

t PAG T (Mp), te0,1), n+p>4 (6.135)

and similarly for A?J“""’“”(M p). This leads to t-dependend ”running” vertex func-
tions Ag,(A,t) and A, (A, t), and we may apply Theorem (I7) of Appendix (A.D):
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Theorem 13 (Predictivity of Quantum Gravity with BRS Insertion) Let
there be renormalization conditions (6.119) and improvement conditions (6.133).
Assume that to order 11, ...,r5 in perturbation theory in A, )\?, )\8, )\(7] and )\(8)

Ir1 rNR+OY
p A (6,71,0.,75) < P A % %
102457 (g D <A () (2 Pin (32 6.136)

and that form +p >4

i _ M 71 M
1550457 e Mo <2057 (F2) o (52 (0130

Given Theorems (8), (I2) and (I0) we then have for Ap < A < Mp

|71 rNRr+6Y 2
4 gp gliirszeers) <ar (A Mp A Mp
150457 gm0 £ 277 (55 (5 Y (M

where the index i refers to an extra verter associated with a renormalized coupling
RR, t = 1,2 having canonical dimension Dg, = 0 (@? = 0) or a bare one Rg, 1=3,4
having canonical dimension D, = —1 (0% = 1), and ryg = |r3| + |ra| + |75

For the vertex functions A, (A,t) we may proceed similarly, with the exception that
once again the extra vertex is always associated with the bare nonrenormalizable
coupling RY. Thus, we do not need the renormalization conditions (6.I19) and we
only have the case @? =1.

By the arguments following Theorem (I0), eq. (6.I38]) means that for small cou-
plings in the sense of eqns. (6.48)-(6.51]) and (6.123)-(6.125]), the ignorance about the
initial values (6.I35]) amounts to an indetermination of the running vertex functions
Apn(A) and A, (A) of the order of (A/Mp)?.

Thus, we have achieved our aim: Theorems (I0) and (I3)) allow us to control the
entire LHS of the violated Slavnov-Taylor Identities (6.102)), since all three function-
als L(A), Lf"(A) and L7 (A) appearing are now known to an accuracy of (A/Mp)?.

Let us therefore move on and consider the functional L(;)(A) that forms the
RHS of the vSTI (6.I02)). It has been defined in eq. (6I0I) as the generating
functional of vertex functions carrying the BRS variation of the bare total action
([6.92) as a (space-time integrated) operator insertion. Remember that L;)(A) has
ghost number 1 and canonical dimension 5 in the sense of space-time integrated
operator insertions discussed at the end of Appendix (A.H). Thus, according to eq.
(A73) the momentum-space vertex functions

04 (k1 + oo+ bon) Ly (b, o b, A) = (21) 1705 Ly (@, A (6.139)

oo
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have canonical dimensions
DL(M =5—-n. (6.140)

We may use the vertex functions (6.I139) to introduce running coupling constants
F;(A), as we have done it in equs. (AT4)- (A7) of Appendix (ALH]). If we attempt to
control the dimensionless counterparts Ay, (k1, ..., kn, A) of [6I39) to an accuracy
of (A/Mp)?, we will have to define renormalization and improvement conditions:

FR .= F/(Agr), Dp, >0 (6.141)
FNE .= Fy(Agr), Dp = —1. (6.142)

This follows again from the analogous procedure leading to Theorem (I7]).

The renormalization and improvement conditions (G.I41]) and (6.142]) are asso-
ciated with position-space local operators O;(h,C,C) having canonical dimensions
Do, < 6, as follows from a derivative expansion of the functional L)(Ag) a la
Appendix (A.2). On the other hand, the bare insertion L(;)(Mp) has been defined
in eq. ([6.92) as the (regularized) BRS variation of the bare total action:

Lay(®,Mp)e = M7 S, (®, Mp) ZFO/(’) (h,C,C)e.  (6.143)

If we look at Table (6.I)) and remember the definitions of the BRS fields (6.75) and
6.76), we see that the operators O;(h,C,C) having canonical dimensions D < 6
are those that are asscociated with the bare coupling constants pg, a=1..8, and
RY, i =1..5, defined in Table (6.I)) and eqns. (6.116]). Hence

F=Fp),R)), a=1.8, j=1.5, Dy >—1. (6.144)

However, the bare couplings pg, a = 1...8, and R?, i = 1...5, are already implic-
itly defined by their renormalized counterparts because of the renormalization and

improvement conditions ([G.37)-(E38)), [€119), [639) and (G.I33):
ps = pa(pf i " Ar, Mp) (6.145)
R} = R})(RF},RY® Ag, Mp). (6.146)
We therefore conclude that while establishing Theorem (I7]) for the (dimensionless)
vertex functions Ay, (K1, ...,kn, A) of the functional L(;)(A), the renormalization
and improvement conditions (G.I41]) and (6.142) cannot be chosen freely. In fact,

they are (in principle) determined by solving the Polchinski RGE for initial con-
ditions (6.144]). Hence, they must be functions?d G; of the renormalization and

2In the analogous treatment for Yang-Mills Theory, it is shown that these functions can be
explicitly worked out by analyzing the relevant part of an 1PI fuctional I'(;y describing the violation
of the STT [27]. The functional I'(;y is the 1PI Yang-Mills counterpart to our functional L(;y. Note
that for effective quatum gravity, one would have to analyze the relevant and the least irrelevant
parts of a functional I'(;y being the 1PI counterpart to L.
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improvement conditions (€.37)-(E38)), [€119), [639) and (G.I33):

Fft = Gi(pf, pi" R, RYT) + O((Ar/Mp)?) (6.147)
EN = Gilpg o3 " RS RYT) + O((Ar/Mp)?) (6.148)

where the indetermination that is left in eqns. (6.147), (6.148]) stems once more
from the fact that we do not know about the initial conditions

Ay (P1, s Pns Mp), n+p>7 (6.149)

associated with couplings FZ-O, Dpo < —2. Note however that for establishing
Theorems (I6]) and (I7)) for the vertex functions (6139), it is necessary that (6.149)
are sufficiently small, see eq. (A.92). This will be the case because in eq. (6.143)),
the bare couplings p, 7 > 9, are small by the reasoning of eq. (6.66), and the
bare couplings R?, i = 1...5, are small according to eq. ([6.124]). Furthermore, the
nonpolynomial parts in 5?41’13((1), M, p) introduced by the regularized BRS variations
(see the discussion regarding eq. (6.89])) will be also small since they are multiplied
by powers of Ay 2,

Let us therefore assume that Theorems (I6]) and (I7]) have been established for
the vertex functions of the functional L)(A) while employing renormalization and

improvement conditions & la (6.147) and (6.148]).

We are now ready to discuss the restoration of the violated Slavnov-Taylor iden-
tities (6.102). The violation is expressed in terms of the functional Ly(A) appearing
on the RHS of (6.102]), since the LHS of (G.102]) effectively describes the regular-
ized BRS operator (6.91]) acting on the extended effective potential ﬂ(@, 6,7,0, Ao).
Note that (6.91]) equals its unregularized counterpart (5.41]) at scales A < Ag. This
means that ultimatively, the LHS of (6.102]) is identical to the the LHS of the STI
(5.42). Thus, we have restored the vSTI if we can make L;)(A) vanish?d.

However, since the three functionals L(A), LZV(A) and LY (A) appearing at the
LHS of (6.I02) are only known to an accuracy of (A/Mp)?, it will suffice to show
that

A2
Ly (A < — . 6.150
Eo®i < (37) (6.150
This is the restoration of the vSTI (6102)) to finite accuracy. In order to achieve
(6.150]), two steps are necessary.

e Renormalization and improvement conditions for the physical couplings Ag,
A and the gravitational field h,, are specified at some renormalization scale

2PRemember the discussion following Theorem (1)) concerning the value A = 0 of the floating
cutoff.
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Ar < Mp. To do so, we employ again a schematic notation suppressing all
indices. Moreover, we would like to remind the reader of the notations and

conventions employed in table (6.1]) and eqns. (632]) and (E.79):

) ) ! !
5h(l€1)5h(l€2)L((I)7AR)|h=ki=0 =0, By = Ak
5 6 ,
o <5h(k1)5h(k2)L(q)’AR)> ‘h:ki:O =0
1 1) 1) !
(56@- 6’2) <5h(l<:1)5h(k2)5h(k3)L(q)’AR)> ‘h:ki:O = A
(6.151)

e One particular set of "arbitrary” renormalization and improvement condi-

tions (6.37)-(6.38), (6.119), (6.39) and (G.I33) for the remaining couplings
pa(AR), a=1..8, and R;(AR), i = 1...5, has to be determined such that

Ar\? .
IGi(pE, o7 RE, RN < <M—’;> Vi (6.152)

where the functions G; have been defined in eqns. (6.147) and (6.148).

Once the second step has been achieved, also the renormalization and improvement
conditions F¥ and FN of the functional L1y(A) will obey the bound (6.152]) be-
cause of eqns. (6.147) and ([6.I148]). Since the initial conditions (6.149)) are also small,
we then may conclude that (6.150]) will be satisfied and the vSTT (6.102)) are restored
with an accuracy of (A/Mp)2.

Note that this means in particular that at the scale A < Mp, our effective theory
of quantum gravity is now determined by the cosmologogical constant Ax and the
gravitational constant \ to an accuracy of (A/Mp)2.

Some concluding remarks are in order. In section (5.2.1]) we have discussed that
for the restoration of the STI for Yang-Mills Theory [18], it turns out that there are
more relevant parts of the L j)-insertion than ”arbitrary” renormalization conditions
a la ([6.37)-(©38), (6I19). To be concrete, one finds that 53 conditions analogous
to (6I52) have to be achieved by adjusting 37 + 7 renormalization conditions for
the effective potential and the BRS variations. Thus, it has to be shown that there
are some linear interdependences between the relevant parts of the L )-insertion for
Yang-Mills theory. This is a rather awkward task involving also the renormalization
of 1PT vertex functions that we did not consider in this work. Please refer to [18],
[27] for details.

However, it seems probable that the same difficulties will arise in the case of
effective quantum gravity: it may turn out that there are more inequalities (G.I152I)
to fulfill than there are renormalization and improvement conditions ([6.37))-(6-38]),
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(6119), (6.39) and (6.I33)). In this case, we would have to prove linear interdepen-
dences between the relevant and least irrelevant parts of L(yy, i.e. eqns. (6.147),
(6.148), by employing the methods described in [18§].

6.3 The no-cutoff limit of quantum gravity from the
viewpoint of the Polchinski analysis

It has been discussed in chapter (2)) that the running nonrenormalizable couplings
pn(A) of some quantum field theory become determined by the renormalizable ones
pa(A) in the no-cutoff limit Ay — oo:

Jim pa(A, Ao, pl(A, Ao, pa(A))) = p (A, pa(A))- (6.153)
This is, however, only true if the bare initial values pO = p2(p2) of the nonrenormal-
izable couplings are sufficiently small in the sense of eq. (2.33]). See section (2.2))
for more details. In addition, we would like the reader to recall that in general, the
no-cutoff limits p® (A, p,(A)) will be nonzero.

On the other hand, from the viewpoint of the flow equations a theory has been
called "nonrenormalizable” if its field and symmetry content is such that no renor-
malizable interactions, that is no couplings except for kinetic and mass terms, are
permitted. However, there is nothing wrong with introducing renormalization con-
ditions for the fields and masses of such a theory (i.e. for the only operators that are
renormalizable), and considering the no-cutoff limit employing analogons to Theo-
rems ([I)-([B)). In fact, we can produce a related situation for the scalar field theory
considered in chapter (Bl by choosing vanishing renormalization conditions (B.20)
and ([B3.21)) for the renormalizable ¢® and ¢* couplings:

plt = plt=o0. (6.154)

If the bare nonrenormalizable couplings are assumed to be small, see eq. (3:44]),
the outcome of such an analysis, already discussed at the end of section ([23]), is
a forgone conclusion: all interactions will go away as Ay — oo because there are
no renormalizable interactions generating new contributions to the nonrenormaliz-
able ones while integrating out field modes. Thus, the running effective potential
vanishes:

L(A,Ag) — 0 for Ag— oo, (6.155)

and we are left with the "free” part of the effective action?d. Equivalently, one can
say that all running nonrenormalizable couplings will die out in the no-cutoff limit,

P (A pa(A)) = 0. (6.156)

26See eq. (B for definitions of the potential L and the effective action.
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Note that this is not in contradiction to eq. (6.I53). One can rather say that in the
special case of a nonrenormalizable theory, the running nonrenormalizable couplings
pn(A) are determined by the renormalizable ones p,(A) (i.e. only field strength
renormalization and masses) to be zero.

This can be reformulated in more technical terms for the scalar field theory
of chapter ([B)) as follows. Since the vertex functions of the effective potential are
evaluated in perturbation theory in the couplings pf and p?, see eq. (B:23), and
vanish to Oth order in perturbation theory, see eq. (B.31]), they will all be zero
for the choice (6.I54)). This in particular holds true for the bare initial conditions
(B44). However, in the no-cutoff limit the vertex functions converge to limits that
are independent of the initial conditions as long as these are sufficiently small. This
is assured by Theorems (2]) and (). In particular, we may choose vanishing initial
conditions. Thus eq. ([G.I55]) is confirmed.

Let us now discuss the situation for quantum gravity. As has been argued in
section (6.1.1]), the expansion of the gravity action leaves us with infinitely many
nonrenormalizable Operator. However, as we have just pointed out, from the
viewpoint of the flow equations the maybe more interesting question is “are there
any renormalizable interactions at all?”. Looking at table (6.1]), we see that this is
indeed the case: the couplings ps and ps accociated with ¢3 and ¢*-like operators
are renormalizable. Note that after the restoration of the Slavnov-Taylor identi-
ties, these couplings will be given in terms of the gravitational coupling A and the
cosmological constant Ag as Mg and A2Ax. Hence, they will only be there for
nonvanishing (renormalized) cosmological constant.

At the end of this section, the above observation will lead to us the speculation
whether quantum gravity with cosmological constant has a no-cutoff limit with non-
vanishing gravitational constant A\. Note that since the latter is a nonrenormalizable
coupling, it would then be determined by the cosmological constant Ag in the sense
of eq. (6I53). Moreover, we will discuss that the coupling of mass terms of some
massive field ¢ to gravity produces again ¢3 and ¢*-like operators. This will give rise
to the speculation of a gravitational constant that is determined by the cosmological
constant and the masses of the elementary particles in the no-cutoff limit. If true,
this might indicate that there is a deeper relation between the Higgs mechanism
(that produces the mass terms) and the gravitational force.

In the following, we will give the formal steps that have to be employed in order
to consider the no-cutoff limit of quantum gravity along the lines of renormalization
with flow equations. If we refer to equations or Theorems of sections ([6.2.1]) and
(622)), it is understood that the Planck scale Mp is replaced by an arbitrary UV
cutoff Ag. After the formal treatment, we will discuss the implications of our results.

2"We always assume that the UV behaviour of the theory is governed by the 1/k* propagators
(E58) and (B.65). This once more amounts to the assumption of small bare couplings associated
with the higher field invariants such as R2. See the discussion in section ©12).
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We begin with the vertex functions (6.29) of the gravity potential L(h,C,C,A)
introduced in eq. (6.26]) and expand their dimensionless counterparts Ay, (k1, ..., kn, A)
in the dimensionless renormalized renormalizable couplings A and A introduced

in eqns. (6.42)):
Ay, ok, A) = > (MDA (e, A). (6.157)

r1,72=0

Remember that the couplings A\; have to be understood as kg-tuples, and recall
the notation conventions of eqns. (6.46) and (6.47)). Comparing to the expansion
(6:45) where also the bare nonrenormalizable couplings (6.43]) are used as expansion
parameters, we notice that we may identify our "new” expansion (6.I57)) with the Oth
order of perturbation theory in the bare nonrenormalizable couplings of the former
expansion (6.45]). Thus, Theorem (&) concerning the boundedness of gravity vertex
functions can be applied to the vertex functions A,(Il”“?’(k:l, wey ki, A) of (6I57)), and
we may proceed by establishing their convergence to a no-cutoff limit in analogy to
Theorem (2]) for the scalar field theory considered in chapter (3]).

Theorem 14 (Convergence of Gravity Vertex Functions) Let there be renor-
malization conditions (6.37)-(G.38). Assume that to order ri,ro in perturbation the-
ory in \F and \F

(r1,r2) - A Il Ao
[|OPAY V"™ (p1y ooy Dy A)|| < ATP . Pin|—, (6.158)
R

and that forn+p>5

d b A(rira) o (Ao 71 Ao
Then
d AN A A
a0 AL e M <A77 () P (2] (6100

where Ap < A < Ay.

The conditions (6.I58)) and (6.I59) are guaranteed by Theorem (8). The remaining
proof runs in complete analogy to the one of Theorem (), and we will therefore skip
it.
Integrating (6.160]) with respect to Ag we may conclude with Cauchy’s criterion
that the gravity vertex functions converge to a no-cutoff limit
Agert rr2) () i= Tim A7) (A, Ag) (6.161)

A0—>OO
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where the rate of convergence is given by

|71]
G2 (b1, ey ps Ay Ag) — AL A < () A pin (0.
AR Ao AR

(6.162)

We would like to stress that at this point of the analysis, with gauge invariance
still violated by the momentum cutoff regularization, we have only established that
there exists a family of finite theories (with field content ® = (h“,,, cH, U“)) that is
parametrized by the arbitrary renormalization conditions (6.37])- .

Let us therefore proceed with the discussion of the formal steps that are necessary
in order to restore the violated Slavnov-Taylor identities (6.102]) in the no-cutoff
limit. To do so, we have to consider the effective potentials L(A), L}"(A), L7 (A)
and L(;)(A) that have been defined in eqns. (6.98)-(6.101]). We have just established
the boundedness and convergence of the vertex functions of L(A) in the no-cutoff
limit, so let us move on and carry out the same program for the vertex functions
carrying the nonlinear BRS variations (6.75]) and (6.76]) as an operator insertion.

However, here we are confronted with the following problem. In the last section,
the dimensionless vertex functions Ag,(A) and A;,(A) of the functionals L7”(A)
and L% (A) have been evaluated in perturbation theory in the couplings defined in

eqns. (6.121), (6.42), (6.122)) and (6.43]). We summarize the respective expansion

parameters again in the following table:

Vertex function | Renormalized renormalizable | Bare nonrenormalizable
expansion parameters expansion parameters
Agn(A) RE RE N\E A? RY, RY, N0, N0 | )\g
Arn(A) A\ A? Rg, )\8, )\(7) , )\g

Table 6.2: Expansion parameters of the vertex functions with BRS insertion

Recall that the couplings RZR, RZQ are associated with one extra vertex of each
graph contributing to the vertex functions Ag,(A) and A,,(A) because of the BRS
operator insertion.

Proceeding as we have done in eq. (6.I57) for the vertex functions without
operator insertion would suggest to expand Ag,(A) solely in the renormalizable
couplings RE, RE, At and A\F, and accordingly A, (A) solely in the renormalizable
couplings )\f and )\5R. This would again correspond to the Oth order of perturbation
theory in the nonrenormalizable couplings, or equivalently mean that we employ the
special case of vanishing values for them:

= 3..5 (6.163)
MN(A) = 0, a=6.8. (6.164)
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However, since each graph of the vertex functions Ag,(A) and A;,(A) must have
one extra vertex associated with one of the couplings Rf or RZQ, we are forced to
conclude that for the choice (6.I63) we have

Am(A) =0 (6.165)

because all extra vertices of the graphs of A;,(A) are due to the nonrenormalizable
bare coupling RY.

In order to avoid this, let us therefore establish the boundedness and convergence
of the vertex functions Ag,(A) and A;,(A) by expanding them in the renormalized
renormalizable couplings RE, R¥, Alf and AF and also in the bare nonrenormalizable
couplings R?, 1 = 3...5. We obtain

00 4
Ap(@. k1, ook A) = Y SR AR Y 2AGT (g, ke ki, A)

r1,ro=0 i=1

(6.166)

where Rf/ ¥ is defined as in eq. (6128). The expansion of A;,(A) is similar, with the
exception that the extra vertex is always associated with the bare nonrenormalizable
coupling RY.

If we want to take a no-cutoff limit Ag — oo while retaining nonvanishing cou-
plings RY(A), i = 3...5, we are forced to give up the requirement (6.I124]) that these
couplings remain small on scales A < Ag. To see this, consider some scale Ap < Ag.
From the definition (6.122]) follows that for bare couplings

R) ~ ALY, i=3..5, (6.167)
their dimensionless counterparts RY(A) = ARY will grow larg@ as
RY(A) ~A/Ap, i=3..5, (6.168)

for A > Ap. We will repeatedly come back to the consequences of this behaviour.
Comparing (6.160)) to the expansion (6.127]) where also the bare nonrenormaliz-
able couplings )\2, a = 6...8, are used as expansion parameters, we notice that we
may again identify our "new” expansion (6.166]) with the Oth order of perturbation
theory in the bare nonrenormalizable couplings )\g, a = 6...8, of the former expansion

. Thus, Theorem concerning the boundedness of gravity vertex functions
Thus, Th ing the bounded f it tex functi
with BRS insertion can be applied@ to the vertex functions A(ﬁzgl’rz)(q, kiyeykpn, A)

28In particular, at the bare scale the R?(Ao) will diverge as Ao/Ap for Ag — oo.
291t is understood that we substitute Mp — Ao in Theorem (I2).
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of (6.166]) The resulting bounds are

187 A5 (g, pry ooy Py A

AN A\ A A A
< AP = R il - 20
=4 (AR> <A> (91 Pl"(m)*m”"(m))
(6.169)

where the symbols ©f and ©Y have been defined in eqns. (6129) and (6.130).

Similar bounds for the expansion coefficients Aﬁ?{””’?)(q, k1,...,kn,A) of the vertex
functions A,,(A) can be established, where in this case we have ©F =0, 09 = 1.

Before we discuss the implications of the bounds (6.169]), let us move on and
establish the convergence of the vertex functions Ag,(A) and A-,(A) to a no-cutoff
limit. To do so, some preliminary remarks are needed. In the last two sections, we
have imposed improvement conditions for some of the nonrenormalizable couplings
in an effective field theory context. However, as it has been discussed in section (2.3])
and again at the end of section (4.2), it has been shown by C. Wieczerkowski [47]
that improvement conditions may also be used to enhance the rate of convergence
of the effective action to its no-cutoff limit. To do so, some of the nonrenormalizable
couplings have to be fixed at the renormalization scale Ag at their no-cutoff values.
The latter are determined by the renormalized renormalizable couplings and can in
principle be calculated in perturbation theory in them.

For the gravity vertex functions without operator insertion (6.I57]), such a strat-
egy would mean to impose improvement conditions

pa(Ar) = p"(Ag,pl), a=6,..,8, b=1,..5, (6.170)

instead of (6.39). By the same arguments that led to eq. ({T5) we would then
obtain an improved convergence as compared to Theorem (I4]), eq. (EI160):

d AN A2 A
P A(r1.72) < AP 0
HAOdAoa Ay (P1y ey P M| < A <AR> <A0> Pln <AR> . (6.171)

In the following, we assume that (G.I71]) has been established.

We now come back to our discussion concerning the convergence of the vertex
functions Ag,(A) and A, (A) to no-cutoff limits. Corresponding to the expansion
(6166]) where also the nonrenormalizable expansion parameters R?, 1 = 3...5, have
been employed, let us impose improvement conditions for the nonrenormalizable
couplings R;(Ar), ¢ =3...5:

RNE .= Ry(AR), i=3..5. (6.172)

2

In order to avoid possible confusion, we would like to stress that the improvement
conditions (6.I72]) are not understood to be (necessarily) given in terms of renor-
malizable couplings in the no-cutoff limit (for small bare couplings R?, this would
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in particular imply RY# = 0 by the reasoning leading to eq. (6.IG5)), but are free
input parameters. This is in contrast to (6.170). The conjecture (that we will not
prove) is that they nevertheless can be met in the no-cutoff limit if we give up the
requirement that the bare couplings RY be small, see eqns. (6.167)), (6.165).

The necessary ingredients for establishing the convergence of the vertex functions
Apn(A) and A;,(A) to a no-cutoff limit have now been collected. The following
Theorem can be deduced inductively by integrating the RG inequality (A-97]) along
the lines of eqns. ([3.41]) and (3.43]) and applying the bounds of Theorems (§]), (LI0])

and eq. (6.I7T]).

Theorem 15 (Convergence of Vertex Functions with BRS Insertion) Let
there be renormalization conditions (6.119) and improvement conditions (6.172).
Assume that to order 1,72 in perturbation theory in A and \E

- AN A\ ©F A
10245 Dl <A (1) () P (52). @7
R R

and that form +p >4

d

2,71 ,T — A ‘Tl‘ A
HAo—apA( 3 ”(q,pl,...,pn,Ao)HsAop<A—;) Pin (—0) (6.174)

Given Theorems (8), (I0) and eq. (6.171) we then have for Ap < A < Ay

[r1] o0 2
o 4 (6m1,72) < AP A ﬂ ' A Ao
oz A5 e D <A () () (1) Pin (5

(6.175)

where the index i refers to an extra vertex associated with a renormalized coupling
Rﬁ, 1 = 1,2 having canonical dimension Dg, = 0 (@? = 0) or a bare one R?, 1=3,4

having canonical dimension Dg, = —1 (0% = 1), and rxg = |r3| + |ra] + |75].

For the vertex functions A;,(A) we may proceed similarly, with the exception that
the extra vertex is always associated with the bare nonrenormalizable coupling RY.
Thus, we do not need the renormalization conditions (6.119) and we only have the
case OY = 1.

The inequalities (6.169) and (6.I75) can be converted into the following upper
bounds which are valid for ¢ = 1...4:

i AN A
1P AGT (g, g )| < AT (A—> Pm(—O) (6.176)
R

d

1,71 ,T A ‘Tl‘ A
||A0—aPA( D) (g o pn M| < AP (— ) =P (2. (6.177)
Ar) Ao
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These also apply to the vertex functions A(TE;ZHM)(A).
The point is that eq. (6177 is already sufficient for proving the convergence of

the vertex functions A(ﬁi;;l’rz)(A) and Agirl’m)(A) to no-cutoff limits

A;onmt (i,m,rz)(A) = A(l)ifl,oo A(ﬁir’:l’m)(/\,l\o) (6.178)
At Grr) () s= Tim AU (A, Ao) (6.179)
0—00

where the arguments are the same as those following Theorem (I4). We therefore
do not need the requirement of small couplings RY(A) ~ A/Ag, see eqns. ([6.124]),

(6123]), in order to cancel out the factor (Ay/ A)G? appearing in eqns. (6.169) and
(6I75). This is because there is at most one vertex associated with a nonrenor-
malizable coupling RY, i = 3...5, in each graph contributing to the vertex functions
App(A) and A (A).

One should, however, keep in mind that couplings RY(A) ~ A/Ap, i = 3..5, &
la eqns. (6.167), (6.168]) will grow large at scales A > Ap.

By virtue of Theorems (I4) and (I5]) we have now established that the dimen-
sionless vertex functions of the functionals L(A), LZV(A) and L4 (A) converge to
no-cutoff limits as Ag — oco. Hence, the LHS of the violated Slavnov-Taylor iden-
tities (6.102]) of quantum gravity is under control and we may proceed with the
restoration of the STT in the no-cutoff limit.

To do so, we will again have to consider the functional L;)(A) appearing on the
RHS of the vSTI ([6.102]). It has been defined in eq. (GI0T]) as the generating func-
tional of vertex functions carrying the BRS variation of the bare total gravity action
([6.92)) as a (space-time integrated) operator insertion. Recall that L(;)(A) has ghost
number 1 and canonical dimension 5 in the sense of space-time integrated operator
insertions discussed at the end of Appendix (A.H). Furthermore, momentum-space
vertex functions Ly, (K1, ..., kn, A) of L(;)(A) have been introduced in eq. (6.139)
of the last section, and it has been argued that these may be used to define running
coupling constants F;(A) as it has been done it in eqns. (A74)- (A7) of Appendix
(A.5).
If we attempt to control the dimensionless counterparts A(l)n(k‘l, weey kny A) of the
vertex functions (6.139]) in the no-cutoff limit, we will have to impose the renormal-
ization conditions (6.I141]), that is
Ef = Fi(Ag), Dg >0.

(2

Establishing analogons to Theorems (I6) and (I8]) concerning the boundedness and
convergence of vertex functions with operator insertion for the Ay, (k1, ey by )
requires smallness of the bare initial conditions in the sense of eq. (A.92)):

_ A
10 Ay (Pr. oo Ao)l| < AopPzn<A—°), nip>6.  (6.150)
R
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However, it seems probable that the condition (6.I80]) will be spoiled when we drop
the requirement that the dimensionless nonrenormalizable BRS couplings RY(A),
i = 3...5, be small on scales A < Ag. This follows from the fact that (6.I80) is
an inequality for vertex functions of the bare insertion L;)(Ag). Since the latter
has been defined in eq. (6.92) as the (regularized) BRS variation of the bare total
gravity action, it will contain the couplings RY(Ag), i = 3...5. If these are chosen
as in eqns. (6.I67)), (G.I68]), they will diverge as Ag/Ap for Ag — oo. Thus, it is
suggested that we are forced to employ small values

RIA) ~ AJAg, i=3..5, (6.181)

in order to satisfy (6.I80]). Note that in the no-cutoff limit Ay — oo this amounts
to vanishing couplings RZQ (A) =0, i = 3...5, with the unpleasant consequences that
have been discussed following eq. (G.I63]). For the time being, let us nevertheless
ensure that the condition (6.I80]) is satisfied by setting the nonrenormalizable BRS
couplings to zero, eq. (6163 .

As it has been explained in the last section in eqns. (GI43) and (6I44]), the
renormalization conditions (6.141]) cannot be chosen freely. Since the bare insertion
L(1y(Ao) has been defined in eq. (6.92) as the (regularized) BRS variation of the
bare total gravity action, the bare renormalizable couplings FZ-0 = Fi(Ao), Dp, > 0,
will be given in terms of the bare renormalizable coupling constants ,02, a=1...5,
and the bare nonzero BRS couplings R?, i = 1,2, defined in Table (6.1I]) and eqns.

(6110):
F) = F)(p3,RY), a=1.5, j=1,2, Dy >0. (6.182)

This follows from the dimension 5 of the L(;) insertion and the canonical dimensions
of the couplings pY, @ = 1...5, and R, i = 1,2. See Table (6.1 and eqns. (6.I16)-
(6118) for definitions of the operators, couplings and their respective canonical
dimensions.

By the reasoning of the last section, we therefore conclude that the renormal-
ization conditions (6.I4I]) must be functions G; of the renormalization conditions

(6.37), (6.38) and (G.119):

Ff = Gi(pf,R}) + O(Ar/Ao) (6.183)

where the indetermination that is left in eq. (6.I86]) stems from the ignorance about
the initial conditions

Ay (P15 Pns No);, n+p>6 (6.184)

associated with couplings FZO, Dpo < —1. Since we have assured that these are
small & la eq. (6I80) by employing vanishing nonrenormalizable BRS couplings
(6163]), there should be no further problems with establishing the convergence of



110CHAPTER 6. EUCLIDEAN QUANTUM GRAVITY VIA FLOW EQUATIONS

the vertex functions A ), (A, Ag) to no-cutoff limits along the lines of Theorems (IG)
and (I8)) while employing the renormalization conditions (6.183]):

AL (A) = Jim Ay, (A, Ag). (6.185)

0— 00

Let us now return to the case of nonvanishing nonrenormalizable BRS couplings
R?(A) # 0, i = 3...5. It may actually be possible to prove the boundedness and
convergence of the vertex functions Ay, (p1, ..., pn, A) of the functional L)(A) for
this choice. The idea is to employ a strategy similar to the one leading to eq.
(6172) and Theorem (IH]) for the vertex functions carrying the gravity BRS fields.
This would mean to impose the improvement conditions (6.142]), that is
FNR

i = Fi(AR)7 Dp, = —1,
in addition to the renormalization conditions (6.141]). Moreover, we would expand
the graphs contributing to the vertex functions Ay, (p1, ..., Pn, A) in perturbation
theory in the dimensionless renormalizable couplings A%, )\5R and the dimensionless
counterparts of the couplings FZ-R, Dp, > 0, but also in the dimensionless versions
of the bare nonrenormalizable F, D, = —1. See the analogous expansion (6.166]).
The conjecture is that the effect of the diverging bare BRS couplings R?(Ao), 1=
3...5, appearing in the initial conditions (6.I84]) can be expressed in terms of the
dimensionless counterparts of the FZ-O, Dp, = —1. By the arguments following eqns.
©178), [©I79) the improved rate of convergence will then be sufficient to come
up for factors Ag/A that arise due to the couplings Fio, Dp, = —1. Note that the
described procedure is probably equivalen@ to treating the BRS fields (6.75]) and
(6.76]) as operator insertions with canonical dimension 3.

In analogy to the arguments leading to eqns. (6.147)), (6.148]) and (6.186]) we fur-
thermore conjecture that in the above scenario, the renormalization and improve-
ment conditions (6141 and (6.142]) must be functions G; of the renormalization

conditions (6.37)), (6.38)) and (6.119) and the improvement conditions (6.172):

ER = Gi(pR, o™ (oF Ar, Ao), RE RN®) + O(Ar/Ao)  (6.186)
FNT = Gilpfl, ™ (o', Ary Mo), R, RYT) + O(AR/Ao)  (6.187)

30We could multiply the BRS variations (5.29)-(5.31]) with one inverse gravitational constant A™*
and treat them as dimension 3 operator insertions having no nonrenormalizable parts. However,
(Z29) will then contain a part associated with a relevant coupling A™* ~ Mp which grows large
at scales A < Mp. In order to avoid this, we have treated the BRS fields as dimension 2 operator
insertions in the last section. In the present context, the A™! coupling would be problematic because
it deters us from considering the limit A — 0. However, for dimension 3 of the BRS fields the
functional L(;y would have dimension 6, and we would need more renormalization conditions. This
might be equivalent to intruducing renormalization and improvement conditions for a dimension 5
functional Ly as it is suggested here.



6.3. THE NO-CUTOFF LIMIT OF QUANTUM QRAVITY 111

with b = 1..5,a=6..8, 5 =1,2, k= 3...5. Here it has been assumed that the bare
nonrenormalizable couplings ,02, a = 6...8, are implicitly defined by their renormal-
ized no-cutoff values (6.170]), meaning that they are determined by the renormalized
renormalizable couplings pZ, @ = 1...5. Compare this to the analogous eqns. (6.147)
and (G.148) in the effective field theory context!] where the improvement conditions
for the couplings pz, a = 6...8, have been specified freely. On the other hand,
we would like to stress that the improvement conditions R{fv B L = 3..5, for the
nonrenormalizable BRS couplings appearing in (6.I86]) and (G.I80) still have to be
understood as free input parameters. They can be met because we have allowed for
nonvanishing RY(A) # 0, i = 3...5.

It is only fair to admit that this second scenario is more speculative than the first
one leading to eq. (6I80). It is at this point not entirely cleai®d whether bound-
edness and convergence of the vertex functions Ay, (p1, ..., pn, A) of the functional
L)(A) can be established along the lines of eqns. (6.I69) and (6.I75) employing
the renormalization and improvement conditions (6.I86]) and (G.I87). Let us all
the same assume that it can be done and therefore nonvanishing BRS couplings
R?(A), 1 = 3...5, may be kept in the no-cutoff limit with consequences that we will
evaluate shortly.

The restoration of the violated Slavnov-Taylor identities (6.102]) in the no-cutoff
limit can now be disussed. Since the violation is expressed in terms of the functional
L1y(A) appearing on the RHS of (6.102), the STT are restored if we can make L) (A)
vanis in the limit Ag — oo:

L@ < ~ (6.188)
1 = Ay :
We now follow the proceedings that have been proposed at the end of the last
section while adapting them to the present case. We begin with the ”conservative”
assumption of vanishing nonrenormalizable BRS couplings RY(A) =0, i = 3...5:

e Renormalization conditions for the physical renormalizable coupling Ax and
the gravitational field h,, are specified at some renormalization scale Ag:

56 | |
h(k1) 5h(k2)L(¢,AR)|h:ki:0 = 0, Bi=Ak
0 ) '
oy =
8" <5h(k1)5h(k2)L(q)’AR)> A (6.189)

31Note also that in eqns. (6.136) and (G.I87) the remaining indetermination is larger as compared
to (6I47) and (BI48) because the couplings FY, Dr, = —1, will grow large.

32We are, however, pretty confident because of the conjectured analogy to an analysis employing
dimension 3 BRS fields, leading to a dimension 6 functional Ly(A). Then only renormalization
conditions have to be imposed for the functionals with operator insertion.

33Remember the discussion following Theorem (II)) concerning the value A = 0 of the floating
cutoff.
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e One particular set of ”arbitrary” renormalization conditions (637]), (638]) and
(6119) for the remaining couplings pz(Ag), a = 1...5, and R;(Ag), i = 1,2,
has to be determined such that

IGi(pF, BRI < = Vi (6.190)

where the functions G; have been defined in eqns. (6.183]).

Once the bound (6.190) has been achieved, also the renormalization conditions F}?
of the functional L)(A) will obey (6.I90) because of eq. (6.I83]). Since the initial
conditions ([6.IR80]) are also small, we then may conclude that (6.I88]) will be satisfied
and the vSTI (6.102)) are restored in the no-cutoff limit.

If we employ the more speculative scenario that allows for nonvanishing BRS
couplings R?(A) #0, i = 3...5, the second point has to be modified as follows:

e One particular set of "arbitrary” renormalization conditions (6.37]), (633,
(6119) and improvement conditions (E.172]) for the remaining couplings p;(Ar),
b=1..5, and R;(ARr), j = 1...5, has to be determined such that

1Gi(pf, p™ (o3, AR, Mo), R, RYF)|| < == Vi (6.191)

a

where @ = 6...8, and the functions G; have been defined in eqns. (6.I86]) and
(6.I87).

If we manage to establish the bounds (6.191]), also the renormalization and improve-
ment conditions F and FNF of the functional L1y (A) will obey (6.191)) because of
eqns. ([6I806) and (GI8T). If the remaining initial conditions (corresponding to the
bare couplings FZ-O, Dpo < —2) are small, one may again conclude that (G.I88]) will
be satisfied and the vSTI (6:102) are restored in the no-cutoff limit. Note that in the
present case it will not suffice to prove that the renormalization conditions FiR obey
(6191]) because the dimensionless counterparts of the bare couplings FY, Dp, = —1,
are supposed to diverge as Ag/Ap for Ag — oo. Hence, it does have to be established
that also the improvement conditions F/NE satisfy (6.191)).

Let us finally discuss the physical implications of what we have done so far.
Therefore, it will turn out helpful to explicitly give the renormalized versions of the
bare BRS fields (6.75]) and (6.76]) after the restoration of the STI. These should just
be the standard gravity BRS variations (5.29) and (5.30):

U (z,Ag) = 8"9,0° — (6770,C" + §"°9,C")
+ A0, (CPh*™) — X(hP"0,C* + h**9,C") (6.192)
Q*(z,Ag) = AC¥0,CH (6.193)
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where A is the gravitational constant. Comparing to (6.75) and (G.76]), we see that
for the restoration of the STI the ”arbitrary” renormalization and improvement
conditions (6.119) and (6.172]) will have to be chosen such that

RE = 1, i=1,2 (6.194)

(2

RNE — )\ i=3.5. (6.195)

After this preliminary remark, let us begin by considering the most unambigious
case. It consists of choosing vanishing renormalization conditions for the one and
only physical renormalizable coupling:

Ak = 0, (6.196)

meaning that we consider the case of zero renormalized cosmological constant. We
will now try to figure out how our quantum theory of gravity will look like for the
choice (6:196]) in the no-cutoff limit after the restoration of the STI.

Once the latter have been accomplished, the renormalized renormalizable cou-
plings pf” and ,05R will be associated with the cosmological constant Ax and the
gravitational constant A:

it ~ Mg (6.197)
Pt~ NAg (6.198)

as follows from Table (6.I). However, the dimensionless counterparts A and A\f
of the couplings ([6.197)) and (6I98]) are our expansion parameters of the vertex
functions A, (k1, ..., kn, A) of the gravity potential L(h,C,C,A) in eq. (6.I57). Since
eqns. (GI97) and (GI98) imply that AF = A = 0 for Ax = 0, we conclude by the
reasoning leading to eq. (6.I55]) that the no-cutoff limit (G.I61]) of the gravity vertex
functions must vanis:

A;ont (7“1,7’2)(A) =0 (6.199)

for Ax = 0. As we have explained in eq. (6.I56), this amounts to the statement that
all nonrenormalizable running couplings p, (A, Ag), n > 6, will die out as Ag — oo
because there are no renormalizable interactions associated with (6.197]) and (6.198])
generating new contributions for them. In particular, the renormalized gravitational
constant will vanish in the no-cutoff limit:

AA,Ag) — 0 for Ay — oo. (6.200)

Thus, our theory will become free as Ag — o0o0. Let us check how this complies with
gauge invariance, which on the quantum level means that the vertex functions must
satisfy the Slavnov-Taylor identities.

31Note that this is based on the assumption of small bare nonrenormalizable couplings as they
are implied by eq. (6.52]).



114CHAPTER 6. EUCLIDEAN QUANTUM GRAVITY VIA FLOW EQUATIONS

As follows from eq. (6.195), a vanishing gravitational constant A = 0 implies that
after the restoration of the STI, the renormalized nonrenormalizable BRS couplings
must also vanish:

lim R;(Agr,Ao) = 0, i=3..5. (6.201)

Ag—o0
This will be automatically the case if we employ small bare nonrenormalizable BRS
couplings in the sense of eq. (6.I8I]), because they will then vanish in the limit
Ay — oo. Furthermore, new contributions to the R;(A), ¢ = 3,4, will not be
generated since A\ = M = 0. Note that small BRS couplings correspond to the

more conservative scenario leading to eq. (6.165)) and a restoration of the STI a la
eq. (6I90). We therefore conclude that

L"(A) = LHo™(A) = Lf‘l’;‘t(A) =0 (6.202)
for A = 0, where we have employed

L"(A) = Jim L(A, Ao) (6.203)
0— 00
and similarly for the functionals L (A, Ag) and L) (A, Ag). Recall that these func-
tionals have been defined in eqns. (6.98])-(6.I01]), and that their respective no-cutoff
limits have been established by virtue of eqns. (6.161]), (6.178)), (€.179]) and (6.I85]).
Eqns. (6202 should be valid in particular for A = 0.
In the no-cutoff limit, the restored STI for quantum gravity without a cosmolog-
ical constant follow therefore from (G.I02)) as

(B Do L (0)) + € H(C", MG, FP (hpo)) = 0O (6.204)

where F?? (h,,) = 8,h*" and A;l,lpo, A&}{W are the inverse graviton and ghost

propagators, respectively. In position space, the latter are given (for Ax = 0 and

¢ = 3) by eqns. (5.53) and (E.63) as

_ 1 o
A;wl,ocr = _5 (5;1,051/0 + 5;“751/,0 - 5u1j5po') 0,0 (6.205)
Aé}qw = 60,0 (6.206)

We furthermore note that because of A¥ = A = 0 and eqns. (GE201)), (6192) the
no-cutoff limit of the functional LEV(O, Ag) must be
LEm(0) = 6" 0,CP — (67 0,C* + §°0,C") (6.207)

for Ax = 0. One can explicitly check that the no-cutoff STI (6.204]) are indeed
satisfied and gauge invariance is in effect in the limit A — 0. Looking at the (renor-
malized) BRS fields (6.192]) and (6.193]), this can also be interpreted in the way that
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the gauge/BRS transformations get deformed in this limit because the parts that
are associated with the gravitational constant will go away.

We would like to point out that the vanishing of the gravitational constant A in
the no-cutoff limit of quantum gravity while employing an analysis a la Polchinski
has already been conjecture by S. Weinberg in his book about quantum field
theory [45]. However, he presumably refers to the case Ax = 0.

In the discussion taking place at the end of section (5.2.2]), we have given four con-
ditions that a theory must satisfy in order to be a valid candidate for a (fundamental)
quantum theory of gravitation. The no-cutoff limit of quantum gravity without a
cosmological constant obtained from our analysis with flow equations satisfies three
of the four conditions: we have imposed only a finite number of renormalization
conditions in eqns. (6.I89), the Slavnov-Taylor identities (6.204]) are fulfilled, and
the remaining theory will be unitary. However, it fails in the last point, because
it predicts a vanishing gravitational constant which is in conflict with the experi-
mental facts. Note that this prediction is based on the assumption of small bare
nonrenormalizable couplings as it has been stressed on various occasions.

Let us now consider the case of gravity with a nonzero renormalized cosmological
constant,

Ak # 0. (6.208)

Here the situation is less clear, because it is not obvious that the renormalized renor-
malizable couplings (6.197) and (6.198)) associated with the ¢® and ¢*-like operators
must be zero after the restoration of the STI. However, nonzero renormalizable inter-
actions generate new contributions to the nonrenormalizable ones while integrating
out field modes. This fact leads to the speculation whether the cosmological constant
may prevent the gravitational constant from dying off in the no-cutoff limit.

To be more precise, the question is do we have a nonzero no-cutoff limit of the
gravitational constant for A # 0,

A})iinoo AMA, A, Ae) := A" (A, Ag) # 07 (6.209)
Since the running nonrenormalizable couplings are determined by the renormalizable
ones in the no-cutoff limit, this would in particular mean that the value of the
renormalized gravitational constant is determined by the renormalized cosmological
constant for Ag — oo.

To be very clear, the idea is not to impose a renormalization (or, in our termi-
nology, improvement) condition for the gravitational coupling, as we have done it
in the effective field theory context in section ([6.2.2]), eq. (6.I51]). The conjecture is
rather that the gravitational constant should come out of the theory as a prediction.
Note, however, that the Polchinski analysis works only for small couplings as we

358, Weinberg QFT I, Page 526
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have discussed in section (2.2)) and emphasized on various occasions. In particular,
our dimensionless expansion parameters Af and A must be small in the sense of
eqns. ([6.48) and (6.50), and the bare nonrenormalizable couplings A2, @ > 6, must
be sufficiently small as it is implied by eq. ([6.52]). Moreover, it has been discussed
in eqns. and (3.30) of section ([B.I11]) that also the dimensionless versions of
the couplings®™™ A, B; and Bs appearing in the ”free” par of the gravity effective
action (6.26]) have to stay small on scales Ap < A < Ay,

IAT2B;] < 1, i=1,2 (6.210)
IAT3Al < 1. (6.211)

The point is that the requirement of small couplings amounts to additional con-
straints on the theory.

The no-cutoff value A (A, A ) of the gravitational constant can then in princi-
ple be obtained in the process of restoring the Slavnov-Taylor identities for quantum
gravity. Once the renormalization conditions for the cosmological constant and the
gravitational field have been specified, eq. (6.189]), one has to determine one par-
ticular set of ”arbitrary” renormalization conditions (6.37)), (638) and (GI19) for
the remaining couplings pz(Agr), @ = 1...5, and R;(Ag), ¢ = 1,2, such that eqns.
(6I90) are fulfilled and the constraint of small couplings can be met. Note that
in the more speculative scenario concerning the restoration of the STI that allows
for nonvanishing BRS couplings RY(A) # 0, i = 3...5, one has also to adjust the
improvement conditions (6.I72]) such that that eqns. (6.I91]) are satisfied.

If such a set of ”arbitrary” renormalization (and improvement) conditions would
exist, it should be uniquely defined in the limit Ag — oo because of the uniqueness
of the no-cutoff limit, Theorem (B)). Moreover, the no-cutoff value \**(A, Ax) of
the gravitational constant could then be calculated in perturbation theory in the
couplings A\Y¥ and M by means of the definition

5§ 5 5
Sh(ky) 6h(k2) h(k3)

that is by solving the Polchinski equation.

It follows from eq. (6I95]) that a nonvanishing no-cutoff value for the gravita-
tional constant would imply that after the restoration of the STI, the renormalized
nonrenormalizable BRS couplings must be nonzero, too:

AN A ) = (%aiaj ) < me(@,A)> | (6212)

— M

Jim Ri(Ag,Ao) # 0, i=3.5. (6.213)
0—00

As has been pointed out before, this can only be achieved if we give up the require-
ment of small bare nonrenormalizable BRS couplings Rg, 1 = 3...5, as we have done

36Note that after the restoration of the STI we will have A = Ar /), Bi = Ak, B2 =0 as follows

from eq. ([624)) and the graviton and ghost propagators (5.79) and (5.80)).
37B; and By are the mass squares of the graviton and ghost propagators G19) and (E30).
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in eqns. (6.I67), (6I68), and impose improvement conditions for them, eq. (G.I72]).
In light of eq. (6.195]) this might of course seem suspiciou@ because it can be in-

terpreted in the way that we actually do have to impose renomalization conditions
for the gravitational coupling at some point. Otherwise, we would be forced in the
conclusion that it must be zero in the no-cutoff limit.

However, as we have shown in eqns. (G.I78) and (6.I79), at least from a tech-
nical point of view it should be acceptable because the convergence of the vertex
functions Ag, (A) and A;,(A) carrying the BRS fields as operator insertions can be
established in the no-cutoff limit for nonvanishing couplings RY(A) # 0, i = 3...5.
This is in contrast to imposing arbitrary improvement conditions for the nonrenor-
malizable gravity couplings Az, @ = 6...8, which would spoil convergence. Moreover,
note that the restoration of the STI will not be possible for arbitrary values of the
gravitational constant because of the gravity potential L(A) appearing in the vSTI
(6102). For establishing the convergence of its vertex functions in (6.I61]) we have
imposed only the renormalization conditions (6.37)-([6.38) and no (arbitrary) im-
provement conditions. In particular, we have pointed out in eq. (6.I70) that the
couplings pz(Ag), a = 6,7 (which will be given by the gravitational coupling after
the restoration of the STI, see Table (6.1])) are understood to be determined by the
renormalizable ones pz(Ag),a = 1...5.

We have furthermore disussed that nonvanishing BRS couplings RZQ (A)#£0, i=
3...5, force us to employ a more speculative scenario for the restoration of the STI,
leading to eq. (G.I9I]). This scenario ultimatively amounts to proving that the
renormalization and improvement conditions (6.I86]) and (G.I87) of the functional
L1y(A) describing the violation of the STI vanish according to eq. (6.I91I]). Hence,
the same number of conditions is to be fulfilled as in the effective field theory con-
text, see eqns. (6.147) and (6.I48). However, in the present case we have less free
parameters at hand that we may adjust, because the improvement conditions for
the gravitational couplings pz, @ = 6...8, appearing in eq. (6.191]) are understood
to be given in terms of no-cutoff limits (6.I70]) that are already determined by the
renormalized renormalizable couplings ,05}?, a = 1...5. One might, however, still hope
for linear interdependencies in the conditions (6.I86]) and (6.187]).

Let us finally remark that the renormalizable ¢® and ¢*-like operators that are
introduced because of the cosmological constant can also be obtained in a different
way. Consider some massive fields ¢; having masses m; that couple to the gravita-
tional field h. Employing the expansion (5.14]) we obtain schematically

/ Vamie? ~ / (mie} + Amiih+ N>mipih® + ...) (6.214)
X x

38 A related issue might be that it is at the present point not clear whether it can be prevented
that the graviton-ghost couplings go away in the no-cutoff limit. This would probably require
renormalizable operators of the type pa4 fUhC’ and ps f6h2C. However, we do dot see them to be
BRS invariant.
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Thus, we again observe renormalizable interactions cp?h and gp?hz with ”mixed”

coupling constants Am? and A?m?. The latter have canonical dimensions D,,,> =

1
1 and D,z2,,> = 0 in analogy to the couplings ps and ps, see Table (GI). The
speculations Zconcerning a nonvanishing no-cutoff limit of the gravitational constant
for a nonzero renormalized cosmological constant may therefore be extended to
the case of massive fields coupling to the gravitational field. The gravitational
constant might then be determined by the cosmological constant and the masses of
the elementary particles in the no-cutoff limit. We are not sure whether this might
be related to induced gravity [1] [37].

Note that what has been said above could have yet another implication. Since
all Standard Model operators have canonical dimension Dy = 4, coupling them to
the gravitational field would yield operators of canonical dimension Dy > 5. Hence,
these would be all nonrenormalizable. The only exception forms the Higgs field,
which couples via its tachyonic mass term to the gravitational field in the manner
of eq. ([6214)). One might therefore speculate whether there is a deeper connection
between the mechansim that gives mass to all elementary particles, and the force
that acts on it.



Chapter 7

Summary and Outlook

In this thesis Euclidean quantum gravity was analyzed from the viewpoint of the
renormalization group flow equations. The analysis is based on methods introduced
by J. Polchinski [31] concerning the perturbative renormalization of field theories
via flow equations.

As a first step, we gave the proof of perturbative renormalizability of scalar
¢ + ¢* field theory in the framework of renormalization with flow equations. Some
generalizations as compared to earlier works [17], [31] have been included.

We then proceeded by extending the concepts of renormalization via flow equa-
tions to effective field theories that have a finite cutoff. This was again done for a
scalar field theory by imposing additional renormalization conditions for some of the
nonrenormalizable couplings. The additional renormalization conditions have been
named ”improvement conditions”, and it has been pointed out that our treatment
in particular applies to nonrenormalizable theories that do not allow for any renor-
malizable interactions. As a result of our analysis we have established that effective
field theories are predictive at scales A far below the cutoff Ag with finite accuracy
(A/Ag)/Peil+s. Here, D, denotes the canonical dimension of the least irrelevant
coupling of the QFT, and s is the ”improvement index” that refers to the number
of improvement conditions that have been imposed.

Turning to quantum gravity, the standard covariant BRS quantization proce-
dure for Euclidean Einstein gravity with a cosmological constant was reviewed. As
a dynamical variable we used a perturbation of the metric density /g g around
flat space. We introduced a momentum cutoff regularization for the generating
functional of quantum gravity and discussed the resulting violation of the gauge in-
variance and hence the Slavnov-Taylor-identities (STI). Polchinski’s renormalization
group equation for Euclidean quantum gravity has been derived.

Applying the methods that we developed for analyzing effective field theories
with flow equations to quantum gravity, we disregarded in a first step of our anal-
ysis the violation of the STI. A set of arbitrary renormalization and improvement
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conditions has been imposed, and by inverting the renormalization group trajectory
it has been shown that the improvement conditions force the UV cutoff of effec-
tive quantum gravity to be the Planck scale Mp. We then have established that
for generic bare gravity actions the family of theories described by the arbitrary
renormalization and improvement conditions is predictive at scales A far below the
Planck scale Mp with finite accuracy (A/Mp)?.

Proceeding with the restoration of the STI, bare regularized BRS variations of
the graviton and ghost fields have been introduced and the violated Slavnov-Taylor
identities (vSTI) of quantum gravity have been worked out. Extending our concepts
to composite operator renormalization, it has been found that the gravity BRS fields
contain nonrenormalizable parts. By introducing renormalization and improvement
conditions for them, it has then been established that vertex functions carrying the
BRS fields as operator insertions are known at scales A far below the Planck scale
Mp with finite accuracy (A/Mp)?. We furthermore have found that the violation of
the STI can be described in terms of vertex functions carrying the BRS variation of
the bare gravity action as a space-time integrated operator insertion. It has therefore
been argued that the STI can be restored to finite accuracy if one particular set of
arbitrary renormalization and improvement conditions for the couplings and BRS
fields can be found such that the relevant and leading irrelevant parts of the vertex
functions describing the violation of the STI are driven small as (A/Mp)? at scales
A far below the Planck scale Mp.

Finally, we considered the no-cutoff limit Ay — oo of quantum gravity in the
framework of renormalization with flow equations. The vertex functions of the
gravity effective potential were expanded solely in the renormalizable couplings,
and their boundedness and convergence has been established in the limit Ag —
oco. Attempting to apply the same program to the vertex functions carrying the
BRS fields as operator insertions, we observed that the nonrenormalizable parts of
the gravity BRS fields vanish in the no-cutoff limit if smallness of the bare BRS
couplings is imposed. It could however be shown that if the latter constraint is
dropped, convergence of the BRS vertex functions may still be proven. Proceeding
with the restoration of the STI, we argued that for zero renormalized cosmological
constant Ax = 0 the theory will become free as Ag — oo, and that the latter
statement is compatible with gauge invariance. It was speculated whether a nonzero
cosmological constant A # 0 leads to a nonvanishing value of the gravitational
constant in the no-cutoff limit, and we pointed out that the gravitational coupling
should then be determined by the cosmological constant. Finally, we conjectured
that a similar situation might arise if massive fields are coupled to gravity. This led
to the speculation whether for Ag — oo the gravitational constant is given in terms
of the cosmological constant and the masses of the elementary particles.

Let us now briefly discuss some relations of our results to the work of others. We
begin with a comparison to treatments of quantum gravity as an effective field theory
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in the ”conventional” perturbative framework. Such an analysis has been carried
out by J. Donoghue, N.E.J. Bjerrum-Bohr and others [9] [3] [5]. Generally speaking,
the main advantage of their approach as compared to ours is that they may employ
dimensional regularization, which is a symmetry respecting regulator. Hence, they
do not get involved in the complicated discussion of restoring the violated Slavnov-
Taylor identities. On the other hand, our treatment involving a specific number of
improvement conditions which then lead to a defined predictivity of the effective
theory is maybe more systematic and transparent from a conceptual point of view.
Moreover, we employ the modern language of the renormalization group.

Let us furthermore stress that we resctricted our considerations to pure Euclidean
gravity, whereas the focus of the above authors lies in the derivation of quantum
corrections to Newton’s potential. Thus, they mainly deal with the gravitational
interaction of matter.

As we have discussed, our results for pure effective quantum gravity are such
that the vertex functions of the theory are known at the scale A to an accuracy of
(A/Mp)? where Mp is the Plack scale. On the other hand, this means that already
to second order in perturbation theory in the gravitational coupling A ~ My L
the perturbative contributions will be of the same order as the indetermination
of the vertex functionsEI. In particular, we will not be able to calculate quantum
corrections because already the 1-loop correction to the graviton propagator (the
"vacuum polarization”) involves two 3-graviton vertices.

However, when deriving the quantum corrections to Newton’s potential in [9]
[3], the authors actually do extract quantum corrections out of the graviton vacuum
polarization diagram. This is not a contradiction to our results by the following
reasoning. In our considerations we have always assumed that we may perform a
derivative expansion of the gravity effective potential into local composite field oper-
ators. Equivalently, the momentum space vertex functions of the effective potential
have been Taylor expanded around vanishing momenta k; = 0. This procedure was
justified because we kept a nonvanishing effective IR cutoff. However, the low en-
ergy propagation of massless particles (such as the graviton@) leads to nonanalytic
contributions that cannot be expanded in a Taylor series. It can be shown that these
contributions lead to quantum corrections that are dominant over the analytic ones,
and it has been such quantum eﬂ’ect&ﬁ that have been extracted out of the 1-loop
correction to the graviton propagator by the authors mentioned.

We will now come to the discussion of the relation of our work to a nonper-
turbative analysis of Euclidean quantum gravity with flow equations that has been
performed by M. Reuter and others [33] [21] [35]. As has been mentioned on various

!Perturbative contributions that stem from the ”mixed” couplings A x, A2Ax etc. appearing
for nonvanishing cosmological constant Ax will be neglectible because of the smallness of Ax.

2Modulo ”mass” squares that appear for nonvanishing consmological constant Ax in the graviton
propagator. However, we have always kept the TR cutoff A above Ax, A% > |Ak]|.

3The (Minkowski space) contribution is ~ In(—&?).
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occasions, the Polchinski analysis works only for sufficiently small couplings. Hence,
it implictly relies on the Gaussian fixed point in the space of couplings as does per-
turbation theory. However, the nonperturbative investigation of the renormalization
group flow of gravity employing truncations of the space of actions seems to indicate
that the UV behaviour of quantum gravity is governed by a nontrivial (i.e. non-
Gaussian) fixed point [20]. As long as we impose our effective field theory scenario
for quantum gravity, meaning that we retain a finite UV cutoff Ay = Mp, this is
again not in contradiction to our analysis because the regime of the conjectured non-
Gaussian fixed point sets in at scales A above the Planck scale Mp, A > Mp [36].
At scales far below the Planck scale, the theory is governed by the Gaussian fixed
point and our results may be applied. These in particular imply that for generic
bare gravity actions defined at the Planck scale Mp, the effective Lagrangian of
quantum gravity is attracted towards a finite dimensional submanifold in the space
of possible Lagrangians at scales A << Mp. To be more precise, the analysis of sec-
tion (6.2.1]) has shown that for tiny renormalized values of the cosmological constant
Ag ~ 10_120M1?7 and a renormalized gravitational constant A ~ Mp ! the effective
Lagrangian of quantum gravity (and hence all couplings associated with the higher
field invariants) are effectively determined by the gravitational couplinga to an ac-
curacy of (A/Mp)?. This behaviour should be also visible in a study of the RG
trajectories of the running gravity couplings that is carried out by truncating the
space of actions. However, due to the extreme algebraic complexity of the respec-
tive O-functions the authors mentioned have mostly considered an Einstein-Hilbert
truncation that involves only the running cosmological constant and the running
gravitational coupling. This makes it difficult to recover the convergence of the
gravity couplings to a finite dimensional submanifold at scales A << Mp from their
results.

Let us also mention that our speculations on the no-cutoff limit of quantum
gravity in section (6.3)) still rely on the Gaussian fixed point. If such a no-cutoff limit
(with nonvanishing gravitational constant \) would indeed exist, it might therefore
be in conflict with the results concerning the nontrivial fixed point that have been
found by the above authors.

Finally, we would like to point out that the vertex functions of the effective
potential for which the RG analysis has been performed in this work are more or
less equivalent to the connected Greens functions. This has been shown in Appendix
(A.4). On the other hand, the nonperturbative RG analysis of M. Reuter et al. has
been carried out for one particle irreducible (1PI) vertex functions. This is another
important difference between their approach and ours.

To conclude with an outlook, we would like to stress once more that the methods
developed in this work for investigating effective field theories with flow equations

4For larger values of the cosmological constant A, the effective Lagrangian is determined by X
and Ax to an accuracy of (A/Mp)?.
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should be applicable to any effective field theory, not just gravity.

Concering our analysis of effective quantum gravity with flow equations, it re-
mains to show that there actually exists a set of arbitrary renormalization and
improvement conditions for the couplings and the BRS fields such that the restora-
tion of the Slavnov-Taylor identities with finite accuracy can be accomplished. The
analogous procedure for Yang-Mills theory [I8] [27] suggests that this will be a rather
tedious task.

Finally, it should be investigated whether for nonzero cosmological constant there
does indeed exist a choice of arbitrary renormalization conditions such that in the
no-cutoff limit the Slavnov-Taylor identities can be restored, the requirement of
small couplings can be met and, finally, a nonvanishing value of the renormalized
gravitational constant is obtained. One should carry out the same program for the
case of a massive field coupled to the gravitational field.
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Appendix A

A.1 Canonical dimensions of fields

The canoncial dimension Dy, of a field ¢(x) of some QFT is determined by the kinetic
term (or ”free” part) of its action,

5= 3 | s@AT @900 (A1)

where A~!(z — y) denotes the inverse propagator. The action must be dimension-
1es, and hence Dy follows from the number of space-time dimensions d and the
properties of A‘l(ac — ). To be more precise, it turns out that if the Fourier trans-
formed propagator A(k‘) has a large momentum behaviour

|A(ak)| ~Ca™®, k#0, a— oo, (A.2)

where C' is some positive constant and « is a parameter, then [50]

Consequently, the Fourier transformed field (g(k) has canonical dimension
1

In this work, we will consider d = 4 space-time dimensions and deal with 1/k?
(momentum-space) propagators (meaning that o = 2). Thus we have

Dy=1, Dz=-3. (A.5)

We employ ¢ = i = 1.
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A.2 Derivative expansion of the effective potential

The effective potential L(¢,A) introduced in eq. (2.7]) can be expanded in powers
of the fields ¢(x):

Lig,A) = Z% / Ay d L (@1, N(21)b(zn).  (A6)
n=1

We call the expansion coefficients L, (z1...x,,A) position space vertex functions.
They are obviously nonlocal objects. Formally, (A.6]) can always be written as a local
expression plus a nonlocal remainder term by expanding all fields ¢(x;) into power
series around a common point x. Such a procedure is called derivative expansion,
and we will now do it explicitly for the example

% d4x1d4x2d4x3[/3(£1,xg,xg,A)¢(x1)¢($2)¢($3). (A?)

We choose z1 as an expansion point for the fields ¢(x;):
1
(i) = d(w1) + (1) (ws — 1) + 500y P(a1) (wi — w1)! (w5 — 21)" + ... (A8)
Furthermore, because of the homogeneity of space-time we have
Lg(xl,xg,xg,A) = Lg(fg,fg,A) (Ag)

where Ty := 9 — x1, T3 := 3 — x1. Thus we may write

i=2 v T2T3

AD = /xl p(z1)? /xzx3 L3(Ta, T3, A) + /x1 ¢($1)25M¢(351)23:/ T L3(T2, T3, \)

3
1
I RO YR SEY B cA TN
1 i < JT2T3

+ / (b(azl)c‘)uqﬁ(xl)ayqﬁ(xl)/ Tgfng(Tg,Tg,A) + ... (AlO)

223

Let us analyze the different terms of (A.10). To do so, consider G* € SO(4). Then
GW/ Ty L3(T2, T3, A) = / GM'Ty L3(GTa, GT3, A)
2T, T2T3

- [ wL@m) (A11)
ToT3

Hence, the invariance of L3 under the orthogonal group and the tensor structure of
the integral in (A1) force

/ T/ L3(T2,T3,A) = 0. (A.12)

ToT3
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With a similar argument and the symmetry Ls(Z2,Z3,A) = L3(T3,T2,A) we con-
clude that

[ L) = #d), =23 (A.13)
T2T3

— / T?T?Lg(fg,fg,]&) = (5‘“/,07(1&), 1£j=2,3 (A.14)
T2x3

where we introduced the running coupling constants pg(A) and p7(A). If, in addition,
we define

pi() = [ La@am ), (A.15)
ToT3
the expansion ([A.10) becomes

ED = s / o(21)° — po(A) / 0(1)20,0" $(1)

PN / O(1)0,u6(21)0 (1) + .. (A.16)

Note that the last two operators of (A.16]) are not linearly independent@, because
integration by parts yields

/x 1 ¢(1)%0,0" (1) = —2 /x 1 O(x1) 0 (1) P(21). (A.17)
Hence, we arrive at
ED = i) [ ol + / 0l 0,0"0(r) (A18)
where
o7 = —ps(A) + 5o (A). (A.19)

In analogy to what we have shown for the example (A.7)), we may proceed for other
vertex functions. Introducing the running coupling constants

p1(A) = Li(A) (A.20)
po(A) = L2L2(EQ,A) (A.21)
p3(A) 6 = — / T Lo, ) (A.22)
ps(A) = /Mmu(@,@,@,m (A.23)
ps(A) = / o Lafm T T ) (A.24)

2Contrary to what is stated in [47].
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then allows us to write

o) = [ da(m(0)o) + )0l - m(d)o()0,0"6(a)

F ou(Q)6()? + pa(M)6* + poyr(e)20,"0(x) + ps(M)6” ) + BO(9)
(A.25)

where R (¢) is a nonlocal remainder term. Eq. (A25) is a derivative expansion
of the effective potential L(¢,A) into local composite field operators O;(z,¢) of
canonical dimension] Dp, < 5. The latter are associated with running coupling
constants p;(A) of canonical dimension

D,, =4—Dp, > —1. (A.26)

Thus, (A.25]) can be written as

Lot) = 3 n) [ 0.0+ B9, (A.27)
Dp,>—1 z

Eq. (A27) corresponds to the case s = 1 in the general expression ([2I5) for a
derivative expansion of L(¢,A) given in section (2.1]).

So far in this appendix, we have worked in position space. However, in chapters
@) and () the objects of interest are momentum space vertex functions Ly, (k1, ..., ky, A).
In eqns. (BII)-BI5) and ([A2)-(@4) these are even used to define the running cou-
pling constants p;(A) via Taylor expansions around k; = 0. In the following, we will
show that the coupling constants of eqns. (B.11)-(BI5) and (4£2)-(44) are identical

to those defined in eqns. (AI3)-(AI5) and (A.20)-(A24).

To do so, we will again consider the example of Lg(x1,z2,x3). Its Fourier trans-
form is given by

(5(/€1 + ko + kg) Lg(k}l, ko, k3, A) = / eiklxleik2m2€ik3m3L3(Tg, xs3, A)
T1T2T3

= 5(1{:1 + ko + k‘3) / 6ik2§26ik3§3[z3(fg,fg, A)

T2,T3

(A.28)

Integrating over k; yields

Lg(—kg — ks, ko, k3, A) = / eikﬁ? eikSESLg(Tg, xs3, A) (A29)
x2,T3

3The field ¢(x) has canonical dimension Dy = 1 in d = 4 space-time dimensions. See section
(EII) for the determination of the canonical dimension of a field.
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Therefore, we obtain the following identities{]

L3(k17k727k37A)|ki=0 = /_ L3(£27E37A) (A30)
T2,T3

Lol T My = 0 [ La(@ama,) (A.31)
ToT3

8511718;;271[/3(/;31,];2,/;33,A)’]~€i:0 = —/ Tilfé;QLg(Tg,Tg,A). (A32)
Z3T3

From (A.31]) and (A.12]) follows that odd numbers of momentum derivatives of vertex
functions vanish. Furthermore, eqns. (A.30) and (A.32) show that the definitions

of ps(A), ps(A) and p7(A) given in eqns. [B.I4), ([E2]) and (£3)) are indeed identical
to those of eqns. (A.13))-(A.15]). The same can be shown for the remaining coupling
constants p;(A). Hence, if we insert the Taylor expansions (3:9), (BI0) and (ATl
respectively of the momentum space vertex functions L, (k1, ..., k,, A) into the ex-
pansion ([B.4)) of the effective potential, we just obtain the momentum space version
of the derivative expansion (2.15]).

To conclude this section, we demonstrate how the argument (A7) for the linear
dependence of the operators associated with the couplings pg(A) and p7(A) translates
into momentum space. If we insert the parts of the Taylor expansion (4.1]) associated
with the couplings pg(A) and p7(A) into (BEI)E, we obtain

3 3
/ <P6 Z k? + pr Z k‘z”%’) P (k) p(k3)p(—ka — k3). (A.33)
koks =g i =2

Substituting ko by ];32 = —ky — k3 we have

/k ¢(k3)/k k3 @(k2)d(—ka — k3) :/k (ﬁ(k;g)/]~~C (—Fiy — k)20 (Fa)b(—Fea — k)
and therefore
_ %/k ) k3 ¢(ka)d(ks)p(—ks — k3) = /k ) koks ¢ (ke)d(ks)d(—ks — ks).

(A.34)

Thus eq. (A.33) becomes

(A33) = —2,06/7(/\)/

kok

k3 (k2)p(ks)p(—ka — ks) (A.35)

in full correspondence with the postition space equation (AIS]).

4Remember that 814%[/3(];17 ];27 ];:37A)|1_%':0 = 82“1 Lg(—lzig — ];337 ];27 ];37 A)|,‘Ci:0.
°It is understood that the integration over ki has been carried out in (3.4).
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A.3 Linearized renormalization group theory

Let S.(A) be an effective action. Its dependence on the scale A is given by a renor-
malization group equation (RGE)

d
— A—5.(A) = F(Se(A)). (A.36)
dA
At a fized point S} we have
d
—A—S(A)=0. A.
S51(0) =0 (A37)
Now consider small deviations
8Se(A) 1= Se(A) — Se(A) (A.38)
from a solution S.(A) of eq. (A36). They satisfy a linearized RGE
d —
— AﬁéSe(A) = M(Se(A))dSe(A). (A.39)

For the rest of this section, we choose S.(A) = S*. Then M becomes independent
of the scale A, and the eigenvalue equation

MO, = 52(92 (A.40)

defines scaling exponents §; and a set of eigenoperators O; (which is assumed to be
complete). We may expand 0.5 with respect to the O;:

5S(A) = pi(M)O;. (A.41)
The ”scaling fields” p;(A) obey
d
- Aﬁﬂi(A) = &ipi(A) (A.42)
which has the solution .
A St
) =stho) (1) (A3
0
Near the fixed point S, we have
Se(A) = Si4+> m(M)o; (A.44)
A 6
= st X (A—O) 0. (A1)

There are three different kinds of operators O; associated with the eigenvalues &;.
They are called ”scaling operators” and are classified as follows:
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e & > 0: The associated scaling field p; is relevant because it brings the action

Se(A) away from the fixed point S* when AAO — 0.

e & < 0: The associated scaling field u; is irrelevant because it decays to zero
when AAO — 0. Sc(A) converges towards S}.

e & = 0: The associated scaling field u; is marginal. Then S} + 1;0; is again
a fixed point for any u;. The latter property may be destroyed beyond the
linear order.

For the Gaussian fixed point, that is in the limit of vanishing coupling, the corre-
sponding eigenvalues of the RG transformation are given precisely by the canonical
dimension of the couplings. In order to evaluate this somewhat further, consider
couplings p;(A) which have canonical dimensions of

Ipi] = Dy, (A.46)
We may define dimensionless couplings by
Ai(A) == A=Prip;(A). (A.47)

These couplings A; depend on the scale A according to RG equations

d
— A Ai(A) = Bi(A(A)). (A.48)

Eq. (A48) is the analogue to (A36). Again, we consider small deviations

which obey a linearized RG equation
SAON() = My(R(A)OA () (A.50)
M) = F60W) (A51)

In the limit of vanishing coupling, that is A\;(A) — 0, the p; become independent of
the scaldd A and we have

SAi(A) = pi(A) (A.52)
M;;(AA)) = 6;D,,. (A.53)

The associated scaling fields (or couplings) are then often called superrenormalizable,
nonrenormalizable and renormalizable, respectively.

In perturbation theory, this can be understood by noting that the A-dependence of p; arises
through contributions from diagrams. These vanish if the couplings go to zero.
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A.4 The relation between the effective potential L(¢)
and the generating functional Z(J) of connected
Greens functions

Let L(¢, A, Ag) be a solution of the Polchinski RGE (ZI0) where initial conditions
L(#, Ao, Ag) have been specified. As is explained in section (21I), this solution leads
to a generating functional

W(Jx: Ag) = / D= 5GAT O+LOA N +(Tn.0) (A.54)

that does not depend on the scale A. However, in order to avoid that L(¢, A, Aq)
becomes a complicated functional of the source Jj, we had to impose the additional
assumption

Ja(k) =0 for k2 > A2 (A.55)

We will now briefly discuss how this assumption, which is problematic in practical
calculations [50] and might also cause troubles when considering the Slavnov-Taylor-
Identities for the generating functional W (J) of a gauge theory, can be avoided. This
will be done by relating the effective potential L(¢, A, Ag) to a generating functional
for connected Greens functions Z(J; A, Ag).

Note that while obtaining the solution L(¢, A, Ag), only field modes correspond-
ing to momenta A2 < k? < A2 have been integrated out and thus contributed to
L(¢,A,Ag). Hence, Ay and A can be viewn as effective UV and IR momentum
cutoffs for the functional L(¢, A, Ag) respectively.

It is therefore possible to write L(¢p, A, Ag) in the following way:

L6 AN0) _ / Dy ¢ 3BT #) Lo+ph00) (A.56)

where the regularized propagator Az, now has a built-in IR momentum cutoff A

(that supresses momenta k? < A?) in addition to the UV cutoff Ag. Indeed it can

be shown [27] that, if we take eq. (2I0) as a defining relation for L(¢, A, Ag), the

dependence of the latter on the IR cutoff A is again given by Polchinski’s equation.
Let us now introduce the generating functional

W(J; A, Ay) = /p(pe—é(%AA,IAO¢)+L(s07onAo)+(J,¢) (A.57)

which, contrary to (A.54]), depends on both scales A and Ay, but whose source term
J is not supposed to obtain the condition ([A.55). Obviously, we have

W(J;0,A0) = W(Jp,; Ao). (A.58)
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By substituting ¢ — ¢ — ¢ in eq. ([(A56) it follows that W (J; A, Ag) and L(¢, A, Ap)
are related by the following equation:

LA Do) — =388, 9) T7( ALY, 8 A o). (A.59)

In terms of the generating functional for connected Greens functions Z(J; A, Ag) =

—In (W(J;A, Ag)) this becomes

1 _
L(g, A, Ao) = —§(¢, AL, @) — Z(A, 63 A, Ag). (A.60)

Hence, we have found an easy relation beween the effective potential L(¢, A, Ay) and
the generating functional for connected Greens functions Z(.J; A, Ag). Moreover, it is
now clear how to overcome the potential troublesome condition (A55]) for the source
Ja: the important quantity we have to calculate is L(¢,0,Aq). Once we have done
this, we easliy obtain the physical (regularized) generating functional Z(.J;0, Ag) via
eq. ([(A.60) and the substitution

¢ — Ag,nyJ- (A.61)

A.5 Renormalization of operator insertions

In this section, we will briefly discuss the renormalization of composite fields, in
particular from the viewpoint of the flow equations. We will follow the treatment of
Refs [27] and [50] and adapt it to our work.

Let ¢(z) be a scalar field in d = 4 space-time dimensions. A composite field O(z)
is a polynomial formed of the field ¢(z) and of its space-time derivatives. Typical
examples are

O(z) = ¢*(z), ¢(2)0%¢(z), ¢"(x)... (A.62)

We denote the canonical dimension of the composite field by De.
In principle, correlation functions involving operator insertions (OI), like

can be obtained from the field correlation functions by letting various points z;
coincide. However, in momentum space this procedure amounts to additional inte-
grations, and hence new divergences appear. For the case of one operator insertion
as in the example ([A.G3)), it turns out that in order to cancel the upcoming diver-
gences, counterterms for all local operators (permitted by the field and symmetry
content of the QFT) that have canonical dimensions D < Dy must be added.
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Thus, for an insertion of one ¢?(x) we would have to add counterterms] for the
operators ¢?(x), ¢(x) and a field independent term, arriving at some bare operator
insertion

O%x) = RY¢*(x) + RY¢(x) + RY. (A.64)

We will restrict our considerations to the case of one operator insertion. To discuss
the renormalization of a composite field with flow equations, let us introduce a bare
extended effective potential

i@mﬂw:LWAw+/%@m%M) (A.65)

where L(¢, Ag) is some bare effective potatial & la eq. ([21I1]), and ~(z) is a source
that couples to the bare operator insertion O(x,Ay). Solving the Polchinski RGE
([32)) employing (A.6H)) as initial condition then yields the running potential

I:(¢775A7A0)' (A66)

Recall that the derivation of the Polchinski equation does not depend on transla-
tional invariance of the effective potential [23].

We now may define the generating functional for vertex functions with one op-
erator insertion:

L(l)(¢7x7A7A0) = E(¢777A7A0)"y=0' (A67)

0
o7(x)
In the following, we will work in momentum space. The Fourier transform of (A.67])
is defined as

me%mmwz/ﬂﬁmwmmmy (A.68

The functionals (A.67), (A.68) obey a RGE linear in L3, as can be seen by func-
tional differentiation of the RGE [B2) for L(¢,~, A, Ag) with respect to v:

L oL 6’ 5L
—A L= /d4 Rt AA<5 w_ 4 0 +A5(k)ﬁ>.

6p(k) 6p(—k) ~ d¢(k)op(—k) 6o (k)
(A.69)

The (momentum-space) vertex functions with one operator insertion are the coeffi-
cients L(yy, of an expansion of (A.68)) in powers of the fields ¢,

d*k dk
L(l ¢7q7A AO Zn'/ L (1)n (q7k717aknyA)54(q+Zkl)¢(kl)¢(kn)

271' An—4

(A.70)

"If the QFT is symmetric under ¢ — —¢, we do not need the counterterm for the operator ¢(z).
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Let us now do some dimensional analysis. The canonical dimension of the bare
position-space operator insertion O(x,Ay) has been denoted by Dy, and from eq.
(AE7) follows that we also have

[L(l)(QSv:EaA)AO)] = Do. (A?l)
The Fourier transformed functional (A.68)) then has canonical dimension
[L(l) (¢7 q, A7 AO)] = Do — 4. (A72)

As is discussed in Appendix (A.68)), a propagator that goes like 1/k? implies canon-
ical dimension D) = —3 of the (momentum-space) field ¢(k). Thus eq. (A.70)
tells us that the canonical dimension of the momentum-space vertex functions with
one operator insertion equals

Dy, = Do —n. (A.73)

Compare this to the dimension Dy, = 4—n of the vertex functions without operator
insertions introduced in section (B.IL.]).

By Taylor expanding the vertex functions L(l)n(q, kiy....kn,A) around ¢ = k; = 0
(see eqns. ([BI0), (A1) we may define running coupling constants R;:

Ro(A) = Liy(0,A) (A.74)
Ry(A) = Ly(0,0,A) (A.75)
Ro(A) = Liy2(0,0,0,A) (A.76)
R3(A) 0" = 041071 L1y1(a: k1, A)|g=r,=0 (A.TT7)

In the following, we will distinguish between renormalizable couplings R, and non-
renormalizable couplings R,, by their canonical dimensions:

R, : Dgr, >0 (A.78)

R, : Dpg, <0. (A.79)
Note that the canonical dimensions Dpg, follow from the definitions (AT74)- (AT7T).
We introduce renormalization conditions for the renormalizable couplings R,

RE .= R,(AR), Dg, >0 (A.80)

where Ap < Ag is some renormalization scale. This is of course related to our
discussion of counterterms for operator insertions at the beginning of this section.

Finally, initial conditions for the least irrelevant couplings Rlo (having canonical
dimensionsi Dpg, = —1) are specified at the bare scale:

R} := Ri(Ag), Dg, = —1. (A.81)

8For simplicity, we assume that the field and symmetry content of the theory is such that the
least irrelevant couplings indeed have Dg, = —1.
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Introducing the dimensionless coupling constants
REA) = A PraRE (A.82)
RY)(A) = AR (A.83)

we impose as an additional constraint to the renormalization and initial conditions
that the dimensionless couplings be small on scales Agp < A < Ag:

REA) < 1 (A.84)

RY(A) < 1. (A.85)
In the following, we will employ the notations of chapters ([B) and (). Expanding
the vertex functions L1y, in the renormalized renormalizable couplings RE plt and
p¥ introduced in eqns. (A80), (3:20) and B2T)) and in the bare nonrenormalizable
couplings R and p2, @ = 6...8, of equs. (ARI) and (£I0) yields

L(l)n(Q7 kl7"’7k7L7A) = Z ZRf{/O (pf)m(p?)r’z
T1,...,75=0 4
(P) (6" ()" Ly (@, s s i )
(A.86)

where RZR/ % means RE or R?. Hence, because of the operator insertion each graph
contributing to (A.86]) contains one extra vertex associated with a renormalized
coupling constant (A.80) or a bare one (A.81). To distiguish between the two
possibilities, we introduce the symbols ©F and ©9:

Dp,>0: ©F:=1n0%:=0 (A.87)
Dp,=-1: ©F:=0n0%:=1 (A.88)

03

(4,7150575)

for a graph L(l)n
vertex functions

associated with a coupling RZR/ 0. Employing dimensionless

A(i,r1,...,r5)(q kl kn A) — An—Do—i—rl-i-@fDRi—(r3+r4+r5+®?)L(i,T1,...,r5)(q kl kn A)

()n (I)n
(A.89)
and the dimensionless couplings (A.82), (3.:22)), (A83) and II), eq. (A.8G) be-
comes
. R T T
A(l)n(q7 klv"-akn7A) = Z ZRZ /0 ()‘4}1%) 1()‘?) 2

T1,..,,5=0 1
(AR ) M) AT (g ko i, A).
(A.90)
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We may now reformulate the RGE (A.69) in terms of the dimensionless vertex

functions (A.90). Applying the bounds ([B3.33)) and ([3.34) as well as the condition
(B:30) for the renormalization constant A we arrive at the RG inequality (RGI)

d n—r R s 0 3,T15-5T
HdAADo 1—OF DR, +rNnr+6f &DAEl)l )(A)H

—1-n—r1—OF 4T 0 2715575 2715575
< Cnyp ADPo—1 1—0;'DR,+rNr+O; (HapAEl 7;_2 ( )H + HapAEl 71_’_1 )(A)H

F2 AT o AT ) o AT 55)(A)H>

(A.91)

where >~ is defined as in eq. ([@2I]). Observe that the RGI (A9]]) is again linear
in Aqy,-

Eq. (A.91) is the analogon to the key RG inequality (£20). We may therefore
proceed as in chapter (@) and establish the boundedness of vertex functions with
one operator insertion. Since the RGI (A.91]) involves also vertex functions without
operator insertion, the bounds ([A23]) that have been established in Theorem () will
have to be employed. We will just state the Theorem without proving it:

Theorem 16 (Boundedness of Vertex Functions with OI) Given Theorem (),
the renormalization conditions (A.80), the initial conditions (A.81) and assuming
that

r R
D (27“1, T5) A AP Ao 1O DR, Ao A
||6 A (qvplv"'apTw 0)|| S 0 - Pln ( 92)
Ar An

for n+p > Do + 2, to order r1,...,75 in perturbation theory in the couplings L,
MDA and A

0P AL (p1, ey s A
A\ "1+OFRDg, Ao TNR+6O] A A A
<AP— ~ & Ao p
=4 <AR> <A> <@ o <AR> TR <AR>>
(A.93)

where the index i refers to an extra vertex associated with a renormalized coupling
RE having canonical dimension Dg, > 0 (©F =1, ©9 =0) or a bare one RY having
canonical dimension Dp, = —1 (0) =1, ©F =0), and Agp < A < Ay.

Let us introduce improvement conditions for the least irrelevant couplings Ry:

RN .= R)(AR), Dg, = —1. (A.94)
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It is assumed that the improvement conditions (A.94]) are taken such that they are
compatibleﬁ with small initial conditions (A.81l), where small is meant in the sense
of eq. (A-SH).

In order to investigate the predictivity of an effective field theory with one oper-
ator insertion, we proceed as in section (42]). Hence, the bare vertex functions are
parametrized:

8PAEZ1)”’ ) (Ng), te[0,1], n-+p>Do+2 (A.95)

where GPAEZ )T ™) (Ag) are small & la eq. (A0Z). This leads to running vertex
functions depending on the paramenter ¢,

OPAE?)T;MM) ((L plv "')pTw A7 AO’ t) (A96)

We now state the Theorem concerning the predictivity of effective field theories with
one operator insertion. It is the analogon to Theorem (@).

Theorem 17 (Predictivity of Effective Field Theories with OI) Let there be
renormalization conditions (A.80) and improvement conditions (A.9j)). Assume that
to order r1,...,15 in perturbation theory in AL, )\g”, )\8, )\(7] and )\g

r1+0FDpg. rNr+0O?
14 (7' 7”1, T ) < P A ' ! ! ﬁ ' ﬁ
107 A (@,01, -, Py M)|| < AT <AR> n Pin A )

(A.97)
and that forn+p > Do + 2

i B A T’1+®ﬁDRi A
H—apA< L) (g, pl,..,pn,Ao)Hngp<A—;> Pln <A—;> (A.98)

Given Theorems ([4)), (16) and ([6) we then have
r R . r oY 2
d oy y(irsnrs) A \TEOIDR g\ rantel Ao
_—Aap 1yeesT . " < p Y _ _
Hdta A(l) (q p17 7]7 ) )H A <AR> A AO Pln AR
(A.99)
where the index i refers to an extra verter associated with a renormalized coupling

RE having canonical dimension Dg, > 0 (0F =1, @Y = 0) or a bare one RY having
canonical dimension Dg, = —1 (@0 =1,0F= 0) and Ap < A < Ag.

In analogy to the discussion of section (#E13), this will amount to the requirement that the
deviations of the improvement conditions (A.94) from the values the R;(Ar), Dgr, = —1, take for
vanishing initial conditions (A:8]]) be small. See Theorem (H) for details.
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Eq. (A99) can be converted into an equation similar to eq. (L74]) and thus states the
indetermination of the running vertex functions Ay, (A) as a result of the ignorance
about the exact initial values (A.05)). Please refer to the discussion of section (4.2l)
for more details.

Finally, we would also like to discuss the convergence of the vertex functions
with operator insertion to a no-cutoff limit. To do so, we impose the renormaliza-
tion conditions (A.80) and no improvement conditions. Furthermore, we expand
the vertex functions Ay, (A) in perturbation theory solely in the renormalizable
couplings )\f and )\g, which can also be seen as the 0th order in perturbation theory
in the bare nonrenormalizable couplings )\8, /\(7) and )\g. Finally, each contributing
graph contains one extra vertex associated with a renormalized coupling constant
(A.80), but not with a bare nonrenormalizable one (A.8I). We then obtain the
following Theorem:

Theorem 18 (Convergence of Vertex Functions with OI) Let there be renor-
malization conditions (A.80). Assume that to order r1,79 in perturbation theory in
M and M\

T-"-DR.
p 4 (3,71,72) —p A ' ’ ﬂ
074G @ D <A () P ()0 (o0

and that forn+p > Do + 1

d_op (e (Mo (A
a0 4G (@ Aol < 8457 (£2) T Pin(£2) - (101
Given Theorems (1), (I6) and (2) we then have

d (3,r1,72) _ A r1it+Dr; A Ao
Ag——0P A "2 v P N SATP [ — —P — | (A.102
a0 AL e D <A (1) P (2] (102

where the index i refers to an extra vertex associated with a renormalized coupling
RZR having canonical dimension Dg, > 0, and Arp < A < Ap.

It will turn out that we will also have to consider space-time integrated operator
insertions

L(l)(qb,A(]) 2:/0($,A0), (A103)

leading to a bare extended effective potential

Ly (¢, Ao) := L(, Ao) + xL1) (4, Ao) (A.104)
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with x € R. For the corresponding running potential L, (¢, A, Ag) we find

d
L6 A Bo) = oLy A Ro)lo = / Ly (@, 6. A, Ao)

= L(l) ((L ¢7A7A0)|q:0 (A105)

where L (z,¢, A, Ag) and L1)(q,#, A, Ag) have been defined in eqns. (A.67) and
(A.68)) respectively. It is therefore clear that the generating functional Lyy(¢, A, Ag)
obeys a space-time integrated analogon of the RGE (A.69), and that the vertex
functions

5 (k1 4 oo+ kn) Lyn (b1, ooy by A) = (2) 1

0 5
5ok 50 L0 (9 M), A-106)

again have canonical dimension
Dry, = Do —n. (A.107)

We may therefore proceed for space-time integrated operator insertions as we have
done in Theorems (I6]), (I7) and ([I8). In particular, we will somewhat sloppily talk
about the canonical dimension of the insertion L) as given by Do.

A.6 Conventions for the gravity action and the sign of
the cosmological constant

For the metric signature (—1,+1,+1,+1) and the definitions

Ry = R%, (A.108)
R = R%, (A.109)

of the Ricci tensor and the curvature scalar, the action for gravity with a cosmological
constant coupled to matter is [7] [§]

1
= d*z/—g (—4A g + 2R) + Sis (A.111)

where \? := 327G with G being Newton’s constant. Employing the variational
principle

54,8 =0 (A.112)

9uv

one obtains the field equations

1 1
R — ¢ R+ Mg = 1/\2T“” (A.113)
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where TH is the energy-momentum tensor defined by

1
8g, S = -5 / d*z/—gT" 8g,,. (A.114)
TH is symmetric in u, v by definition. Note that with the Bianchi identity

D\R’,,, + DR’ ,+ DR, =0 (A.115)

ouy
and the condition for a metric connection D,g,, = 0 the field equation (A.113)
implies that

D, T* = 0. (A.116)
Here, D,, denotes the covariant derivative. Consider the expansion

G = Nuw + N (A.117)

where 7, is the Minkowski metric. In the weak field approximation, eq. (A.114))
implies that gravity can be coupled to matter via the term

1 ~
-3 / d*z T h,, (A.118)

where TH is the flat spacetime energy-momentum tensor of all matter fields. More-
over, eq. (AII6) reduces to Oth order in hy, to

d,T™ = 0. (A.119)

Thus, T*” can be viewn as a physical ”source” that is coupled to the gravitational
field Ay,
In the following, we will investigate somewhat further the implications of the
cosmological constant Ag. For T = (0 eq. (AJ13) can be written as
1
RMY — §g“VR = —Agg". (A.120)
Thus the cosmological constant can be viewn as a kind of energy-momentum tensor
associated with the vacuum. Since the 7% component of the energy-momentum
tensor is the energy density, we see that for Ax > 0 the cosmological constant

corresponds to a positive energy density of the vacuum.
Taking the trace of eq. (A.120) leads to

R =4Ag. (A.121)

This means that there are solutions of (AI20]) that are maximally symmetric, i.e.
that have 10 Killing vectors [12]. The two different spaces associated with these
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solutions for Ax > 0 and Ax < 0 are known as de Sitter and anti de Sitter space,
respectively.

An unregularized generating functional of pure quantum Einstein gravity as given
by the action Sgg can be formally defined as

W(J) = / Dh,,, DCPDC,, ¢! (Stot+57) (A.122)

where

Stot(h, C,U) = SEH(h) + SGF(h) + SGH(h, C, 6) (A.123)

Sar and Sgy are gauge fixing and ghost terms, whereas S 7 is a general source term
(see chapter (@) for details).

In order to employ a cutoff regularization and to consider the renormalization
group flow of quantum gravity, we have to perform a Wick rotation to Euclidean
space. This amounts to the substitution [32]

o — —i:Eo. (A124)
For our metric signature we then have

dtz — —id'zP (A.125)
9,0" — 9oL, (A.126)

The Euclidean generating functional is therefore, in accordance with Ref [33],
WE(T) = / Dh,, DCHDC,, (St t57), (A.127)

Since we will always work in Euclidean space, we will leave out the index E from
now on and we will also reemploy the summation convention with up and down
indices.

A.7 The contravariant metric density

For convenience of the reader, the properties of the contravariant Euclidean metric
density

" =g g™ (A.128)
with g = det g, are reviewed. We consider a coordinate transformation

x® (ah). (A.129)
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The (inverse) metric tensor transfoms under (A129) as

o ox®" 9z
¢ = o (A.130)
ozt Ox”
g/aﬁ = Ozl 8$5,g,uz/- (A.131)
With the properties of determinants follows the transformation law for gh”:
x|t 9z 9!
~afl __ iz
g7 = |det e o0 o ? (A.132)

This is the transformation law [12] for a rank 2 contravariant tensor density of weight
+1.
We will now derive the Lie derivative of g"*”. We have

L£x3" = (Lxv/9)g" +ILxg" (A.133)
where [28)]
Lxg" = XLOpg" — g 0, X" — 9" 0,X". (A-134)

Therefore it remains to derive Lx,/g. With det g, = e" 9w and the chain rule
we find

Lx+\/g= %\/ﬁ 9" Lxgu- (A.135)
Using
LxGuw = X090 + Gup0u X’ + g0, X? (A.136)
and, analogous to (A135]),
%\/5_] 9" XP0pgu = XP0)p\/3, (A.137)
this can be written as
Lx+/g=X"0p\/q+ /90,X". (A.138)

Putting it all together we finally arrive at
Lxg" = XP0,g" + g 0,X? — g’ 0, X" — g""0,X". (A.139)

To conclude, we will show that the covariant derivative of g vanishes. For a
metric connection, we have D,g,,, = D,g"” = 0. Thus, with the Leibnitz rule and

the definition (A28
D,g" = (Dp\/9) g™ . (A.140)
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In complete analogy to (A.I35) it can be shown that

1
D,\/g = 5\/5 9" Dpgu - (A.141)
Therefore we indeed obtain

D,§" = 0. (A.142)
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