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A universally accepted theory of quantum gravity would play a crucial role in a
complete understanding of Nature which has so far eluded physicists. This is illustrated
by the variety and complexity of the many attempts to produce such a theory. A
collection of analyses is presented which investigates a novel, natural approach which
combines general relativity with quantum field theory in the framework of the Wilsonian
renormalization group whilst respecting the conformal instability.

We investigate the structure of this theory at first order in the coupling and verify
that a continuum limit exists. We find that a continuum limit exists only if the theory
is defined outside of the diffeomorphism invariant subspace. In the UV, interactions
are associated to a coefficient function which is parametrised by an infinite number of
fundamental couplings. In the physical limit diffeomorphism invariance is reinstated
such that for a suitable choice of these couplings the coefficient functions trivialise. Dy-
namically generated effective diffeomorphism invariant couplings emerge, in particular
Newton’s coupling.

This investigation is continued to second order in perturbation theory. For pure
quantum gravity, with vanishing cosmological constant, the result of the standard quan-
tisation is recovered. Quantum gravity is renormalizable at second order for kinematic
reasons but the structure is shown to hold in general. It may be the case that a contin-
uum limit exists however with a, phenomenologically inconvenient, infinite number of
fundamental couplings. However a possible non-perturbative resolution, based on the
conformal instability and the parabolic properties of the flow equations, is investigated
which would fix higher order effective couplings in terms of Newton’s constant and the
cosmological constant.

We then explore the properties of these flows with opposite natural direction through
a related asymptotic safety problem, studying whether or not they have complete so-
lutions. Finally we conclude with a discussion of the ramifications of this structure
and possible applications to outstanding physical problems, in particular we investi-
gate how well this structure is extended to arbitrary space-time dimensions and the

physical consequences thereof.
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Chapter 1

Motivation

A universally accepted unification of gravity with quantum field theory continues to
elude physicists. Despite the continued efforts of the physics community there seems to
be no general direction to the research and no experimental data to refute or confirm
models. There is significant motivation for unifying these two key aspects of modern
physics; the expectation is that such a theory would shed light on some of the paramount
questions in physics.

These issues include but are not limited to understanding the universe’s first mo-
ments and the inflationary period, what is the behaviour of space-time beyond a black
hole’s event horizon and in particular the nature of singularities therein, how can we
describe dark energy which makes up some 70% of the energy budget of the universe.
Finally and more relevant to this thesis resolving such a unification of gravity with
quantum field theory would no doubt resolve major questions regarding how one in-
vestigates fundamental physics. Can we continue to use the successful scaffolding of
quantum field theory and the ideas of the renormalization group or will Nature de-
mand that we construct something much different in the pursuit of understanding the
universe around us?

We begin with an introduction to subjects relevant to this thesis, beginning with
the broad concepts of general relativity with a particular focus on the Einstein-Hilbert
action and the graviton field. Following this we review the ideas of renormalization and
the process of eliminating infinities from our calculation to produce physical results.
We then follow these ideas with a broader discussion of the Wilsonian approach to
renormalization in the form of the renormalization group with comments on how these
ideas relate to the exact renormalization group and asymptotic safety amongst others.
It is pertinent to emphasise why gravity is non-renormalizable in this new language and
we do so here. We then take a brief pause to examine contemporary approaches to the
resolution of this quantum gravity problem, focusing on string theory and loop quantum
gravity in particular to give context to the work of this thesis. We then conclude this
introductory section with a chapter detailing a review of the ’dilaton portal’ which

underpins this novel approach to quantum gravity, we also detail the methods of the



anti-field approach to Becci-Rouet-Stora-Tyutin (BRST) quantisation and associated
subjects.

We begin the analysis of this novel approach to quantum gravity at first order in
perturbation theory in chapter 4. This work will underpin the later research discussed
in this thesis and is the first step in understanding the structure such a theory de-
mands and the consequences one finds when combining general relativity, the exact
renormalization group and a more complete quantisation process.

Chapter 5 follows, here the analysis is progressed to second order in perturbation
theory which is a significant step as now aspects of the theory such as the behaviour
and existence of couplings in the continuum limit can be more completely investigated.
The relationship of the complete theory with the novel behaviour of the dilaton section
of the graviton and the ramifications of this are also considered here.

The consequences of this analysis are further elucidated in chapter 6 and investiga-
tions are made into a physically significant repercussion of this approach to quantum
gravity, namely the existence of contradictory flows for different sectors of the graviton
field. This work is more closely related to the field of asymptotic safety and as such
links are made to this popular research field as well as an overview of the defining
concepts.

There are a significant number of open questions that a theory of quantum gravity
would hope to answer, we briefly discuss how such a theory as discussed here can shed
light on these problems. In particular we investigate whether this work can be extended
to arbitrary space-time dimensions. The idea of this preliminary work stems from a
history of suggestions in theoretical physics that extra dimension may play a role, for
example the idea of Kaluza-Klein compactification. Other applications of this theory
are also discussed here.

Finally we conclude this thesis with comments on the presented results within the
context of modern theoretical physics and discuss the current state of this theory and

where it may progress in the future.



Chapter 2

Introduction

2.1 General relativity

We begin by outlining the most relevant results of Albert Einstein’s magnum opus,
General Relativity (GR) [4, 5]. Describing this framework in its entirety as well as the
multitude of consequences and results of this work would fill a document many times
larger than this thesis. Instead we discuss the key results which are relevant to our
work and encourage the reader to review GR for themselves [6, 7].

We begin with the Euclidean Einstein-Hilbert (EH) action of GR

S = / d'z Loy with Lpy = —2\/gR/K’ (21)

where k = v/32rG and G is Newton’s constant with g = det(g,,). The Ricci scalar,
Ricci tensor and Riemann tensor are given by R = ¢"" Ry, = R%,,,, with [V, Vot =
RW)‘UU". There are a variety of ways to define the metric g,,, which is used to construct
R, R, and R%,,, . In this thesis we will typically choose to expand the metric around

flat space as

Guv = Opw + KH (2.2)

where 0, is our flat background and H,, is our ’complete graviton’. We also define

here the dilaton ¢

Y= %H,uu (23)

which will be of great significance in this thesis, see chapter 3. In this thesis we will be
concerning ourselves primarily with pure gravity, that is to say a theory of gravitons
and dilatons interacting only between themselves. We will however make comments on
the most significant effects one may expect when one extends this theory to include
general matter.

GR and the EH action are (conveniently, for physical measurements) valid in



Minkowski signature however as we will be working in the Wilsonian Renormaliza-
tion Group (RG) framework, see section 2.3, we will be working with a Euclidian
signature metric. This is because the Wilsonian RG necessitates quasi-local effective
actions constructed from integrating out fluctuations at short distances. As we will
be working with a flat background metric d,, there is no physical difference between
contravariant and covariant objects, however we will continue to follow the Einstein
summation convention out of habit and for legibility, except where it is inconvenient to
do so.

When working with this Euclidean signature we see that the FEuclidean partition
function is less well defined than usual. As (2.1) is unbounded from below (with large

positive curvature being the source of the upcoming difficulties) we see that

will fail to converge. Using the expansion (2.2) we find at zeroth order in the coupling

k the Fierz-Pauli action for free gravitons

Len = 3(O0Hw)? = 2(05¢)% — (0uH,w)? + 200993 Hap (2.5)

which using a Feynman - De Donder gauge fixing term (9, Has — 95¢)? and splitting
the complete graviton into its SO(4) irreducible parts

Hp,zz = h,uu + %5}LV(707 (26)

(2.5) simplifies to

Len = 3(00hw)? — $(0hp)>. (2.7)

The minus sign in front of the dilaton kinetic term will prove to be crucial to a novel
approach to Quantum Gravity (QG). We also note that under this expression of the
metric and decomposition of the complete graviton (henceforth we refer to h,, and ¢

as the graviton and dilaton respectively) we have an overall local rescaling of the metric

v = 6 (1 + ’;“ga> + K. (2.8)

In this way we can clearly see that the dilaton ¢ [8, 9] is a a perturbation that leads
to an overall local rescaling of the metric and this splitting of the metric makes the
conformal instability most easily recognisable in (2.7).

In this thesis we will regularly discuss the symmetry of diffeomorphism invariance.
In much the same way SU(3) can be regarded as the symmetry of QCD one can regard
diffeomorphism invariance as the symmetry of GR. This states that the laws of physics

should be invariant under our seemingly arbitrary choice in coordinate frame as there



does not exist a priori such a frame or indeed any preferred frame in Nature. That is to
say the description of Nature should be invariant from one transformation to another.

Before discussing this in greater detail in chapter 3 as well as the consequences
of this negative kinetic term we must first elucidate precisely what renormalization
and the renormalization group are in sections 2.2 and 2.3, and in section 2.4 why a
satisfying combination of GR with this framework at the perturbative level has so far
eluded physicists. We will sketch out some of the more popular attempts at this in

section 2.5.

2.2 Renormalization

Renormalization is the systematic process by which the unphysical infinities produced
in the mathematics of Quantum Field Theory (QFT) are eliminated such that the
calculations reflect the physical reality Nature presents us. These infinities arise due
to loops in Feynman diagrams constructed from the ’bare Lagrangian’, the Lagrangian
that is produced when one considers a set of fields, their kinetic terms and a set of all
possible interactions that the symmetries allow. We will briefly review the key results
of this field following [10], before focusing our attention on the more complete approach
afforded by Kenneth Wilson’s renormalization group in section 2.3. We encourage the
reader to review this subject as well as the finer points we do not cover here in the
many articles and textbooks written covering it [11].

The infinities we are concerned with arise from the integration over the entirety
of the momentum space when evaluating Feynman diagrams, these are referred to as
Ultra Violet (UV) divergences'. In the loops of the Feynman diagrams we will find

that evaluating these goes as, schematically for the sake of clarity,

A d4p 1 9

where A is a cut-off we introduce to parametrise this divergence, when we set A — oo the
above will diverge. As these loops are used to calculate physically observable quantities
such as coupling strengths then there is clearly an issue here: these quantities must be
finite. There are two key ingredients to remedying this problem, the first is to render
such calculations finite. The second is to recognise that the Feynman rules used to
produce these diagrams and ergo the resulting calculations are effectively incomplete;
it has used the bare Lagrangian which has not accounted for the effect of these loop
diagrams and to instead re-write these rules using the physical renormalized Lagrangian.

Beginning with the former we can introduce a regulator such as the cut-off A above,

which is then taken to oo once the couplings are redefined such that one gets the desired

'In many textbooks there will also be mention of so-called Infra Red (IR) divergences that arise in
theories with massless particles due to taking the momentum to zero for certain quantities. We do not
cover these in detail here.



finite result. This is often referred to as the UV or continuum limit. One may also use
processes such as dimensional regularization which do not introduce a cut-off A, in this
case it was recognised that these divergences occur in four space-time dimensions and
so calculations are performed in d = 4 — € space-time dimensions, with the limit € — 0
returning us to the Nature we are more familiar with. This is equivalent to taking the
A — oo limit above.

The second is resolved via the introduction of counter terms, these are introduced
order by order to account for the infinities produced by the bare Lagrangian in a process

referred to as perturbative renormalization,

Sal¢] = Sale] + ST (e, Al (2.10)

As an example take ¢* theory, this has a bare action

Salel = [ dte 10,006 + Jm?6? + Jo° (2.11)

and a counter term action

STp, A] = /d4x $0620,00"¢ + 1m>¢* + %(mp‘* (2.12)

where 6Z , 6m? and 0\ represent the freedom to adjust the couplings in the original
action. §Z in particular is the coupling to the kinetic term which is referred to as the
wavefunction renormalization. These counter term couplings will have A-dependency
and are representative of the tuning to have the renormalized action reflect reality,
this aspect of tuning is elaborated on in the following section. We note that there
are many different ways to implement this tuning and perturbative renormalization,
depending on the theory considered and the mathematical preferences of the physicists
there are benefits and costs to these different renormalization schemes. The physics
should however be independent of this choice at all times.

This idea of renormalization was at first met with a great deal of criticism and was
considered ad hoc. It was not until the work of Kenneth Wilson and the flourishing of
the ideas of the renormalization group when this work was underpinned by these more

complete, rigorous concepts.

2.3 The renormalization group

We can approach this idea of renormalization and how one best defines a QFT from
the fresh perspective that Kenneth Wilson et al [12-14] gave. We will give here a brief
summary of the ideas of the Wilsonian Renormalization Group (RG) however we again
encourage the reader to discover the finer details of this field for themselves [15-18].
The defining principle behind the RG is the idea of physical scale. More precisely we

describe a theory with respect to some length/energy scales. For example one does not



need the complexity of some all encompassing theory-of-everything to describe water
in a tea cup, instead a simpler low energy effective theory such as Navier-Stokes will
be more than suitable. Such a theory is fine in this regime however in a high energy
scenario it may not be. Continuing with the water analogy Navier-Stokes would not be
appropriate for attempting to describe the dynamics of dynamite being detonated in
a swimming pool. Nevertheless we can see that one does not need to understand the
full complexity of Nature to describe low energy phenomena. Crucially the high en-
ergy /small distance behaviour will only make its presence known in certain coefficients
in the low energy theory, for example the viscosity of fluids.

This idea of defining a theory at different energy scales? lends itself naturally to
QFT. In the Wilsonian framework a QFT is defined as an action functional S[¢, g;] of
the fields ¢ and couplings g; which is constructed from all possible operators that the
symmetries permit. This action depends a priori on an infinite number of couplings
such as mass parameters, couplings for interaction terms and so on. The functional

integral is given by

Z= / de ¢S99 (2.13)

and as we saw in section 2.2 we must have a method with which to resolve the continuum
limit, that is to say find a way such that every physical observable is not simply oco.
We do so here by introducing cut-offs or regulators which we insert in our kinetic term.
These are introduced such that high momentum modes are suppressed® in such a way
that we can integrate over all momentum modes and get finite results. The choice
in cut-off is usually a practical one; some are less physical but provide computational
practicality (such as a step function) whilst others are the inverse of this (for example
a more subtle exponentially damped one). Invariably though two aspects must be
considered: that the physical observables are independent of this choice of cut-off and
that introducing the cut-off also brings with it a cut-off scale pu.

We can interpret this cut-off scale u in several ways. For the purposes of this thesis
we will regard it as a momentum above which we begin to suppress modes by modifying
the action or the measure, we do so by introducing the aforementioned cut-off function.
We can choose i to match the energy scale of some physical process we are interested
in as then we are only concerned with energy scales at or below the region of interest.
Critically if one defines a physical quantity F(g;; E) where g; are the couplings of the
underlying theory and FE is some energy dependence then the idea of the RG is that
one can change the cut-off of the theory such that the physics on energy scales below

4 remain constant. Our arbitrary choice of the cut-off does not affect the physics we

2Henceforth we will use scales to refer to energy scales for simplicity. We will also often use UV to
refer to a high energy regime and IR to a low energy regime. We note that this usage is relative, an
energy may be considered UV in one context and IR in another.

3This is also equivalent to introducing a physical lattice spacing of distance A~! or in perturbation
theory analytically continuing the space-time dimension via dimensional regularization as outlined in
section 2.2.



observe. For this to occur the couplings themselves however must change as a function
of pu. This consistency of the physical observables can be summed up with the RG

equation

Flgi(); B)p = F(gi(1); E) (2.14)

where i/ denotes some new scale.

When one considers the RG we begin in the UV and consider the natural flow to
be towards the IR, this idea of a natural direction for the flow where solutions to the
forthcoming RG equations are guaranteed to exist will be crucial in understanding this
novel approach to QG, in particular in chapter 6. The couplings g;(¢) define a theory
space, an infinite dimensional space where each direction corresponds to one of these
couplings, a path through this space is defined by these couplings. This path is the RG
flow. To ensure (2.14) is satisfied we must integrate out the degrees of freedom between
the two cut-off scales pu and p/. At first glance this would appear to be a monumental
task due to the infinitely dimensional space we are working in however there are key
properties of the theory space which make this task significantly easier.

The physical observables of a theory are constructed from the action, once the
action is well understood everything follows from that. In this RG approach we must
then understand how the action changes as a consequence of a change in u, this leads

to the key RG equation.

SIZ() 2 ¢ 1, gi(w)] = SIZ(W) 241!, gi (1)) (2.15)

Here we consider the generic fields ¢ the action is dependent upon and also recall the
wavefunction renormalization Z(u).

The actions we consider here are formed of two parts; the kinetic term and a linear
combination of operators O;(z) which are comprised of fields and their derivatives* e.g.
@",(¢"0¢)™, more exotic operators can be constructed such as the tower operator we
discuss in chapter 3. The more general expression for the action with a cut-off is the

Wilsonian effective action, given as

Sl p, gi] = / d%a [;ama% + Z pd—di gi(’)i(a:)] (2.16)

where d; is the classical scaling dimension (also known as the engineering scaling dimen-
sion) of O;(z). Crucially we have chosen the couplings to be dimensionless by inserting
the appropriate power of the cut-off to carry this dimension, this is necessary as it is
the value of the coupling relative to the cut-off that will be important to the physical

observables. This concept of using scaled variables will also prove to be a crucial tool

4The composition of these operators will be limited not only by the continuous internal symmetries
of the theory one is considering but also more general considerations such as ¢ — —¢ symmetry as well
as Lorentz invariance. As a result we will often eschew Lorentz indices where it is convenient to do so
to aid explanation.



in understanding the Wisonian RG.
We now begin to think of the infinitesimal transformations as we change p, the
famous B-function of a theory is given by
p,dg;L“). (2.17)
This function describes the running of the couplings, how they change as we flow along
the RG, by integrating out the beta function equations. Since the dimensionful cou-

plings are given by u¢% the f-function always has the form

WS = (di = g+ o (2.18)
where the first term on the right hand side stems from the classical scaling dimension
of the operators and the second term stems from the non-trivial integrating-out part
of the RG transformation. This also corresponds to the first term consisting of only
tree level diagrams and the latter, loop level diagrams, which would be more apparent
if we re-introduced & when not working in natural units (hence the quant label). We

also define the anomalous dimension of a field ¢ as

pdlog Z(p)
=_c2e2v 2.19
L (2.19)

In this approach to QFTs it is often easier to consider Green’s functions of fields
as opposed to probabilities of events occuring as the most useful physical observable.
Although the latter may be more natural this will often be difficult to calculate in mass-
less theories where the S-matrix must consider long range interactions. The Green’s

function is given by

fu[d¢] eS1Bitgi(] p(21)... ()

(O(1)--0(@n)) g;(u) e = [ [dg] eiSdimgi(w)]
o

(2.20)

To maintain the consistency of (2.15) we must generalise (2.14) to take account of

wavefunction renormalization where again our choice in p should not affect the physics,

Z(1) "2 S(@1) b (@n))giuyu = Z(H) T HD(21)- b0 (@) gu ) - (2.21)

We now begin to approach the most important aspects of the RG which will be
paramount to this thesis. The most crucial aspects of the RG flows are their UV
and IR behaviour, namely what happens when one takes the cut-off to  — oo and
1 — 0 respectively. We will find that we construct the theory in the UV before flowing
naturally® down towards the low energy IR, where in reality we are able to make

measurements and verify predicted physical observables against experiment. We begin

5This premise of a natural direction for the flow stems from the full RG equations which we elucidate
in chapter 3.



with a theory of only massive particles and find that as we flow towards the IR the
ratio of any mass scales in the theory to the cut-off scale, m/u, increase (u — 0). In
this limit, a theory with no mass scales® becomes trivial as all physical masses become
effectively infinite in comparison to the cut-off and so there is nothing to propagate.
We are left with an empty, un-interesting theory.

We must also consider what happens in the UV. We define the critical surface as
the infinite dimensional sub-space of the theory space for which the mass-gap vanishes,
critically the theories in this space will have a non-trivial IR limit where only the
massless degrees of freedom survive. As opposed to the former case in the IR limit for
these theories the massless particles will remain, all the couplings will flow towards a
fixed point of the RG, gi(p) — g where the S-functions vanish. We note now this is
not to be confused with the Gaussian Fixed Point (GFP) which plays an important
role in these concepts and is the fixed point of a free, non-interacting particles. The

equation for a fixed point” is given by

,u@ . =0, (2.22)
these points in the theory space correspond to Conformal Field Theories (CFTs). We
can compare this to (2.17) and see that at the fixed point the S-function is zero, the
couplings no longer evolve. These CF'Ts are a special class of theories with many novel
features which are of particular interest to alternative approaches to QG, see section 2.5.
They possess only massless particles in addition to having no dimensionful parameters,
as a consequence of this they are said to be scale invariant and this invariance is
promoted to the full group of conformal transformations, hence ‘CFTs’. It is in the
neighbourhood of these CFT's where we will construct non-trivial theories, taking small
perturbations away from the fixed points.

In this neighbourhood, ¢; = g; + d¢; we can safely linearize the flow

dgi

= A;:8g; + O(6g> 2.23
dpi g 50, 7095 + O(dg5) (2.23)

which in a suitable diagonal basis {dg;} which is denoted {o;}

dO’i
To linear order the RG flow is then

= (Ai = d)oi + O(0?). (2.24)

A;—d
oi(1) = </fj) oi (). (2.25)

A; is the scaling or conformal dimension of the operator associated to o;, this is not

5That is to say there are no massive particles and there is no mass-gap.
TA * will typically denote a process or object being evaluated at or in the neighbourhood of the
fixed point.
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the classical or engineering scaling dimension and the difference

is the anomalous dimension of the operator. This scaling dimension and classical scaling
dimension will often differ. For CFTs the Green’s functions are covariant under scale
transformations which will provide important non-trivial constraints, take for example
the two-point Green’s functions (¢(x)¢(0)) which satisfies (2.15)

Z(M)il <¢(x)¢(0)>gi(,u),u = Z(:U*/)il <¢(aj)¢(0)>g¢(u’),u" (2‘27)

At the fixed point g we have Z(p) = (1 /)% Z(i') where V5 = Ye(g;) - We find via

dimensional analysis that

(B(2)(0)) gz o = 1** G (x, 1) (2.28)

where d is the classical scaling dimension of the field ¢ and G(z, 1) contains the details
of the structure. Upon substituting this into the RG equation (2.27) we find

c 1
<¢($)¢(0)>971H = 27(;$2d¢+2’)/; X xQA?; (229)

where ¢ is some constant. (2.25) then leads to the classification of couplings (and their
associated operators) into three distinct groups based on this parameter A(’; in the
neighbourhood of the fixed point.

The magnitude of A; leads to these three groups:

e For couplings with A; < d the flow diverges from the fixed point into the IR (as

u decreases), these couplings are knows as relevant

e Couplings with A; > d the couplings flow into the fixed point and are known as

rrelevant

e The final group is marginal where A; = d. In reality as we go beyond first order
there will be slight deviations in the O(c?) part of (2.24) and the coupling is
then said to be marginally relevant or marginally irrelevant. It is possible for a
coupling to be truly marginal, for example in N = 4 super-symmetric Yang Mills
theories, this implies that the original fixed point is in fact part of a line of fixed

points®

As we approach the UV where the fixed point is said to exist we find that all
particle masses decreases relative to the cut-off u, in contrast to the behaviour in the

IR discussed previously. A theory with a mass gap will approach the critical surface.

8Tn this thesis we will typically discuss only relevant or irrelevant couplings, with the higher order
behaviour of marginal couplings assumed to be already resolved in any situation where it is pertinent
to the discussion.
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Regardless of whether or not the theory has a mass gap it will either diverge off to
infinity for some finite p or approach the fixed point lying on the critical surface as
p — oo. If we restrict ourselves to the case of two irrelevant couplings and one relevant
as we do in figure 2.1 we can see this structure more clearly. The critical surface is
spanned by the irrelevant directions which flow in towards the fixed point and we have

the single relevant direction flowing away from this fixed point towards the IR [10].

renormalized

_ fixed point
trajectory

V/

Figure 2.1: The theory space for two irrelevant couplings and one relevant, demonstrat-
ing the critical surface defined by the former as well as the renormalized trajectory,
emanating from the fixed point. Reproduced from [10].

In this simpler case we also begin to see universality. Flows living off of the critical
surface naturally focus around the renormalized trajectory [19, 20], the path for which
there are only relevant couplings.

For a given space-time dimension d there is naturally a finite number of relevant
couplings. Consider for example scalar field theory with d = 4 which satisfies ¢ — —¢
symmetry, the only (marginally) relevant couplings (ignoring for now the kinetic term)
are those associated to the ¢? and ¢* operators. In contrast to that we have the infinite
tower of irrelevant couplings associated to ¢%, ¢%... and ¢™(9¢)™ type operators. The
number of relevant couplings is few and finite compared to the infinite number of
irrelevant couplings. This universality is crucial to our fundamental understanding of
UV complete QFTs. This means that the behaviour of theories in the IR is controlled
by this small number of relevant couplings, hence this focusing effect, as opposed to
the infinite number of all possible couplings. This small set of universality classes is
governed by these relevant couplings. In essence it is this behaviour of the RG that
leads to predictivity in QFT.

Finally we can define in a rigorous way the continuum limit of a QFT. As we have

discussed, a well defined QFT should not be dependent on our arbitrary choice in g,
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this should be taken to infinity whilst maintaining the physics, i.e. keeping the physics
below p the same. This is a very non-trivial issue. As we send p — oo in practice
this means that g;(o0) is a fixed point of the RG, in the case that this is a non-trivial
theory this is what Weinberg calls asymptotic safety. See section 2.5 and chapter 6 for
more discussion on this approach to QG. The resulting flow through the theory space,
9i(), is this renormalized trajectory which is defined on all energy scales. As we can
see in figure 2.1 the renormalized trajectory lies on the part of theory space where

all irrelevant couplings are zero”

. The intuition here may be that this is an unlikely
scenario however universality renders finding such a theory possible.

A theory may be able to live within or near the universality class of the space
such that g;(co) is within the domain of attraction of the UV CFT. As figure 2.2 [10]
demonstrates when taking the UV limit in a careful way the theory will evolve with a
non-zero irrelevant coupling and remain in this domain. The IR physics remains the
same if the limit is taken properly, crucially the flow back towards the UV is defined
by the number of relevant couplings in the IR. Being in the domain of attraction of the
fixed point will mean that we eventually flow back into the fixed point where we have

this continuum limit.

g1

Figure 2.2: The continuum limit of a theory flowing in the domain of attraction of a
UV CFT (the shaded area). Reproduced from [10].

The concepts of the RG are crucial to having a well defined QFT with a continuum
limit, not only when we concern ourselves with quantum gravity but for all QFTs. It
enables us to discuss seriously the ideas of predictivity and with only a finite number

of relevant couplings it helps explain how we can construct UV complete theories.

9We note that the renormalized trajectory in this illustrative example is a one dimensional line
however it will in general be some finite dimensional subspace.
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2.4 Gravity as a non-renormalizable theory

Given the subject of this thesis it is worth elucidating in what way a continuum theory
of QG fails when approached in a naive way from the perspective of the Wilsonian RG
as well as its perturbative non-renormalizability [21-24]. The failure to produce a well
defined theory of QG with a continuum limit ultimately stems from our only coupling,

the gravitational coupling x, being irrelevant about the GFP

[K] = —1. (2.30)

When one constructs a UV complete theory we do with so with only relevant or
marginally relevant couplings. In this way we can tune these parameters such that
when we flow back into the UV the flow lands on the critical surface, this is the basis
for attraction for the UV fixed point (when flowing from the UV to the IR) from which
we construct the theory. As a result we then flow along the renormalized trajectory
in a well defined theory. If our only non-zero coupling is irrelevant then when we flow
back into the UV we flow away from this fixed point. Those theories that are defined
on this critical surface have a non-trivial IR limit where only the massless fields remain,
this may be acceptable for gravity but renders a suitable combination of gravity and
the Standard Model (SM) of modern particle physics [25] impossible. Crucially also in
gravity there are no relevant couplings which can be used to tune this flow such that
it is in the neighbourhood of the renormalized trajectory and so eventually flows back
into the neighbourhood of the UV fixed point.

We note however that having an infinite number of couplings does not necessarily
imply that the theory has no predictive power [26-30]. In particular this is typically
true in an effective theory containing negative mass-dimension couplings, which can
nevertheless be renormalised order by order in perturbation theory at the expense of
introducing new couplings at each new loop order [31]. Gomis and Weinberg showed
that such theories can be renormalised in this effective sense, also in the case where
gauge invariance (including diffeomorphism invariance) is involved. They did so using
BRST methods [32].

As k is a very fundamental part of gravity, at least in the naive approach, this seems
to put us at an impasse. It would seem then that a theory of QG necessitates either
a wholly new approach entirely or a new interpretation of how to describe k. In this
thesis we will explore the latter in great depth however we first comment on approaches

to understand QG in the former paradigm.

2.5 Approaches to quantum gravity

We now briefly comment on some of the more popular approaches to resolving this
problem of marrying the fundamental ideas of QFT to gravity, we do this to give

context to the work discussed in this thesis with respect to the wider field and give a
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brief glimpse into the state of the art of this research area. This discussion will also help
illustrate how this novel approach to QG is far closer to the well understood framework
of QFT employed with great success to understand the SM of physics compared to the
different approaches being used in the investigation of QG. We will briefly outline the
most significant aspects of these approaches and provide references for further reading.
We begin with Asymptotic Safety (AS) [33-40]. We outline this briefly here however
the concepts of AS will be very relevant to chapter 6 where there is a more complete
introduction. As outlined in section 2.3 a QFT is a dynamic object which transforms at
different energy scales which, as one flows from the IR to the UV along the renormalized
trajectory (if the theory is properly defined with relevant couplings/operators only),
flows into the fixed point. Recall that the GFP is a special case where the fixed point
is the free theory with all relevant couplings now zero as the theory is deep in the UV
and all irrelevant couplings have already been fixed to be zero. The proposition of AS
is that this is not the end of the story. It is possible for non trivial fixed points to exist
whose (§-functions are zero. Such a theory would be UV complete as one could take
the continuum limit and the couplings and associated calculations would be finite. If
the non-trivial fixed point was associated to gravity this would be a theory of QG with
a well defined continuum limit, that is to say exactly what we are looking for.
Another popular approach to the construction of a theory of gravitons is that of
string theory [41-43]. Like many topics in this introduction we could discuss this
approach without end, instead we note the broad ideas and encourage the reader to
discover this subject for themselves [44, 45]. String theory ultimately stems from treat-
ing the different elements of Nature (the fermions and bosons we are familiar with) not
as effective point particles but instead as extended objects, initially as one dimensional
strings and later to general n-dimensional branes in M-theory [46, 47]. Rather than a
variety of different particles there would be instead one fundamental object, the string
(and once the theory was more completely understood, in branes). At scales larger than
the string its properties such as the mass, charge, spin etc would be dictated by the
vibrational modes. Crucially this introduces a massless spin 2 mode which fulfils the
role of the graviton. As a consequence string theory would be not only a theory of QG
but also a promising candidate for a general complete theory-of-everything as it would
include the other particles and forces such as Quantum Electro-Dyanmics (QED) and
Quantum Chromo-Dynamics (QCD) one needs to completely describe Nature. Such a
theory would also ideally include new physics that is necessary to explain outstanding
problems such as dark matter [48], the Muon g — 2 problem [49] etc . Although this
seems tailor made to resolve some of the most interesting outstanding questions in the-
oretical physics this framework is not without its own problems. The calculations are
often prohibitively difficult and the number of vacua which could describe our universe
seem negligibly small compared to the total number of possible vacua, the so-called
string theory landscape problem [50]. Despite this the field continues to be an exciting

area of research for many physicists with many promising avenues.
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One such avenue of particular prominence which we note here is the so-called Anti-
de Sitter/Conformal Field Theory (AdS/CFT) correspondence [51-53]. This proposes
a relationship between theories of gravity in a d + 1 dimension AdS space and CFTs
living on the d dimensional boundary. Crucially calculations that would be difficult to
resolve on the gravity AdS side have an equivalent on the CFT side, the calculations here
are often significantly more malleable. The correspondence is a strong-weak duality;
a strongly coupled theory on one side (again where calculations may be prohibitively
difficult) will correspond to a weakly coupled theory on the other side where powerful
perturbative techniques can be used. Although not useful for our investigations into
QG a consequence of this is that strongly coupled CFT problems can be resolved on
the weakly coupled AdS gravity side of the correspondence.

The final approach to QG we discuss here is that of Loop Quantum Gravity (LQG)
[54-58] which focuses on the geometric aspects of Einstein’s GR and was originally
a constrained system quantization of the EH action. In this way space and time are
discretized in much the same way energy and spin are in quantum mechanics, from this
space-time is itself described as a network of these fundamental ‘atoms’ of space-time
which form large networks. In this way gravity is not described as a fundamental force
in the traditional sense but instead as an artefact of interactions within this network.
As a result of this granular approach to space-time there is a concept of a minimum
length, distances below this have no physical meaning and so this helps resolve the
problem of taking the continuum limit.

We have listed here only a handful of the more popular areas of research for finding
a theory of QG, the number of approaches we have not been able to discuss here is vast.
This great variety in the number of directions in this field of research illustrates that
there is no general consensus in the community in which method is the most promising.
This may be unfortunate for those of a more phenomenological persuasion who would
like concrete predictions, which up to this point the field has been lacking. However,
for those who are more interested in the formal construction of these theories there is a
great deal to be excited about. With the surface of this vast field of research just barely
scratched we now turn our attention to our novel approach to QG. This builds on the
topics discussed in this introduction and combines them in a way which is inherently

very natural and intuitive.
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Chapter 3

The dilaton portal

It is clear following the previous discussions that QG is, as it stands, a problem without
a satisfying resolution. In this section we will examine the structure of a theory different
to previous attempts to find such a resolution to the QG problem which is however in
many respects very similar to the current QFT techniques employed with great success.
In the broadest terms this new approach stems from applying this ERG approach to
QFT to the EH action, the final crucial ingredient is a more complete quantisation
which is necessary when considering the wrong sign kinetic term for ¢ . When working
in the RG we demand Euclidian signature such that |x — y| — 0 as x — y which
yields this famous negative kinetic term for ¢ (2.7). This issue is typically resolved
in Minkowski signature[9] via continuing the functional integral for this sector to the
imaginary axis ¢ — i@. We do not apply this ad hoc resolution to the conformal factor
instability and instead keep it and look to resolve the instability via a more complete
quantisation procedure which leads to an exciting new approach to QG.

We begin with the example of a scalar field theory with positive kinetic term, a
physical situation that is more typically found in QFTs, to familiarise the reader with
the mechanisms of this quantisation procedure. This process has always been present
when creating a QFT however it is only due to the presence of this negative kinetic term
that we must return to the fundamentals to examine the consequences of this change in
sign. We follow this by applying this procedure to the conformal factor instability and
this leads in turn to the so-called 'tower operator’ which underpins much of the work
of this thesis. This operator brings with it a range of physically interesting behaviour
however the most paramount of this is the negative scaling dimension which would make
it seem almost tailor made to the resolution of the non-renormalizability of gravity as
outlined in section 2.4.

We then turn our attention to outlining BRST quantisation and the more powerful
anti-field formalism that succeeds it, this will be necessary when gauge fixing our theory
and will prove to be a powerful tool, signficantly reducing the number of operators that
may be permitted with the new found freedom the novel tower operator permits. We

then extend the treatment to the Legendre effective action which is more convenient
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for calculations and elaborate on how one reinstates diffeomorphism invariance in the

physical limit.

3.1 Scalar field theory with positive kinetic term

We illustrate this more complete quantisation procedure with an example of a scalar
field with a positive kinetic term, in particular we note that the eigenoperator spectrum
is described entirely by a set of orthonormal polynomial interactions that one is more
typically familiar with. We begin with an expression for the Wilsonian effective action
for some scalar field ¢ (not to be confused with the dilaton field we describe in more
detail in section 3.2 although both are presented here simply as scalar fields). We begin
with the Wilsonian effective action [19, 59]

StOt’A[Qp] — SA[QD] + %SO . (AA)fl p (31)
where
A
AA(p) — C’pﬁ@ (32)

is the massless propagator which is regularised by a smooth UV cut-off profile C* (p) ==
C(p%/A?), see figure 3.1. We note for future reference that A will always be defined as
positive as the above, particularly when considering the negative kinetic term. This UV
cut-off profile behaves as follows, for |p| < A, C*(p) ~ 1 and pre-dominantly leaves the
modes unaffected, when |p| > A the modes become suppressed. To ensure the flow is
complete we demand that C(p?/A?) is monotonically decreasing such that C*(p) — 1
for [p|/A — 0 and for |p|/A — oo, C*(p) — 0 sufficiently fast to ensure all momentum
integrals are regulated in the ultraviolet.

The interactions must satisfy the Wilson-Polchinski equation [19, 60]

D gapy 108 9AN oSt

=1 . . 1
T I P T PR (3:3)

oAN 5280
oA dpdyp

and this in turn is trivially solved by the GFP S*(¢) = 0. We then find eigenoperators

by linearising around this fixed point

9 cohp g 1

N by

oAt & ]65%} (3.4

We define the scaled variables, denoted by a tilde, and noting the 'RG time’ t,

e =3%A, p=Ap, V=AW, t=In(u/A). (3.5)

This RG time increases in the IR direction, we also re-introduce the arbitrary (although

typically chosen at an energy scale we are interested in) energy scale u. We define
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Cut-off function

0
0 1 2 3 4 5 6

A

Figure 3.1: A schematic diagram of the UV cut-off function C*, where modes are
smoothly suppressed for some |p| > A. Note that C*(p) is simply another notation for
C(p?/A?), which emphasises that it is a UV cut-off. It should be contrasted with the
associated IR cut-off Cy(p) =1 — CA(p) .

D e/d4x Vip,t), (3.6)

where € is a small parameter. Note that if the linearised effective action 6.5*[] contains
only such a potential interaction, this is preserved by the flow equation (3.4), since the
only terms generated by the right hand side are tadpole interactions. Such integrals
carry no external momentum dependence. Equivalently in position space, they do not
generate derivative interactions. To see this in detail substitute (3.6) into the right
hand side of (3.4):

tr

ON  Spdp

AA 2 AA 2
0 i ]55A[go] = e/d4y d*z 0 a(f’z) 0 /d4aj V(e(x),t)

N do(y) (3.7)

Now we note that the A%(y, ) is independent of 3 and given by
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4
0 = e = [ A%w) (39

We comment that f'(¢) denotes taking the derivative with respect to the field ¢ for
some quantity f(¢) in the usual way. Thus substituting (3.7) into (3.4) we simply get
aaAV(cp,t) = —%%SEXAV”(QOJ). (3.9)
In particular this step should not be confused with the so-called LPA (Local Poten-
tial Approximation) [61] where the restriction to potential interactions is enforced by
truncation, i.e. as a result of a crude model approximation introduced by hand.

Eigenoperators are those with a well defined scaling dimension 4 — A and when

expressed in these scaled variables take the form

A
V(g,t) = (i) V(). (3.10)

The pre-factor is the RG evolution of the scaled coupling §y = ee at linearised order
with the associated dimensionful coupling being gy = ey with operators being relevant,
marginal or irrelevant if A > 0, A = 0, A < 0 respectively as outlined in section 2.3.

Now we simply substitute V(p,t) = A* V(p/A,t) into (3.9) as implied by (3.5),
and use (3.10) and (3.12) below, to get:

- o . f///
—AV(9) = @VI(Q) +4V(9) = —5 5 (3.11)
By dimensions on substituting p = Ap we see that
A2

where a is a non-universal number dependant on the shape of C(5?) [41] and defined
by

! :/ ' CG") (3.13)

2a2 (2m)t P2
Note that our cut-off function is positive and must regulate. Thus the integral is positive
and finite. This is also true on the left hand side if a is non-vanishing (since a? > 0 no
matter the sign of a). For clarity we choose a > 0 from now on.

Let us emphasis again that this is an exact equation for the evolution of the potential
interaction linearised around the GFP and has nothing to do with the local potential
approximation. Nevertheless within the local potential approximation [61-63] versions
of this equation have also appeared often in the literature, see for example references
[64-67]

Critically equation (3.11) is of Sturm-Liouville type and its quantised solutions are
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Hermite polynomials [68]

On(@) = Hp(ap)/(2a)" = ¢" — n(n — 1)@" 2 /4a® + ... (3.14)

where A = 4 — n and n is a non-negative number. To see this we simply note that the

H, (z) are the quantised solutions of Hermite’s (eigenvalue) equation:

u(z) — 2z (z) + 2 gu(x) = 0, (3.15)

with Ay = n (see e.g. [69]) This is the same as equation (3.11) if we identify z = ap
and Ay = 4 — \. The scaling dimension of the operator O,, is therefore 4 — A\ = n which
coincides with the classical scaling dimension [¢"]. The lower powers in (3.14) are there
to correct for operator mixing as A is varied and appear with increasing powers of f,
they arise from tadpole corrections and are the only quantum corrections remaining at
the linearised order.

From the Sturm-Liouville theory [68, 70] we know that the operators O,, form an
orthonormal set :

2
—o 2a

/ T 4 PP 0, (5)O() = i<1> T (3.16)

which is complete in £, the natural space for Wilsonian interactions around a positive
kinetic term. This is a Hilbert space of functions that are square integrable under
the Sturm-Liouville measure e~%*#” where we place emphasis on the minus sign. As a
consequence of this we set the scaled couplings to

a (2a®)"

"= / " g POV (9), (3.17)

the norm-squared of the remainder vanishes as we extend to an infinite series

00 2
/ dcpea‘p< gn @)—)OasN—>oo. (3.18)
—o0

Let us sketch how this follows from the Sturm-Liouville theory. The first step is to
put (3.11) in Sturm-Liouville form

ﬁW):;;[( )Cj;m 5)| + @V (@) = -2 W@V (). (3.19)

By inspection this can be done by setting the Sturm-Liouville measure to w(@) =
e*azg’z, with the other functions proportional to this: ¢ = —4w and p = —w/(2a?). In
this form it is clear by integration by parts that H is self-adjoint:

/ 4301 (3) HOx(5) = / 1G04 (3)04(3) (3.20)
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provided that the perturbation falls off sufficiently fast at large field to drop the bound-
ary terms at ¢ = +oo. Let O1(¢) and O2(p) be two such eigenoperator solutions with
eigenvalues A; and \g respectively. Then from (3.19) and (3.20) we have

Do / d3(P)O1(P)O1($) = A / d50(3)01(3)01(3) (3.21)

and this eigenoperators belonging to different eigenvalues are orthogonal under the
Sturm-Liouville measure. The integrals make sense here only if the eigenoperators
are square-integrable under w, and this is enough also to ensure (3.20) holds. Given
that they are square-integrable, they can also be normalised, and thus we see that the
eigenoperators can be chosen to form an orthonormal set. The proof of equation (3.18)
is more involved. To do this one uses the Green’s function spectrally expanded over
the eigenoperators and forms the integral of a square of the solution. For details we
refer the reader to the literature [68, 70].

In this sense all perturbations in £ are described by a countable infinity of cou-
plings g, and their RG evolution is simply given by the RG of these couplings. We
form the bare action at some initial energy scale A = Ag, this is an initial condition
for our flow equation (3.3) and we must also choose the bare couplings at this scale
gé := g (Ag). We must first define the bare irrelevant couplings. The simplest choice
would be to set them all to zero, the more general choice is to set them to some fi-
nite non-zero value. The relevant couplings have less freedom as, as in standard in
the Wilsonian approach, the structure demands they vanish in the limit Ag — oco. In
particular at the linearised level g())‘ = g/\Aa A where ¢* is a fixed finite dimension-\
coupling if A > 0. It is important to note that as Ag — oo the linearised approximation
for the relevant couplings becomes more and more valid at scales close to the bare scale.

The effective action (3.1) in this way provides us with the bare action and we
can therefore study the evolution away from the latter case. We must then begin to
construct the apparatus to investigate physical quantities, we do so by first replacing
the cut-off O in (3.2) with a new cut-off

Ci(p) = C™(p) — C*(p) (3.22)

which is regulated both in the UV by Ag and in the IR at a scale k. With this IR

cut-off we can then write the more useful Legendre effective action as

ot, A 1 -1
Tl =Tl + 50 (M) -9 (3.23)

where

A0 = Alo — AF (3.24)

where we note that, up to discarding a field independent part on the right hand side,
we have the identity
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T3] = S™[]. (3.25)

This provides an initial condition when considering the flow under an IR cut-off,
this takes the form

9 1 A
9 o) — —Lir| (14 Ao
rlk 1) 2“[( L YT

521 Moy 1 Ao
k ) ! k } (3.26)

Ao Ok
where we note that at the GFP the Legendre effective action is simply the field inde-
pendent part FQO [p] = —3tr 1nA£O. At the linearised level we have
0

k 2
51’20[@]: 1 [8A 0 ] Ao

Now notice that this equation is in fact identical to (3.4), with k now playing the
role of the UV cut-off. To get some intuition for why this is so, note that at the
linearised level the flow equation becomes insensitive to the UV cut-off Ay and so we
can send this to infinity for free. We then note that I'y := I'Y® is related to SA by a
Legendre transform [20, 59, 71-73] and now carries the purely quantum one particle
irreducible parts of SA. At the linearised level there are only the quantum corrections
to consider and so the flow equations coincide. We can make this expression more

explicit by defining

ST ] = ¢ / da V(o) k) (3.28)

where € denotes a small quantity, this interaction potential will satisfy the eigenoperator
equation (3.11) with & replacing A in (3.5) and (3.10).

We are free to perturb this solution by adding gn(’)/({z))(go) to the bare action at
k = A = Ag. By inspection we see that in scaled units at the linear order these

operators will evolve in a self similar way, in particular

(ﬁj) Ga(Ao) = 1% = Gu(k) (3.29)

and using (3.5) the dimensionful interaction is

n n n k2 n—
3.0 () = k* kf_n On(¢/k) = gn <<p —n(n—1)5¢ 24 ) (3.30)
i.e.
(n) n n A2 n—2
O, (¢) =A"On(p/A) = " —n(n — 1)—4@290 + ... (3.31)

We return the physical limit’ when k — 0, where we find the universal physical interac-
tion as it appears in the Legendre effective action, namely O™ (y) := limy,_,q O,gn)(cp),

l.e.
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9.0 () = gnp" (3.32)

We can see that for relevant operators this is finite and g,, corresponds to the physical
coupling whereas in the UV limit Ag — oo the irrelevant ones will tend to zero.
Before proceeding to the case of the negative kinetic term we make some final
remarks about the positive case. Firstly we note that these arguments can be extended
to operators with space-time derivatives, beyond linearised order and investigate further
the marginal operators. To do so here would be to mask the key characteristics of
this structure and we do not go into further detail here, this standard knowledge is
available in the references listed thus far in this section. We can also comment on
the non-polynomial solutions to (3.11), these can not be understood using Feynman
diagrams as they rely on non-perturbative physics. To summarise these results briefly
for the sake of clarity such solutions will not survive as they lie outside of £ and in
the large field regime the linearised approximation breaks down. We will find that in
the negative kinetic term case these failings of the non-polynomial solutions will have

a much different fate, it is only these which can satisfy the eigenoperator equation.

3.2 The tower operator

We now turn our attention to the ramifications of the change in sign of the kinetic term,
extending on the analysis of the previous section. We must first generalise expressions
such as the flow equation and the Wilsonian effective action. This would initially seem
unphysical as the functional integral in the partition function will no longer converge
and the momentum cut-off profile will also exacerbate the problem. However, if we are
to understand gravity in Wilsonian terms whilst maintaining the conformal instability
Nature demands this generalisation. We will see that there are routes out of this

seemingly catastrophic impasse.

We begin by replacing (3.1) and (3.23), respectively, with

Stot,A[(p] _ SA[QO] _ %@ . (AA)—l p (3.33)
1—\Zot,Ao [4,0] _ FQO [SO] _ %90 . (Aé\o)*l Q. (3.34)

We have effectively made the transformation A — —A and so the flow equations become

9 o ]__lasA AN 55N 1 TOAM gt (3.35)

aA T T2%p 9N 0o T2 AN dpdy '
—1

O agr s 1 A, OTR0 1 9AR

akl‘ko[ﬁp]__2t1r[<1_Akc‘. Sods AQO Py (3.36)
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O ngr s 1 oA g2 |
Al __2tr[ Bk dpop T7%° (] (3.37)

It is noted here that this change in sign makes the equations backwards-parabolic which
in-turn means the Cauchy Initial Value Problem (CIVP) for flow towards the IR is not
well posed, this will have significant consequences which will be discussed in chapter
6. Before this we discuss the above equations and other consequences of this change in

sign in more detail, first considering non-derivative interactions at the linear level.

3.2.1 Non-derivative eigenoperators

The linearised flow for the potential is given by

OV (g, t) = =W V" (1) (3.38)

and can be recast as a heat diffusion equation with a ‘time’ 7' = A? which naturally
runs towards the UV

0 _ Ly

This notion of a ‘natural direction’ for the flow of these heat equations will continue to
be raised several times in this thesis, particularly when constructing non-perturbative
arguments in chapter 5 and the effects of it in the findings of chapter 6 [74-76]. Cru-
cially, for a general initial potential V' (¢, T') a well defined flow exists only in this natural
direction, in this case towards the UV. This contrasts to the natural direction of the
flow of h,, towards the IR as a consequence of its positive kinetic term that is more
typical in the Wilsonian point of view. Continuing the flow in the ‘unnatural’ direction
almost always results in an incomplete, unphysical flow which ends in a singularity
however this is not guaranteed for all values of the initial potential V (¢, T'). Flows in
the natural direction, here towards the UV, diffuse out (one can compare this to heat
diffusion in the heat equation as the potential smooths out over time) with unnatural
flows developing a singularity at some critical time T' = T, := CLQAIQ, > 0 where a is
some non-universal number. We will return to this object A, in section 3.3 where it

will play a significant role in the implementation of diffeomorphism invariance.

Let us expand further on this point to show it also mathematically. The heat

equation (3.39) has a Green’s function

a a2(p — ©p)?
G(e — 0, T) = \/W—Te:vp( - w> . (3.40)

As can be verified by direct substitution, V(p,T) = G(¢ — 0, T) is a solution for all

T > 0. Since (3.39) is a linear equation we know that therefore also
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Vie.1) = | " oo Gl — g0, T) V(o). (3.41)

—0o0
is a solution to (3.39) for all 7' > 0 and for any Vj(¢g) for which the integral converges.
On the other hand one readily confirms that

/ dpo G(p — 0, T) = 1. (3.42)

Since G — 0 for all ¢ — ¢ # 0 as T — 0" (i.e. so that T is kept positive while taking
the limit), it follows that

Iim G(p — T) =6(p — . 3.43
TLI{)I+ (¢ =0, T) (¥ — o) ( )

Then we see that (3.41) is a general solution of the heat equation such that the initial
heat distribution is V(¢,0) = Vy(¢). We have thus shown that for any initial heat
distribution (that does not grow so fast as to invalidate (3.41)), a solution is guaranteed
to exist for all later times T' > 0.

The proof breaks down for flows backwards in time. Not only is the Green’s function
imaginary for negative 1" but its exponential is such that it diverges for all ¢ # g
as T — 07. This reflects the physics of heat flow as we pointed out above: flows in
the ‘unnatural’ direction almost always end in a singularity. That singularity is clearly
visible in the behaviour of (3.43). If we insist on trying to push the general solution
(3.41) into negative T', i.e. to analytically continue it into the negative T region, it
will then in general diverge everywhere as T passes through 7' = 0 and then becomes
complex. This behaviour is clearly unphysical.

Another example is provided by

Ve, T) = Glp — @0, T + To). (3.44)

This is a solution of the heat equation for all T > —Tj. If we set Ty > 0 then we can
flow backwards in time for a finite time, but then we hit the singularity at T' = —Tj.
Using this in place of the Green’s function in (3.41), we can construct general solutions
which work for all later times but cease to make sense if we try to go earlier than the
negative time 7" = —Ty. We will prove in sec. 3.2.2. that this is an inevitable feature:
all solutions become complex once they pass through the singularity. So this singular
point is a genuine end of the flow for physical (and thus real) solutions.

Given this reversal of the natural direction it would be anticipated that universality
would be found in the UV around the GFP rather than in the IR. We will find that the
GFP in fact supports eigenoperators of arbitrarily high relevancy, replacing the role of
the usual hierarchy of irrelevant operators and that render the theory non-predictive.
There will however be significant restrictions on these operators once diffeomorphism

invariance has been implemented as well as further constraints we will discuss in chapter
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We must now scale our variables to realise the Wilsonian RG, this gives

A%W@ — PVA(P) +4Va(@) = Vi (9)/(20%) (3.45)

and setting Vi (@) = eMV () yields the eigenoperator equation (3.11) except with a
crucial plus sign on the right hand side
5 5 5 (71!
— AV (@) — @V +4V = 22" (3.46)
As a result of this change in sign between the @V’ and V" terms for large values of
the field there will no longer be exponentially growing solutions. Indeed, keeping only

these terms the equation is exactly soluble. The solution is

v
2a?

where A and B are the integration constants. We see explicitly the exponentially

:l: ()5‘7/ — e ‘7 — Aeia2¢2 + B, (347)

growing solution has turned into an exponentially decaying solution. This analysis
is valid if the derivative terms are the most important terms and by inspection for
this solution it is indeed true that V’ > V and V” > V for large ¢. The remaining
solution is one in which the derivatives are the least important terms so that now one
can neglect V”. Doing this the solution is the leading term in (3.48). Again one can
verify the assumed behaviour: V" < @V’ ~ V for large ¢. Thus, instead the solutions

will behave, at worst, as

(4-XNB-2X)
4a2

which is generically an asymptotic series which is also subject to exponentially decaying

Vo gt 4 P A+0(@e) (3.48)

solutions gé)‘_5e_“2¢2. For A > 2 the solutions justify linearisation of the right hand
side of (3.36) and are not ruled out by large field analysis however for A < 2 the
mean field analysis will permit these perturbations since it simply returns the correct
multiplicative evolution i.e. (Ag/k)* V. To summarise the large field test rules out
none of these solutions.

The general solution of this equation is in terms of a linear combination of two

Kummer functions [77]:

- A 33 A
V =CioM (2 — 5y —a24ﬁ2> + oM (2 -2,1, —a2¢2>, (3.49)

in terms of the Kummer M-function [78] and constants Cj, the first function being odd
in ¢ and the second one even in ¢. Here one can arrange for zero coefficient for the
asymptotic series in (3.48) on one side of the equation with ¢ — 400, leaving behind

the exponentially decaying corrections. On the other side there will be ¢ — Foo (note
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the opposite sign), it will therefore have (3.48) as its asymptotic behaviour. For A
an integer one of the two Kummer functions will degenerate and produce two discrete
spectra. At A = 4 —n there are polynomial solutions O, (¢) = Hy(iap)/(2ia)™ and for
A =5+ n we see the first glimpse of our novel tower operator. This change in value for
A will seed the solution for the irrelevancy problem in QG. This is an infinite tower of

exponentially decaying ’super-relevant’ eigenoperators

a " 252 a 2 32
D) i =—m — —— —aty = ——| — n D —aty =
on(P) : ﬁ@@"e ﬁ( a)"H,(ap)e , A=5+n (3.50)

where n is a non-negative integer and the dimension of this operator is thus

b =4—A=—-1—n. (3.51)

Such solutions existed for the positive kinetic term case, see (3.11), however they
were exponentially growing and thus in the large field limit they did not evolve correctly
as was briefly discussed. As we will see shortly the presence of this tower operator is
justified further as a consequence of the quantisation process.

The second expression for the tower operator (3.50) follows from the substitution
V = Ve 9% into (3.46) and comparing it to (3.11). The first is found via substituting
the Fourier transform ~

- © d~ i
V(g) = —V(7)e"™ (3.52)
oo 2T

where 7t = 1A is the scaled conjugate momentum, this gives the general solution

77{2
4q?

This has power law asymptotics (3.48), generated by the singularity at 7t = 0 except

V(7t) = (i7t)* Pexp(—— ). (3.53)

where the singularity is absent when A\ = 5+ n where it gives (3.50).

We note that (3.46) is still of Sturm-Liouville type however now the Sturm-Liouville
weight function is now e+ta*? where we have placed extra emphasis on the positive sign
of the exponent which contrasts that of the weight function in the standard positive
kinetic term case. We define £_ to be the space of square integrable functions under this
measure and comment that the polynomials and the continuous spectrum of Kummer
functions lie outside this space. The exponentially decaying solutions lie within this

space £_ and form a complete orthonormal basis for this Hilbert space:

/ " 43P 6, (B)0m(5) = %(2&)" ! S (3.54)

and using the second equation in (3.50) so that if V(@) € £_ and

. ™ 232 Ty~
in= gt [ 5,V () (355)
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the norm-squared of the remainder vanishes as we extend to the infinite series:

—0o0

oo 2
/ dp e % (f/(@) - Zgndn(@) —0 as N — oo. (3.56)
n=0

3.2.2 Quantisation condition

We now consider the definition of this Hilbert space £_ and operators that lie within it
or on its boundary as a consequence of this change in sign of the exponent of the Sturm-
Liouville weight function. We do not necessarily have to exclude solutions outside of £_
by their large field RG properties however we can exclude them by choice and we will
also find in any case that in the physical limit they are poorly defined. We are therefore
demanding that any interactions lie within £_. This is our quantisation condition.

If we consider a finite sum of the basis operators (3.50) then this quantisation
condition is clearly respected by the RG at the linear level since the operators evolve
multiplicitly . At some initial bare scale A = Ay, ,,(¢) appears with a sufficiently small
coupling g, = gn /ASHL and then at some other scale it will be §, = g,/A°T™ where
gn is held fixed. We can then switch on an infinite number of couplings and by the

quantisation condition we require

Vao (@) = Gndn() € £_. (3.57)
n=0

As before if V is small enough to trust the linear RG then at another scale A we simply

replace Ag in equation (3.57) with A i.e.

VA(@) =D gnbn(®) € £ (3.58)
n=0

We can then use (3.54) to calculate the norm-squared of the evolved potential

/ood~ CET2(p) = i ! 2<2“2>n (3.59)
. pe AP _Am\/%n:on‘ In\ Az | > .
by (3.57) we note that series on the right hand side converges for A = Ay. Crucially we
thus see that V(@) € £_ and remains small for all A > Ag. This underpins why we
interpret the quantisation condition VA(cﬁ) € £_ as operating at the bare level. We will
find that all the couplings g, are relevant as a consequence of the super-relevant tower
operator and so we set them to be finite at some physical scale and they will therefore
parametrise the most general RG trajectory.

These properties ensure that the Wilsonian effective action continues to satisfy the
quantisation condition along the entire flow all the way up to A — oco. As one would
expect in the Wilsonian framework we also find that V() — 0 in this continuum

limit i.e. it emanates from the GFP and then describes the RG trajectory. Since we
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can regard this as the continuum limit then we would consider this to be an ultimately
fundamental theory, that is to say there is no need to consider this as an effective
theory for some microscopic theory. With that being said if the possibility of such a
microscopic theory were considered this quantisation condition could shed some light
on the form of such a theory.

It is also found that for a generic case the g, will result in (3.59) having a finite
radius of convergence 1/A = 1/(alA,) where, by (3.57), A, < Ag. Then the potential
has flowed out of this Hilbert space i.e. V(@) & £_ for all A < aA,. This amplitude
suppression scale A, will be crucial in the implementation of diffeomorphism invariance
and a return to standard results in the latter stages of this thesis. In any case once
VA(cﬁ) ¢ £_ the expansion over the basis (3.50) no longer converges and we no longer
have a well defined operator.

There are two possible reasons for why Vj (@) fail and exit £_, either V(@) has
developed its own divergences or it grows too fast such that ¢ the integral in (3.59) no
longer converges as ¢ — F00. In the former case this is because the flow ceases to exist,
this can be recognised via a comparison to the reverse heat equation where singularities
will cause the flow to end prematurely. The singularity is fatal to the solution: it does
not exist as a real solution below this critical value A = aA,. To see this note that
we have just excluded the case where Vi () grows too fast. Working with the flow

equation written in the form (3.39) we therefore know that

o [ 2 1 [ , 2
8T/_oo dy [V(@,T)} — —M/_OO dp {v (o, T)] , (3.60)
Where the right hand side follows by applying (3.39) and integrating by parts using
the fact that the boundary terms vanish. This is true since we know from (3.59) that
for this solution V' vanishes exponentially fast for large ¢. If V is real, the right hand
side is negative since (V/)2 > 0. That means as we lower T, the integral on the left
hand side must increase. This is consistent with the fact that as T' decreases towards
the critical scale value T = T, = a?A2, the integrals (on both sides) diverge. If V stays
real for T below T., we see that V must remain singular since the integral of V? is
already infinite. The only way we can get a finite solution for V once T passes below
the critical value is if the right hand side now contributes an infinitely positive part.
But that is only possible if V' is both complex and divergent.

In the latter case where the integral in (3.59) no longer converges the evolution
can still be described by the appropriate flow equation (3.45) or in more general terms
(3.35) and (3.36). The flow is first order in A and it can be uniquely determined by
supplying as boundary conditions the expansion over the basis for any A > aA,. At
a formal level we can continue to write V() as an expansion over the basis, even for
A < al,. At the linearised level it will continue to be (3.58) since each term sepearately
satisfies (3.45). However to achieve this we will need a prescription for resumming this

series, to do this we will work in conjugate momentum space. This will be a technique
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we use on several occasions.

With this quantisation condition understood we can now examine the form of this
novel super-relevant tower operator and some of its interesting features. Analogously
to the procedure in section 3.1 we identify the dimensionful bare operator 6/(\? () as the
conjugate to the dimension 5+ n unscaled coupling g, in the bare action. Thus, either

directly from its dimension (3.51) or by re-expressing the coupling and re-scaling,

55 (2) = 8ulip/Mo) JAGT™ (3.61)

and hence, using a = Ag//28, :

(n) " (n) (n) 1 a
6AO ((10) = D 5/\0 (Qp)a where 6/\0 (80) = \/TTA exp| — ST (362)
0 0

We note now that if one restores h it appears as {25, o hA%, as a result these
operators are said to be evanescent in the sense that for a fixed field ¢ the operators
vanish as we reach the continuum limit. Strikingly one can also note that they are non-
perturbative in i and appear to have a similar form to instanton [79, 80] or renormalon
[81] contributions. Another novel aspect of these operators is that as a consequence
of this they are inherently quantum, there is no classical limit that one can take;
this suggests that in this framework the classical and quantum aspects of gravity are
entirely independent of one another. One may be concerned that these operators are
non-perturbative in A. One may assume that the problems of being non-perturbative in
k are simply traded in for equally difficult and seemingly rigid problems with this new
non-perturbative in % behaviour however once the implementation of diffeomorphism
invariance is addressed we will see that such concerns are alleviated, albeit at the cost
of a new perspective of the definition of a continuum theory and the summation of
Feynman diagrams.

As a consequence of this construction V(p) = 6/(\n)(g0) is a solution of the unscaled
flow equations (3.38), we can generalise this solution to the linearised RG as the sum

of these with constant, relevant, coeffecients g,

Vig,A) =" g8y (¢). (3.63)
n=0

This is simply (3.57) in dimensionful terms. We have, by (3.57), found that this will
converge for all A > Ay and this will be true even for an infinite number of non-zero
couplings. This general potential will inherit the properties discussed above; it is non-
perturbative in A and is also evanescent. We note that this is distinct from the usual
relevancy’ property that the potential tends to zero in the continuum limit.

When we define operators such as this novel tower operator we do so in the UV,

around the GFP. There will however be significant effects in the IR i.e. in the physical
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Figure 3.2: The renormalized eigenoperator is the sum of the bare eigenoperator plus
its quantum correction, at linearised level.

limit. The scaled eigenoperator is form invariant under the linearised RG and the

corresponding dimensionful operator in the IR cut-off Legendre effective action is simply

m oy _ 0" 0 Oy _ 1 e
0 (@) = 8¢n5k (p), where &,/ (p) = mexp( 291:). (3.64)

We recover the physical limit and the physical operators by taking the IR cut-off k to
0,

sy ()
lim 6" () = 6" (). (3.65)

We must however remind ourselves that this work is being undertaken in an R* space-
time such that we can properly make use of the ERG framework, when extending the
treatment to M* there will be issues to consider, in particular unitarity and a Fock
space with negative norm spaces [82]. When this structure is embedded into gravity
however these problems are no longer of concern.

We find that we recover the right hand side of (3.65) in the A — 0 limit, this
means that the tower operator is inherently and non-perturbatively quantum; it can
not be recovered in the classical limit. To reiterate this means that one can picture the
classical and gravity aspects as entirely independent of each other. We can however still
understand the renormalization procedure of this eigenoperator in terms of Feynman

diagrams. Solutions to (3.37) can be expressed as

n 1 &2 n
/ (5/,(c )(go) = exp<—2tr A£° . W])/ 5&0)(@) (3.66)

where the expansion of the exponential gives the expected 1PI Feynman diagrams, see
figure (3.2).
Here each tadpole propagator is defined as in (3.24) with the correct change in sign

as dictated by this more complete treatment. We can also express the bare eigenoper-
ator (3.62) as, using (3.52) and (3.53),
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n o? .
54 () = exp(éQAo a<pa¢>5( . (3.67)

Then using (3.61) to transform to unscaled variable and taking the Fourier transform

we also find

oo 1 .
o3 () = / T ey 37 g ime (3.68)

oo 2T

and from this we find as one may expect, after pulling the 25, piece outside the integral

2
[t = ool ) oo o

Finally we can see that combining this last equation with (3.66) and using (3.24) that
the renormalized operator is given by (3.67) with Ay replaced by k, leading to the
expression (3.62).

Before concluding this section we comment on the behaviour of the potential when
an infinite number of couplings are non-zero as well as for higher order interactions
and derivative eigenoperators. In essence the entirety of this structure remains and
is flexible enough to permit these new cases with the resulting eigenoperators still
satisfying (3.46) and (3.54). We direct the reader to chapters 3 and 4 of [8] for more

details on these matters.

3.2.3 Summary of the tower operator

We now briefly summarise the previous section and note the most significant aspects of
the tower operator. The paramount feature of this novel operator is this negative scaling
dimension [5/(\n)(g0)] = —1 —n which follows from the quantisation condition (3.54) and
would seem tailor made to resolve the problems of irrelevancy of interacting graviton
operators and couplings which are ultimately the source of what makes creating a theory
of QG with a well defined continuum limit so difficult. We see that the tower operator is
evanescent, inherently quantum in nature and uniquely satisfies (3.46). The couplings

associated to the tower operator are relevant, in contrast to Newton’s constant «.

The discussion thus far however has had a glaring omission; this has not been
a theory of gravity. Strictly speaking so far we have been discussing a scalar field
theory with a negative kinetic term with some additional aspects. We must respect the
symmetry of gravity, diffeomorphism invariance, for this to be the case. We will now
discuss how this is achieved as well as associated topics such as how to consistently
consider field redefinitions (of which there is a great deal of freedom with gravitons),
the methods of BRST symmetry as well as its cohomology and how the addition of

exact terms will have implications for the representation of diffeomorphism invariance.

33



3.3 BRST, QME and the anti-field formalism

We must now concern ourselves with how to implement diffeomorphism invariance into
this structure at the quantum level, bearing in mind that the operators are dictated by
the ERG. Furthermore the quadratic divergence stemming from €2, is paramount to
the definition of the operators (3.62) and so dimensional regularization is not a suitable
method here, instead we must employ a cut-off which breaks gauge invariance which

we later restore.

3.3.1 BRST invariance

To implement diffeomorphism invariance whilst simultaneously respecting the RG we
will have to solve the Quantum Master Equation (QME) [83-86] as well as the RG
equations. To solve this QME we will first have to understand its classical counterpart
the Classical Master Equation (CME) and before that we must first understand Becchi-
Rouet-Stora-Tyutin (BRST) invariance.

A crucial ingredient of this BRST invariance is anilpotent operator @Q''. An operator
is said to be nilpotent if, upon acting on an object twice, the result is guaranteed to be

Zero, i.e.

Q*0=0V 0. (3.70)

This is often simplified to Q% = 0. As part of this we can then also define an ezact
object K = QO i.e. it is produced via the action of the BRST operator on another
object, via the nilpotentcy condition (3.70) then

QK =Q(Q0)=Q°0 =0 (3.71)

will always hold true. This is often abbreviated to Q2 = 0, that is to say this nilpotentcy
should be true in all cases. Objects C which satisfy

QC =0 (3.72)

are said to be closed. A pertinent example for this thesis which illustrates this is the
action of (g, the free level part of () which will be elucidated later, on the graviton
H,,, and ghost fields ¢,

QoHyy = dcy + dey (3.73)

Qocu =0 (3.74)

"This operator Q will later be referred to as the BRST charge however it will continue to act as
an operator in this sense. We also note that in a great deal of the literature these operators are
accompanied by hats Q, we eschew this standard practice in this thesis and assume the role of operator
is clear in context except when it is pertinent to be particularly explicit.
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If the operators are themselves not exact, that is to say C # QO, they are said to exist
in the cohomology of Q.

These concepts are more generally associated with the field of differential geom-
etry but are also crucial here. In this context the BRST operator ) generates field

transformations. For some action functional of the field ¢

S = / doL(6) (3.75)

we find that the action of Q) on ¢ is a local gauge transformation which is proportional to
a new field we introduce, the ghost field c,. For the symmetry associated to this gauge
transformation to be satisfied (which was traditionally non-Abelian gauge theories but

is also equally applicable to diffeomorphism invariance) we demand

QS = Q / Aol = 0. (3.76)

If (3.76) is true then we say that the symmetry associated to the BRST charge @
is satisfied. There are many further aspects to consider, the first of these is that we
also introduce non-physical auxiliary fields B, to ensure the action is closed under @
off-shell. We also introduce the anti-ghost ¢, when fixing a gauge to ensure we can
calculate Feynman diagrams with a well defined ghost propagator. The ghost itself is

also a fermionic field.

3.3.2 QME and the anti-field formalism

We must now consider extensions to the BRST formalism when considering gravity
[87, 88], we need to do this as we have significant more freedom in terms of how we
parametrise our graviton fields when compared to the gauge fields discussed earlier. We
must also consider how to implement the diffeomorphism invariance in this way whilst
also respecting the form of the operators as dictated by the Wilsonian RG. To achieve
this we will use the QME and its extension the anti-field formalism [87-90] which will
combine this implementation of diffeomorphism invariance, considering the freedom of
field redefinitions and also respect the Wilsonian RG. We will also see how the anti-
field method will significantly restrict the operators we can construct and also how the
addition of BRST-exact terms will have important implications for the representation
for diffeomorphism invariance.

We begin by defining the QME and the role of the anti-fields. We can maintain
renormalizability in the presence of non-Abelian local symmetries provided the CME
(also known as the Zinn-Justin equation [91, 92]) for the Legendre effective action is
satisfied. We will define the CME shortly, this will form the basis for the QME which
is more relevant to the topics discussed here. These equations account for the fact
that gauge invariance is realised at the quantum level by demanding BRST invariance
[93-96].
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The master equations also take into account the deformations under regularisation
and renormalization whilst still satisfying this BRST invariance, that is to say our
overall structure will not be affected by these deformations provided they are performed
in a smooth, well defined way. We remind ourselves of the general, complete form of

the BRST transformations on the quantum fields we will be working with, in particular

5P4 = QD (3.77)

where € (not to be confused with the small quantity e employed earlier) is a Grassmann
number, §®4 denotes the transformation of our quantum fields ®4 and Q is our BRST
operator which we have discussed in subsection (3.3.1). Note that equation (3.77) is
in general a non-linear transformation since in general () itself depends on the fields,
the full details of this transformation are dictated by (3.88). We note that we will now
refer to this ‘BRST operator’ as the ‘BRST charge’ as this new anti-field formalism will
necessitate an extension to this original BRST charge, this more complete operator will
be referred to as the ‘BRST operator’. These quantum fields @4 contain all of the fields
in our theory including the graviton, dilaton and in particular the ghosts and auxiliary
fields needed to implement diffeomorphism invariance and realise the BRST invariance
off-shell. As before the BRST charge @Q acts upon the fields contained within ®4,
transforming them and we define this charge to act from the left.

We now introduce the anti-fields ®%. These non-physical fields act as source terms
for the BRST transformations of the original field, as part of this we supplement the
bare action S[®4] such that the total action is

S = S[d4] — (QD1)D*,. (3.78)

The partition function is then simply

Z[oY] = / Do e 5. (3.79)

We note that the anti-fields ®% have opposite statistics to the counterpart fields e.g.
huw is bosonic whereas hy,, is fermionic and that we are using the compact Dewitt
notation, where the index A runs over all internal indices [97], for the sake of clarity.
The contraction of the Dewitt indices indicates summation over internal indices and
integration over space-time. Thus for example the last term in (3.78), if we keep only

the h,, component of ®4, reads:

Q)Y = - / dA(Qhy ) () (). (3.80)

In this new approach, a gauge symmetry has been successfully incorporated if the
functional integral is invariant under (3.77) and this is true only if the QME is satisfied.
This is a special case of the Quantum Master Functional (QMF)
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A= 3(5.5) - AS (3.81)

where we return the QME if A =0 i.e.

o:;&&—AS (3.82)

The anti-bracket ( , ) and measure operator A are defined, where X and Y are arbitrary

functionals, as

_9.XaY  0.X Y B
XY) = 567907, ~ aor, 98 04 AX =0

4 0 0
904 997,

(3.83)

where the A in the exponent of (—)4 returns (—)® = 1 if A is 0 i.e. it refers to a

bosonic field and similarly (—)?

= —1 in the fermionic case. 0; and 0, refer to partial
differentiation from the left and right respectively, the former being the differentiation
process one is more familiar with. The standard Einstein summation for matching
subscripts and superscripts is also employed.

When acting upon a bosonic functional, such as the action, the measure can be

expressed as

or O

Aszzaégéiz

S. (3.84)

We note that the anti-bracket is the classical part and is in fact the CME. If & is
restored we see that the measure A is the quantum part, with regards to the latter we

will find that the Wilsonian RG will naturally implement a regularisation such that it
is well defined. We can see that the QME follows from

./IMDAeS :‘/IM?AeS::O (3.85)

where the result equals 0 as the second expression is an integral over a total ® derivative.

We will now review the relationship between this QME structure and the BRST
cohomology, in particular how an understanding of one leads to an understanding of
the other. We will begin by looking at the free graviton solution of the QME and then
perturbing S + €O which we find is still a solution where € is some small parameter
and O is a quasi-local operator integrated over space-time. In this context a quasi-local
quantity is one that possesses as space-time derivative expansion corresponding to a
Taylor expansion in dimensionless momenta p*/A. This corresponds to the existence
of a sensible Kadanoff blocking [98] which is a fundamental ingredient of the Wilsonian
RG. Such solutions will deform the BRST algebra allowing us to explore the space of
interacting theories which are smoothly connected to the well defined free theory that
satisfies the QME.
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We begin by substituting the perturbed action into the QME and find that, as one
may expect, that the operator must be invariant under the BRST charge Q

QO =0 (3.86)

and the full BRST transformation is defined as

sO = (S,0) — AO. (3.87)

We will now define the components of this full BRST operator s. The first part is the
BRST charge described in section (3.3.1) which acts on the fields

Q" = (S, 04) (3.88)

and the second is the part which acts on the anti-fields ®% which we refer to as the
Kozsul-Tate differential [99-101]. We define this to act from the left for consistency,

Q™% = (S, ®%). (3.89)

As the measure A has not appeared here we can see that these two parts of the full
BRST operator form the classical part and satisfy the CME, they are the starting point
for the classical BRST cohomology.

We remind ourselves of the nilpotentcy of the BRST operator and express it now

in terms of this QME, in general we have

520 = (A, 0) (3.90)

and note that the full BRST transformation is nilpotent provided the QME is satisfied.
Provided the QME is satisfied by an action S, then BRST-exact operators (3.71) can

be expressed as

O =sK =(5,K)— AK (3.91)

and are automatically closed under S (3.76). We find that these exact operators are
simply re-definitions of our fields and anti-fields, the latter being sources terms for the

former

9K

K
IV

A [
0P A

5% = (3.92)

with —AK being the Jacobian of the change of variable of the partition function (3.79).
We can make this more explicit. If Oy, ..., O, are BRST invariant operators and O also

s-exact then they will have disjointed space-time support i.e.
1
(00,...0,) = (sK0;...0,) = —Z/D@(K(’)l...()n)es = 0. (3.93)
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That is to say that if K generates a change in variables then the solution offers no new
physics, it merely re-parametrises the previously understood scenario. We are therefore
interested in those operators that are closed under s but not exact, that is to say they
exist in the quantum BRST cohomology.

We must now combine these concepts such that the QME is satisfied for the entire
flow, in particular we will show that the QME is satisfied at the GFP and for first order
perturbations away from the fixed point. We express the QME being satisfied for the
entirety of the RG flow as

OrA[S] =0 (3.94)

i.e. if the QME is satisfied at some scale A it will remain satisfied along the RG
flow, this in turn will determine how the QMF (3.81) is regularised. We begin first
by focusing on the well defined free graviton action at the GFP where only the free
BRST transformations are defined. The BRST charge and Kozsul-Tate differential can

be expressed order by order in the coupling

Q = Qo+ kQ1 + %RZQz + .. (3.95)

Q  =Q, +rQy + %FLQQQ_ + ... (3.96)

where we currently focus on the free level however this expansion will be useful for
defining the action at first and second order in the coupling. We note that this structure
is very general and the BRST charge and Kozsul-Tate differential can be expressed in
this way with any pertinent gauge coupling, we use x here due to the relevance to
gravity and diffeomorphism invariance for the ease of understanding. The action can

be expressed in a similar way

1
S =Sy + kS + 5;@252 + ... (3.97)

At the free level the BRST charge is given by

Qo®* = R, 85, (3.98)

The free level BRST symmetry is Abelian and diagonal in momentum space and so it
is relatively straight forward to regularise it by inserting a momentum cut-off function
between the bi-linear terms in the action and between the functional derivatives in
(3.83). We can express the action S at the free level as the usual free parts for the
fields and the free part of the BRST charge Q)9 and Kozsul-Tate differential Q)

So =80+ S; (3.99)

where we note the change in font for the components of the free action on the right
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hand side of the equation and formally define

St = —(Qo®*) B a*, (3.100)

where B? is the cut-off function. From the Wilsonian perspective we demand that S
is a solution of the flow equation (3.3), as such we convert to dimensionless variables
such that we then have the fixed point action with the anti-fields included. The flow
equation for the free action then becomes

So + St = —ao[So-So] + ao[S.S;] (3.101)

Up to a multiplicative factor ao[S;.S;] computes, via BRST invariance,

(QuP*Qu®?) = (Qo(2Qu®")) =0 (3.102)

where ag and later a; stems from an alternative expression for the RG flow equation.

We can express the flow equation as

B al al
0®B 9pA

= 0[S, %] — a1[3] (3.103)

where ¥ = S — 25 and ay is the classical piece and symmetric bilinear in its arguments
with the the quantum piece a; being linear in its arguments. The seed action S is chosen
to coincide with the GFP action and will re-appear through-out this thesis where it is

used in the cohomology of the BRST operator s.

(3.102) would navely result in S§ at which point one would conclude B* = 1 how-
ever this is not the full story and would not produce a structure which simultaneously
respects the QME and the Wilsonian RG. Expressing the action as (3.97) and substi-

tuting into the flow equation we find that first order perturbations satisfy

Sl = 2@0[51, S() — S] — al[SI]. (3.104)

From this we can see that there will always be a non-zero anti-field dependence
following from the first term on the right hand side where S is our seed action. In
particular even the the original S; = O[®] eigenoperators from our top terms will
develop anti-field dependence which muddies this picture of the anti-fields as source
terms to the transformations of the BRST charge. As a result we demand that this

seed action agrees with the GFP action i.e.

S =38+ 8. (3.105)

Substituting in Sy back into the flow equation yields
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S() + Sg = —ao[So, 80] — 2a0[80,8§] (3.106)

and from this we find that we should set B(p) = 1/C*(p), that is to say the free
action (3.99) and seed action (3.105) are equal and regularised by inserting this factor
of 1/C*(p) inside all bilinear terms. To find how the QME is regularised we express
e~ =y and using (3.94) we find

On(Ap) = Ap+ Aj

1 87= - A AB&AS i A\ BA 87'2 A A\ BA arZ

Ny O  iApaf OnS

1 8r [(AA)BA&EAM—(AA)AB&AM]

o8 DB
(3.107)

For the QME to be satisfied along the entirety of the RG flow (3.94) we find that
the first two terms in the last line of (3.107) must be zero. To achieve this we substitute

(3.105) into the second of these terms and expand, the S§ part gives

;

_% RCB(AA)BA+RAB(AA)BC

with the term in square brackets vanishing via linearised BRST invariance. Finally
the Sy part cancels the first term if A is regularised by inserting C*(p) between its
functional derivatives. Finally we pull out the factor of p and cancel terms using

(3.103) and find the more concise expression for (3.107)

A =2a0[A, S — 5] — a1 ]A]. (3.109)

This states that the QMF satisfies the flow equation and will continue to satisfy it at
all points along the RG flow.

We may now explicitly state the free action with this regularising factor of 1/C*(p)

between bi-linear terms

. L1 _ e
&yzszﬁﬂr%&y:§@AQNwAE¢B——@h¢AXCA)1®A (3.110)
and similarly for the QMF with C*(p) between the functional derivatives
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94~ 9d*,

(X,)Y) = and AX =(—-) X . (3.111)

As a consequence of the introduction of these factors of C* equations (3.88) and
(3.89) remain unchanged (the regularisation factors cancel) however the quantum mea-
sure term will have this factor in a way which is well defined when acting on local
functionals. This measure term A will therefore map local functionals to local func-
tionals at the free level. We may substitute (3.97) into (3.87) to find the perturbative

expansion of the full BRST operator

1
s = s+ K1 +§n232+... (3.112)

and from this we can study the non-trivial solutions of the free quantum BRST coho-

mology iteratively to find

1
8051 =0 y S()SQ = —5(51,51) s S()Sg = —(Sl,SQ) g eee (3.113)

We note now that it is the free action with the non-zero anti-field dependence
(3.99) that is the GFP, the standard part with no anti-fields no longer satisfies the flow

equation (3.101) and we have our simplified flow equation

Sp = —ay[S1]. (3.114)

This means that S is a linear combination of eigenoperators with constant coefficients,
the couplings, which if we demand these operators span a space of interactions closed
under the Wilsonian RG then we weill find these operators will be elements of the
Hilbert space £_ described in section 3.2.2

We briefly comment that this work can be conducted in either gauge invariant or
gauge fixed basis and the results are equivalent. The latter is necessary to define a

propagator, in particular for the anti-ghost, when calculating Feynman diagrams.)

3.3.3 Applying the anti-field formalism to quantum gravity

The structures discussed above are very general and have not yet been applied to
the case of QG and the implementation of diffeomorphism invariance in a way that
consistently respects the Wilsonian RG and containing relevant operators as elements of
our Hilbert space £_ (which was defined above (3.54)) constructed around the negative
measure (3.54). We contrast this to the construction of the Hilbert space £; around
the positive measure (as defined below (3.16)), we will later find we must combine these
Hilbert spaces when associating the tower operator to monomials of other fields. We
now begin applying this structure to QG and uncover more facets of these powerful

tools, in particular we will find the anti-field formalism uniquely defines the operators
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that are diffeomorphism invariant which returns the result one would expect from
expanding the Einstein-Hilbert action as well as further investigating the role exact
operators play in the representation of diffeomorphism invariance. Additional gradings
will be introduced to heavily constrain actions that are diffeomorphism invariant.

We begin by expressing the free Einstein-Hilbert action (2.1), now with the anti-field

source terms in a Euclidian signature around flat R? with the dilaton ¢ = %H g

So = So + sg/ddx Lo (3.115)

where

1 *
Ly = i(aAHuu)Q —2(0ap)* — (a“HW)2 + 280‘9@65}[&/3 — 20uc,Hp,, (3.116)

reminding ourselves that we express the metric as g, = 6, +xH,, and (3.116) should
be compared to (2.5). To regularise this properly we insert the factor of (C*)~! between

bi-linear terms and so re-express (3.115) with

1 _ —1pyx
Lo=3 Hp (D)) g Hop — 20,0, (C) M H, (3.117)
where A;j op = D, 1, is the differential operator we find from (3.115) via integration
by parts, with (AA);}aﬂ = A;jaﬁ/cl\. This is the minimal gauge invariant basis

which encodes all the properties of the diffeomorphism invariant action and the gauge
transformations, we note the non-minimal gauge invariant basis now for completeness.
This adds the auxiliary field b, and the anti-ghost anti-field (where we note that the two
‘anti’s do not cancel each other out as they do in typical language) ¢,,- Supplementing

(3.117) with these terms gives the Lagrangian

1
Lo= Lo+ %bﬂ(cA)—lbu —ib(CM) e, (3.118)

where « is the gauge fixing parameter. As mentioned ealier in section 3.3.2 we can
work in either gauge fixed or gauge invariant basis where we will find ¢,, dependence at
the free level in the former.

Using the anti-bracket we can construct all the non-vanishing actions of the BRST

charge, reminding ourselves of some previous results

QOH,LLI/ = a,ucy + ayc,u (3119)
Qocy =0 (3.120)
Qocy = iby (3.121)
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and Kozsul-Tate differential, namely

Qo H;, = —2GY),  Qyc,=—20,.H;, (3.122)

where G,(}l,) is the linearised Einstein-Tensor

Gf}) = —RSJJr%R“)éW = 30H,, 0,00 +0,,0+ 36,02 g Hap— 0,0 H,), (3.123)

with the linearised curvatures being

RO

wows = —200 0 Hgjja)s RY)

v

(3.124)
= —02,¢ + 0,0"H,)o — 30H,,, RY =02 3H,p — 200

Several gradings are introduced which are found to be a powerful tool in restricting
the representation of the action. In addition to the usual ghost number and statistics
restrictions we can also introduce the anti-ghost number [90]. We define that the action
S has ghost number zero, ¢, has ghost number 1 and H},, has ghost number one, these
demands lead to table 3.1.

H \ € \ gh # \ ag # \ dimension H

H, [0] O 0 | (d—2)/2
¢ | 1] 1 0 | (d—2)/2
&, | 1] -1 1 | (d—2)/2
b, 10| 0 1 /2
H, (1] 1 1 /2
¢, 0] 2 2 /2
Le [0l o [ o] d2 |
Q [1] 1 0 1
Q 1] 1 1 0

Table 3.1: Gradings of the fields and operators, € is the Grassmann grading with 0 (1)
being bosonic (fermionic), gh # is the ghost number, ag # is the anti-ghost/anti-field
number and we also include the classical scaling dimension. The first two rows of fields
are the minimal set of fields we employ in this thesis with the following set the minimal
anti-fields and we include ¢, for the non-minimal set for completeness. We also include
the BRST charge ) and the Kozsul-Tate differential Q~ to illustrate their now definite
gradings in this system.

We can see that (X,Y) adds one to the sum of the dimensions of X and Y as well
as adding one to the sum of the ghost number of X and Y, hence @, @~ and A~ do
the same. What is very powerful about this technique is that we can then split our

actions up by anti-ghost number
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S=) s (3.125)
n=0

This then explains some of our notation, the BRST charge Q@ = Q° leaves this grading
unaffected, the Kozsul-Tate differential Q— lowers it by one, hence the minus sign, and
the two parts of the measure operator A = A~ + A= do the same by eliminating the
graviton and ghost anti-fields lowering the grading by one and two respectively, i.e.

3 CA 31 31 CA 8

— (91 A 8
OH,, ~ 0H;, Oc, 0c’ dcy, ¢ oc,

A-

(3.126)

The full quantum BRST, also known as the BRST operator is now written as

§=Q+Q —A" — A (3.127)

and from this we can then split up the cohomology equation $O = 0 by this anti-ghost

number, which for all n > 0 (there is no physical meaning for n < 0) states that

QO™ + (Q~ — AT)O"T — ATO" 2 = 0. (3.128)

When we isolate this for each anti-field number we produce the descent equations which
leads to an anti-field cascade, where the heavily constrained maximal anti-field number
if easily found and leads to the lower anti-field number parts, up to the addition of

exact pieces

Qo0" =0, QO™ ' =(A"=Qy)0", QO™ ?=(A"-Qy)0" 1+A=0",... (3.129)

We are interested in the solutions that exist in the cohomology of § i.e. we do not want
solutions of the form O = $K, using (3.128) and grading K by anti-ghost number we

see that these trivial solutions take the form

O" =QK"+ (Q~ — AT)K"H — ATK"+? (3.130)

which means that K" are fermionic and have ghost number —1, using (3.128) and

(3.130) these exact pieces can be found and eliminated.

We now briefly mention the form of the propagators that will be needed to calculate
Feynman diagrams in this thesis, again reminding ourselves that this structure holds

in either gauge fixed or gauge invariant basis, and noting that
A1B — (p10B) (3.131)
with
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d4(x) :/ddpeip‘x d4(p), (3.132)

—~
N
3

~—

ISH

the propagators are

60461/ 4 paéuap 1 5(1611
(i (p) Has(—p)) = 257 +(—2> i i N GRE)

(bu(p)Hap(—p)) = —(Hap(p)bu(—p)) = 20,(app) /D" (3.134)
{bu(p)bu(—p)) =0 (3.135)
(culpe () = ~(eulplen(—p)) = (3.136)

We can then project the graviton propagator into its irreducible representations

g 0‘5 v 4 paéu P,
(hy (D) hag(—p)) = 25) - ( —2><)<5>

g : v (3.137)
1(4 OapOpuw 2 2\ Sappuby + PaPsdu .
+d2<a , 2) 2 d<1 ) .
_ _ _ z 5& _ Pubv i
(hu (P)(=p)) = (@(P)hyu (—p)) = (1 a)( q >p2 (3.138)
1 d—1\1
(p(p)e(=p)) = (a - H) o (3.139)
which when specifying to « = 2 and d = 4 become
IO I
(Hyw(p)Hop(—p)) = “(pf) -3 “p2 4 (3.140)
4 a6 v lé I/éaﬁ
(I (D) hap(—p)) = 2 p24 . (3.141)
(huv (p)p(=D)) = {p(P) Py (—p)) =0 (3.142)
1
(p(p)e(=p)) = L (3.143)



3.3.4 Legendre effective action and modified Slavnov-Taylor identities

We have thus far described this structure in terms of the Wilsonian effective action for
the sake of clarity of explanation, we now re-iterate some of these properties in terms
of the renormalized IR cut-off Legendre effective action as this is more useful when
performing calculations. BRST invariance is no longer expressed as the as unbroken
through the QME but instead through the modified Slavnov-Taylor (mST) identities
[102, 103] where off-shell nilpotency at the interacting level is recovered in the A — 0
where A is now this IR cut-off. The free charges remain nilpotent and in using the

Legendre effective action there is now direct access to the physical amplitudes

Tphys = lim T (3.144)

The flow equation now becomes [59, 71, 72, 104-106]

-1
= —1Str (AA ARt {1 + AAP?)] ) (3.145)

where the over-dot is the usual partial differentiation with respect to the RG time
0y = —AOj and the mST is

—1
S = L(I,T) — Tt (CArﬁ) {1 4 AAP?)] ) =0 (3.146)

where C*(p) is the UV cut-off function as described in 2.3 and is chosen to satisfy the
requirements outlined there. Cy(p) =1 —cA (p) is its IR counterpart, noting the change
in super to sub script and appears in the IR regulated propagators as AﬁB = C\AAB,

The two equations are compatible, if the mST is satisfied at an arbitrary energy scale
then it will continue to be satisfied along the RG flow. In the physical limit A — 0 the
second term in (3.146) becomes zero (and is found to always remain finite at an arbitrary
energy scale) and so in this limit we return the Zinn-Justin equation %(F, I') = 0 and we
return to the standard realisation of BRST invariance as outlined earlier. Expanding
upon the introduced notation we have StrM = (—)4 M4 and TrM = M4 where (—)4
corresponds to the field A being bosonic/fermionic as outlined before. In addition to
this we note that J; denotes taking the derivative from the left (in the standard way)
and 0, denotes taking the derivative from the right (in the not-so standard way), which
can be converted to J; by commuting the derivative through, taking into account the

swapping of fermionic fields and the minus sign(s) that will bring. We also set

A
@ O O (2) 0 O
N = geaps'h (Pf*> 5 004,008 (3.147)

where T' is the effective average action [105] part of the IR cut-off Legendre effective

action. This is given by
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I =T + 104RAp®"%, Ayl =245+ Ras (3.148)

where R4p is the IR cut-off expressed in additive form. As seen with the Wilsonian
effective action we split up the Legendre effective action into a free part and an inter-

acting part

I=Tg+T;, To=304A55 0% —(Qud?)dy (3.149)

where the BRST charge and also the Kozsul-Tate differential are defined in the same

way as for the Wilsonian effective action, namely

Qod" := (Tg,@Y), Q@7 := (T, %) (3.150)

and similarly expand I'; perturbatively in its interactions

(o]
L= Tye"/nl. (3.151)
n=1

At first order the flow equation (3.145) and mST (3.146) become

) = 1strA, T (3.152)

0= (To,Iy) — Tr <0Ar§?> = (Qo+ Qy — ATy = 3Ty (3.153)

where the first equation is the Legendre effective action version of the flow equations
and is satisfied by the eigenoperators, their RG time derivative is given by the action of
the tadpole operator. In the second equation we have the Batalin-Vilkovisky operator
as seen before (3.83).

Much of the work in this Legendre frame works identically to that of the Wilsonian

frame, in particualar the free action

Lo = $(00\Huw)? — 2(0x)% — (0" Hu)? + 20°00° Hog — 20,0, 1, (3.154)
non-vanishing free BRST charges
QoHyu = Opcy + dyey, (3.155)
the non-vanishing free Kozsul-Tate differentials
Qo H;, = —2G%),  Qyc,=—20,H;, (3.156)

propagators (3.133 - 3.143) and method of switching between gauge fixed and gauge

invariant bases is the same. We continue to choose the convenient & = 2 Feynman
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gauge and work in d = 4 space-time dimensions for simplicity.

We now make clear a distinction between the interaction terms I'y and our choice
of non-trivial §p-cohomology representative, I';, the former not simply being <I'; as in
the standard quantisation [107]. So as to respect unitarity and causality we restrict I
to have a maximum of two space-time derivatives, as a consequence it must therefore
be a linear combination of a term involving space-time derivatives and a unique non-

derivative piece

I =I9=¢. (3.157)

The latter is the O(k) piece of \/g. The derivative part was found to have a unique
expression under this two derivative condition, up to the usual addition of §p-exact

pieces this is

I = —(l0uc”)ch = cudyeuct + Qo(Huvcuch) (3.158)

where the first bracket term is half the Lie bracket which will aid calculation at higher
orders and the addition of an exact piece on the RHS. Using the anti-field cascade as

outlined in 3.3.3 we are led to the anti-ghost level 1 and 0 pieces,

I =2¢, TS H? + 2H,0,00 HY,y = — (00 Hyuw + 20,¢* Hoo ) H, (3.159)

pv

and

f‘(l) = 2¢003Hpga00p — 2@(8ag0)2 — 2H,30,H0,03¢
+ 2H ,30008¢p — 2Hp 0, Ho304p
+ 10(0yHop)? — Hpp0yHopOyHopy + 2H,u00,Hop0, Hg, (3.160)
+ Hg, 0, Ho300Hyy — 00y Hog00 Hyg — Hop0yHog0y Hyiry
+ 2H,30, HagOyp + T0AYp .
This is the classical three-graviton vertex one finds from expanding Einstein-Hilbert

.1) under the parametrisation o e metric g, = Omuy + KH,, plus a quantum
2.1) under th trisation of the metric g,, = o H,, pl t

correction %bA‘lcp where

dp
b:/(%)4 C(p?). (3.161)

This quantum correction is generated by the action of the tadpole operator, the RHS of
the linearised flow equation (3.152), on this triple graviton vertex. As one would expect
all of these terms are of scaling dimension five. We also note the one-loop quantum

part which is anti-ghost level zero,
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y y 7
i =19 = 5b/\‘&p. (3.162)

In general (3.152) has solutions, once the conformal factor instability is considered,

of the form

53 (9) (8, 0, hy e, @) + .. (3.163)

where [ > 0 is an integer and ¢ = 0(1) according to the even (odd) ¢-amplitude parity.
We can also express a general solution of (3.152) with I'y = I'(u) where

82
(1) = exp< —FAMAB W) Tiphys = > (0 fR (o, 1) + .-.) (3.164)

[

which is a linear sum over the eigenoperators (3.163) with the underlying coefficients
9514 (p) which are subsumed into the coefficient functions discussed earlier which we

can also express as

o0
* dn

2
fR(e, 1) = /Oo 517 (m ple” T I (7 ) = iy (=) gy (m)m e (3.165)
B =0

It can be shown that the Taylor series of f7(7, 1) (noting the change in argument)
converges for all 7t and decays exponentially for T > 1/A, and so is valid for the entire
flow. These points are necessary to elucidate when begin to consider the higher order
behaviour of this theory. This infinite tower of underlying coupling for each monomial o
has at first order only relevant couplings with the exception of one marginal coupling.
At higher order the quantum corrections introduce higher dimensional monomials o
with infinitely many of their couplings being relevant however the first few are irrelevant
and are heavily constrained such that there is a well-defined renormalized trajectory
[8, 75]. At the second order, see chapter 5, there are no new marginal couplings, the
first order couplings do not run and the irrelevant couplings are determined in terms

of the first order couplings.

3.3.5 Implementation of diffeomorphism invariance in the physical
limit
We now review how one implements diffeomorphism invariance in this new approach
to QG, noting how one initially constructs the action in a way that does not respect
this invariance before returning to the invariant subspace in the physical limit.
We summarise this unique implementation of diffeomorphism invariance in figure
3.3, a simplified version of the theory space of our effective actions. The theory is

constructed in the UV where the cut-off scale A breaks the diffeomorphism invariance,
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Figure 3.3: The continuum limit is defined in the UV and emanates from the GFP
along relevant directions, it then re-enters the diffeomorphism invariant subspace in
the physical limit A — 0, passing below the amplitude suppression scale (also referred
to as the amplitude decay scale) aA, where a is a non-universal number.

it is only in the physical limit A — 0 where, going below a dynamically generated
amplitude suppression scale al,, that the mST is then satisfied. In this subspace the
underlying couplings are subsumed into the coefficient functions, effective couplings
such as k and the cosmological constant are recovered and all physical quantities are
then guaranteed to be diffeomorphism invariant, for example recovering the EH action
(2.1) at first and second order and matching the standard expressions. We can also
regard this as equivalent to the limit A, — oo.

This is a unique aspect of this structure which brings with it several considerations,
firstly it has always been assumed that the Wilsonian RG properties that define the con-
tinuum limit must also respect diffeomorphism invariance. This has led to arguments
against the existence of a UV fixed point in QG following from black hole entropy con-
siderations [23, 108] which are not valid in this approach. One can regard the following;
QFTs are constructed on space-time, classical GR. is constructed of space-time and in
this approach many of the tensions of formulating a theory of QG are resolved as we

are constructing the theory off space-time.
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This is the general behaviour however we can elaborate on this and further aspects
will be elucidated in this thesis. To re-iterate we construct the theory with every
possible (marginally) relevant underlying bare coupling g2 induced by requiring finite
couplings at physical scales, due to the presence of the tower operator we have an
infinite number of these. These operators do not respect diffeomorphism invariance
and lie in the critical surface in figure 3.3. We then take the physical limit and as a
result the coefficient functions, having been chosen careful, then return the effective

couplings we are more familiar with. For example at first order we would find

A fR () /6 = 1 (3.166)

and in doing so we recover the standard non-trivial solutions to the BRST cohomology
equations (3.158), (3.159) and (3.160).
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Chapter 4

Perturbatively renormalizable
quantum gravity at first order in

the coupling

Having outlined the basic structure of this novel approach to QG that follows from
combining the Wilsonian RG with the action for free gravitons, whilst considering
seriously the wrong sign kinetic term, we must now begin to test if a suitable continuum
limit can be found. We begin at the first order in the coupling and re-iterate previously
discussed results for clarity before proceeding further. We choose the most general
of the coefficient functions that are consistent with the flow equations and verify the
universality of the continuum limit. We express the effect of the wrong sign kinetic
term on the RG in terms of the Legendre effective action which will aid calculation,
following this elaborate on the structure of his coefficient function f{(¢) and how this
is parametrised by the truly fundamental underlying couplings ¢g7. We then further
develop the arguments outlined thus far in this thesis, showing how the RG properties
determine the form of the dressed interactions and these coefficient functions, this
reinforces that this structure follows naturally from the Wilsonian RG, negative kinetic

term and the free action for gravitons.

Following these developments we then discuss closed expressions for the tadpole
corrections found in the dressed interactions, proving that there exists a dynamically
generated amplitude suppression scale A, that determines the large ¢ behaviour for
the coefficient functions. This is found for all A > 0 and also proves that f{(y) is
determined uniquely by this physical limit. As part of this we express the functions in
conjugate momentum by an entire function f7(7) whose Taylor expansion coefficients

are these underlying couplings g7 .

We then turn our attention to the amplitude suppression scale, showing that it
characterises the asymptotic behaviour of these underlying couplings g7 at large n and

define what it means for the coefficient functions to trivialise in the large A, limit,

53



which will play a crucial role in returning standard, consistent results. As discussed in
section 3.3.5 these underlying couplings are chosen so as to recover the standard results,
re-entering the diffeomorphism invariant subspace at the linearised level. We focus on
the simplest case where the coefficient function then tends to a constant however we
also discuss that in general it must tend to a Hermite polynomial of degree o whose
functional form is then fixed.

In section 4.2.1 we briefly review how to derive new solutions for the coefficient
functions from a given one and derive formulae for their underlying couplings. To sum-
marise this is achieved either by multiplying the physical coefficient by a power of ¢ or
differentiating with respect to ¢, this will prove to be a useful tool later. Following this
aside we characterise the most general form for the coefficient function that trivialise in
the large A, limit, this is most efficiently expressed in terms of the Fourier transform
as we have seen previously. In particular we show that f7(7) must tend to the a®
derivative of a Dirac § function. From this we can make two powerful simplifying as-
sumptions. These will still leave us with an infinite dimensional function space flexible
enough to encompass the higher order computations, ensuring this structure remains
valid there. The first of these assumptions is that the coefficient functions must have
definite parity and in the second we insist that at the linearised level the coefficient
functions contain only one amplitude suppression scale, leaving a brief discussion of the
case where there is a spectrum of suppression scales to the appendix.

With these properties outlined we then have a complete characterisation of f7(7r)
in terms of both its large and small 7t behaviour, its normalisation and limiting be-
haviour of of key integrals in the large amplitude suppression scale limit. Given all this
structure we conclude this chapter with the construction of a very general continuum
limit to first order and verify that its RG trajectory fulfils the necessary properties of
respecting the flow equations and evolving into the diffeomorphism invariant subspace.
Finally we discuss the implications of this research and outline where there is room for

improvement and open questions, before addressing these concerns in chapter 5.

4.1 Renormalization group properties at the linearised

level

To briefly re-iterate, the wrong sign ¢ propagator

(p(P)e(—p)) = —— (4.1)

reflects the wrong sign kinetic term for ¢ in this gauge, which in turn is a reflection of
the instability caused by the unboundedness of the Euclidean Einstein-Hilbert action
(see [8, 107, 109] for further discussion). The Euclidean partition function is then more
than usually ill-defined, which the authors of ref. [9] proposed to solve by analytically

continuing the ¢ integral along the imaginary axis. However this wrong sign does not
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invalidate the Wilsonian RG flow equations, for example as realised by the Legendre
effective action flow equation (3.145), which provide an alternative and anyway more
powerful route to defining a continuum limit (see [8, 74, 107, 109] and e.g. ref. [20] for
further discussion). As shown in refs. [8, 107], the wrong sign then profoundly alters
the RG properties that are central to defining such a continuum limit. (For earlier
observations see refs. [77, 110].) We review and refine some of those discoveries in this
section.

Consider some arbitrary infinitesimal perturbation around the Gaussian fixed point
(3.115), whose @-amplitude dependence!? is given by fa(y). Recalling the wrong sign
in the ¢ propagator (4.1), and using Cy = —C*™, the linearised flow equation (3.152)

implies that this coefficient function must satisfy

fale) =L Qa fi(0), (4.2)

and
C(¢*/A?) A

= — 4.3

O = [{p(@) ()] = /
q

is the modulus of the ¢ tadpole integral regularised by the UV cut-off. Recalling that
the now positive sign on the right hand side of this parabolic equation reverses the
natural direction of the flow with solutions now only guaranteed in the IR direction.
Most importantly, the perturbation can be written as a convergent sum over eigenop-
erators and their couplings only if the coefficient function is square-integrable under

the corresponding Sturm-Liouville measure:

/ dp o712 £2 (1) < oo, (4.4)

— 00

where the measure is now a growing exponential. If fo € £_, then it can be written as

a (typically infinite) linear combination over the operators:

7 2
5(X)(@) = (’“)8@” 5(?\)@0) , where (5(2)(@) = \/271rTA exp <_2¢QA> (4.5)

(integer n > 0) with convergence of the sum being in the square-integrable sense under

the Sturm-Liouville measure (4.4), under which also the operators are orthonormal:

S |
dp 129 3 0) 3 p) = ——T o G-
/_oo v Q2 Var

(4.6)
These 6</n\)(<p) are solutions of the linearised flow equation for the coefficient function
(4.2), and are nothing but the tower of non-derivative eigenoperators in the ¢ sector
that span £_, the general solution of the linearised flow equation in this space being a

linear combination of these eigenoperators with constant coefficients, a.k.a. couplings.

12 e. its ¢ dependence other than any dependence through space-time derivatives as in 9™y
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The 6(/7{)(@) are all relevant, their scaling dimensions being equal to their engineering

dimensions in mass units, namely —1—n. Since (25 o A, the 5(X)(g0) are non-perturbative
in A. It is for this reason that we must develop the theory whilst remaining non-
perturbative in . We mention also that they are also evanescent, i.e. vanish as A — oo,
and have the property that the physical operators, gained by sending A — 0, are 6<n)(g0),

the n't-derivatives of the Dirac delta function.

In the hy, sector and the ghost sector, convergent sums are over eigenoperators
that are polynomials in the fields, justifying the usual form of expansion. Altogether,

the general eigenoperator can be expressed as [107]
6<X)(90) 0(87 8@, h7 c, (I)*) + - ) (47)

(in gauge invariant minimal basis) where we have displayed the ‘top term’, o being
a A-independent Lorentz invariant monomial involving some or all of the components
indicated, in particular the arguments dyp, h, ¢, ®* can appear as they are, or differen-
tiated any number of times. If d, = [o] is its engineering dimension, then the scaling
dimension of the corresponding eigenoperator is just the sum of the engineering di-
mensions, namely d, —1—n. Notice that undifferentiated ¢ does not appear in ¢ but
only in é@?(gp) The tadpole operator in the linearised flow equation (3.152) gener-
ates a finite number of A-dependent UV regulated tadpole corrections involving less
fields in 0. These are the terms we indicate with the ellipses. They are formed by
attaching the propagators (3.140) — (3.143) (in gauge fixed basis) in all possible ways
according to the usual rules of Wick contraction, but excluding ¢ tadpoles connected
only to 5?(90), since these are already accounted for through the flow equation for the

coefficient function (4.2).

In fact we can give the general eigenoperator (4.7) in closed form. Note that the

linearised flow equation (3.152) implies

I = —EAAABL I (4.8)
2 0PBodA "~
where AMB = CMAAB g the UV regulated propagator. The solution we need is
therefore

1, aap OF n
P (_2A Bm Diphys,  where Tipne =06 (),  (49)

since at A =0, 5(X)(¢) =6 (p) and all the tadpole corrections vanish. The exponen-
tial operator then just generates all the Wick contractions'? for the propagator which

appears here as —A?, as illustrated in fig. 3.2. For each functional derivative we can

"®In particular ghost propagators count an overall  x (—2)=—1 through (c¢) and (¢c) and statistics.
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write by the Leibniz rule
o of of
004 994 094

where 0% acts only on the left-hand factor (i.e. it acts on objects on the left, with

+ (4.10)

derivatives being evaluated on those objects only), here o, and 9 acts only on the right-
hand factor (i.e. it acts on objects on the right, with derivatives being evaluated on

those objects only) [103], here 6™ (). Thus (factoring out —C™ for later convenience):

2 2
1 oag O 1 ap O ap OF 9 1 up Of
2 2

oPBoPA

90BodA 27 90BadA T © 908 oA (4.11)

The exponential in the eigenoperator solution (4.9) therefore factors into three expo-
nentials. Since §(™) () only depends on ¢, the third exponential collapses to [8]:

2
1 ANAB alR n 10,02 <(n 0 *dn 120, +i n)
exp<_2A sanaga | 0 (@) = er M6 () = ap [ T emaoatime = o),

—o0

(4.12)
where we used the ¢ propagator (3.143), giving the tadpole integral (4.3) and derivatives
0, with respect to the amplitude (i.e. no longer functional), and expressed the result
in conjugate momentum 7t space, after which the integral evaluates to the expression

(4.5) for the 5<X)(<,0) operators. Thus the entire eigenoperator can be written as

oL oF 1 0?
_ AN - ANAAB 1 n)
exp ( A 90 8@) {exp ( QA 8@38®A) U} 5<A (), (4.13)

where the term in braces expresses all the tadpole corrections acting purely on o, and
the left-most term generates ¢-propagator (3.143) corrections that attach to both o
and 5<Z)(g0) (each such attachment will increase n+—n-+1).

A simple example eigenoperator [107] will prove useful later:
— 0ue, H 8 (0) + 20A%7 ) (4.14)

The second term has the ghost tadpole correction to the top monomial o =—0,¢, H v
(To see this immediately, substitute the SO(4) decomposition (2.6) into the Sp-exact
addition and integrate by parts)

The continuum limit is described by the renormalized trajectory, close to the fixed
point, the linearised approximation is justified. The interaction there is therefore ex-
panded only over the marginal and relevant eigenoperators (4.7) with constant couplings

g9 whose mass-dimensions
[go]=4—(do—1—n)=5+n—d,, (4.15)
must all be non-negative. Every monomial ¢ is therefore associated to an infinite tower
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of operators, which can be subsumed into

fR(p)o(0,0¢,h,c,P*)+--- =exp —AASW&@ exp —EAAABL o fA
A A D D 2 ODBHPA A
(4.16)

where the coefficient function of the top term is given by (at the linearised level)

oo

K=" 978%) . (4.17)

n=ng

and the tadpole corrections are the same as before (now with f{ differentiated according
to the number of times the left-most operator acts on it). In general all the (marginally)

relevant couplings [¢g9] > 0 will be needed [8] and thus at the linearised level
ne = max(0,d, — 5) . (4.18)

For d, > 5, we are thus including the marginal coupling [g;; | = 0.

The eigenoperators (4.7,4.13) span the complete (Hilbert) space £ of interactions
whose combined amplitude dependence is square integrable under the Sturm-Liouville

measure

1,
exp SO (¢* — hi, —2 CuCp) - (4.19)

At the bare level we require that I'; is inside £, so that expansion over eigenoperators is
meaningful. This as the quantisation condition that is thus both natural and necessary
for the Wilsonian RG as outlined in section 3.2.2. However, since we will be solving
for I'; directly in the continuum, our bare cut-off is already sent to infinity. Then this
condition is replaced by the requirement that I'; € £ for sufficiently large A, where as

a consequence we also have f§ € £_.

Recall that we define the amplitude suppression scale A, > 0 to be the smallest
scale such that for all A > aA,, the coefficient function is inside £_. The coefficient
function exits £_ as A falls below aA,, either because it develops singularities after

which the flow to the IR ceases to exist, or because it decays too slowly at large .

We need to choose the g7 so that the flow all the way to A — 0 does exist, so that all
modes can be integrated over and so that the physical Legendre effective action (3.144)
can be defined. Note that we mean by I'yhys the resulting A — 0 limit, thus removing
the infrared cut-off (limp_,0Ca = 0). The results are not yet physical in terms of
properly incorporating diffeomorphism invariance. That requires another limit as we

will shortly see.

Since the coefficient function thus exits £_ by decaying too slowly, we know from

the square-integrability condition (4.4) that asymptotically:
T () o Ag e~ /1o +ole?) = 4 o=@ /205 +0le?) (4.20)
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for at least one of ¢ — F00, with the other side decaying at the same rate or faster,
where

[Ao] =4- da (421)

is a dimensionful constant, and o(- - ) is a dimensionless term of either sign that grows
slower than its argument. (Because of the presence of such undetermined terms, the
asymptotic formula (4.20) only yields A, up to a dimensionless proportionality con-

stant.)

The asymptotic behaviour (4.20) gives us a boundary condition which then fixes the
solution of the linearised flow equation (4.2) at large ¢. Thus we find (at the linearised

level) the asymptotic behaviour for any A:

a2g02

fR(p) < Agexp <_A2_|_aQA(27

+ 0((,02)) (4.22)
(on at least one side with the other side being the same rate or faster). From the
requirement for square-integrability under the Sturm-Liouville measure, cf. (4.4), our
definition of A, is verified: f§ € £_ for all A>aA,, while f§ ¢ £_ for A<aA, (in fact
for all such A).

Setting A = 0 shows that the physical coefficient function fghys(cp), which following
[107] we write simply as f¢), is characterised by the decay (on at least one side with

the other side being the same rate or faster):
Fp) o Ay e™? /AsHole?) (4.23)

It appears as
f(p) 0(9,0¢,h, c, ®*) (4.24)

in the (physical) Legendre effective action, the regularised tadpole corrections in the
A > 0 solution (4.16) having all vanished, since they are all proportional to positive
powers of A. The asymptotic property for the physical coefficient function (4.23) is the
motivation for calling A, the amplitude suppression scale, or amplitude decay scale [8,
107].

From the linearised flow equation for the coefficient function (4.2), this solution can

be written in terms of the Fourier transform over 7t

°d 2 ,
R = [ orilmeF ot (1.25)
oo 2m

where §7 is A-independent and is thus the Fourier transform of the physical f7(¢p).
From the expansion of the coefficient function in terms of (5<X)(cp) operators (4.17) and

the Fourier transform expression for these operators (4.12), the couplings are its Taylor
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expansion coeflicients:

oo
P =Y gnlim)". (4.26)

n=nqg
Since the asymptotic behaviour of the physical coefficient function (4.23) ensures that
the inverse Fourier transform exists for all complex 7, 7 is an entire holomorphic func-
tion (Paley-Wiener theorem)!4. The asymptotic behaviour of the physical coefficient

function (4.23) is reproduced by setting §°(7t) proportional to
Ay, e A/ o) (4.27)

which also reproduces the asymptotic behaviour (4.22) at A >0. However at this stage
it needs to be interpreted with care since it captures only the fastest decaying part,
corresponding to the slowest decaying behaviour in ¢-space. (See app. A.l for an
example. This corrects part of the characterisation given in ref. [107].) It does however

control the large-n behaviour of the couplings:
gy X Agy <2i> §Ag+1 eon) as n — oo, (4.28)
n

where we Taylor expanded the asymptotic formula for the Fourier transform (4.27) and
used Stirling’s approximation. Indeed from the expansion of the coeflicient function
in terms of the 6<X)(<p) operators (4.17), square integrability under the Sturm-Liouville

measure, as in (4.4), and the orthonormality relations (4.6), we see that

/ de 12 (7Y% = Nor- >l 9%/ <00 for A>ah,. (4.29)

n=ng

By its definition, A = aA, marks the radius of convergence, and thus we see that g7
must at large n behave roughly like /€27, /n!. Using Stirling’s approximation we
regain the asymptotic formula for the couplings (4.28) (up to sign dependence). This

large-n behaviour also verifies that j° is entire.

As mentioned already below (4.2), flows in the p-sector are guaranteed to exist in
the reverse direction, i.e. from the IR towards the UV. In particular, the linearised
I3 () exists for all A > 0 and is unique, once the coefficient function at A = 0 is
specified, as is also clear from the Fourier integral representation (4.25). Given the
asymptotic behaviour for the physical coefficient function (4.23), this is also clear from

the Green’s function representation:

fR(p) = /Oodwo F(0) A0 —0) . (4.30)

—0o0

14 Then since §° is also square integrable, the exponential decay part in the Fourier integral solution
(4.25) ensures that the Fourier integral converges for all complex ¢ provided A > 0, and thus that
fR>0(p) is also an entire holomorphic function.
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It is clear that this is the Green’s function representation since it satisfies the linearised
flow equation for the coefficient function (4.2) by virtue of the fact that the shifted
eigenoperator 6<R)(g0—<po) does, and returns the boundary condition in the limit A —0,
since in this limit 6<[O\)(g0—<po) — 6(p—o) [8]. Thus éﬁ)((p—apo) is in fact the Heat
kernel for the diffusion equation (4.2). By Taylor expanding 5(?\)(g0—g00) about ¢, we
recover the expansion of the coefficient function over (5<X)(g0) operators (4.17) (and the
series converges for A >al,), and read off a formula for the couplings in terms of the

moments of the physical coefficient function [8]:

i2=F [G0e" s0) (4.31)

We see therefore that the general form of the solution is given by specifying the
physical coefficient function. At this stage it is subject only to the constraints that it
satisfy the asymptotic condition (4.23) and be such that its Taylor expanded Fourier
transform (4.26) has vanishing coefficients for 1"<"s equivalently that its moments
(4.31) vanish for n <n,. Indeed the asymptotic property (4.23) of this A=0 boundary
condition, implies the asymptotic solution (4.22) at A >0, which verifies that A=aA,
marks the point above which f{ € £_. Substituting the Taylor expansion formula
(4.26) for the Fourier transform into the Fourier transform solution (4.25) gives back
the expansion of the coefficient function in terms of 6<Z)(g0) operators (4.17) which
converges for A > aA, and describes a valid renormalized trajectory in the linearised

regime.

4.2 'Trivialisation in the limit of large amplitude suppres-

sion scale

All of the above properties for the linearised solutions are inevitable consequences of
respecting the wrong sign kinetic term for the conformal factor ¢, while insisting that
the Wilsonian RG remains meaningful. However this general form must now be married
with the first order BRST constraint (3.153). In ref. [107], it was shown that this is
possible only if the coefficient function trivialises in the sense defined below,'® and we
showed that such trivialisations are possible if we now send A, to infinity. In other
words, we can arrange for violations of BRST to be as small as desired by taking
sufficiently large A,. In this way, at first order, we get both the continuum limit and

diffeomorphism invariance of the renormalized solution.

In the majority of cases the coefficient function has to become ¢-independent, i.e.

15 In the final two paragraphs of section 7.2 of [107] we referred to “non-constant” coefficient functions,
where we should have written “non-trivial” as in the current sense.
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we need linearised renormalized trajectories that satisfy:
fR(e) = Ag as A, =00, (4.32)

(where we hold A, ¢ and A, fixed and finite) such that also its ¢-derivatives have a
limit, which is thus that they vanish. However if BRST invariance demands a physical
vertex of the same dimension but containing an undifferentiated ¢ factor (a a positive

integer), then this would appear as
o= ¢*04(0,0p,h,c, %) (4.33)
in the physical vertex (4.24), where thus the new monomial o, has
dy, = dy — a, (4.34)

and the p® amplitude dependence must be absorbed by the physical coefficient function.

This will correspond to linearised renormalized trajectories satisfying
IR (p) = Ay (A/2ia)* Ho(aip/A) as Ay, — 00, (4.35)

such that also their p-derivatives have a limit, where H, is the " Hermite polynomial.

This follows because
(A/2ia)® Hy(aip/A) = 0% + ala — 1) Que® 2 /2 + - - - (4.36)

is the unique solution of the linearised flow equation for the coefficient function (4.2)
with the boundary condition that it just becomes ¢® at A = (.16

Notice that the above conditions (4.35,4.36) actually apply also at o« = 0, where
they just give back the original limit (4.32) as a special case. Since we require the
p-derivatives to have a limit, by I’'Hopital’s rule this limit is given by the ¢-derivative
of the right hand side.

We say that a coefficient function trivialises in the limit of large amplitude sup-
pression scale if it satisfies the limiting condition (4.35) for some «. Since at finite A,
(with o0 =0), the coefficient functions satisfy the asymptotic formula (4.22), they are
non-trivial, in particular they cannot be polynomial in ¢.

From the asymptotic formula for the couplings (4.28) we see that the g¢ must
diverge in the limit A, — oco. However the vertices are nevertheless well behaved since
the coefficient function goes smoothly over to A, as in the limiting condition (4.32),
or more generally to the finite polynomial in (4.35). What is happening is that the
A = aA, boundary, above which f{(y) enters £_, is being sent to ever higher scales.

In this sense we are taking a limit towards the boundary of this Hilbert space (and thus

16These polynomials are nothing but the eigenoperators in the standard quantisation of a scalar field
, analytically continued along the imaginary ¢ axis , which destroys their Hilbert space properties .

62



also £) [107, 109].
Actually, from the asymptotic formula for the couplings (4.28), we can keep g7

perturbative in this limit if we choose A, to vanish fast enough with A,. For example
if we set A, = a,e M/t for fixed a, and u, then for any finite n, the couplings
g5 — 0 as A, — oo. Although this means that the coefficient function, and thus the
vertex itself, vanishes in the limit, this does not stop us from computing perturbative
corrections in the usual way [107], as reviewed in section 4.3. We can also choose
A, to vanish fast enough to ensure that couplings remain uniformly perturbative (as
opposed to pointwise in n as in the above example). From the asymptotic formula for
the couplings (4.28) one sees that for large A, they first grow with n and then decay
once the n~"/2 factor dominates. Thus we can estimate the maximum size coupling by

differentiating with respect to n and finding the stationary point. We find
‘ng-max X AUAU eAg/4 at N = Nmax = A(QJ/Q ) (437)

which implies that we can keep the couplings uniformly perturbative if we set A, to

vanish faster than A;! e™A/4,

The above result already suggests that it is the large-n
g% couplings that should be important in the limit of large amplitude suppression scale.

We will see this more dramatically from a different point of view in ref. [2].

4.2.1 Relations

In this subsection, we pause the main development to explore two rather natural ways
for generating new solutions. The first increases «, while the second decreases it. We
will see however that the maps are not inverses of each other, but rather when combined
generate yet further solutions. This illustrates that there are infinitely many solutions
for coefficient functions, with the same trivialisation. The formulae we will derive are
then used in the next section to arrive at the general form, in section 4.2.3 and app.
A.1 to generate examples with illustrative properties, and in section 4.3 to explain the

properties of special limiting cases.

On the one hand, we can convert any solution to flat trivialisation limit (4.32), into
one satisfying the polynomial trivialisation limit (4.35), by multiplying the physical
coefficient function by ¢ and using the fact that the flow to all A > 0 then exists and
is unique. Recalling that we defined o(- - ) to be dimensionless, we thus identify from
the asymptotic formula for the physical coefficient function (4.23):

Ao, = Ao and Ay, = ANy, (4.38)

[e%

where A, is the amplitude suppression scale, and A,_, the dimensionful constant, in
the asymptotic behaviour of the physical coefficient function associated to the new

monomial o,. Using the Fourier representation of the solution (4.25) at A = 0, and
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integration by parts, we see that the new physical coefficient function is given by setting:
foo(m) = (0 )7 (7). (4.39)

We confirm that §7¢(7r) thus satisfies the same general Taylor expansion formula
(4.26), with
Ng,, = max(0,dy, —5), (4.40)

i.e. defined as in the previous minimum index (4.18), since

Npy =No —=dy —a—b=dys, —5, (4.41)

[e3

unless dy, < 5 in which case n,, = 0. Reading off the couplings from the Taylor
expansion formula (4.26) and the Fourier transform of the new physical coefficient

function (4.39), we have

) = > g% @m"  where
n=ng: (4.42)

gt = (=) "+ +2)-(n+a)gi.= (—)‘”W Gk

Using this, the asymptotic formula for the couplings (4.28) and the conversion formulae
from o to o, (4.38), we confirm that in terms of the appropriate o,-labelled quantities,

these couplings have the expected limiting behaviour at large n.

On the other hand, thanks to the recurrence relation H/,(z) = aH,—1(x), one easily
verifies that taking the p-derivative of the polynomial trivialisation (4.35) just maps
it to (o times) the (a—1)*" case, as it must since the derivative is still a solution of
the flow equation for the coefficient function (4.2) and the result is determined by the
physical (A — 0) limit, in this case «4,p*~!. Of course this does not mean in general
that f{*'(p) = afy" ' (p), since there are infinitely many solutions with these limits.
Indeed while f7= satisfies the minimum index property (4.40) for each « in general, the
coefficient function defined by

Ta1 L
AT ()= () (4.43)
is more restricted. From the Fourier transform representation of the solution (4.25)

and its Taylor expansion (4.26) we see that it has couplings

a— 1 @
g = gty (4.44)
with the lowest n in the sum thus being
ny:  =max(l,d,, —4) = max(l,do,_, —5), (4.45)
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4.2.2 Simplifications and general form

In order to check the universal nature of the final result, we want to work with very
general solutions for linearised coefficient functions satisfying the required trivialisation
constraints (4.32,4.35). These not only determine the form of the interactions at the
linearised level, but then contribute at the non-linear level through higher order con-
tributions in the perturbative expansion (3.151). As will become clear [75], the most
powerful way to handle these higher order contributions is to express the solutions
in conjugate momentum space. Thus we use the fact that the linearised coefficient
functions are given by the Fourier transform solution (4.25) via a A-independent §7(7r)
which, from its Taylor expansion (4.26) and the discussion below it, we know can be
written as an entire function times a 71" factor. The flat trivialisation constraint (4.32)
is equivalent to

7 () — 2w Ay 9 () as A, — 00, (4.46)

understood in the usual distributional sense (see also below) while more generally from

the polynomial trivialisation constraint (4.35):
foo(m1) = 2m A, %0 () as Ay — oo, (4.47)

as we see immediately from the Fourier transform flat trivialisation constraint (4.46)
and the map to a Fourier transform for a coefficient function satisfying the polynomial
trivialisation constraint (4.39), and which includes the flat one (4.46) as the special
case « = 0. (From here on for notational simplicity, we use the conversion formulae
(4.38) to write Ay, = As.)

These constraints evidently still leave us with a huge (infinite dimensional) function
space of renormalized trajectories. We now make two further restrictions that do not
result in any significant loss of generality but greatly strengthen and streamline the

analysis.

Firstly, we insist that the coefficient functions are of definite parity, i.e. even or
odd functions of ¢. Thus those satisfying the flat trivialisation constraint (4.32) will
be even parity, and those satisfying the polynomial trivialisation constraint (4.35) will
be even or odd, depending on whether « is even or odd respectively. This also implies
the same of {7¢(7r) in the Fourier transform trivialisation constraints (4.46,4.47), and
enforces that the asymptotic estimates for the coefficient function and its physical limit
(4.22, 4.23) apply for both limits ¢ — +o0o0. We see from either the expansion of the
coefficient function in terms of (5(X)(cp) operators (4.17) or the Taylor expansion of its
Fourier transform (4.26), that the couplings g7« will be indexed by an integer of the
same parity, and in particular the minimum index (4.40) required in order that the

coefficient function represents a linearised renormalized trajectory, actually has this
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parity, so now n,, is the smallest index of the same parity as « such that
Ne, > max(0,dy, —5). (4.48)

Secondly we insist that such linearised solutions contain only one amplitude sup-
pression scale, so that the asymptotic estimate for their Fourier transform (4.27) now
genuinely captures their large 7t behaviour!”. Then for cases satisfying flat trivialisation
(4.46) we have that

7 (n1) = 2 Ay Ay 7 7 (%), (4.49)

where n, is even i.e. satisfies the minimum index n,, formula (4.48) for =0, T = A,7
is dimensionless, and 7 is a dimensionless entire function which from the asymptotic

formula for the Fourier transform (4.27) takes the form

fa(ﬁQ) — efﬁ2/4+o(7’t2) 7 (450)
at large 7. Likewise for general «,
f7o (1) = 2mi%A, AT 92 [ﬁﬁ”a oo (7_[2)] ) (4.51)

where 7t has the same definition, and f°* is also a dimensionless entire function sat-
isfying the reduced asymptotic formula (4.50). Note that the AS*T! factor is fixed by
dimensions, e.g. using the polynomial trivialisation formula (4.47). Together with A,
these factors appear in the same form as cases satisfying flat trivialisation (4.49) if we
use the identifications in the conversion formula (4.38).

Note that the parity is carried by 9%, and thus n,,, is even. If a is even and n,, =0
we do not require a separate 7 power, likewise if o is odd and n,, =1 since the Oz
differentials will generate a Taylor expansion with only odd powers of 7t. However if
the minimum index n,, defined in (4.48), is larger than these absolute minima, then
the Taylor expansion of the term in square brackets must be such that all powers
"% are missing up to the point where we are left with an overall factor of 7"« after
differentiation by 0g. Without loss of generality we capture this by factoring out this

power, leaving behind a function that is still entire. Thus we see that
Mg, =0 if ne, =¢, otherwise 7y, = ng,+ o, (4.52)

where we define € = 0 or 1 according to whether the coefficient function is even or odd.
The flat trivialisation constraint in Fourier transform space (4.47) is then satisfied

(on finite smooth functions) provided that (for n>0)

/ A )" oo () s Ay b a5 Ay — o0 (4.53)

21  n!

"Examples where a spectrum of amplitude suppression scales appear were considered in ref. [107],
and are further developed in app. A.1.
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(or we get these constraints directly from the physical limit A, p®, by Taylor expanding
the Fourier representation (4.25) in ¢), and from the general formula for cases satis-
fying the polynomial trivialisation constraint (4.51) these are in turn satisfied if j7« is

normalised as

/ di 7o oo (i) = 1, (4.54)

—00

and provided that for any integer p > 0, we have

o0
— [ drR At () - 0, as A, — 00, (4.55)
AP )

(These integrals converge for large 7 by virtue of the asymptotic formula (4.50).)

At first order in the perturbation theory (3.151), f°¢ can be chosen to be a finite
function and independent of A,, and thus the vanishing limits (4.55) follow trivially.
At second order in perturbation theory, we will find that we need linearised coefficient
functions for which {°¢ depends on A,. In the majority of cases we can choose it to
tend to a finite function as A, — 0o, but exceptionally it will prove useful to allow it to
contain terms with coefficients that diverge logarithmically with A,. Clearly this mild

divergence is well within the bounds implied by the vanishing limits (4.55).

Substituting the general formula for cases satisfying flat trivialisation (4.49) into

the Fourier transform representation of the solution (4.25) gives
o e (= oA
fX(SO) — Ao’ /iloﬂ 7'[710 fU(T[Q) exp <_4CL2AA3 + 17t i) . (456)

Using the normalisation limit (4.54) and the vanishing limits (4.55) we thus confirm that
flat trivialisation (4.32) is satisfied, and see that at large but finite A, the remaining

dependence is on A? and ¢? as dictated (at leading order) by dimensions and parity wviz.
2

2, except for those cases at second order where

as a Taylor series in A%/A2 and ¢?/A

such a Taylor series of corrections will also include a single factor of In(A,).

Now define the polynomial function H, (7T, 24, ¢) by
2 . 2 .
(Cidn)° <Q+> — Ha(m, O, ) €3 Ot (457)

Substituting the Fourier transform polynomial trivialisation constraint (4.47) into the
Fourier transform representation of the solution (4.25), integrating by parts, and using

the polynomial trivialisation definition in yp-space (4.35), we see that
Ha (0,00, ¢) = (A/2ia)® Ho(aip/A) (4.58)

where the RHS expands as given in the formula for the Hermite polynomial (4.36).

Thus substituting the general formula for cases satisfying the polynomial trivialisation
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(4.51) into the Fourier transform representation for the solution (4.25), we have that

o N T ™ A
f32 () = Aa/dﬂ oo H, <A,QA,<,0> exp <_4a2A2 + 7 i) . (4.59)

Using the normalisation limit (4.54) and the vanishing limits (4.55) we thus confirm
that polynomial trivialisation (4.35) is satisfied, and see again that the corrections are
dictated by dimensions ([Ha]=a) and parity to be a Taylor series in A%/A2 and ¢?/A2,
except for those cases at second order where these corrections also include a single factor
of In(A,).

We see that the difference between the left and right hand sides in polynomial
trivialisation (4.35) is bounded by a term of order 1/A2. Furthermore this is true for
every relation obtained by differentiating with respect to ¢ on both sides until the RHS
vanishes. At this point successive differentials will bring down further powers of 1/A2

from the general finite A, formula (4.59) via ©?/A2. Thus we have for large A,:

o8 (17 () — As (A/2i0)” Ha(aio/A)] = O(1/A2) for p<a,

grP=a
RIT(9) = OU/AT 2 ) for p>a, (460)
which since this applies for p = 0, refines the earlier trivialisation characterisations
(4.32,4.35), and where again one should understand that the RHS is corrected by a

factor of In(Ay) in some cases at second order.

4.2.3 Examples

For example if there is no o(7?) correction in the reduced asymptotic formula (4.50),
then the normalisation limit (4.54) fixes the normalisation of the dimensionless entire
function so that!®
_ o= /4
f7e (7%) = — : (4.61)
(R, — )NN272 T /7

In the general formula for cases satisfying flat trivialisation (4.49), solutions to flat

trivialisation (4.32) that keep all possible couplings, so n, =0, take the form
fo(m) = 2w Ay A, 7 (7). (4.62)

Using the simplest reduced Fourier transform (4.61) with =0 to generate an explicit

example, we have:

e~ /4

7 (72) = (4.63)
AVZ

®In the case Ay, = 0 one has (—1)!! = 1.
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which just gives us our previously well-worked specimen :

W22
aA; N\, e_m ’ fU(QO) = A, ef<p2//\g . \/7? A, A(QTn+1

filp) = \/W o = i
(4.64)

(n =0,1,---), where the first expression follows from performing the integral in the
Fourier transform representation (4.25), the second is its A — 0 limit, and the cou-
plings follow from the Taylor expansion relation (4.26). Similarly linearised coefficient

functions satisfying f{'(¢)— Ao ¢, with n,, = 1, have
71 () = 2mi A, A% 0§71 (72) (4.65)

from the formula for the general case (4.51) and the reduced minimum index (4.52)
with = 1. The explicit example for the simplest reduced Fourier transform (4.61)

again gives the special case (4.63), and thus

adA3 A,
) =——"2—=50
(A2 + a2A2)3/ (4.66)
02,2
e_A2+52A§ fal(gp) — A (’De—wz//\g gUl _ _ﬁ 1 A A2nt3
9 o 9 2n+1 2 n'4n o o 9

(n =0,1,---), in agreement with coupling constant mapping formula (4.42) and our

previously well-worked specimen (4.64). For =2 and n,, = 0 one gets

T AZ4a?AZ
(A% + a2a2)2 7 "y (A2 4 a2A2)%/? ‘ (467

5A5 A3 A2 a2,?
fX-Q ((p) _ Ao. { a o 2 a o }

from the simplest reduced Fourier transform (4.61), which gives the physical coefficient

function and couplings:

2 1
F2 () = Ag P e N o = */; S,In A AT (n=0,1,---).  (4.68)

Its large A, limit, f%(p) — Ao (p?+80), is in agreement with polynomial trivialisation
(4.35).

Differentiating the =1 example (4.66) with respect to ¢:

FR (@) = 13"(») (4.69)

gives an alternative example solution for flat trivialisation (4.32):

3A3 2,2 a2 p?
Ry = et (1o 22 ) R
(A2 + a2A2)%? A2 4 a2A2
2
le) = A, (1 - 2;) o9 /A2

(o2

(4.70)
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as is clear from the large amplitude suppression scale limit. However this solution has
g5 = 0 as is immediately clear from integrating the f relation (4.69) and using the
moment relation (4.31). In section 4.2.1 we showed that n, =1 — or rather n, = 2
since it is even, cf. the general n,, definition (4.48). Indeed differentiating the Fourier
transform representation (4.25), and using the general a =1 Fourier transform (4.65)
and the simplest normalised reduced form (4.63), we see that the corresponding 7 ()

takes the general form for cases satisfying flat trivialisation (4.49):

() = 2md, Ao 7 (72), G5, = m Ag A2 (4.71)
if ?‘r = /2, ¢f the a =1 example (4.63), in agreement with the simplest reduced
Fourier transform (4.61). Expanding in 7 and using the Taylor expansion formula
(4.26) then yields the displayed couplings, in agreement with the coupling constant
mapping formula (4.42) (and actually the above formula holds also for n = 0 if we
interpret (—1)! as the Euler I'(0) = oco). Finally, notice that in all these examples, the

approach to the trivialisation limits (4.32,4.35) is as described at the end of section
4.2.2.

4.3 Continuum limit at first order in perturbation theory

We will treat the first order cosmological constant term, associated to its BRST coho-
mology representative
I =TY=¢ (4.72)

at the end of this section. The remaining parts of I'; were computed to be (3.158),
(3.159) and (3.159) as outlined in that section and will provide us with the top mono-
mials o that we need to construct the derivative part. In order to be supported on the
renormalized trajectory, such that I'; is constructed, these o need to be ‘dressed’ with
coeflicient functions ff(¢) as in the general closed formula for the eigenoperator (4.16).
In the most general case we should give each top term its own coefficient function. This
would provide the most complete test of universality of the continuum limit, however
at the expense of carrying around a lot more terms and labels. At sufficiently high
order of perturbation theory in the perturbative expansion (3.151), we expect to have
to do this because these I'y couplings will then run independently [107]. In fact we will
show in ref. [75] that as a consequence of specialising to coefficient functions of definite
parity, the I'; couplings do not run at second order but they can be expected to run at
third order.

Here it is not necessary to treat the general case, since we will see that the passage
to universality is very generic such that it is clear that this will continue to work when
we give each top monomial in I'y its own coefficient function. We thus find that for

our purposes just two coefficient functions are sufficient for constructing I'y, the first
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of which we label as f/{(go), setting the superscript to o = 1 i.e. the perturbation level
index, and in the second case choose the label o = 1; as in a =1 trivialisation (4.35)
to indicate that f\'(¢) absorbs a factor of ¢. Thus f1() is even, while f," () is odd.
Although in principle every vertex can have its own amplitude suppression scale A, we
will find that we can choose them all to be equal. To make clear that it is independent
of o, we set this common amplitude suppression scale to A, = Ay (borrowing the

notation already used in [8]).

Now since I'; is a dimension d; = 5 operator, we have by dimensions (4.21) that the
dimensionful coefficient [A;] = —1. As the remaining factor in front I'1, after taking
the limit Ay — oo, we recognise that it is actually A; = k, where the latter was defined

in (2.30), i.e. we have

file) = K, jlxl(go)—wicp, as Ay — oo, (4.73)
where whenever we now write the limit of large amplitude suppression scale, we mean
also the more refined regularity properties (4.60), in particular in these cases the limits
are reached at least as fast as 1/A2. We see that Newton’s constant therefore arises
only as a kind of collective effect of all the renormalizable couplings {g3,,, ga. 41}, these
latter being responsible for forming the continuum limit. Indeed A; = k is not an
underlying coupling in its own right but rather appears as the overall proportionality
constant when the couplings are expressed in terms of Ay, through their asymptotic
formula (4.28).

Examples of such coefficient functions were given in [107] and appear in equations
(4.64) and (4.66). We stress however that we are working here with very general
solutions for these coeflicient functions. From the definition of the minimum index ny,
(4.48) and the expansion of the coefficient function over the operators 5<X)(<p) (4.17),

we have that in general all eigenoperators will be involved:

@)=Y a0, e =Y gk 8 ), (4.74)
n=0 n=0

where these sums converge (in the square integrable sense) for A > aAy. From the

general dimension formulae (4.15), and (4.34):
gz =20, [ganya] =20 +2. (4.75)

Thus all these couplings are relevant, with the exception of g} which is marginal. Up
to second order it does not run [75] and thus behaves as though it is exactly marginal,

parametrising a line of fixed points.

From the antighost level two free BRST cohomology representative (3.158), we thus
set at anti-ghost level two:
I?=—c, dvep e, filp). (4.76)
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Since f}\ is taken to satisfy the linearised flow equation for coefficient functions (4.2)
and there is no other opportunity to attach tadpoles to (4.76), I'? already satisfies the
linearised flow equation (3.152), and thus appears correctly as a sum over eigenoper-
ators. Evidently at this anti-ghost level, the linearised mST (3.153) is satisfied in the
limit (by the more refined limits (4.60) at least as fast as 1/A2) since:

QoT: = —c, 0uc, c, d-cf(p) =0 as Ap — oo, (4.77)

and I'? — kT2 then coincides with a legitimate choice in the usual perturbative quan-
tisation.

As discussed above section 4.2.1, if we keep & fixed in the large amplitude suppres-
sion scale limit, all the couplings { g%n, 9%711 41 diverge. As we noted however, we can stay
perturbative by requiring instead that s vanish fast enough. Although this makes the
vertex vanish, we can still extract the same results by phrasing the limit more carefully
as T?/k — T'2. From here on we will take this phrasing as tacitly understood.'?

In the anti-ghost level one free BRST cohomology representative (3.159) we need
to substitute the SO(4) decomposition (2.6) into the last term to isolate the factor of

¢, and thus the dressed anti-ghost level one piece appears as
Il = — (caOaHpw + 2 0pcahan) H,, fA(Q) — Ouc H Y, 11 () - (4.78)

Added conclusion section to chapter 4, from here until the end of chapter 4 is the new
content. This time the result does not yet satisfy the linearised flow equation (3.152) ,
unlike with the previous choice in ref. [107], because it requires the tadpole correction

in the Sp-exact eigenoperator

30(Huvcuct) = (0ucy + 0y)cuch + 2H,,0,00 HE,, + 20A* (4.79)

or rather as formulated for the new quantisation in (4.14).2° In other words the sum
over eigenoperators is actually I'} + 2bA% f}\l(go). Since A~T? trivially vanishes, the
descendant equation (3.129) that relates I' to I'] reads:

Q5 T3+ QuT} = ~duc, 0-c Hy, (11 = 11
— 2(ca8acN)H;V&,<pf}\' — (€aOaHyu +20ucahar) Hy, d-cfr', (4.80)
where we used the Koszul-Tate charge (3.122) and note from the free BRST transfor-

mation (3.119) that
Qo hyw = Oucy + Oycy — 5 6 0-c. (4.81)

19This is in conformity with the reasonable assumption that the expansion in & is only asymptotic
[107]. Then strictly speaking the expansion only anyway makes sense in the x — 0 limit, i.e. as Taylor
expansion coefficients in & .

20Tadpole contributions from the first term in the dressed anti-ghost level one piece (4.78) all vanish,
either because the tadpole integral is odd in momentum or because Ao = 0.
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It is clear from the first-order coefficient function trivialisation formulae (4.73) that
as required Qg I'? + QoI't — 0 (at least as fast as l/A%). At the expense of some
generality, we could eliminate the first term on the RHS of the descendant equation
(3.129) by setting

=R (4.82)

By the minimum index map (4.45) this would also eliminate é(?\)(gp), i.e. set g§ = 0. We

would still be left with the Ay < oo violations on the second line however.

Finally, extracting the undifferentiated ¢ pieces from the anti-ghost level zero free
BRST cohomology representative (3.160) by using the SO(4) decomposition (2.6), we
have as in [107] that the first order graviton interaction is made up of twelve top terms

and one tadpole contribution:

1 1
Y= (ZhaﬁaaSoa,B‘P — hapdyhyaOsp — ShysOyhapOshap — higudyhapdyhay

1
+ 2hua0yhapOuhsy + hsuOyhapOahyu — hapyhasOuly + §haﬂavhoz58790> fa
3 1 1 1 7
T (8<aaso>2 ~ 3055000 — 1 (Orhag)? + Qawhaﬁ‘o‘ahw) F BN (483)
except that the tadpole contribution now appears with coeflicient % = 2—1—%. The final

descendant equation (3.129) is satisfied in the limit:
QoTY+ (Qy —AT)T]—A=Ti >0, (4.84)

at least as fast as 1/A2, since the individual limits are also reached at least as fast as
1/A%:
I — kTP, as Ay — 0. (4.85)

It is straightforward to verify the above descendant equation (4.84) directly. To evaluate
e.g. A~ T'}, one inverts the SO(4) decomposition (2.6) to give hyw = H, — i(SWHaa
and ¢ = $H,,, or recognises that [107]

0 Ohy, 0 dp 0 0 1 0

0Hng  O0Hag0hpy | 0Hasdp  Ohas 2 % 0g°

(4.86)

Note that although these measure terms give contributions proportional to some posi-

tive power of A, thanks to UV regularisation by C, for example
— ATI? = —bA*9-cf} (4.87)

it does not alter the speed at which they vanish in the limit of large Ay (as can be
verified here by integration by parts).

In the opposing limits there is no sense in which a non-trivial diffeomorphism in-

variance holds because the dependence on the conformal factor forbids it [107]. For
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example if ¢ > Ay, A, the coeflicient functions are no longer given approximately by
and k¢, but rather take the exponentially decaying form demanded by the asymptotic
formula (4.22).

These statements hold also if we express everything in dimensionless variables using
A, as needed to clearly see the Wilsonian RG behaviour [8, 20]. Recalling that we write
dimensionless variables with a tilde, so e.g. ¢* = ¢*/A, » = /A, whilst we write
Sn(@) = AT (5<X)(g0) for the scaled operator [8]. The dimensionless couplings run with

A according to their mass dimensions (4.75):
G30(A) = g3/ A" Ghia (D) = gy /AP (4.88)

We thus confirm that I' approaches the Gaussian fixed point (g = 0) or more generally
the line of fixed points g§ = g} # 0, as A — oo. In particular all the relevant parts of
I'1 vanish as negative powers of A, with non-trivial ¢ dependent coefficients being the
corresponding scaled operator d2,,4¢(@). In the limit only the marginal contribution
FA(@) = g4 do(p) in this sole coefficient function survives (and still carries non-trivial

¢ dependence).

In dimensionful variables, if A is much larger than the other scales Ay, ¢, the situa-
tion is a little obscured but it is still the case that there is no sense in which a non-trivial
diffeomorphism invariance is recovered. The coefficient functions are again dominated
by the lowest terms in the expansion (4.74). Using the explicit formulae for the (5<X)(g0)

operators (4.5) we have in the current case

3 5
1 a 1 a 1 2 1 a 1 4 1 2 1 1
_ _ 2 4 12 24g) + O | —
A= Rz 90~ ja gy (0097 +202) + gp5 s (00" + 120007 + 2404) + (A7)
2a3 2a° 1
17 1 11,3 1
N TR AN YT (911@ +6931) +O<A7> ' (4.89)

The leading terms, and only the leading terms, have the correct ¢ dependence to allow
BRST invariance to be recovered, however with gé # 0 they have the wrong ratio.
(They should have equal coefficients, but this is impossible at diverging A since gi and
g%l must be fixed and finite.) By setting gi = g%l, and g{ = 0, (only) the leading
terms have both the correct ¢ dependence and the correct ratio, as in fact would
result from the identification (4.82) of the two coefficient functions, c¢f. the coupling
constant mapping formula (4.44), although with an effective x that then vanishes as
Keff ~ 1/A3. Meanwhile the measure terms in the above descendant formula (4.84)
provide divergent obstructions to satisfying o'y = 0, if g} # 0. Thus evaluating the
measure term formula (4.87) tells us that

ba?

1
ATTY Aﬁgoa cy +O<A>, (4.90)

(dropping total derivative terms), and A~T1 provides also such a term but with co-
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efficient —% and also a giA(caOap + Oacghap)p piece arising from the contribution
containing A~ (H v f}\) Setting g = 0 removes these divergences but leaves us with
subleading terms that violate BRST invariance, as is also true of the subleading terms
in the large A expansion of the coefficient functions (4.89) in this case.

This completes the demonstration at first order. The result fits the picture we
sketched in the Introduction, cf. fig. 3.3. In particular for Ay > A, o, diffeomorphism

invariance holds in the sense that
30T1 = 40 (T 4+ T +T9) = O(1/A3). (4.91)

This means in particular in the limit Ay — oo and the physical limit (A — 0), we recover
diffeomorphism invariance precisely in terms of satisfying the standard Slavnov-Taylor
(Zinn-Justin) identities, namely at first order (Qo + Qy)I't = (I'g,I'1) = 0, where we
used the general definition of the charges (3.150), the linearised mST (3.153) and noted
that from the definition of the measure operator (3.126) that A — 0 as A — 0.
Finally, we remark that including a cosmological constant is straightforward at
first order. We need to dress its BRST cohomology representative (4.72) with its own
coefficient function. Since we must absorb the factor of ¢, the monomial =1 is simply
the unit operator, whilst we must choose an odd coefficient function f{°(¢) with the
trivialisation
fi(p) = A, as Ap — o0, (4.92)

where x2)\/4 is the standard cosmological constant. At this order we do not need a
whole separate odd coefficient function and can by the trivialisation property (4.73) for
11, just set 5=\ fkl /k. The linearised mST (3.153) is satisfied in the limit because
Qof(p) = 0-c f§'(¢) — 0 at least as fast as 1/A%, as follows by integration by parts
and using the refined limits (4.60), or directly by the observation that the first order
vertex tends to k times its free BRST cohomology representatives, viz. (4.85). Indeed
these properties were already used in proving the invariance (in the limit) of the last

term in the anti-ghost level zero part of the first order vertex (4.83).

4.4 Discussion

In this section we discuss further the meaning and implications of this construction
and draw out its relation to other approaches. As recalled at the beginning of section
4.1, the Fuclidean signature Einstein-Hilbert action is unbounded below. From sign of
the action (2.1), the instability is towards manifolds of arbitrarily positive curvature.
Whilst this conformal factor instability [9] means that the partition function is not well
defined, the Wilsonian exact RG flow equation remains well defined [8, 33|, and anyway
provides a more powerful route towards constructing the continuum limit. However the
wrong sign propagator (3.143) for the conformal factor (y), has a profound effect on

RG properties. Close to the UV Gaussian fixed point, ¢f. fig. 3.3, the requirement that
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expansion over eigenoperators converges, picks out the Hilbert space £_ defined by
the Sturm-Liouville measure (4.4), which is spanned by the novel set of eigenoperators
(4.5), the 8 (¢).

We must emphasise that the requirement that one works within £_ (more generally
£ defined by (4.19), when the other fields are included) is crucial for the Wilsonian RG
to make sense in an otherwise unrestricted space of functions (of ). Without this
restriction the eigenoperator spectrum degenerates, becoming continuous, and it is no
longer possible to unambiguously divide a perturbation into its relevant and irrelevant
parts [77]. This problem lay unnoticed until ref. [77] and as yet has only been further
addressed in refs. [8, 74, 107, 109, 111]. The reason that it lay undiscovered is primarily
because to see this problem of convergence one must work with solutions involving an
infinite number of operators (the exact solution being also of this type). However, with
few prior exceptions [110, 112, 113], quantum gravity investigations using exact RG
flow equations worked within truncations (model ansétze) where only a finite number
of operators are retained.

Restricting flows to the diffeomorphism invariant subspace, cf. fig. 3.3, might be
expected to solve the problem since diffeomorphism invariance at the classical level
restricts the functional dependence on the conformal factor to just a few operators at
any given order in the derivative expansion. However when carefully analysed, the
so-called f(R) approximations [114-124], which are diffeomorphism invariant model
ansitze that keep an infinite number of operators, also show the problem that the
eigenoperator spectrum degenerates [111, 113], and furthermore it is now clear that
the underlying cause is the conformal factor instability [77, 113]. Indeed it was these
problems that motivated the studies [77, 125].

Within standard perturbation theory the problem can be ignored, the wrong sign ¢
propagator (3.143) being apparently harmless. As recalled in section 4.1, the conformal
factor instability was identified in ref. [9], where they proposed to solve it by analytically
continuing the ¢ integral along the imaginary axis. This does not alter final perturbative
results, but non-perturbatively it is less clear that this treatment makes sense [126].
Some other approaches keep, and seek to cope with, the conformal factor instability (but
do not treat the convergence problems whose solution leads uniquely to our proposal).

¢

In ref. [127] a model truncation to a finite set of operators, “—R+ R? 7 gravity, was
considered within the non-perturbative asymptotic safety scenario [33]. The right-sign
R? term stabilises the conformal sector, resulting in an unsuppressed non-perturbative
Planckian scale modulated phase which breaks Lorentz symmetry. If physical, this
would be phenomenologically challenging [128-130]. A somewhat similar effect is seen
in the Causal Dynamical Triangulations approach to quantum gravity [131]. Although
a restriction here to a global time foliation leads to an encouraging phase structure, the
conformal instability towards a crumpled phase remains, and this programme has yet
to succeed in furnishing an acceptable continuum limit [132].

Returning to this chapter, the fact that [(ﬁ?(g@)] = —1-n form a tower of increasingly
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relevant operators, implies that all interactions are dressed with coefficient functions
f3(¢) which contain an infinite number of relevant underlying couplings, g7. Close
to the Gaussian fixed point, the linearised flow equation (4.2) is justified. Then, as
we showed in section 4.1, and also in [8], if f{(¢) € £_, it is guaranteed to remain
there at all higher scales. Thus the requirement that for sufficiently high A we have
I3 (p) € £_, can be seen as a quantisation condition that is both natural and necessary
for the Wilsonian RG.

Note that in this step we are relying on the fact that the Cauchy initial value problem
itself is well defined in the UV direction [8, 77, 110], i.e. the property that the RG flow
is guaranteed to exist to all higher scales. This is the reverse direction from normal:
another consequence of the wrong sign p-propagator. However the fact that the well
defined flow direction is now opposite to the one defined by integrating out microscopic
degrees of freedom, is an example where, even for the Wilsonian RG equation, the
wrong sign p-propagator forces us to reassess some of the usual physical intuition. We
emphasise that this property does not alter the fact that the bare action determines,
eventually after integration over all momentum modes, and up to universality, the
physical effective action. Rather it throws obstacles in the path towards constructing
this, that have not been previously encountered or recognised as such. Thus for example
for a generic choice of bare coefficient function fXO(go) at an initial UV scale A = Ay,
the flow to the IR will almost certainly fail at some finite critical scale 0 < A=A, <Ay
after which it ceases to exist [8]. Since one is then unable to complete the integration
over all modes, the quantum field theory as a physical entity itself ceases to exist in
this case [8].

As we saw the coefficient functions that do survive all the way to the IR have
a physical limit (4.23) which decays for large ¢ with some characteristic amplitude
suppression scale, A,. Even for such coefficient functions, if A, is finite, the complete
flow and thus also the physical theory, can cease to exist on sufficiently small and
asymmetrical manifolds [8, 74]. Tantalising as this seems [8, 74], in order to recover
diffeomorphism invariance we need the coefficient functions to trivialise, cf. section 4.2,
and in practice this requires taking the limit A, — oo in the continuum theory [107]
(holding everything else fixed). Then the above restrictions on the allowed manifold
[8, 74] appear to be ruled out except possibly to rule out manifolds with singularities
[107]. The amplitude suppression scale per se should therefore be seen as part of the
procedure for forming the continuum limit and not as having direct influence on the
physical theory. Nevertheless it is the cross-over scale that matches the RG flow in the
diffeomorphism invariant subspace to the upper part of the renormalized trajectory,
cf. fig. 3.3, and as such plays a role in determining which of these RG flows actually
correspond to a valid perturbative continuum limit. It may also leave behind certain
finite logarithmic corrections at higher order in perturbation theory [107].

Importantly, notice that the reduction of parameters that takes place on trivialisa-

tion (4.73) from the infinitely many underlying couplings (4.74) to the effective coupling
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k (2.30) (Newton’s constant) and a cosmological constant at first order is not the result
of imposing infinitely many relations between these underlying couplings, but rather a
dramatic demonstration of universality resulting from the large amplitude suppression
scale limit. This reduction of parameters occurs provided only that the underlying cou-
plings are chosen from some loosely specified infinite dimensional domain. Thus f /{(gp)
is given in general by specifying its Fourier transform as (4.49) (with n, =0, A, =k and
A, =g, as explained in section 4.3). Similar remarks follow for f,* following (4.51).
These Fourier transforms are proportional to the reduced Fourier transform 7 (7). As
we noted, at first order this latter function can be chosen to be independent of A,,

t,2! are that it is a dimensionless entire function, that it

then the only constraints on i
has asymptotic behaviour (4.50) as T — oo, and that its integral (4.54) is normalised.
This still leaves an infinite dimensional function space. In particular any number of
underlying couplings (4.26) can still take any value. A key result of this chapter is the
demonstration that the same results are then nevertheless recovered [107], thus con-
firming universality. Indeed it is only the underlying couplings’ asymptotic behaviour
for large n that is constrained through (4.28), and it is only these values that ultimately

influence the physical results, as discussed in deriving their uniform bound (4.37).

This observation was also emphasised at the end of app. A.l1 when discussing
coefficient functions with a spectrum of amplitude suppression scales. However in the
body of the chapter we recognised that we can make three simplifications to the most
general case. As explained in section 4.2.2, firstly we can work only with coefficient
functions of definite parity, i.e. even or odd under ¢+ —¢, and secondly with coefficient
functions containing only one amplitude suppression scale. Finally in section 4.3, we
also recognised that we can set all amplitude suppression scales to a common value
Ay =Apy. This still leaves us to choose, for each coefficient function, a reduced Fourier
transform function §°(72) with its own domain of infinitely many underlying couplings,
and thus is more than sufficient again to demonstrate universality of the continuum

and large amplitude suppression scale limits.

As we have seen, in the end at first order we are left with just the two effective cou-
plings, Newton’s constant and the cosmological constant. A key question [8, 107] is how
many (effective) couplings are left once higher order quantum corrections are included.
After all, it is at this point operationally, that one meets in standard perturbative
quantisation an apparent obstruction to defining quantum gravity since new couplings
get introduced to absorb divergences, order by order in perturbation theory. Given
the importance of this question, we finish by commenting on this, although we cannot
do better than make some remarks, since substantiation requires developments that go
well beyond what we report in this part of the thesis. Although in refs. [2, 75] we will
establish that this continuum limit can be extended to second order for pure quantum

gravity, this does not yet seem enough to settle the above question since, although we

21 At higher orders the only other constraints are the mild convergence conditions (4.55).
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find that the new divergences can be absorbed by wave-function-like renormalization,
this is also famously true of pure quantum gravity in its standard quantisation at this
order [21]. A priori in this quantisation a continuum limit with an infinite number of
couplings seems logically consistent [2]. However as we will show, there are indications
that the quantisation is more restrictive at higher orders, where the underlying cou-
plings introduced here becoming running couplings [2, 75]. In particular, note again
that so far we have been relying on the fact that the renormalized trajectory can be
constructed in the @p-sector by flowing upwards from the IR to the UV. At the linearised
level this was set out precisely, together with its proof, at the end of section 4.1. At
higher orders this kind of ‘reverse’ flow construction is also key [75]. However the flow
in the h,, (graviton) sector is guaranteed only in the usual direction from the UV to
the IR. Put together we are actually dealing with a flow equation that does not have a
well-defined Cauchy initial value problem in either direction. In other words, a generic
‘initial’ effective action will lead to singular flows in both directions. This does not mean
that there are no solutions (after all we just established one to first order here) but we
find [2] that it does appear at higher orders to require solutions to depend ultimately
on only the two parameters, Newton’s constant and the cosmological constant, which

we will now investigate in further detail.
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Chapter 5

Perturbatively renormalizable
quantum gravity at second order

in the coupling

5.1 Introduction

Following the progress made in chapter 4 we now turn out attention to the higher or-
der behaviour and investigate if the structure remains consistent and what the physical
ramifications are. We will find that for pure quantum gravity with vanishing cosmo-
logical constant to second order in perturbation theory the standard quantisation is
recovered. This case is renormalizable at second order due to kinematic reasons how-
ever the structure will work in more general cases. A possible conclusion is that gravity
does have a genuine consistent continuum limit even though it has an infinite number
of underlying couplings. This is phenomenologically difficult and could be regarded as
a simple re-phrasing of the standard arguments for the non-renormalizability of QG
however we outline a possible non-perturbative mechanism that could offer salvation.
This argument is based on the non-parabolic properties of the flow equations and is a
consequence of the different natural direction for the flows of the sectors of the graviton
which began this approach to QG and would fix all higher order couplings in terms of
Newton’s constant and the cosmological constant. We also discuss this structure in a

general gauge which offers other avenues of exploration.

To elaborate in this chapter we conclude this construction to second order, using
what we have discussed thus far as well as insights from [75] where it was shown that
the conformal sector maintains this behaviour at second order in the coupling. To
summarise those findings it was shown that a well defined renormalized trajectory
can be constructed and domains for the underlying couplings can be chosen that the
interactions satisfy the trivialisation conditions we have outlined in the large A, limit

which return the conformal sector operators to the diffeomorphism invariant subspace.
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We verify that the underlying couplings can be chosen such that the mST is satisfied and
by computing the remainder of the renormalized trajectory. We then derive the physical
Legendre effective action to O(k?) in the A — 0 limit and this recovers the standard
quantisation result at one loop and second order in x under the g,, = 0., + kH,,
parametrisation of the metric we have ben using.

The second order renormalized trajectory is non-perturbative in A and involves a
sum over tadpoles and melonic Feynman diagrams to all loops [75] however in this
crucial large A, limit where this trivialises occurs it becomes this more familiar one
loop, second order in x calculation. We find that any undetermined parameters which
are associated to BRST invariant terms that run logarithmically with A are left behind,
these being the only place where such ambiguities appear. They are in fact shown the
be BRST exact pieces which can therefore be absorbed in a wavefunction like canonical
transformation which is the BRST cohomological equivalent of the kinematical accident
that pure gravity without cosmological constant is one loop finite in the standard
perturbative treatment [21].

In section 5.5 we discuss the implications of these findings. We begin with the
observation that once one adds matter or a cosmological constant that the logarithmic
running inside the diffeomorphism invariant subspace will no longer be attributable to
parametrisation. In the worse case it may be that we are left with an infinite num-
ber of these effective couplings which correspond to the infinite number of couplings
in the standard perturbative treatment that are added order by order in the number
of loops. This would still be a novel result. We would have a theory of QG with a
genuine continuum limit that is consistent. It would bare many of the hallmarks of
a true continuum theory: it would be controlled by a (potentially infinite) number of
(marginally) relevant, renormalizable underlying couplings. This result then demands
that we question how one truly defines the continuum limit of QG, despite how dis-
tasteful it seems there may indeed be an infinite number of couplings which will not be
confronted until there are QG experiments.

This is not the most desirable outcome and in section 5.6 we begin a preliminary
investigation into this possible non-perturbative mechanism that would fix the effective
couplings in terms of only Newton’s constant and the cosmological constant. The
parabolic property of the flows equations is crucial here, in particular how the different
sectors of the graviton flow in opposite natural directions. The ¢ sector with its negative
kinetic term has flows that are guaranteed to be well-defined only in the UV direction
i.e. they are backwards parabolic which was crucial in the earlier developments to
the construction of this theory and in this thesis. This backwards parabolic property
contrasts with that of the h,, sector which as flows that are guaranteed well-defined
in the IR direction (forwards parabolic) as is more typical of the Wilsonian RG. This
parametrisation of the metric is our arbitrary choice and so they can not be treated
separately. As a result we are working with partial differential equations whose solutions

typically fail regardless of which direction they evolve in.
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To remedy this we propose a non-perturbative solution using a simple linearised
model where & is freely variable, as a result the cosmological constant is then the
only other coupling which can also be freely variable since perturbations in the higher
derivtive couplings would lead to singular trajectories. We follow this with comments
on the validity of this proposed solution, listing its pros and cons. We conclude with
generalising many of the results in this thesis to a general gauge «, where until we have
used the Feynman - De Donder gauge and review further avenues of possible research

with this freedom.

5.2 Solving the CME at second order
At intermediate steps we will need
=Y T,s"/n!,  (To=Ty) (5.1)
n=0

where T is a local solution of the CME, taking the standard form:
I =1"— (Qo4)d% . (5.2)

In particular I'° and @ then also have such expansions in x. The CME [83, 84, 91]

(5.3)

just implies the BRST invariance of this action under this classical BRST charge Q.
The choice of free total quantum BRST cohomology representative (3.158, 3.159, 3.160)
was made [1] because @ is then given exactly, i.e. has no higher order in s corrections,
provided that the metric is given by the simple linear split g,, = 0., + ~KH,,, as we
have in this thesis. Indeed using the classical form (5.2), we read from IT'? (3.158) that

Q" = (Qo+rQ1) " =KDy’ = 3L, (5.4)

expresses exactly the algebra of diffeomorphisms through the Lie derivative £. gener-
ated by the vector field xc* [107], while from T (3.159) and the Hj, part in I'g (3.115)

we get exactly the action of diffeomorphisms on the metric, through its Lie derivative:

Q9w = K(Qo + kQ1)Hyy = 25 0(,¢" gyyo + K " Oapw = K Le G - (5.5)

In our case, the level zero action, f(l) + 1:‘(1)9, has a classical and one-loop part. Together
they must still solve these equations, indeed the CME and Zinn-Justin identities [91]

are equivalent algebraically. Thus the one-loop part has an expansion in x which we
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write similarly to that for T' itself (5.1):
oo
F(l)q = Z I‘(l)qn k" /nl, (5.6)
n=1

where the O(k) part is f(l)ql as already given in (3.162) (and the above now explains
the notation). Since this quantum piece is purely level-zero it does not disturb the
classical parametrisation (5.2) and thus by the Zinn-Justin identities (5.3) we now get

the one-loop identity 5
ory,
094 -
Using the (now-extended) classical form (5.2) the identities (5.3) follow from nilpotency,

0= ([,17) = (Q2") (5.7)

Q? =0, and the diffeomorphism invariance of I'°, while (5.7) expresses the diffeomor-
phism invariance of f(l)q. Expanding out the anti-bracket in (5.3) to O(x?) using the x
expansion of the action (5.1), the absence of classical corrections to @ (5.4,5.5) implies
the first two of the following relations (which are readily verified), while the last two

relations express the diffeomorphism invariance of I'Y and F?q at second order:

(2,73 =0, 202 PO+ =0, Qo= —(FLE), Qoity = —(FLi%).

(5.8)
Given that f(l)ql (3.162) is a A-dependent cosmological constant term expanded to first
order in x, while the action for free gravitons (3.115) covariantizes to the Einstein-
Hilbert action for which T'? (3.160) is its first order vertex [107], we know geometrically

that all-orders solutions are

=-2/gRr/s*, 19, =IoA"7, (5.9)

where R is the scalar curvature. Expanding (5.9) to O(x?) we thus find solutions to

the last equations in (5.8), namely

fg = @2<%8ahozﬁaﬁ§0 - %(aa90)2 + %(aahaﬁf - %8ahﬁaaﬁhaa) + ‘P(hocﬁaahUOzaBSO
— 10uh2 30,0 — 1hapdapdsp + OahashuwOshuy + $0ahuw0shuhap — 20,hyadshywhas
—i—auhyaauhyﬁha/g—8“hyaayhugha5>+%8Uhgahagaghiy+aghgaaahﬂﬂhﬂyh,ﬂ,—i-%aghgaaa(ph?w
— §(05hap)?h2, 4 50uhapdshashuchue + OahsuOahsyhychve + Oaheudsheyhashu
—0ahopOyhoshashw—200hs,00hashuehve—30uhueOshaghaphsy+ 500 hasOshyuwhauhs,
+ iaahaﬁaahaﬁhiy + %haﬁaahﬁaaahiy - 6@‘;08,uhuah;whua - 6ahﬁ,u8ﬁhowh,ucrhva

— $0ahyuoOshgyhaphuy + ahapOyohushve — (Ouhls)? — 5he,(Dap)®,  (5.10)

which would be awkward to derive working directly with (5.8), and
[0, = ZbAY(0* — h2p) . (5.11)
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Note that other all-orders solutions are possible but will differ from (5.9) by addition
of further invariants at higher order in . At O(x?) this is precisely the freedom we see
in (5.8) to add Qo-closed terms 619, which are thus also sg-closed, i.e. solutions to the

linearised mST (3.153). These latter are explored further in section 5.3.

5.3 BRST exact operators

We will see that at second order in perturbation theory (3.151), local $g-closed bilinear
terms,

30Ty =0, (5.12)

play an important role (cf. section 5.4.1). They appear with up to a maximum of four
space-time derivatives and as we show now, turn out also to be §p-exact. Such §p-exact
terms just reparametrise the free action and therefore carry no new physics [86, 107].
Indeed if we add an operator $o Ko to I'g then, from the definitions of the free charges
and linearised mST (3.150,3.151) and the form of the anti-bracket (3.83), we see that
this corresponds to infinitesimal field and source redefinitions:

9K, . 01 K>

A - Z
5P = %, 0% =~ oo (5.13)

with the —AKs part corresponding to the Jacobian of the change of variables in the
partition function [83, 84], regularised by C* [103, 107]%2.

Since these local §p-closed bilinear terms turn out also to be Sp-exact, any pu-
dependence that they carry, can be eliminated by reparametrisation. This result is the
BRST cohomological equivalent of the kinematical accident that pure gravity (with-
out cosmological constant) is one-loop finite in standard quantisation [21], as we will
highlight later.

Consider first the following two $p-exact solutions:

So(H} Hyw) = Oucy H,y — Hu GG Ls0(chen) = —Ouc, H,

s ” (5.14)

1
2 v
where we used again the formula for 5y (3.153), and the explicit actions for the charges
(3.119,3.122) and always discard field independent terms. The last term in the first
equation is evidently again the action for free gravitons, while the remaining terms are
up to a factor the source term in I'g (3.115). These solutions generate the second order
part of wavefunction renormalization Zp = 1+ zp (E = H, ¢), in close correspondence

to the case of Yang-Mills [103]:

Ky = %ZHH;VHW + 32 CiCu s (5.15)

22In general it is exact expressions using the interacting total BRST charge that correspond to
infinitessimal reparametrisations, however since we are interested only in changes at second-order and
we are working at this order, only I'g contributes, and not I';.
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the full wavefunction renormalization being given by the finite (classical) canonical

transformation

0
0d7,

d,

E
0d ")

K= ZZ2<1>E<1>(T), of = L K[, "], Oy = K[®(, ],

(5.16)
the subscript (r) labelling the renormalized (anti-)fields. This implies that the fields

and anti-fields renormalize in opposite directions:

1

Hy = Z2Hy

1 1

1
— 7 2 = 72¢ 2
I HZV—Z Ek)ltl/’ CM_ZC (T)H7 C —Zc C( R (517)
However here this is not the whole story, in particular because the reparametrisations

that are generated by quantum corrections are more general than this.

Returning to the annihilation condition (5.12), we note that since 6Ty is bilinear
and must have ghost number zero overall, it cannot have anti-ghost number larger than
one. At lowest order in derivatives, there are only two linearly independent possibilities
for the 6T’} part, namely H pu0acCo and H},0yc,,. The latter option solves (5.12) since it
is Sp-exact; it was treated already (5.14). By inspection (3.119), the former is Qp-exact,

and thus we know that it completes to an $g-exact solution
S0(¢"p) = *d-c— RWep, (5.18)
where we have also split the graviton anti-ghost into its SO(4) irreducible parts:

H =h 459", o =3H:,, (5.19)
and recalled the standard relation for G, (3.123). Comparing to the structure in
the previous paragraph, it is evident that (5.18) expresses the fact that the SO(4)
irreducible parts can have separate wavefunction renormalizations. The remaining pos-
sibility at second order in derivatives, is to have a separate 6fg part, but for it to be
annihilated by §y (5.12) it must be invariant under linearised diffeomorphisms (3.119)
and the graviton action in (3.115) is the unique such solution at this order in deriva-
tives. Any change in the graviton action normalization is already taken care of by a
canonical transformation, being a linear combination of the two §p-exact operators in
(5.14).

At next order in derivatives there are three linearly independent possibilities for
6T}, namely ¢*000-c, Hj,00,c,, and H;,ﬁgm . Evidently the first yields a sim-
ple generalisation of ¢ wavefunction renormalization (5.18), while the second two are
already Sg-exact:

50(p*0p) = ¢*00c—RWOp, 13 o(ciOey) = HyO0uey,  —30(H},0%,0) = H; 03, 0ca

(5.20)
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The remaining possibility is to have a separate 5fg part, now fourth-order in deriva-
tives. Since it must be invariant under linearised diffeomorphisms, it has to be a linear
combination of the squares of the linearised curvatures (3.124) (see e.g. [133]). By the

Gauss-Bonnet identity, only two of these are linearly independent:
1
ARG = (B)p) + (RO (5.21)
However it is straightforward to see that they are also §g-exact:

50(¢"RW) = Qg (¢"RY) = —(RW)?,
P 1
So(Hy, RO) = —2GU)RG) = §(R,).5)" — §(RV). (5.22)
This completes the demonstration that the §p-cohomology of bilinear 6I's is trivial up

to the fourth order in derivatives.

We note in passing that there are other expressions for the Sp-exact operators, for
example the obvious generalisation of the first equation in wavefunction reparametri-
sations (5.14):

So(H?, OH,,) = 8,¢,0H%, — H,, OG) = 8,¢,0H%, + 1 (RW)? - L(R)

WB)Q. (5.23)

1z
250
However these are not linearly independent, e.g. the above is a linear combination of
the second exact expression in (5.22) and the middle one in (5.20). Stated another way,

we have shown that the following action functional is annihilated by $q:
Ky =10 OH,, + Lci0c, + Hi R = S30(cF) . (5.24)

This is so because in fact it itself is exact. The appearance of the De Donder gauge
fixing functional, F,, = 0,H,, — O,¢p, is here accidental. The most general double-
derivative bilinear Sg-exact K> is a linear combination involving the two separate parts
of Fy;:

Ky = 30(ac,0up+Bc, 00 Hyy) = O‘(QHZya2y§0+Cu Wcl,)qtﬁ( W\HAVJrc 0> cvte,Oey)

wpy
(5.25)

where o and 3 are free parameters. The chosen Kjs in (5.20) are only $p-cohomology
representatives determined up to addition of the above expression. Since the above
expression is annihilated by $gp, the canonical transformation (5.13) it generates is

actually a (higher-derivative) symmetry of T':

0H = 20,8, , where &, = ad,p + BONH), ,
ey = (a+B)ds e+ B0c,,  6H, = —ab,,005Hys — 280004, H), . (5.26)

For the graviton it is just part of linearised diffeomorphism invariance. The significance
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of the other two transformations is unclear to us. They may not survive into the

interacting theory.

5.4 Inside the diffeomorphism invariant subspace

At second order in perturbation theory (3.151), the flow equation (3.152), and mST
(3.146), become

Iy — LStr AATS) = —18tr AT AT (5.27)
5Ty =—1 (T, 1) - TrcA @A, (CA rﬁ)AAr?)) . (5.28)

In ref. [75] we constructed the general continuum limit solution to (5.27), i.e. the

general solution that realises the full renormalized trajectory A >0. It takes the form
Ty =5 [14 Py — (14 P | T Ty + Do), (5.29)

where the first term on the RHS is the particular integral and the last term is the
complementary solution. The complementary solution takes exactly the form of the
general solution (3.164) to the linearised flow equation, where however ;1 now has a
meaning. It is an arbitrary initial point on the renormalized trajectory, lying in the
range 0 < p < alAy. The particular integral expands out into a sum over melonic

Feynman diagrams, the propagators defined through (similarly P, and Px)

o o

U _ AMAB
PA=80" 508 ot -

(5.30)
They connect the two copies of the first-order solution I'y. Importantly the renormalized
trajectory solution (5.29) is already finite, all the UV divergences having been absorbed

into the relevant underlying second-order couplings, g3, , ., as described in ref. [75].

We now describe the properties of these equations and their solution once the renor-
malized trajectory has entered the diffeomorphism invariant subspace, cf. fig. 3.3. This
is equivalent in particular to taking the large Ay limit. In section 5.4.1 we then provide

the detailed solution.

In the large Ay limit, the limit at first order

ry —» /@(fl + f’lql), asNy — o0 (5.31)

can be substituted directly into the second-order mST (5.28) and into the particular
integral, since these expressions are well defined being both regularised in the IR and
the UV and and remain so in this limit [75]. Since I'; contains a maximum of three

fields, the latter then collapses to a one-loop integral in the sense that the renormalized
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trajectory (5.29) now reads [75]

Ty = To(u) + k* (Ion — Ioy) , where I = —1Str Akf’?)&kfgz)] , (k=u,A).
(5.32)
In fact Iy is now identical to a one-loop computation in standard quantisation. Al-
though it is built from first-order vertices, which themselves contain a one-loop tadpole
contribution T4 (3.162), this latter drops out because it is linear in ¢. In a similar
way the RHS of the second-order mST (5.28) can be seen to contain all the standard
quantisation one-loop contributions and no more.

At this stage the infinite number of underlying couplings have disappeared, leav-
ing behind only k. Had we chosen to keep a first-order cosmological constant, then it
would also appear as an effective coupling. As we will see, similarly to the standard
perturbative approach, further effective couplings generically appear order by order in
perturbation theory, multiplying covariant higher derivative terms (such as curvature
squared terms etc. ). Here however these effective couplings are collective effects of
the infinite number of underlying couplings, and parametrise the remaining freedom in
the renormalized trajectory given that it has entered the diffeomorphism invariant sub-
space, cf. fig. 3.3. In our case from here on we can identify the perturbative expansion
as being an expansion in x. Therefore we redefine the second order contribution to be
k2 Ty with complementary solution x2T'y(x), so that from here on & drops out of the
equations.

The particular integral is now polynomial in the fields. In this limit we also arrange
for T'o(p) to trivialise, i.e. become polynomial, as explained in section 3.3.4. We see
therefore that from a practical point of view the computation can now proceed in a way
which is very close to standard quantisation. We comment further in the Conclusions.
We emphasise that the understanding of the result is however very different: in standard
quantisation, x is a fundamental irrelevant coupling and thus there is no interacting
continuum limit in the Wilsonian sense [8, 109]. Here the continuum limit is expressed
in terms of the infinite number of underlying couplings, which are all (marginally)
relevant. It is these latter that get renormalized in this picture, as noted above.

From the perspective of standard quantisation, the large-Ay limit (5.32) still looks
a little peculiar since the particular integral is the difference of two parts: Iop —Io,.
These parts are IR regulated but separately UV divergent. We can treat them sep-
arately by applying some appropriate supplementary regularisation, e.g. dimensional
regularisation, d = 4 — 2¢, as was done in ref. [103]. Furthermore we can subtract
their divergences separately using a gauge invariant scheme that is independent of the
finite cut-off scale u or A, since such divergences anyway cancel out between the two
parts. We will use the MS (modified minimal subtraction) scheme, and thus subtract
the terms proportional to 1/e—~g+1In(4w), where vg is the Euler-Mascheroni constant.

Since T'; is made of three-point vertices, the particular integral contains only two-

point vertices. When derivative-expanded, I, trivially results in polynomial (in the
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fields) solutions to the linearised flow equation (3.145), because these carry no A de-
pendence and the tadpole corrections, where they exist, are field independent and
thus —although calculable— discarded since they contain no physics. We can therefore
dispense with I, by absorbing it into a redefinition of the complementary solution:
Fo(p) = To(p) + Ioy. As further discussed below, this is essentially what we will do
except that we will take due account of the fact that I,z is ambiguous on its own,
whereas in fact the difference that appears in the large-Ay limit (5.32) is finite and well
defined.

Emphasising the similarity to the standard perturbative approach we now write:

Toc1 = Tocl(p4) (5.33)

sol'aa = —3 ([1,T1), (5.34)

Log = Tog(p) + Iop — Ioy (5.35)

soT'2g — Algq = —(F,T14) — TrCA TP ANTP (5.36)

Here we have split the solution I'y = I'gq)+ 'y (5.32) to the second-order flow equation,
into its classical (5.33) and one-loop (5.35) parts, and similarly split the complementary
solution: T'a(p) = Taci(pt) + Iag(pe). We have also split the second-order mST (5.28)
into its classical (5.34) and one-loop (5.36) parts, noting by definition of the total free
quantum BRST charge (3.153), that 59 = so — A, where s9 = Qo + @ is the classical
part, while the measure operator A is O(h) [83, 84, 103].

The trivialised complementary solution is just a polynomial (in fields) solution to the
linearised flow equation (3.145), so I'yqi(p) is a A-independent part, while I'yq(p) con-
tains the induced A-dependent one-loop tadpole correction plus its own A-independent
part. In principle (and in general at higher order) there could be higher-loop tadpoles,
however we will shortly see that in our case I'y(n) only has a one-loop tadpole, while
the one-loop A-independent part has no tadpoles. Therefore (5.33)-(5.36) form the

complete set of O(k?) equations in our case.

The classical flow equation (5.33) simply says that I'y.; must be A-independent. If
we absorb I, entirely into I'y;(1) as discussed above, the remaining three equations
(5.34)—(5.36) are then identical to those we would derive in standard quantisation at
one loop in this framework [103]. Given that we have defined Is5 using dimensional reg-
ularisation and a gauge invariant subtraction scheme such as MS, we then find a unique
finite solution to these equations, up to the usual arbitrary In up terms appearing after
subtracting logarithmic divergences, where the mass scale i arises from dimensionally
continued couplings (here ku%). The insertion of the cut-off A leads to the modified
Slavnov-Taylor identity (5.36), but for vertices defined using a gauge invariant scheme

such as MS, this is still just an identity that is automatically satisfied.

This is however a rather confusing way to arrive at a solution, because in our

case ambiguities such as the pr-dependence cancel out in the difference Iop — Io,
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reflecting the fact that the quantum part of our solution (5.35) is actually a well-
defined expression. We have instead a mass parameter p which plays essentially the
same role, being the arbitrary initial point on the renormalized trajectory. Indeed like
1R in the standard approach, physical quantities must ultimately be independent of p.
We therefore choose to absorb all of I3, except essentially for exchanging pur with p.
As we will see MS then amounts to imposing a renormalization condition at p= g, in

the form expected in this framework [103].

The failure point of standard perturbative quantisation is usually seen as stemming
from the need to introduce bare couplings to absorb the UV divergences. Since in
standard quantisation these multiply new non-trivial BRST cohomology representatives
order by order in perturbation theory, new bare couplings are needed at each order.
However we do not need direct access to the UV divergences to see the problem. The
freedom to change the scheme away from MS to some other gauge invariant scheme,
is contained in the freedom to add suitable local terms associated to the ambiguities
in the finite parts of these divergences. The undetermined parameters that are thus
required to parameterise the scheme dependence, are nothing but the new couplings
that we know appear at each order in standard quantisation. It is just that phrased
this way the required new couplings are finite. Even if we stay within the MS scheme,

pr independence would force the introduction of new finite couplings.

Here the UV divergences have already been absorbed into underlying (non-geometric)
second order couplings g, ., and the ambiguities in defining the integrals are absent
since they cancel out in the difference, Iop — I2,. Nevertheless there remains order by
order in k the equivalent freedom. Indeed the requirement that our general second-
order solution for the renormalized trajectory (5.29) is independent of the initial point
w, will force the existence of the new effective couplings in the same way.?* More gen-
erally we have the freedom to add a local term to the solution I'y of the second-order
flow and mST equations (5.27,5.28), provided that this addition satisfies just their left
hand sides, i.e. the linear equations (3.145,3.153). In other words it is a change in the
complementary solution I's(u) corresponding to a change in our choice of (quantum)
BRST cohomology representative. In particular once we have secured one solution for
Iy (e.g. using the technique sketched above), we then have all possible solutions since
they differ only by such a change in the quantum BRST cohomology representative.
Since we already know that Iy on its own, defined with a suitable gauge invariant
scheme, will satisfy the equations, we know that its scheme ambiguities are contained

in such changes to the complementary solution.

We therefore have to confront the possibility that, although perturbatively in x we

have a genuine continuum limit (at least to second order as confirmed here), it is of an

ZThus also its large-Ap limit (5.32,5.35). This is so in general even if inconveniently for us, for pure
quantum gravity at O(K2) such additions turn out to be §p-exact, as we saw in section 5.3, and therefore
can be removed by reparametrising the (anti-)fields. As we noted in section 5.3, this is equivalent to
the observations made in ref. [21].
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unusual form in that the renormalized trajectory is parametrised by an infinite number
of effective couplings. A priori there seems to be nothing inconsistent with such a
conclusion for quantum gravity, no matter how phenomenologically inconvenient,?* as
we discuss further in section 5.5. However in section 5.6 we uncover hints that the non-
polynomial dependence on h,,, required by diffeomorphism invariance should force the
BRST cohomology at the non-perturbative level back to be at most two-dimensional,

depending only on x and the cosmological constant.

5.4.1 Vertices at second order

We now fill in the details. We have already noted that (5.33) just says that Iy is
A-independent. From the first three equations (5.8) derived from the CME, it is clear

that the choice we require so as to satisfy the classical BRST invariance (5.34), is
I‘2cl = FQCI(M) = fg . (537)
It is therefore actually independent of y. As anticipated, it only has a one-loop tadpole,

Laq(p) > fng = (%(80490)2 —20a0hapdpp — (aohozﬁ)2 + 2(8aha5)2) - %bA4(4P2 + hiﬂ) )

(5.38)
computed using the classical O(x?) expression (5.10) and the tadpole corrections defined
in the general form of the complementary solution (3.164), and labelled using the system
introduced in (5.6). (Notice that this involves the trivialisation of o = 2 coefficient
functions (4.35), as is clear from the top line of the classical O(x?) expression (5.10),
but their tadpole corrections are also joined by h,,-tadpole corrections from the bottom
lines in (5.10).)?® If we had already absorbed I, into I'sq(p1), (5.38) would actually be
the complete solution for I'y, (1), being the unique O(x?) tadpole integral formed from
the classical action.

By inspection the particular integral (5.32) and the RHS of the one-loop second-
order mST (5.36) can contribute only up to a maximum anti-ghost level two. In fact
there is no contribution even at this level, as we now show. In the particular integral
this would require attaching two propagators between I'? (3.158) and T (3.159), or
between two copies of f’% while preserving both anti-fields, but it is not possible to
attach the propagators in this way. Since flq only has level zero, the anti-bracket
cannot contribute above level zero, whilst there is no correction term at level two in

)

the one-loop second-order mST since this would require f‘? (2 , but there is no way
to join this by a propagator to f‘ﬁ). Thus all these anti-ghost levels are solved by

Doy =15 (w) =0.

24In the general case, these include couplings for curvature-squared terms, whose sign must be chosen
to maintain unitarity, in contrast to the case where quantum gravity would then be renormalizable in
standard quantisation [134].

E.g. (Oap)? arises from the second and the last monomial in (5.10) yielding, by (4.36) and (3.141),
-3(1-9) =3
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For similar reasons the one-loop second-order mST (5.36) also collapses at anti-ghost
level one:

Qol3, =0, (5.39)

1(2)

indeed the correction term now requires I';"”” with its anti-field intact, but no such
contributions are possible. However at this level the particular integral does make a

contribution. The integral
IQA = z/ /woc p, ) ca(—p) (5.40)

is a two-point vertex formed from two copies of '} (3.159) and fluctuation and ghost

propagators (3.140)—(3.143) in the self-energy contribution (5.32). In d=4 dimensions

Calg)Calp+q) g 1
I — 3 3 2
B,u,ua( A) - _/q q2 { (p+Q)2 [§ PaP(u4v) + 5 PuPrQa + 31)(“%)%4 +p p(,u(su)a

o+ 280(uPu) + 2 B(ut) + St |
(5.41)
Choosing the complementary solution to have the same form as (5.40), with kernel
B0 (p, 1), Ty, also has this form and is trivially satisfies (5.39). Writing its kernel as
Buva(p, A), we have

BMVOt(p’ A) B;Cuza( ) + B;Iiua( A) B[LI/& (pa :U’) . (542)

The momentum integral (5.41) is a formal expression since it has quadratic and log-
arithmic divergences. By using dimensional regularisation to define it (using the d-
dimensional I'; described in section 3.3.4), we automatically subtract the quadratic
divergence, and by using the MS scheme we subtract the log divergence leaving just
the usual Inpug ambiguity.?® Taylor expanding the momentum integral up to cubic

order gives:

(47)* 135 :A2/du C(C —2) [3¢%0-c— %éo(c;cu)]
0
* A * 1 > A * *k
— 10*00-c+ so(%HW82y<p + 2 c,Hey) + B /Oduu (C"? so(Hw,afwcp - %CHDC#)

1 o0
- <1 if; +/ d: (1-C)? +/1 d;‘ c(C - )> So(H},, 02,0 + 3¢5 0c,) +0(8%)
(5.43)
Here C' = C(u) is the cut-off function, and we recognise amongst these expressions,
instances of Q, (4.3) and b (3.161). The O(9°) and higher terms arise from UV finite
integrals (so do not depend on pg). The derivation is sketched in app. A.2. As

explained earlier, if we had absorbed I, into I'sq(1t), the remaining level-one part from

26Tf desired, the subtraction can be reinstated since at one loop it always appears with the same
coefficient as In p%.
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(5.35), F%q =1, would already be a solution. The A-independent §-exact parts could
be discarded by changing the choice of I'y4(p), but we keep them to match the MS
scheme. We only need to recognise that the end result (5.42) must be independent of

ur. Thus we set the one-loop complementary solution part to
3q(1) = Z/ oo (D) Biio (0, A) ca(=p) = Iy, + Z3 (1) 50(Hy, 00 + §¢i0cy) . (5.44)
p

which is independent of g /u, since this dependence cancels between Izlu and

i
In—
(4m)2 " pp

Za(p) = + 23 (5.45)
We see that x2Z3(u) induces a change of BRST cohomology representative at second
order, as expected.?” In this case the change is §p-exact and thus amounts to a canon-
ical reparametrisation cf. section 5.3, hence ZJ is a wavefunction-like parameter. Its
presence ensures that I’% is also independent of the initial point u on the renormalized
trajectory, since a change of 1 — ap in the total solution Bj,a(p,A) (5.42) can be
absorbed by a change §Z3 = dz3 = —Ina/(47)?. Altogether the one-loop level-one

solution (5.35) to the renormalized trajectory is:

(47)* F%q = A2/du C(C-2) [¢p*0-c— %éo(chu)]
0
— 5¢*00-c+ 50(3H};, 00,0 + $5¢50c,)

1 o0
+ 3 /Oduu (C")? §0(H;V83ch — %cZDcu)

1 271 'du 2 du 5 * a2 3 x
+§ (47T) ZZ(A)+ 0 Z(l_c) + ) 70(0_2) SO(HNVBMVSO—FZCMDCM)

U
+0(9°).

(5.46)

If we work in scaled variables, where we absorb A according to dimensions, the result

depends on A only indirectly through ZJ(A). The scaled result is thus of self-similar

form as expected for a renormalization group trajectory [20]. Renormalization schemes

follow from the choice of renormalization condition for Z3. For example, the MS scheme

is recovered here with the renormalization condition

Z(p)=0 at p=pr, (5.47)

which sets 23 = 0in (5.45). Evaluating the physical limit, By,q (p) = lima—0 Buva(p, A),

2TIn general this would not be clear until we computed the pr dependence at all anti-ghost levels,
but see (5.53) and the discussion below it.
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a standard Feynman integral, we get for the physical vertex in the scheme (5.47)

(477)2 B,ul/a (p) = (%p2pu5ua - %p,upupa) hl(pQ/HQ) + %pupupa - %p2pudua + %5uup2pa >
(5.48)
where the net effect of the choice of complementary solution (5.44) and renormalization

condition (5.47) is just to convert ug to p.

At anti-ghost level zero, the one-loop solution (5.35) is now written as
9y = 942 + 615 (1) + I3y — I, (5.49)

the first two terms on the RHS being the complementary solution having split off the

one-loop tadpole (5.38). Adopting a parallel notation to above we write
3 = § [Houl0) Aluas(p, ) Hosl-p). (5.50)
P

Here Aﬁyaﬂ(p, A) has two contributions: one from using two I'} vertices joined by
ghost propagators and one from two copies of I' joined by H propagators. As a formal
integral in d = 4 dimensions, and understood to be symmetrised i.e. to be recast as

A[ () (ap)) WE can write it as:

A/ﬂ/aﬂ (p7 )

-1
/ Ca(q) Ca(p+q) { TP [papgpupy + 2paPBPudy + 2PaPsaudy + PaPpdsdy
q

+ 2paQ,3QuQV + 9098919y — p25aup,3pl/ - %pQ(s,uu(pap,B + 3pa‘]6 + 3an,3) + T16p45uu5a5 + %p45au55u:|
1
+ ? [%p25a,86,uu + %p : qaaﬂ(s,uz/ - p'(p“‘Q)(sa,uéﬁu + 25au(p+Q)/3(p+Q)u - 5yu(pozp,8 + 3paQ,8 + QaQﬁ)]

+ %(50455#1/ }

(5.51)
Again we define it however using MS. Up to O(9?), (5.50) takes the form

(4m)2 19, :A4/OduuC(C 2) [Zh2, + 2¢°]
+ A2 /0 duC(C —2) [B00has + 3 (Oahas)? — 2(0:hap)? — 3 (Oai)?]

o0
7 [ dun(C) [0 shas + KOl + G5(Orhas)? + 45 (Ba )] +0(0").
" (5.52)
It is a unique result but acquires dependence on In ugr, which appears amongst the
O(0*) terms. (We do not display all these terms because there are rather too many.)
Setting 619, (1) = Igu, 9, (5.49) would already be a solution. As before, we choose

the complementary solution to be this up to converting the In up dependence to Inp
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dependence. We find

1
0T, (1) = I3, + Z9,(R() 5)* + Z8,(RM)?, (5.53)
where to one loop,
61 W 23 W
A =————In"—+2) A =—— " _In—+29,. 5.54
Qa(:u) 120(47T)2 nﬂR + Z2a 2b(lu’) 120(47T)2 H,UR + 22b ( )

Again the role of these xk?Zs is (also) to ensure that the full solution is actually in-
dependent of 1 at O(k?), and ensuring that the scaled result is a self-similar solution
[20]. Since the only other In u part, sitting in F%q(u) (5.44), is already $p-closed, this
addition must be §p-closed, which it is by virtue of being invariant under linearised
diffeomorphisms. As we saw, (5.22), it is actually §g-cohomologically trivial, and thus
as a consequence of the Koszul-Tate differential (3.122), vanishes on the free equations
of motion (i.e. on shell), making the Zs here also wavefunction-like. This is also clear
directly, on using the Gauss-Bonnet identity (5.21) [21]. (Note that the coefficients do
not agree with those in ref. [21] which are computed in the background field method.
The terms only have to agree on-shell, which they do trivially since they both vanish.)
Again the MS scheme is recovered by choosing the renormalization condition (5.47). In
the physical limit, the tadpole correction (5.38) vanishes, so once more the net effect
of our renormalization condition on the choice of complementary solution (5.53) is to
swap jup for u. We find for the physical I') two-point vertex (where again we mean this
to be recast as A((u)(ap))):
2
(47)% Aas(p) = (%papgpupy — B2 0spuPy — SEP*0upapy + 250" Sapbu + %p‘%u%)ln (f;)
+ L papspupy — ZBp?S0ppupy — Aasp®Saupspy + s p*Sasdun + e p*Saudsy ,
(5.55)
the quartic on the first line being the same as appears in (5.53,5.54).

Finally, substituting ng (5.49) into the one-loop second-order mST (5.36) and using
the final equation in the CME relations (5.8) we see that?®

- o . 0
Qo (19, —T95) +Qy Thy = —~Tr CATY AP | (5.56)

(AT'2 trivially vanishes) where on the RHS we retain only the anti-ghost level zero
piece. This last term has three contributions, one with I'? and T differentiated with
respect to ¢* and (anti-)ghosts, the other two using f‘% and its H*, and either a second

copy IV“% differentiated with respect to H and ¢, or f? where the differentials are of

28Note that the covariantisation F?qz thus plays a different role from fng.
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course both with respect to H. The result is:
. . 0
~ T AP PanrP [ = /HW@) Fuva(p A) ca(~p) (5.57)
P
where

1
Fuva(p, A) = / Ca(q) CA(erq){fSWpa +300Ga + q—2[2ququ(p+q)a + 4pupuga
q (5.58)

= 2p-q (P+q) (uO)a + P 4O (P+@)a — 45uuqup2]}-

The above A, B and F vertices are analogous to vertices in Yang-Mills theory, which
we labelled similarly in ref. [103]. Note that MS has no effect on F,,, or the tad-
pole integrals, (5.11) and (5.38), since these are already fully regulated by the cut-off
functions and thus have no 1/e divergences. Writing Gf}l,) (3.123) in momentum space
as

G (p) = ~GL2,., (D) Hap(p) (5.59)

we see that (5.56) is a modified Slavnov-Taylor identity for two-point vertices:
Apwas D5+ G \Bora = LA (Supa — 20(u00)0) + 3 Fuva (5.60)

where the first terms on the RHS come from putting Qg f[l)qQ? on the RHS and using
the formula for f(l)qQ (5.11). Note that in the physical limit A — 0, the above RHS
vanishes and this equation becomes the unmodified Slavnov-Taylor identity: it just
says that the amplitude A is gauge invariant on shell, i.e. up to terms proportional to
the free equation of motion G;(}u) = (0. We have confirmed that the physical vertices,
(5.48) and (5.55), do indeed satisfy the physical limit of this equation. This means that
if we write the IR cut-off functions in terms of the UV one, Cy = 1 — C®, the LHS
of the above identity (5.60) can be rewritten as a sum over contributions all of which
are UV regulated by C* and thus well defined without further regularisation. Further
manipulation similar to those in ref. [103] would then establish that (5.60) holds exactly
as an identity between the integrals (5.51,5.41,5.58). In fact by the Bianchi identity,
pHG,(},,) (p) =0, it is apparent that only the last term in the physical B vertex (5.48)
makes a contribution. Therefore the above identity (5.60) states that the part of the
physical A vertex dependent on renormalization conditions, namely the In p?/u? part of

(5.55), is transverse, a property we have already established in (5.53). The derivative
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expansion of F (5.57) gives:??

. . 0 o0
—(4m)? Tr AT AT ‘ — A / duuC(C —2) [Bhuwducy + 1pd-c]
0
— bA* [ThywOuc, + 20 0-c]

+ A7 / duC(C = 2) [3huwD0ucy, + B 00 ¢ — F3hyuwds,qca]
0

+ A? / du u?(C')? [huw O aCa + 33huw00,c)] + O(8°) .
" (5.61)
We have verified that the one-loop second-order mST identity (5.56) is satisfied up to
O(0?) by the derivative expansions (5.43), (5.52) and (5.61) together with the tadpole
corrections (5.11,5.38). In particular this confirms explicitly that these tadpole contri-
butions automatically supply required O(3°) and O(9?) terms necessary for satisfying
this identity.

5.5 Discussion

We have seen that at second order in perturbation theory the end result is the standard
one for the one-particle irreducible effective action at O(x?2), and which is thus a one loop
contribution. Since we are dealing with pure quantum gravity at vanishing cosmological
constant, the logarithmic running is due to wavefunction-like reparametrisations. This
is true in standard quantisation [21] but it is also reflected in the new quantisation.
However outside the diffeomorphism invariant subspace these reparametrisations are
not purely wavefunction-like but are accompanied by coefficient functions, for example

at anti-ghost level zero they will take the form:

0H, = RY) fa(o, 1) +6, RY fR(p.p),  where fi(p,p) = cis?lnp as Ay — oo,
(5.62)
¢; being numerical constants (i = a,b). There are also infinitely many perturbative

reparametrisations possible of the form

dp = fA(h;w» 80) ) (5.63)

the RHS evidently being made up of Lorentz invariant combinations of h,,. Some
combination of these reparametrisations will correspond to redundant operators [135,
136]. It is these kind of reparametrisations that would lead to a demonstration of the
quantum equivalence of unimodular gravity and ordinary gravity [107, 137] within this
new quantisation.

Notice that the logarithmic running encapsulated in Zi(u) (5.45) and Zga,bW)

(5.54), is by no means the only logarithmic running in the theory. Infinitely many

29 Again note that Qa (4.3) and b (3.161) give alternative expressions for the terms linear in C.
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more cases are generated in the derivative expansion of the general solution for the
second-order renormalized trajectory (5.29) [75]. However all the other cases vanish as
a power of Ay in the large amplitude suppression scale limit.

It seems clear that once we add matter and/or a cosmological constant, it will no
longer be the case that the logarithmic running inside the diffeomorphism invariant
subspace is attributable to a reparametrisation. It will have to be attributed to new
diffeomorphism-invariant effective couplings. These effective couplings are precisely the
same couplings that need to be introduced in standard quantisation [21]. Indeed we
still expect to need a complementary solution in the form we gave for 5F8q(,u) (5.53),
but the curvature-squared terms no longer vanish on the equations of motion since
the Einstein tensor is now sourced by the matter stress-energy tensor and/or a term
proportional to g,, in the case of a cosmological constant.

Actually, once inside the diffeomorphism invariant subspace, we are obeying both
the flow equation and the mST, and therefore the solution must correspond to an
RG flow in the standard quantisation. The problem in standard quantisation is that
these flows have an infinite number of parameters, new ones appearing at each loop
order. In standard quantisation they are identified with renormalized couplings, and
the corresponding bare couplings are required to absorb the UV divergences. It is
clear that in this standard framework none of these flows can correspond to a genuine
perturbative continuum limit in the usual Wilsonian sense, i.e. a renormalized trajectory
emanating from the Gaussian fixed point, since k is irrelevant. (The same is true of all
higher order couplings apart from the curvature squared ones.)

In this new quantisation we have found a solution to this latter problem: we have
constructed a genuine perturbative renormalized trajectory. We have demonstrated
that it works in perturbation theory, at both first order [1, 107] and now, second order
[75]. It emanates from the Gaussian fixed point along relevant directions provided
by the underlying (marginally) relevant couplings, g5, .. It is these couplings that
absorb the UV divergences [75]. Once inside the diffeomorphism invariant subspace,
this renormalized trajectory must coincide with a subset of the RG flows derived in
standard quantisation. The question is which subset. Since we need to send Ay — oo
in fig. 3.3 to fully recover diffeomorphism invariance, we know at least that these flows
must exist all the way to A — oo within the diffeomorphism invariant subspace, even
though they will not qualify as part of a perturbative renormalized trajectory inside
this subspace.

Once inside the diffeomorphism invariant subspace, the underlying couplings disap-
pear and the trajectory is parametrised by diffeomorphism-invariant effective couplings.
One possibility is that there is no restriction: the subset is the whole set, the effective
couplings are in one-to-one correspondence with the couplings required in standard
quantisation. Devastating as this might be for the general predictivity of the theory,
this construction suggests that there is nothing inherently inconsistent with such a

scenario.

99



If this is the outcome, nevertheless the new quantisation provides a different perspec-
tive. For example, it is not true that the introduction of these higher order couplings
require a loss of unitarity, provided that their signs are chosen to avoid wrong-sign
poles in the full propagators. In standard quantisation, the assumption is that once
couplings are introduced for the curvature-squared terms for example, these couplings
must be part of some ‘fundamental’ bare action, and thus from the beginning turn
the theory into one with higher derivatives even at the free (bilinear) level. Here, the
bare action lies outside the diffeomorphism invariant subspace. The higher derivative
interactions there must always be accompanied by a 5<X)(<,0) operator, and thus cannot
alter the kinetic terms. In other words, the bilinear action maintains its two-derivative

form [107].

It remains the case that ultimately the perturbative development of the theory
is organised in powers of xk and therefore by dimensions, accompanied by increasing
numbers of space-time derivatives at higher order. But since we are dealing with a
theory with a genuine continuum limit, the fact that perturbation theory breaks down
in the regime®” k@ > 1, just indicates that the theory becomes non-perturbative in this
regime and not, as usually interpreted, a signal of breakdown of an effective quantum

field theory description.

We see very clearly that it is the logarithmically running terms and their finite
part ambiguities, necessarily BRST invariant, that demand the introduction of new
couplings order by order in perturbative quantum gravity. In contrast, the power-
law A dependence is computed unambiguously. Nothing within perturbation theory
demands that new couplings be associated to such A?" terms (integer n>0). Nor is the
field dependence associated to A?", closed under BRST, but rather is intimately related
to the modifications of the Slavnov-Taylor identities. Thus the problem in quantum
gravity is to find the mechanism, if there is one, that determines (some or all of) the
finite parts associated to the In(A/u) terms that appear at the perturbative level. If
for example, all these parameters are fixed by such a mechanism, we would be left with
only one new parameter at the quantum level, the mass scale that arises by dimensional

transmutation from the very existence of the RG (the equivalent to Agcp in QCD).

In fact we know that at third order, the first-order couplings will run with A [75].
It is conceivable that this running and the required subsequent matching into the dif-
feomorphism invariant subspace, plays a role in providing this missing mechanism. Be-
low, we discuss another possibility, some hints that this mechanism arises solely from
insisting that the RG flow within the diffeomorphism invariant subspace, remains non-
singular all the way to A— oco. One such well-studied possibility is a non-perturbative
(asymptotically safe) UV fixed point [33, 138, 139]. However note that our current
construction was born from attempts to solve issues with the degeneration of the fixed

points and eigenoperator spectrum that are seen in that scenario if one goes (sufficiently

30Here 9 stands for the typical magnitude of space-time derivatives.
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carefully) beyond truncations involving just a finite number of operators (see the final
discussions in refs. [1, 77]). As we now explore, a mechanism for fixing the parame-
ters could follow from the same mathematical properties of the partial differential flow

equations that lead to these problems in the first place.

5.6 A possible non-perturbative mechanism

In the conformal sector the infinite number of couplings g3,  lead to a new effect,
namely the fact that almost always, even at the linearised level, RG flows towards the
IR become singular and then cease to exist [8]. This is very much interwoven into the
subsequent development [1, 75, 107]. Indeed it is for this reason that the construction
requires the initial point u for the renormalized trajectory (5.29) to lie below Ay, most
of the trajectory then being safely developed from the IR to the UV. This is due to the
fact that we are dealing with solutions of a parabolic partial differential equation that
are non-polynomial in the amplitude: such solutions are only guaranteed when flowing
from the IR to the UV [8].

These comments apply equally well to the h,, sector however with the crucial differ-
ence that there the equation is reverse parabolic, with solutions only guaranteed when
flowing from the UV to the IR [8]. The problem is not seen for polynomial linearised
solutions, because such solutions are a finite sum of eigenoperators (the Hermite poly-
nomials) [8, 107] with constant coefficients. But diffeomorphism invariance, which is
imposed in the IR (inside the diffeomorphism invariant subspace), requires us to use
solutions that are non-polynomial in the h,, amplitude (because the curvature terms
require both the metric g, and the inverse metric g"”). Thus diffeomorphism invari-
ance forces us to consider solutions non-polynomial in A, evolving from the IR to the

UV. Such solutions almost always fail at some critical scale A, before we reach A — oc.

In reality, the solution must exist simultaneously in both the h,, and ¢ sectors.
Consider a solution dI" to the linearised flow equation (3.145). Isolating the h,, and ¢

amplitude dependence, we can expand 0I' over monomials ¢, ...,

or = Z glil"‘#n (67 8807 8h7 c, Q*) ffx#l"'#n (haﬂv SO) + - 3 (564)
S

where we suppress Lorentz indices on the arguments in ¢ and we mean that its (anti-
)field arguments can appear as indicated or differentiated any number of times. These
new coefficient functions f§ are necessarily non-polynomial in k.5 and ¢ for the reasons
we have explained. The linearised flow equation (3.145) can be solved exactly using the
same integrating factor as in the general solution (3.164). The ellipses in (5.64) refer
to the tadpole corrections so formed by attaching propagators to ¢ either exclusively,

or also to heg and ¢. Now from the linearised flow equation (3.145), the coefficient
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functions themselves satisfy the flow equation:

. 82 82
ff\'ul...'un(haﬁa@) = QA <8hl%y — W) f/g\lll"'un . (565)

Here we clearly see the property that the equation in each sector separately is parabolic,
but in opposite directions, and thus in fact the Cauchy initial value problem?! for such
a partial differential equation is not well defined in either direction. This mathematical
property is not cured, but only obscured, by using the full non-linear flow equations. We
see that we are dealing with novel partial differential equations whose solution typically
becomes singular when it is evolved in either direction, even at the linearised level. As
we have emphasised already for flows towards the IR in the ¢ sector [8], this does not
mean solutions do not exist but rather that the initial conditions must be very special,
i.e. lie within a heavily restricted subspace. Below we uncover hints that this allows
only the cosmological constant and  ultimately to exist as independent couplings.

Notice that this issue applies only to the fields that are differentiated in the flow
equation, i.e. to the quantum fields — whose second order differentials together with
the RG time derivative make the equations (reverse) parabolic. It does not apply to
the anti-fields, nor to background fields if the background field approach is followed.
In fact it does not apply to the ghost fields either because these are Grassmann and
thus dependence on their amplitude is necessarily polynomial. Therefore the issue only
arises for the quantum fluctuation fields h,, and ¢.

To take these arguments a little further, we recall that the finite part ambiguity
dTiy) that appears at {-loop order, is a local A-independent operator, and note that its

dimension is

0T = 2(+1) (5.66)

(e.g. as required by dimensions from the factors of k). We also note that if the mST
(3.146) is to be obeyed inside the diffeomorphism invariant subspace, we must have
(Lo, 6I{y)) = 0 (since all the other parts are at higher loop order, in particular the cor-
rection term in the mST carries an extra loop) [103]. In other words, at ¢-loop order
the ambiguous parts dIjy) must be invariant under the full classical BRST transforma-
tions [103], cf. section 5.2, reflecting standard treatments [91, 147, 148]. In particular
the level zero part, 6T, must be diffeomorphism invariant, and thus at one loop are
curvature-squared terms, as confirmed in 0T’ gq (5.53), at two-loop order are x? times
curvature cubed, or k2RV?R type terms, and so forth. They are therefore indeed
non-polynomial in h,, (and also ¢ as also imposed by the new quantisation).

At loop-order higher than ¢, where 01y first appears, 01y gets altered by the flow
equation (3.152) and mST (3.146) in ways that are not straightforward to analyse. If

we model the situation by just taking the linearised flow equation (3.145) and imposing

31This is a property of the flow under effective cut-off A. It has nothing to do with the existence
(or otherwise in some approaches [140-146]) of a Cauchy initial value surface in the dynamics of the
theory.
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0T = 6Ijy at A =0, the perturbation will no longer satisfy BRST invariance or the
mST once A>0. However we will be able to see the restrictions that arise from the fact
that the flows are typically singular. In close similarity to the solution for the pure-¢
coefficient functions (3.165), the partial differential equation (5.65) is solved formally
by the Fourier transform:

f/iu1~~-un(ha5’90) = /(271-§1() ffll"'ﬂn(naﬁ”n) QQQA(T[uu 70) it by - TK‘P7 (567)

where 71,,,, is traceless, being the momentum conjugate to h,,,. That (5.67) is the Fourier
form of the solution, can be seen straightforwardly by substitution, and matches the
general linearised functional solution (3.164) as one can see by substituting the A=0
Fourier transform for the physical coefficient function. However for the above to be
more than a formal solution to (5.65), we need the Fourier integral to converge. We
see that as A increQases from zero, convergence in the ¢ sector only improves, since it
is weighted by ef%QA, reflecting the fact that the Cauchy initial value problem is well
defined in this sector for IR—>U\£ [8]. However in the hy, sector the integral has the

exponentially growing weight, el'zyﬂf‘. Unless §¢ decays faster than an exponential of
7, (at fixed 7), the solution (5.67) will be singular at some critical scale A =Aq >0,
above which the flow ceases to exist.

We see therefore that the flows will exist only for carefully chosen parametrisations
of the metric in terms of h,, and ¢. Now we show that solutions of the form (5.67)
cannot exist simultaneously for all the 4I" that match diffeomorphism invariant 61 at
A =0. If we take the Einstein-Hilbert action (5.9) as an example and expand it over
monomials as in (5.64), the required strong suppression of high conjugate momenta 71,
in f*, means that for the above to be a solution, there must be no rapid variation of the
Einstein-Hilbert action under changes in the h,, amplitude. Obviously, at a minimum
we then need a parametrisation that exists for all amplitudes. That is not true of the
simple linear split form of g,,, (2.2) which is not positive definite for all h,, and ¢, and
for which g, is singular at k¢ = —2, and whenever xh,, has —1 as an eigenvalue. We
can cure this by for example parametrising the metric g, in terms of an exponential
of kh," (considered as a matrix), see e.g. [121, 149-152]. Such a parametrisation can
also ensure that the square root, in the measure ,/g, does not lead to branch cuts (as
also would expressing the metric in terms of a vierbein, since the measure is then its
determinant).

This is still not enough to allow a solution in the form (5.67) however. From the al-
ready required faster than exponential decay, we see that the mod-squared amplitudes
oy un’2 are integrable. Thus by Parseval’s theorem, the squared coefficient functions
( ff\m”. #H)Q must also be integrable over d’h,zdyp. This in turn implies that the coeffi-
cient functions f§ i1y, USY vanish as hag —00.32 Since VIR = a,/gR under scaling

32They must decay faster than 1/|hag|”/?. Given an appropriate choice of f*, one can get a much
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Guv + gy (Where o is some constant), we see that this last condition will hold true
for the Einstein-Hilbert action if and only if g, itself vanishes in this limit.

A Fourier solution (5.67) for the cosmological constant term, is then not ruled
out by this condition, since /g a2\/§, and thus it will also vanish in the limit
hag— 00. However all the higher derivative terms are then ruled out from having such
solutions, since curvature-squared terms go like o, while the higher order terms behave
as negative powers of o and thus actually diverge in the limit h,g— oco.

Notice that despite the fact that we are modelling using only linearised solutions,
the arguments we are making are non-perturbative in s, because the breakdown in the
solutions happens at finite or diverging xh,,. In general the level-zero part satisfies
0lp = alffélﬂ(g), and thus if these perturbations had to extend to solutions " of Fourier
type (5.67), we would have shown that, despite the apparent freedom to change indi-
vidually the new effective couplings that appear at each loop order, non-perturbatively
in k the requirement that the renormalized trajectory is non-singular actually rules out
all such infinitesimal changes 0I(). We would therefore conclude that the only freely
variable couplings are in fact x itself and the cosmological constant.

We cannot quite draw such dramatic conclusions however. The arguments we have
presented can only be regarded as hints. Firstly, solutions exist to the linearised flow
equations (5.65) that do not fit the assumed Fourier form (5.67). For example solutions
polynomial in the graviton can be cast in Fourier space, but §* is then distributional,
viz. a sum over differentials of §(7t,g). Another example is provided by the ¢ part of

exponential parametrisation [121, 149-152] which extends to the solution
fp)=c3¢ = falp) =cBPrsrn, (5.68)

as can be confirmed by direct substitution in (5.65) or by using the Green’s function
5(?\)(90*900)7 cf. (4.5) [1, 8]. However these are not sufficient to parametrise the Einstein-
Hilbert action. In fact finding a parametrisation that can be extended to a solution
of the linearised flow equation (5.65), either of Fourier type (5.67) or otherwise, looks
challenging.?? It is even more challenging to find one that also works for the cosmolog-
ical constant term, and it is not credible that a parametrisation could be found that
would also allow solutions for the higher derivative terms 0Ijy). On the contrary, it
may be that there is no sensible solution even for the Einstein-Hilbert action alone.
Secondly, infinitesimal changes dIj,) do not in fact have to satisfy the simple linearised
equations (5.65) but operator flow equations that depend on the rest of the effective

action:

. . —1 -1
0Ly = 5 Str <AAAA1 [+ TP anr 1+ 241 ) , (5.69)

improved estimate by using the method of steepest descents in (5.67).
33We did not find a parametrisation of g, that leads to §* with decay faster than exponential of ﬂiy‘
Approaching from the other direction, nor did we find such §* that then lead to a non-singular g,. .
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as follows immediately from perturbing the exact RG flow equation (3.152). However,
although these flow equations are much more involved than the simple linearised flow
equations (5.65), and are such that they allow solutions that remain compatible with
BRST invariance through the (perturbed) mST (3.146), they share with (5.65) the

property that their Cauchy initial value problem is not well defined in either direction.

5.7 General gauges

All the results in this chapter, and thus far in this thesis, were derived in Feynman —
De Donder gauge. In this section we will show that the structure changes only in an
inessential way for a class of gauge conditions. First we recall that a great advantage
of using off-shell BRST invariance is that BRST invariant correlators are independent
of the choice of gauge [83, 84, 107]. Indeed in terms of the quantum fields, 4, and the
Wilsonian effective action, S, the mST (3.146) is just the QME

1(5,8) —AS =0, (5.70)

whose powerful algebraic properties continue to hold exactly despite regularisation by
the cut-off function [107]. In more detail, an operator O; is (off-shell) BRST invariant
if it satisfies

sO; =(S,0;) — AO; =0, (5.71)

while a change of gauge is implemented by adding a BRST exact term sdK to the
action [83, 84]. Then it follows that a BRST invariant correlator is invariant under
change of gauge [83, 84, 107]:

5(O1 - 0n) = —(s5K Oy -+~ Op) = — (5 (BKOs -+ O,)) = ;/ng (KO, - O, e)

(5.72)

(Z is the normalisation of the partition function. In this last step we use algebraic

properties of the QME, the disjoint support of the O;, and the fact that A now contains
a total functional derivative with respect to ¢ [107].)

The formulation we are using here is entirely equivalent since the two formulations

are mapped into each other by the Legendre transform relation [59, 71, 103, 106, 153]:
L7[®, 9] = 51[6, "] — 5 (2 — 0)" Aylyp (2~ )", (5.73)

where St is the corresponding interaction part of the Wilsonian effective action. Even
so, since the &4 are not BRST invariant operators, I' will now depend on the choice
of gauge in some unilluminating way.?* However in the physical limit A — 0, the mST

(3.146) becomes the Zinn-Justin equation and is obeyed exactly. Now we can also go

341f instead we used this to compute the Schwinger functional of only gauge invariant operators we
would still find results that are gauge parameter independent.
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on shell and at this point the ®4 do provide BRST invariant states. Thus the on-shell
vertices of the physical I' are independent of the choice of gauge. These vertices obey
the unmodified Slavnov Taylor identities, as we have already seen from (5.60). Indeed

we saw that this just tells us that the physical amplitudes are gauge invariant on shell.

While gratifying, these results are hardly unexpected. After all we saw in section 5.4
that the second order equations (5.33) — (5.34) are identical to those we would derive in
standard quantisation at one loop in this framework. All this follows provided the flow
finishes up inside the diffeomorphism invariant subspace, i.e. provided the QME (5.70),
equivalently mST (3.146), holds exactly in the infrared. However a central feature of our
construction is that the renormalized trajectory lies outside this subspace for A > aAj.
Thus the important question is what happens to this part of the trajectory in other
gauges, in particular whether it continues to be supported by a novel tower of relevant
operators in the ultraviolet, and whether the trajectory still enters the diffeomorphism

invariant subspace in the infrared.

To investigate this we rederive the flow of the upper part of the trajectory in a
more general De Donder gauge. This gauge is implemented by using the gauge fixing
functional

F,=0,H,,—0,p. (5.74)

Although we use the Batalin-Vilkovisky framework [83, 84] to implement off-shell BRST
invariance, for the graviton sector the general De Donder gauge amounts to adding to
the free graviton action I'g, cf. (3.115), the term %aFi, where « is the gauge parameter.
Up until now we have used Feynman — De Donder gauge, o = 2, since such a choice

leads to significant simplifications:

FO|Feynman De Donder = % (a)\huy)Q - % (a/\§0)2 ) (575)

in particular decoupling the conformal mode ¢ from the traceless part h,,. Our con-
struction is built on a succession of results reported in previous papers [1, 8, 74, 75,
107, 109], where also the Feynman — De Donder gauge was used. Therefore we need to

go back to the beginning to show how things now change in a more general gauge.

The central observation that led to the new quantisation is that in Euclidean sig-
nature, the Einstein-Hilbert action is unbounded from below. This is a gauge invariant
statement: the unboundedness is caused by the fact that the action is proportional to
the scalar curvature, R, which can take either sign of any magnitude.3> At the free level
[y still has these problems. In the Feynman De Donder gauge (5.75) this is particu-
larly clear. Before gauge fixing the situation is obscured by linearised gauge invariance

0H,, = 0,£,+0,&,, equivalently linearised BRST (3.119). However the gauge invariant

351t is actually positive scalar curvature that is the problem [8, 9].
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statement is that the action (3.115) is unbounded below in the following direction

2 —%H —o (1LY oo 82 by = —— RO (5.76)

SO D O‘ﬂ d 90 aﬁta 01,8 —D 9 .
where we used (3.124). Using different gauge choices we can shift the instability to
different modes, but we cannot remove it. Indeed in the Landau gauge limit of the
De Donder gauge (5.74), where we insist that F}, = 0 identically, the conformal mode

coincides with this (linearised) gauge invariant quantity:

1

(1)
R0 (5.77)

¥

By adapting the off-shell BRST Batalin-Vilkovisky framework, what we actually do is

first go to the non-minimal gauge invariant basis by adding to the action

1
%bi — b, (5.78)

where ¢}, is the anti-ghost anti-field and b, is the auxiliary field [1, 103, 107]. Adding
a BRST exact term involving the gauge fixing fermion [83, 84] ¥ = ¢,F),, then induces
a canonical transformation to the gauge fixed basis. This map takes us from the gauge

invariant and gauge fixes bases
H;u|gi = H;y|gf + a(,uéy) - %6/11/8 - G, (5.79)

together with [107]
Cp lgi = Cp lgf — Fpu - (5.80)

Since ¥ does not involve «, these are not affected by the more general gauge. However

the shifts allow the kinetic terms to be inverted to give the propagators, now in general
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gauge o

(b (p) Hap(—p)) = —(Hap(p) bu(=P)) = 20u(aPp) /D", (5.81)
(bu(p) bu(—p)) =0, (5.82)
Bl 1= o (8) (1) = (o) (o = (1= 2 ) (2 - 280
(5.83)
Boot) = (e o) = (1= 55 ) o (5.54)
Auuaﬂ(p) = <hm,(p) hag(=p)) = 6“(;;55)1/ 4 <i . 2) p(/‘é;’jiapﬁ) (5.85)
1 /4 800
+d?<a_d_2) #pz }
2 N z 5aﬁpupu +pap65uy
+5 (1 a) i : (5.86)

These generalise the Feynman gauge results (3.137)-(3.139). Comparing the new h,,,
propagator (5.86) to the old one (3.141), underlines why it is preferable to work in
Feynman gauge. Note that b, does not actually propagate into itself. The %aF 3 term
mentioned earlier would be generated by integrating out b,, after the transformation

(5.80). The ghost propagator is not displayed since it is unchanged from (3.136).

Now we recall that to all orders in perturbation theory, no interactions are generated
involving the extended basis, b, and ¢j,, while the anti-ghost ¢, only appears when one
switches to a gauge fixed basis [1, 103]. These statements follow from the fact that
the first order interaction I'; can be constructed from the minimal set (see the final
paragraphs of section 2 in ref. [1]). We will confirm that this still holds shortly. This
means that we can continue to work in minimal gauge invariant basis, switch to the

gauge fixed basis only while computing the ghost propagator corrections.

The first step is to solve the linearised flow equation (3.145) to find the eigenop-
erators, now in general De Donder gauge. Since h,, and ¢ now propagate into each
other, we need an expansion over monomials with coefficient functions involving both
hu, and . In other words we have an expansion which is actually identical to that
considered in (5.64):

Fl = Z Spt - pin (67 8507 8h7 ¢, (I)*) flg\ltl"'un (hocﬁa 90) +ee (587)
<

Again the ellipses refer to tadpole corrections formed by attaching propagators to ¢
either exclusively, or also to h,g and ¢. Once again, the linearised flow equation is

solved exactly using the same integrating factor as in the general solution (3.164):

1 aas_ O
Fl = exp <—2A W thys 5 (588)
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where 'y is the A — 0 limit (3.144). From (3.145), the coefficient functions satisfy

the flow equation

o (o) = /

, OOl

Ohy, 0¢ (5.59)

where we set d = 4 and used the fact that the tadpole integrals have quadratic depen-
dence on A. Performing the tadpole integrals we see that the ¢ h,, cross-term vanishes.
(It has to because there is no invariant traceless rank two tensor.) Computing the other

two we find

: 1 1\ 02 1 3\ 0
f/g\ﬂl"'ﬂn(hOéﬁ?SO) = Oy [(a + 2) anw + <a - 2) W] SRyt (5.90)

where ) was defined in (4.3). Thus the flow of the coefficient function is again

parabolic of a simple form in each sector separately. If we choose

2
a>g or a< -2, (5.91)

the sign on the right hand side is negative for ¢ and positive for h,, just as before.
Therefore we find [107] that the eigenoperators we have to expand in take the same
form (4.7) as before. In particular the sum over eigenoperators converges (in the square
integrable sense) for otherwise arbitrary coefficient functions, only if the interactions
are expanded over polynomials in h,, times the operators (5(X)(cp) The only difference

is that these latter operators now involve a rescaled ,:

o 1 2
8y = 2 50 h ) = —— <— d ) 5.92
A (gp) 8@” A(SO) ’ where A(QO) \/m €xXp 297\ ) ( )

where

A= (3 - 1> Qp, (5.93)

2 «

and the tadpole corrections represented by the ellipses in (4.7) and (5.88) must now be
computed with the propagators (5.83) — (5.86). All of the properties of the coefficient
functions then go through unchanged. In particular the coefficient functions have an
amplitude suppression scale Ag which can be chosen common to all of them, indepen-
dent of the monomial, and such that they trivialise in the large amplitude suppression
scale limit (4.32,4.35). The BRST representatives (3.158), (3.159) and (3.160) are the
same as before since these are computed without gauge fixing (in particular this means
they can still be taken to depend only on the minimal set). The same applies to the
analysis in secs. 5.2 and 5.3. The only change is to the one-loop tadpole correction
(3.162). The second order analysis of the conformal sector [75] also goes through un-
changed since this effectively relies on dimensional analysis and general properties of

the coefficient functions. This means that once again the renormalized trajectory can
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smoothly enter the diffeomorphism subspace as discussed in section 5.4. Once inside
we have returned to the standard framework where the gauge parameter dependence
is absent on shell and well understood off shell, as we already discussed above.

We have thus shown that the structure we have developed changes only in inessen-
tial ways for any value of the gauge fixing parameter « in the range (5.91). It is
interesting to examine what happens in the gap excluded by the inequalities (5.91). If
o = =2 (or o = 2), the flow equation (5.92) no longer has a dependence on hy, (or
¢). The eigenoperator equation in this case is no longer of Sturm-Liouville type and
some different notion of convergence over eigenoperators would have to be formulated
[8, 107]. If —2 < a < 0 the sign on the right hand side of (5.92) is negative for both ¢
and hy,. In this case there is no longer convergence when expanding over polynomials
in hy, [8, 77]. A sensible Wilsonian flow would require generalising the 5(2)(4,0) to hu
fields. This opens up new possibilities for quantisation schemes which go beyond the
present investigation. The choice @ = 0 is Landau gauge and is singular; to define it
requires taking a limit from « # 0. Finally if 0 < a < 2/3, both signs are positive on
the right hand side of (5.92). This does not mean we have removed the instability. One
can verify that the tadpole integral fp(R(l) (p) R (—p)) is negative and independent
of a. The instability remains, but in higher derivative terms. Like unimodular grav-
ity, cf. section 5.5 and [107], the consequences of instability for Wilsonian RG are less

straightforward to analyse and go beyond the present investigation.

5.8 Summary and Conclusions

In Euclidean signature the Einstein-Hilbert action is unbounded from below. This so-
called conformal factor instability [9] means that the partition function for quantum
gravity makes no sense without further modification. The authors of ref. [9] proposed
to solve this by analytically continuing the conformal factor along the imaginary axis.
However the Wilsonian exact RG flow equation still makes sense in the presence of this
instability [8, 33] and anyway provides a more powerful route to define the continuum
limit. Nevertheless the instability has a profound effect on RG properties. We find
that flows close to the Gaussian fixed point, involving otherwise arbitrary functions of
the conformal factor amplitude, ¢, remain well defined only if expanded over a novel
tower of increasingly relevant operators 5(/?)(90) (n =0,1,---) [8]. Everything in the
new quantisation just follows from this observation.

The result is the renormalized trajectory sketched in fig. 3.3. Although at first sight
this looks like the standard picture for a perturbative continuum limit, an important dif-
ference is that the upper part lies outside the diffeomorphism invariant subspace where
the corresponding BRST invariance (or rather modified Slavnov-Taylor identities) can
be respected. The quantisation is thus defined “off space-time” [1] in the upper part of
the renormalized trajectory. In this part, the interactions involve traceless fluctuations

h, and the conformal factor ¢, acting as separate fields. The dynamical metric g,,,
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which combines these as stipulated by diffeomorphism invariance, only comes together
inside the diffeomorphism invariant subspace and does not make sense as a concept
outside this subspace.

In ref. [75] we solved for the renormalized trajectory for pure quantum gravity
at second order in perturbation theory and showed that, for the underlying coupling
constants in appropriate domains, the trivialisation conditions can be satisfied. In this
chapter we have shown that it is then indeed possible for the renormalized trajectory
to enter the diffeomorphism invariant subspace. We then solved for its subsequent
evolution, in particular for the limit A — 0 where we recover the physical amplitudes.
As we saw, the result is equivalent to solving for pure quantum gravity at one loop
and O(k?) in standard perturbation theory. It is not so surprising therefore that we
also find that effective parameters are left behind associated to logarithmically running
terms at this order, and that for pure quantum gravity these are not physical because
they can be absorbed by reparametrisations.

Beyond O(k?) in pure quantum gravity and/or after including matter or a cosmo-
logical constant, it is no longer true in the usual treatment that logarithmic divergences
can be absorbed by reparametrisation. Instead they force the introduction of new cou-
plings order by order in the loop expansion. The main question then is whether in
this new quantisation one similarly finds that ultimately an infinite number of dif-
feomorphism invariant effective couplings are required, introduced order by order in
perturbation theory. If this is the case, it appears one is left with a genuine entirely
consistent continuum theory of perturbative quantum gravity which, unfortunately for
its phenomenology, is controlled by an infinite number of couplings.

Actually the precise correspondence, of pure quantum gravity at second order in the
new quantisation, to standard quantisation of effective quantum gravity at one-loop and
O(k?), is somewhat of an accident, see below (5.32). The interactions in the upper part
of the renormalized trajectory are second order in couplings, but non-perturbatively
quantum, and thus involve a sum to all loops over tadpoles and melonic Feynman dia-
grams. On entering the diffeomorphism invariant subspace, this collapses to something
that can be reinterpreted as finite order in A. Furthermore at second order, the order in
h amounts to one loop in the loop expansion. At higher orders it looks like the large-Ag
limit may differ from the standard solution in that not all contributions perturbative in
h are reproduced up to the maximum number of loops that appear. It seems therefore
that higher order will imply a finite reordering of the loop-wise expansion, but it is not
clear that this has a physical consequence. From third order onwards, the first-order
underlying couplings (that parametrise the first order vertices) will run [75]. This may
lead to restrictions on matching into the diffeomorphism invariant subspace. On the
other hand, since there is no corresponding running of  in standard quantisation, we
expect the running to effectively freeze out on entering the diffeomorphism invariant
subspace, as a consequence of the trivialisation conditions.

Finally in section 5.6 we noted that the particular parabolic properties of these flow
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equations mean that solutions are typically singular when evolved in either the IR or
UV directions, once one works with a space of solutions that is non-polynomial in both
the quantum fields h,, and ¢. Non-perturbatively in x the solutions must indeed be
non-polynomial in these quantum variables, as forced by diffeomorphism invariance via
the mST. We uncovered hints that this property provides a non-perturbative mecha-
nism which fixes the free parameters down to just x and the cosmological constant. It
would appear to be sufficient to have this mechanism at work entirely within the dif-
feomorphism invariant subspace. Then the theory can be defined after all by working
solely within this space. But then the understanding of how the continuum limit is
achieved would be very different from the Wilsonian one, since it would not be in terms

of a renormalized trajectory emanating from an ultraviolet fixed point.
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Chapter 6

Provable properties of asymptotic

safety in f(R) approximation

As we have discussed in this thesis there is a great deal to be investigated regarding the
different directions of the flows of the different sectors of the graviton. In this chapter
we investigate a related problem in AS and show how this relates to the previous results
outlined in this thesis with the hope that in addition to shedding light on outstanding
problems in AS it will also help illuminate this contradictory flow problem.

The structure of this chapter is as follows. In the first section we review in more
detail the structure of AS and note the key results. In the following section, following
[154], we set out the form of the flow equation, fixed point equation and eigenoperator
equation. We discuss some of the choices to be made in particular for the endomorphism
parameters «g, the choice of sign for the cut-off in the conformal factor sector, and the
choice of background manifold. In section 6.2.1 we develop the equations in the case
that the latter is a four-sphere, and explain further our choice of exponential cut-off for
the common profile r(z). As R — 0, the equations go over to a flat space limit. This
is derived and discussed in section 6.2.2, and in particular its implications for Sturm-
Liouville theory where the R = 0 boundary presents an obstruction. We see that the
only sensible option is to continue into the four-dimensional hyperboloid through a kind
of smooth topology change, as discussed further also in the Conclusions, section 6.6.

To apply Sturm-Liouville theory we need that the eigenoperators are square inte-
grable under the Sturm-Liouville weight. The question is whether this makes sense in
quantum gravity. This leads us naturally into section 6.3 where we derive the asymp-
totic behaviour of solutions at large R. Separately this allows us to characterise the
nature of the fixed points and eigenoperators. First, in section 6.2.3, we explain the
setup for the equations on the hyperboloid. In particular we furnish the full constraints
on ap. In section 6.3.1 we derive the large R asymptotic behaviour of a fixed point
solution f(R), first on the sphere and then on the hyperboloid. We see that the sphere
solution differs from that assumed in [154] and is in fact dominated by cut-off effects

as R — oo. Computed exactly, it ought to be universal, as it is in fact for the hyper-
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boloid. We show that the culprit is the course-graining of certain zero modes (modes

with vanishing modified Laplacian) on the sphere.

On both sphere and hyperboloid we see that the asymptotic solution contains only
one parameter. Perturbations about this would provide the other parameter but such
perturbations are invalid because they grow too fast. Here we find a beautiful connec-
tion to Sturm-Liouville theory: asymptotically they coincide with the inverse of the
Sturm-Liouville weight, which we derive in this regime on both manifolds. The fact
that the asymptotic solutions for f(R) contain only one parameter, allows us to draw

an important conclusion: there are at most a discrete set of fixed point solutions.

Section 6.3.2 presents analogous findings for the eigenoperators. The valid solu-
tions are those that grow asymptotically as a power of R, the invalid solutions grow
asymptotically like the inverse of the Sturm-Liouville weight. Validity is decided by re-
quiring their RG evolution to be multiplicative in the large R limit. Left only with the
power-law solutions, the equations are overconstrained leading to quantised values, A,
for their scaling dimensions. It is now immediate to see (in section 6.3.3) that the valid
eigenoperators coincide with those that are square-integrable under the Sturm-Liouville

weight, justifying the use of Sturm-Liouville analysis.

Thus we have its standard result, stated in section 6.4, which in this context is
that the scaling dimensions are real, that there are only a finite number of (marginally)
relevant eigenoperators (such that A, < 4) and infinitely many irrelevant operators
whose scaling dimensions \,, — co. By mapping to so-called Liouville normal form, the
asymptotic analysis provides us with the large distance behaviour of the corresponding
potential. From there by a standard application of WKB analysis, we get the analytical
form for the scaling dimension A, as a function of n, in the limit n — oo. This result
should be universal. In fact it is independent of all but one of the parameters. We see

that the remaining dependence is an artefact of the single-metric approximation.

In section 6.5 we show that the situation changes dramatically if we choose the
sign of the cut-off to be negative for the conformal factor sector. The Sturm-Liouville
weight now grows asymptotically, fixed points form a continuum, and the eigenoperator
spectrum also becomes continuous. We relate this to earlier findings in f(R) approx-
imations with adaptive cut-off and in conformally reduced gravity. We show that we
can impose square-integrability under the Sturm-Liouville weight, in which case the
valid operators are the ones that decay asymptotically like the inverse Sturm-Liouville
weight. We compute their asymptotic scaling dimensions, and we see that these oper-
ators are f(R)-analogues of the 52)@0) eigenoperators pursued in [1, 2, 8, 74, 107, 109]

as an alternative quantisation of quantum gravity.

Finally, in section 6.6 we bring these strands together, describe a search for numer-
ical solutions, compare to f(R) approximations with adaptive cut-off, and draw our

conclusions.
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6.1 Review of asymptotic safety

We briefly outlined the core ideas of Asymptotic Safety (AS) in section 2.5 however we
do so in greater detail here, focusing almost entirely on the application of those ideas
to QG [34]. Reminding ourselves of the theory space which is constructed by all of
the couplings permitted by the symmetries and fields of a theory, with the irrelevant
couplings defining the critical surface and the finite number of relevant couplings ema-
nating from the fixed point which follow along the renormalized trajectory. To repeat

ourselves for the sake of clarity we are working with actions expressed as

Sn(¢, 9i) = Zgi(A)Oi(¢) (6.1)

where A is our usual cut-off, g; the couplings and O; the operators. We take A — oo in
the usual continuum limit and in doing so if we have not prepared the theory properly we
would anticipate that some of the couplings g; = A%§; (where d; is the mass dimension
of g; as we have seen previously) would diverge. This is particularly troublesome if
the dimensionless coupling §; diverges as this signals a breakdown of the theory, for
example in QED and ¢* theory where this happens for a finite A. In the ideal scenario
we will find a point where our S-functions all become zero and the couplings no longer
run, this is what we find at the GFP where we are left with the free theory. Another
possibility is that there also exists a fixed point in the theory space which is not a trivial
empty theory but instead one that has dynamics such that the g-functions become zero
[155]. As a result these couplings would not diverge and you would have a UV complete
theory, this is the primary idea that underpins AS.

There are some further aspects that are worth mentioning, first of all this non-trivial
fixed point would lie within the critical surface of the GFP. Ideally this surface would
not be infinite dimensional as we would lose predictivity in a slightly different, albeit
equally frustrating, way. The fewer dimensions this surface has the better as these
would be the undetermined parameters of the theory, found only via experiment.

We now turn our attention to applying this AS idea to gravity, where the necessity
of finding UV complete theories is more paramount. When one wants to consider
high energy calculations in gravity3¢ there are two aspects to consider. The first of
these is that the irrelevant coupling G = GE? where E is the energy scaled considered
which will diverge as we take the continuum limit and take derivatives of the energy
scale. Secondly is this problem as discussed in section 2.2 where we must introduce
counter terms order by order in perturbation theory which must be fixed by experiment,
reducing the predictivity of our theory.

A non-trivial fixed point would resolve this first problem and evidence has been

found to suggest that this is the case, which we review now. If one evaluates the

36There have been many treatments of GR as an effective QFT [156] at low energy where quantum
corrections to the Newtonian potential [157].
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S-function of G at one loop using perturbation theory one finds

d .o 2
AmMpl = CA (62)
where Mgl is the Planck mass and c is an arbitrary constant. This constant ¢ will
be non-universal however crucially the sign of it will be dependent on the number of
space-time dimensions [158], with it being positive in 4 dimensions. The S-function for

G will then schematically be

dG

_ 242
A—dA 16mecG=A (6.3)
and for G
dG - o
— _ . 4
AdA 2G — 167weG (6.4)

The latter has an IR attractive fixed point at G = 0 and importantly a UV attractive
non-trivial fixed point at G, = % provided ¢ is positive which can be calculated [29]
and was found to be the case to one loop in the low energy effective theory and is not
dependent on a choice in cut-off in any meaningful way. One could ask the question if
this treatment is valid beyond the low energy regime and is independent of the choice

in regularisation and it was found that this was the case [159-164].

A popular method in AS is to find the Sg-function for truncations of the action
[165-167]

Ty = Zgi/d‘lx\/g}zi (6.5)
=0

where it was found that for increasing n [155, 168], the fixed point continues to exist
and appears to be stable and the critical surface seems to have a finite number of
dimensions which abates any fears of the infinite dimensional, non-predictive case.
Before proceeding we note that many studies of AS have used the f(R) approximation
above, the results of these are too numerous to list and so we point the reader towards
a selection [114-124, 154, 169-171] as well as seminal works and reviews for this field
(113, 115, 116, 167, 172).

There is a plethora of other aspects of AS to consider, for example the coupling of
gravity to matter and how this impacts the S-function of the standard model couplings
[35, 173-176] and the application to cosmology and space-time [177-179]. To review
these subjects further here would cloud the purpose of this thesis. With this basic
structure outlined we can move forward and discuss in more detail the f(R) equations

we will be studying.
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6.2 The f(R) equations

As explained in ref. [154], a crucial choice is to take the cut-off profile to be f(R)
independent. Although it does not allow the simplifications gained by combining the
optimised cut-off function [180] with adaptive cut-off profiles (and thus used almost
exclusively in all other studies), it has two advantages. Firstly, the flow equation is
then second order in R-derivatives, rather than third order, which is crucial for the
proofs. Secondly, also crucial for the proofs (and one would assume also allowing more
accurate modelling of the physics - see the further discussion in the conclusions, section
6.6) it ensures that the resulting ODEs for the fixed point solution and eigenoperators
are free of fixed singularities. We use the same flow equation formulated in ref. [154],
and the same notation except that here we will work exclusively with quantities already
scaled by the appropriate power of k£ to make them dimensionless, thus avoiding the

need to signify them with tildes.

The flow equation takes the form of a non-linear partial differential equation for
fr(R) [154]: .
Oufi(B) +2B(R) = — (To + T + T/ +77"") . (6.6)

where E(R) happens to be the equation of motion that would be deduced from the

action:

E = 2fi(R) - Rf(R). (6.7)

Here, V is the volume of space-time (scaled by k%). The space-time traces are given
by:

dpT
ART(Ay + agR
To=Tr |—; HAGE O“QT) : (6.8)
_fk(R)AQ — E(R)/2 + 27?% (AQ + OézR)
. SLRA(A R
TP =Tr ar Ri(Bo + aoR) _ , (6.9)
9/ (R)A2 + 3f(R) Ao + E(R) + 16R}(A¢ + apR)
1 i’RV(Al + OélR)
TJac - Ty dt"Vk 6.10
! 27 | A1 +RY (A1 +a1R) (6.10)

%'Rgl (AO + OéoR)
Ao+ R/3+ RN (Ao + agR)

28R (Ao + o R)
(3Ap + R)Ap + 47?,52 (Ap + agR)
(6.11)

As explained in secs. 6.2.1 — 6.2.3, they can be written as sums or integrals over

1
%Jac — §TI‘

the eigenvalues of the Laplacian operators. The latter are modified to combinations

appearing naturally in the space-time traces on a four-sphere [116]:

Ay=-V?-pB°R,  where fBj=31, Bi=1, By=-1. (6.12)

Wl
=

where a term proportional to R has been added, for scalar, vector, and tensor modes
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respectively. The cut-off function r(z) must be non-negative monotonic decreasing, and
vanishing in the limit z — 4o00. For simplicity the same function is chosen for all field
components so that, when scaled by the appropriate power of k, the cut-off profile takes
the form

R} = csr(As + asR) (6.13)

where ¢4 is a free parameter. Note that an additional correction is incorporated, this
time with coefficient as. These « are chosen to ensure that all modes are integrated
out as k — 0, i.e. such that all modes have positive Ag + asR. Their value must be de-
termined from knowledge of the spectrum on the appropriate background manifold(s),
so we return to this issue later. When written in terms of dimensionless quantities, as

is done here, the total differential of the cut-off with respect to ¢, takes the form

%Ri(z) = comyr(z) — 2c4 277 (2) (6.14)
where mgy is the mass-dimension of Rf (the same dimension as the Hessian it is regu-
larising).

In these equations, ¢ labels the field component. These are metric fluctuation
modes, namely the transverse traceless mode (¢ = T') and the gauge-invariant trace
mode a.k.a. the conformal factor field [9] (¢ = h), and transverse vector and scalar
modes from Jacobians of the field decomposition (¢ = V, Sy, S2). The ghost and longi-

tudinal modes do not appear since they cancel each other in Benedetti’s scheme [116].

Actually, choosing 7(z) to be the same for all these modes is more than just a
question of simplicity. The modes are all either part of the metric itself or directly
related to it via the change of variables or via BRST transformations. Although BRST
invariance of the quantum field is badly broken in the single metric approximation, it
is reasonable to assume that the approximation would be poorer if we chose to regulate

the parts in substantially different ways.

The cy4 determine the sign of the cut-off terms in the functional integral. If we require
convergence of the integral we need cg4 > 0. We insist on this for ¢ = T,V, 51, S2. The
situation is less clear however for the conformal factor. At the classical level f(R) ~ —R
is just the Einstein-Hilbert action, and in this case the conformal factor has a wrong-
sign kinetic term (Hessian). One can see this from the denominator of the 76’3 trace,
(6.9), where the Hessian would reduce to ~ —Ag in this case. Therefore the trace is
non-singular and the Functional RG is well-defined, only for ¢; < 0 [8, 33, 77, 125].
At the quantum level and depending on the value of R, the Hessian can be of either
sign [181]. Classically the Hessian can also be of either sign if for example one includes
a positive R? term. (This is the so-called Starobinsky term, a physically acceptable
modification of Einstein’s gravity. It corresponds to incorporating a “scalaron” [182]

at the classical level.)

In the adaptive cut-off scheme the sign adapts so as to always be consistent with
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the Hessian. In the non-adaptive scheme that we need to use here, we have to make
a choice, which will mean that the Functional RG is only applicable in the regime
where this choice is consistent. As we will see this choice profoundly influences RG
properties. Where we need to decide we will choose ¢j, > 0, as in ref. [154, 181], which
means however that this version of the flow equation does not describe the regime
corresponding to perturbative quantisation of the Einstein-Hilbert action. Then at the

end of this chapter, in section 6.5, we show what happens if we take ¢; < 0 instead.

One small advantage of using a non-adaptive cut-off profile is that, since it does
not itself depend on fi(R), the only occurrence of the RG time derivative acting on
f(R) is the one on the LHS of the flow equation (6.6). The fixed point equation for
fx(R) = f(R) is then just given by dropping this term from the LHS, yielding a non-

linear second order ordinary differential equation for f(R):
1 —
2B(R) = - (o + 70" + T/ + 757 (6.15)
Linearising around such a fixed point solution, and separating variables,
fu(R) = f(R) + ev(R) e, (6.16)

(where € is a small parameter) gives a linear second order ordinary differential eigenvalue
equation:

—az(R)v"(R) + a1 (R)V'(R) + ap(R) v(R) = Av(R) (6.17)

where the eigenvalue A = 4 — 6 is the scaling dimension of the eigenoperator v(R) and

CLQ(R) _ 1440}3 Ag(Q’I“(A(] + Oé()R) — (AO + OéoR)?“/(Ao + OdoR)) (6 18)
. .
4 {9f"(R)AZ + 3f"(R)A¢ + E(R) + 16¢;7(Ag + apR) }
a1(R) = 2R — 16¢y, (3A0 — R)(2r(Ao + Oé()R) — (Ao + Ck()R)?“/(A() + OzoR))
14 {9f"(R)A2 + 3f'(R)Ao + E(R) + 16¢;7(Ao + agR)}
e ]
2 cTT 2 (0]

CLU(R) _ 326,*1 (QT(AQ + Oé()R) — (Ao + Oé(]R)?“/(A() + OéoR))

14 {9f"(R)A2 + 3" (R)Ag + E(R) + 16¢;7(Ao + agR)}

2er [(27’(A2 +azR) — (Ag + aaR)r' (A + OéQR))] . (6.20)

% {—f(R)As — E(R)/2 4 2c7r(As + aaR)}?

Notice that the trace in as(R) is positive thanks to the properties of r(z). This is the
reason for the sign in (6.17), since az then has the same sign as ¢j and in particular
is positive for our choice c; > 0. The RG eigenvalue 0 is the scaling dimension of the

corresponding coupling. It has positive/zero/negative real part if the eigenoperator
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v(R) is relevant/marginal /irrelevant.

One of our main goals is to explore the applicability of Sturm-Liouville theory to
the eigenoperator equation (6.17) and when applicable, use it to prove properties of
the eigenoperator spectrum [154, 183]. The derivation of the traces assumes that the
background metric corresponds to a Euclidean-signature space of maximal symmetry.
Globally, discrete choices are still possible, for example the real projective space RP*
(R > 0), torii (R = 0), and analogous manifolds when R < 0. However, we will see
that if Sturm-Liouville theory is to be applicable, then the only sensible choice is to
incorporate a kind of smooth topology change between R > 0, R = 0 and R < 0
spaces. This is not possible unless we take maximal symmetry to apply also globally,
as is standard practice in asymptotic safety approximations. Then R > 0 corresponds
to the four-sphere, R = 0 to R*, and R < 0 to the four-dimensional hyperboloid.

Spin s ‘ Eigenvalue A, s ‘ Multiplicity Dy, s

0 n(n—il-g)—4R (n+2)(n—;1)(2n+3)

1 n(n—ll—g)—4R n(n+3)2(2n+3)
n(n+3 5(n+4)(n—1)(2n+3

9 (12 )R (n+4)( . )( )

Table 6.1: Multiplicities and eigenvalues for the four-sphere space-time traces for the
shifted Laplacians in (6.12). They follow from those for the unshifted Laplacians [184—
186] .The sums for T3 and T;7% begin at ny = 2, for 75/% at ng = 1, and for T* at
ng = 0 [116].

6.2.1 Sphere

We start on the four-sphere, which was the space-time explicitly treated in [154]. Tt
has space-time volume V = 38472 /R?, and there the space-time traces are sums over

the discrete set of eigenvalues of the corresponding Laplacian:

TrW(A,) = i Dis W(Ans) - (6.21)

n=ng

The multiplicities D, s, eigenvalues A, s, and lowest index ng, are given in table 6.1
(and its caption).
Following [116, 187], we use the transverse-traceless decomposition of the metric

fluctuations, given by

1 _
hyw = hl, + Vb + Vi&y + V, Vo + ~Guvh (6.22)

with the component fields satisfying

g"h, =0, VFhl, =0, VF, =0, h=h+ Ao, h=g,h" (6.23)

120



and A = —V2. And then we have to be careful not to include the fictitious modes in the
sum. From our decomposition for the metric fluctuations [120], we see that we should
exclude two sets of modes that give no contribution to h,,. First, we should exclude
the Killing vectors, satisfying V&, + V,§, = 0. Second, we shoud leave out also the
constant scalar modes o = constant. A similar set of modes should be excluded also
from the ghosts and auxiliary fields, as these are all fields introduced hand-in-hand with
¢ and o. The only fields for which we retain all the modes are hfy and h. Note that,
differently from [115, 167], we do not exclude the scalar modes corresponding to the
conformal Killing vectors C,, = V0, i.e. those scalar modes satisfying V,V, 0 = é 90
It is indeed clear that in our decomposition [120] such modes do not contribute to A, .
This can be seen also from the point of view of the ghosts: the ghost modes should
be in one-to-one correspondence with the modes of the gauge parameter (6,7;, €), and
from Legu, = Vuez + V,,el:f +2V,V,e it is obvious that there is no reason to exclude
the scalar mode € corresponding to the conformal Killing vectors. As a consequence
the tensor and vector sums will start at n = 2, while all the scalar sums will begin at

n = 1, except for the h mode starting at n = 0, as in table 6.1 above.

As is clear from the cut-off profile formula, (6.13), the «y parameters allow us to
shift the action of the cut-off up or down relative to the tower of eigenvalues, so as to
ensure all the modes are passed as k is lowered to k — 0. Clearly this requires that the
lowest mode A, s + a5 R is positive. As noted in ref. [154], it is safe to choose az = 0
and oy = 0, but to implement this condition in the physical scalar (a.k.a. conformal

factor) sector we need to choose®” ag > 1/3.

At this point we recognise the need to specialise to smooth (infinitely differentiable)
cut-off functions r(z). Given that the eigenvalues are discrete set, proportional to R,
cut-off functions that are not smooth, for example the optimised one r(z) = (1—z) 0(1—
z) [180], will lead to points of limited differentiability which moreover accumulate as
R — 0. It may still be possible to find a suitable weak solutions to the fixed point
and eigenoperator equations in this circumstance but, given that with a non-adaptive
cut-off profile there is no advantage to using the optimised cut-off, there is no point
in pursuing this possibility further. In fact one should bear in mind that cut-offs
involving the Heaviside # function have a number of related unpleasant effects®® that
strictly speaking should rule them out as sensible choices, even if these problems are
not obvious at current levels of approximation. On the other hand, any smooth profile
r(z) will do if it decays sufficiently fast at large z. In our case we only need to guarantee

the convergence of the space-time traces above. Later we will specialise to the popular

37In this sense the modes are not treated equally. There appears to be no solution that does treat them
‘equally’ at this level of detail, given constraints that we will also have to satisfy on the hyperboloid,
cf. eqn. (6.35).

38In real space the Kadanoff blocking functions are not truly quasi-local (they have power-law tails)
and IR regulated vertices have no Taylor expansion in momentum (derivative expansion) beyond some
low order.
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choice [105]
z

r(z) a>0,b>1. (6.24)

B exp(azb) — 1’
For any non-vanishing R > 0 the sums are then rapidly convergent. However even if we
restrict ourselves to four-spheres, we still need to understand the limiting case R — 0T,
which takes us to the boundary of this set. There, the sums go over to an integral and

the equations go over to ones in flat space.

6.2.2 Flat space

This limit can be achieved by setting p = n\/m, and then taking R — 0 whilst
keeping p fixed. From table 6.1, it is clear that all the Laplacians A, s — p?, i.e. go
over to their flat space limit where we recognise that p is the flat space momentum. The
multiplicities become p*(12/R)3/2 up to a numerical factor, while the cut-off profiles

Rf — ¢y r(p?). Putting all this together gives for the flow equation (6.6),

R T Aarir's BN 2r(p*) — p*r' (p*)
A0+ 450 = 5 [ oo {16% OO P+ BI0) 77 + 27(0) + 160777
r(p*) — p*r' (p?) . T(?) =P ()
+10er —f+(0) p? — fi(0) + 2¢c7r(p?) Sev p? + cyr(p?)
r@?) - e’ 2 @?) - ()
p? + cs,r(p?) % 3t des,r(0?) [

+ cs,

(6.25)

For this to be well defined, f(0), f(0), and f;(0), need to be such that neither
denominator vanishes (at some p?) in its first two terms. This already provides strong
constraints if the solution is to exist for all k, which however are soluble locally. The
strongest constraints arise if the cut-off function r(z) diverges as z — 0, for example in
the cases b > 1 in (6.24). In the tensor mode trace, ¢y 7(p?) — +0o as p — 0 and thus
the denominator is positive. On the other hand if f;(0) is non-vanishing, as p — oo the
sign of the denominator is given by —f;(0). Thus we see that to avoid a singularity we
must always have f,(0) < 0 (strictly less than zero is the physically motivated choice
since this corresponds to positive Newton’s constant at zero momentum). Similarly we
see that fx(0) is bounded above. From the h trace we see that since we chose cj, > 0, we
must have f;/(0) > 0, while f;(0) must also be bounded below by some negative value.
If r(0) is finite, for example the case b = 1 in (6.24), then other possibilities arise since
f1(0) can be positive if fi(0) > 2crr(0), while the h trace would then only require
that f;/(0) > 0. These considerations inform numerical searches, which we describe in
section 6.6.

For the fixed point solution fi(R) = f(R), eqn. (6.25) determines f”(0) given
boundary conditions f(0) and f’(0) such that all three lie within the bounds above.

It then provides us with a Taylor expansion approximant to a putative fixed point
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solution:

f(R) = f(0)+ f(0O)R+ %f”(o)R2 + o(R?). (6.26)

(In fact taking the expansion further is not straightforward since it then depends on
the error in approximating the sums by integrals but these are not captured correctly
by Euler-Maclaurin corrections.) With these choices, the eigenoperator equation coef-

ficients have finite limits:

w0y = 18 [T 7 2r(p?) — p*r'(p?)
20 =2 [ oy 19F7(0) p* + 37(0) 2 + 2(0) + 16c5r(p2)} (621

R e e
1(0)—/0 dpp {47r2 {=7(0) p2 — £(0) + 2crr(p?)}?

_ 6& 27”‘(p2) - p27‘/(p2) (6 28)
m2 {9£7(0) p* + 3f7(0) p% + 2(0) + 16czr(p2)}* |7
a0y = [T Ber r(®?) — p*r'(v?)
o0) = | o {W 7O 92— F(0) + 2e0r(p))?
_ 4& QT(pQ) - p27,/(p2) (6 29)
™ {9f7(0) pt + 3f/(0) p + 2f(0) + 16¢5r(p2)}* |~

the eigenoperator equation itself then just being given by setting R = 0 in (6.17).

Furthermore a2(0) is non-vanishing since the integrand is positive definite.

The above implies that the Sturm-Liouville weight function is finite and non-

vanishing at R = 0:

w(R)

" /al(R/)
exp—/OdR ()’ (6.30)

1

a2 (R)|
(setting the lower limit in the integral to zero without loss of generality, and taking
the modulus in the prefactor so that w is positive whatever sign of ¢ we choose.)
Multiplying the eigenoperator equation (6.17) by the weight function (a.k.a. the Sturm-

Liouville measure) we can cast it in Sturm-Liouville form:
- (ag(R)w(R)v’(R))/ + w(R)ag(R)v(R) = Mw(R)v(R) . (6.31)

However Sturm-Liouville properties only follow if the differential operator on the LHS
is self-adjoint. Taking v = v;(R), multiplying by v;(R), and integrating over R, this
means in particular that boundary terms must vanish when integrating by parts. We
see that we thus require the eigenfunctions to be square integrable under the weight
function, and if we work only with fixed topology (here four-spheres), then for any two
eigenfunctions v;(R) and v;(R), we get from the R = 0 boundary:

w(0) (v;(0)v(0) — v;(0)v;(0)) =0, (6.32)

7 [

the so-called bilinear concomitant. Therefore we would have to either choose all eigen-
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operators to satisfy Dirichlet boundary conditions (v;(0) = 0 Vi), or all eigenoperators
to satisfy Neumann boundary conditions (v/(0) = 0 Vi). These conditions lack any
physical or other mathematical motivation, in particular in the full theory they cannot
be respected beyond linearised order. Our remaining option is to eliminate the R = 0
boundary, requiring the solution to extend to all real values of R.

In fact we will get extra motivation for such choices when we analyse the number of
fixed point solutions (or rather the dimension of the space of such solutions) in section
6.3. For this latter reason, the f(R) equations of ref. [116] were extended in ref. [113]
to all real R, by analytic continuation. Here we do not have the option of analytic
continuation if we insist on using the same cut-off function r(z) for all modes. The
reason is that A, s, being proportional to R, would change sign. Apart from the cut-
off, this makes the denominator in 7;7%¢, and in the S; term in 7%, change sign, cf.
(6.10) and (6.11) respectively. By choosing sufficiently large n in the modes in table
6.1, we see that the denominators will then vanish already at small negative R making
these traces ill-defined, unless we take r(z) itself to be odd in z (using e.g. (6.24) with
b = 2). However if we do take 7(z) odd, then instead the Sy term in 7% will diverge
already at small negative R by similar arguments. (The other two traces also have their

problems but since they involve f(R), the demonstration is more involved.)

6.2.3 Hyperboloid

This leaves us with the remaining alternative, which is to match into the equations
on a manifold with R < 0. As explained earlier, we take for this the four-dimensional
hyperboloid. Here —V? is positive definite. The volume V is infinite, but the flow
equation (6.6) still makes sense since the space-time traces on the RHS trivially contain
the same factor [188]:

2541 ( R

1
ity A)= 22T (22
TW(A) = 12

v )2 /ooodA (AQ + s+ 52) Atanh(mA) W(Ays);  (6.33)

the spectrum is now continuous, indexed by A:

9 R R
(e (CB) e B grn e
where thus o o 0
H _ 49 H _ 2 H_ 7
By = 18 B 18 Ba 5 (6.35)

Recalling the reason for the extra endomorphism in the cut-off profiles (6.13), we see
that we can continue to set as = 0 and o1 = 0 as we wanted for the four-sphere, but
the lower bound ag > 1/3 is now joined by an upper bound ay < 25/48 [154] so that
all modes Ay o + apR > 0.

The equations at the R — 0~ boundary of this set of hyperboloids, are found by
setting p = )\\/T/H and holding p fixed, so that once again the Laplacian goes over
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to its flat space expression Ay, — p?. Tt is straightforward to verify that the flow
equation (6.6) and eigenoperator equation coefficients (6.18)—(6.20) then go over to the
flat space expressions (6.25) and (6.27)—(6.29) respectively. Thus we see that the flow,
fixed point, and eigenoperator, equations can be smoothly defined over the combined
set of all four-spheres, all four-hyperboloids, and R*. The R > 0 and R < 0 parts
of the solutions can be made to match as Taylor expansions around R = 0 up to the
second derivative, but not beyond that. In fact the hyperboloid has a straightforward
smooth limit3? whereas f/(0) on the sphere side depends also on corrections involved
in converting the sums over eigenvalues into integrals. In this way we have incorporated
a smooth topology change mechanism through these three spaces.

To apply Sturm-Liouville theory, we are left only to establish acceptable behaviour
at large R. In particular, as we have already seen, we need the eigenoperators v(R) to
be square integrable under the Sturm-Liouville weight w(R). Whilst this condition is
natural for Sturm-Liouville theory, and was assumed in ref. [154] for that reason, the

question is whether this makes sense in quantum gravity.

6.3 Asymptotic behaviour of solutions at large R

We therefore turn now to the asymptotic behaviour of solutions at large R. This large
field analysis also allows us to characterise a number of aspects of the solution space
for both fixed points and their eigenoperator spectrum [62, 77, 111, 113, 189-192] and
in particular allows us to answer the question above. We will see from section 6.5 that

the answer depends very much on the choice of sign for cj,.

6.3.1 Large R dependence of fixed points and how to count them

We start with the asymptotic behaviour of the fixed point solution f(R). We need
to know this in order to establish the large R behaviour of the coefficients a;(R) in
the eigenoperator equation (6.17) which in turn will allow us to analyse the asymp-
totic behaviour of the eigenoperators. However as we will see, it is important also for
determining features of the fixed point solution space.

Beginning with the sphere, and given a rapidly decaying cut-off profile r(z), at first
sight one can neglect the traces on the RHS of the fixed point equation (2.22) at large
R. One would then conclude that f(R) = AR? plus rapidly decaying corrections [154],
for some undetermined coefficient A, this being the solution of just the LHS, F(R) = 0.
However this is not correct because terms in the traces whose denominator would vanish

without a cut-off, yield a contribution on the RHS proportional to

1 d_,

. d*Rk; dlnr(z)
Ri(2) t

= (6.36)

(2) =mg — 22

3990lutions can be straightforwardly developed to all-orders in the Taylor expansion around R = 0,
with coefficients given by finite integral expressions over p similar to those in (6.25), (6.27)—(6.29).
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where we used (6.14). There are three such terms, the n =0, n = 1 components from
T c.f. (6.9), and the n = 1 Sy (second) component of 75/ c.f. (6.11).
To see this for the n = 0 case, note that from table 6.1, Ag = —R/3. Thus the

denominator of this term in the sum (6.9) is given by

9f"(R)AZ + 3f'(R) Ao + E(R) + 16RI (Ao + agR) = |
_ 6.37
R*f"(R) — Rf'(R) + E(R) + 16R}(Jag — é]R)- |

Now, using the assumed leading asymptotic behaviour f(R) = AR?, we see that the
first two terms cancel each other, and likewise E(R) vanishes (as already mentioned),
so we are left only with the cut-off term in the denominator. Therefore this term takes
the form of (6.36) with z set equal to z = [ag — ] R.

Now, turning to the n = 1 components, note that from table 6.1, both Ay and
Ay vanish for n = 1. In (6.9), apart from the cut-off term the whole denominator
therefore vanishes (because E(R) vanishes). In (6.11) it is the second component that
has a vanishing denominator apart from the cut-off term. (The S; (first) component
does not suffer from the same problem because there is also the +R/3 part in the
denominator). Now notice from (6.13), that the cut-off dependence is the same for
these n = 1 contributions namely r(aoR). Furthermore the c, in (6.12) cancels between
numerator and denominator and the numerical factors in front of the cut-off in (6.9)
and (6.11) are such that these two n = 1 contributions then exactly cancel each other.

Altogether then, effectively the only term on the right hand side of (6.6) that does
not vanish asymptotically is the (6.36) type term with z = [ag — %]R coming from the
n = 0 component of the 7671 trace. This is a problem however, since mj = 4 and the
second part of (6.36) is necessarily positive because 7(z) is a monotonically decreasing.
Recalling the factor 1/V = R?/38472 on the right hand side of the fixed point equation
(6.15), we see that the n = 0 component of ’765 contributes a term that grows at least
faster than R?. For example in the best-case scenario the right hand side goes as ~ R?
but that implies f(R) ~ R%2InR so that the left hand side is left with an E(R) ~ R? to
balance the contribution from the n = 0 contribution of ’765.

Therefore we now assume that f(R) actually grows faster than R? at large R. But
this means we need to check again which terms in the traces have denominators that
vanish without a cut-off. By inspection none of the traces that depend on f(R) can
now have this issue. In particular the n = 1 component of the 76’3 trace no longer has
a denominator that could vanish, because E(R) no longer vanishes at large R, while
for the n = 0 component the f”(R) part in the denominator now dominates at large
R. So the only contribution that survives on the right hand side at large R, is now the
n = 152 component of 76‘]‘“.

Keeping just this term it turns out one can solve the fixed point equation in closed

form, thus obtaining the correct asymptotic behaviour for general cut-off function r(z).
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To see this we just use (6.36), read off from table 6.1 that the multiplicity of the
n =1 Sy component is D; = 5, note that Cs, = 4 and that 1/V = R?/3847? and
thus, keeping only this leading term on the right hand side of the fixed point equation
(6.15), we have

R? r’(aR)
2f(R) — Rf'(R) = —— | — 10 + 5o R 6.38
SR = RFR) = 7z [ O aoR) (659
This is exactly soluble. Indeed dividing through by R? it can be rewritten as
d (f(R) 1 10 d
- — = —— +5—=l R 6.39
dR( R ) Tosa2| TR TPar™M @R (6:39)
which can be immediately integrated to give
5R? R?
f(R) In + AR? + o(R?) as R — 4o, (6.40)

~ 76872 r(aoR)

where we included the integration constant A and finally we noted that terms that
grow slower than R? will be generated by iterating this asymptotic solution to higher
orders, hence the o(R?) part.

As this point we have succeeded in finding consistent asymptotics. f(R) does grow
faster than R? as per our assumption, and using such a form in the right hand side of
the fixed point equation we find the n = 152 component of 75/ dominates at large R,
which leads us back to the above equation.

Now notice that in (6.40) the Inr term actually dominates, i.e. the large R behaviour
is dominated by cut-off-dependent effects. For example using the cut-off (6.24), wviz.
r(z) = z/(exp(az®) — 1) such that a > 0, b > 1, we find:

S5aal
R) = 0
J(R) 7682 76872 5ab(1 + b)af

Ry Ry R AR 4 — 0% <a0 - ;) ea(00=3)"R' .
(6.41)
where the ellipses stand for faster decaying terms. Here we adjusted A to absorb a
contribution to R?, and then substituted the solution back into the fixed point equation
to isolate the next leading correction. (This exponentially decaying correction comes
from the n = 0 term in the 76;‘ trace. All other corrections decay faster provided that
ap < 3+ . This is satisfied thanks to the restrictions imposed below (6.35).)
Recalling that R is the dimensionless version, i.e. the physical curvature divided
by k2, we see that the large R limit may be viewed as holding the physical curvature
fixed and integrating out all modes by sending k& — 0. Therefore it ought to provide
us with (an approximation to) the physical Legendre effective action, i.e. the universal
physical equation of state as a function of R [111]. The cut-off dependence however
obstructs any attempt to extract physics from this limit. This problem is not seen in

the Local Potential Approximation in scalar field theory, where an approximation to
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the equation of state can be successfully computed in this way [183], and as we will
see it is not a problem on the hyperboloid. Since the issue arises from the fact that
the n =1 S5 modes in the scalar Jacobian have vanishing eigenvalue, it suggests that
further research should be done to understand if/how these modes can be better treated

on a sphere.

Although the fixed point equation (2.22) is a second order ODE free of fixed singu-
larities, the asymptotic solution we have found contains only the one free parameter:
A. Tt is important to ask where the other parameter has gone. To find out, we lin-
earise the fixed point equation around the asymptotic solution. This just gives the
eigenoperator equation (6.17) for a marginal deformation, df (R) = e v(R) i.e. such that
6 = 0 or equivalently A = 4. As a linear second order ODE, it must have two linearly
independent solutions. These can be found in the large R limit. Inspecting (6.18) —
(6.20), we note that a1 (R) = 2R to leading order, while both az(R) and ag(R) vanish

asymptotically. We can therefore neglect ag and write
46f(R) — a1(R) 6f (R) = —as(R) 6f"(R) . (6.42)

We know one solution to this already: §f(R) = 0AR? + ---, where the RHS is only
involved in supplying one of the subleading corrections. The other solution must thus be
such that at leading order, §f”(R) cannot be neglected. This tells us higher derivatives
dominate over lower derivatives so we know that for the other solution df (R) can instead
be neglected (to leading order). The equation is then exactly soluble since it can be

rewritten as

4 sf(R) =

R / r 1" al(RH)
= — 5f(R):B/dR exp/ aR L (64

K
where B is the putative missing parameter. For the explicit form we need aq. It gets
its leading contribution from the same source as the leading correction (6.41) to the

terms displayed in (6.40). For the same cut-off choice (6.41), we find asymptotically

2457672 ¢; 1\ 1\ b
R) = h — ) Riteeleo—3)'R" 4 6.44
a2(R) 25ab(1 + b)2a2b <a0 3> ¢ + (6.44)

Recalling that a; = 2R to leading order, we can evaluate the integrals by successive
integration by parts, as an asymptotic series and where each term is given in closed

form. Since we will use this strategy many times let us sketch it on the indefinite

/dRG(R) el — g((};)) el"(R) /dR <?,((};))> el (6.45)

integral:

If F(R) grows at least as fast as R for large R, where F is either sign, and G(R) grows
or decays slower than an exponential of R, then the integral on the right is subleading

compared to the integral on the left. Iterating this identity then evaluates the integral
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in the large R limit as (/)

times an asymptotic series, the first term on the RHS
being the leading term.

Using (6.44) this allows us to evaluate the inner integral in (6.43). Its exponential is
then the integrand for the outer integral, such that the asymptotic series now provides
subleading multiplicative corrections. Up to such corrections, the integrand is actually
1/w(R’), as can be seen from eqn. (6.30). Applying the same integration by parts
strategy to the outer integral does not change the leading exponential behaviour, and
thus we see that up to subleading multiplicative corrections df (R) ~ B/w(R) where we

find the Sturm-Liouville weight in the same approximation to be:

25(1 + b)2a2b 1\ C1yope
R) ~ VTV (= = Reeo—3) R L 6.46
w(R) eXp{ 1228872; \“° 7 3 e (6.46)

Notice that the sign of c; is crucial. Assuming c; > 0, the linearised perturbation
0f(R) ~ B/w(R) is a rapidly growing exponential of an exponential. Taking the R —
+oo limit, it is not a small perturbation to our previous result (6.41), no matter how
small we choose B, thus invalidating the procedure used to derive it.%0 Evidently it
cannot itself satisfy the fixed point equation asymptotically (it would have to solve just
the LHS to do that). Therefore there is asymptotically only a one-parameter set of
solutions namely (6.41).

The dimension of the fixed point solution space is determined by the asymptotic
behaviour [111], thus unless further conditions are imposed we have (some discrete
number of) lines of fixed points. Since it is not sustainable to try and impose a condition
at R = 0, cf. the discussion on eigenoperators below (6.32), we need to continue through
smooth topology change (as defined at the end of section 6.2) into the hyperboloid side,
if we are to reduce the dimension of the fixed point solution space from the current
phenomenologically disappointing answer.

Turning to the hyperboloid, the situation is much more straightforward. The as-
sumption that for rapidly decaying cut-off profile r(z) one can neglect the traces (6.8)
— (6.11) at large (negative) R, is now correct for the ansatz f(R) = AR?, thanks to the
Laplacian eigenvalues (6.34) being bounded below sufficiently by the positive endomor-
phisms to avoid vanishing denominators, cf. (6.35). Since the ansatz solves the LHS of
the fixed point equation, it forms the start of the large R asymptotic series solution.
The traces provide corrections that decay thanks to the cut-off profiles’ dependence on
Ays+ asR > (B — a,)|R|. From the o and 8 parameter values, cf. (6.35) and below
it, we see that

0< B —ay<9/48 =751 —ay < g — oy (6.47)

and thus the leading corrections come from the scalar traces 765 and ’76‘] e, From the

power of Ag in (6.11) it is the S; part that is leading. After some tedious manipulation

40Tt can be understood as the linearised precursor to the solution ending in a (movable) singularity
[62, 77, 111, 113, 189-192].
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we find:*

5—3b

)= AR (B ay) T ¥ {10 (1rE)) e—auao—zz)z(m.). 5
6.48

as R — —oo, all scalar traces (thus also A) contributing to the O (]R\_%> term, and
the ellipses standing for terms with faster decaying exponentials. Again we ask where
the other parameter has gone. The analysis proceeds in a similar fashion to that on
the sphere. We have again the asymptotic perturbed fixed point equation (6.42) except

now:

5—b
der 25 2 b 25 b
R =— —"h  [Z2_ _R)' 3 eal(eco—RR)R] ... 6.49
2(R) = S /5ras <48 ao) (CR)"2e VT (049

(the ellipses being faster decaying terms). A small perturbation to (6.48) gives (6.43),
and thus we have Jf(R) ~ B/w(R) again, except now the Sturm-Liouville weight is

8142 [37 (25 -t Lo (a2 R
w(R) Nexp{— 2er \/;<48 —a0> (—R)""2 eol(e0-R)E] } (6.50)

(where again we neglect also subleading multiplicative terms). As R — —oo, such a

0f(R) is a rapidly growing exponential of an exponential, and thus asymptotically we
have only the one-parameter set of solutions (6.48).

These results allow us to draw an important conclusion. Each of the hyperboloid
and sphere asymptotic solutions impose one constraint.*?> Since we thus have two
boundary conditions imposed on a second order ordinary differential equation we have
at most a discrete set of solutions. A priori this could be no fixed point, or a unique
fixed point (the phenomenologically preferred answer), a larger number of fixed points,
or a countable infinity of fixed points. As we will see in section 6.5, the conclusion is

very different if we choose the conformal factor cut-off to be negative, i.e. ¢ < 0.

6.3.2 Large R dependence of eigenoperators

Since the eigenoperator equation (6.17) is linear and second order, there are guaranteed
to be two independent solutions for any RG eigenvalue A\. Whether they are acceptable
or not, crucially depends on their large field behaviour [20, 66, 77, 183, 192]: in par-
ticular whether for small but fixed € the exponential dependence in RG time in (6.16)
remains valid at large R. In scalar field theories this criterion explains why the correct
eigenoperator solutions are the ones with power-law large field behaviour and thus why
the RG eigenvalues are quantised [20, 62, 66, 183, 189-192]. It was also applied in

“1Recall that oo < 25/48.

“2E.g. Rf'(R) — 2f(R) = Rfley(R) — 2fasy(R), for some suitably large R, where fas, is (6.41) for
R >0, or (6.48) for R < 0, and the RHS has no free parameters since the AR? term is cancelled out
in this linear combination.
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ref. [77] to determine the eigenoperator spectrum around non-trivial fixed points in a
conformal truncation to quantum gravity, and in ref. [113] to an f(R) approximation
with adaptive cut-off [116].

We have just derived the asymptotic behaviour of f(R) for a fixed point solution
to the flow equation (6.6) with non-adaptive cut-off. Substituting this into the corre-
sponding eigenoperator equation (6.17) allows us to determine the large R behaviour
of solutions v(R). We will use the above insight to determine which of these solutions

are valid.

In fact, since with non-adaptive cut-off, RG time derivatives of fi(R) appear only
the once, as O.fx(R) on the LHS of the flow equation (6.6), one can immediately
read off from the asymptotic form of the perturbed fixed point equation (6.42), the

corresponding asymptotic form of the eigenoperator equation (6.17):
Av(R) — 2RV (R) = —as(R)V"(R), (6.51)

where asymptotically ag is given by (6.44) or (6.49) as appropriate. One solution solves
just the LHS:
A
v(R) o [R|2 + -+, (6.52)

where the ellipses stand for subleading corrections including those supplied by the RHS,
and we note that the solution is determined only up to a constant of proportionality.
The other solution must be such that at leading order, v”(R) cannot be neglected. For
the same reasons as before, asymptotically the ODE then collapses to (6.43) (with &f
replaced by v) and thus these solutions satisfy v(R) ~ 1/w(R), with w(R) being given
by (6.46) and (6.50) on the sphere and hyperboloid respectively.

Now we ask whether these solutions are actually valid. The linearised solution
(6.16) is meant to describe the RG flow ‘close’ to the fixed point. For any fixed e, if
[v(R)/f(R)] — oo as R — =+oo that is not necessarily true since linearisation is no

longer valid. In this case we set
fe(R) = f(R) + evp(R), (6.53)

and ask for the correct evolution for vg(R) at large R. We see that for large negative
R we can neglect the RHS of the flow equation (6.6). For large positive R we can
neglect the RHS of the flow equation except for the n = 1 Sy component of 76‘] ac
which however just cancels the contributions from the LHS that grow faster than R?
resulting from f(R), cf. (6.41). Since in fact the O(R?) part of f(R) also vanishes from
the LHS (on both sphere and hyperboloid), we see that in the large R regime we have

drwp(R) — 2R, (R) + 4vp(R) = o(R?). (6.54)
Any part of vi(R) growing at least as fast as R? is then easily solved for, and gives
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mean-field evolution involving some arbitrary function v:
ve(R) = e u(Re?) + o(R?). (6.55)

It will be the same function v that we introduced in the linearised solution (6.16)
if we require as boundary condition, vx(R) = v(R) at k = p. The question that
remains is whether the RG evolution (6.55) is consistent with what we were assuming
by linearising.

For the power-law solution (6.52), linearisation is valid at large |R| if and only if
A 4. This follows from the hyperboloid fixed point asymptotics (6.48), the sphere side
(6.41) requiring only the weaker constraint, A 4 +2b. On the other hand if A > 4,
we use the general perturbation (6.53), finding the solution (6.55). Substituting the
explicit form (6.52) of the boundary condition we get

ve(R) = v(R) e % 4+ o(R?), (6.56)

where § = 4 — A, i.e. we reproduce the linearised solution (6.16). We conclude that
asymptotically, power-law eigenoperators (6.52) are valid solutions for any A. Their ¢
evolution is multiplicative and given by the flow of a conjugate coupling g(t) = ee Ot
cf. (6.16).

On the other hand, the solutions that behave asymptotically as v(R) ~ 1/w(R), are
growing exponentials of exponentials. Linearisation is not valid at large |R|, where the
t dependence is given instead by (6.55). Now we cannot separate out the ¢t dependence.
Therefore such perturbations cannot be regarded as eigenoperators evolving multiplica-
tively. Excluding them leads to quantisation of the spectrum. The large R dependence
(6.52) provides a boundary condition on both the sphere and the hyperboloid side, and
linearity provides a further boundary condition since we can choose a normalisation
e.g. v(0) = 1. These three conditions over-constrain the eigenoperator equation (6.17)
leading to quantisation of A, i.e. to a discrete eigenoperator spectrum.

Again we will see in section 6.5, that the conclusion is very different if we choose

the conformal factor cut-off to be negative, i.e. c;, < 0.

6.3.3 Square integrability under the Sturm-Liouville weight

Now we can return to the question posed at the end of section 6.2: whether it makes
sense for eigenoperators v(R) to be square-integrable under the Sturm-Liouville weight
w(R), cf. (6.30), which is the remaining condition that must be satisfied in order for
Sturm-Liouville theory to be applicable. We have seen that on both manifolds, w(R) is
rapidly decaying for large curvature. We saw that the eigenoperator solutions that are
actually allowed are the ones that grow as a power, (6.52). Now we see that they are
square integrable under this measure. On the other hand the solutions v(R) ~ 1/w(R)

that we already excluded on physical grounds, satisfy w(R) v?(R) ~ 1/w(R) which thus
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diverges at large R. These perturbations are therefore not square integrable under the
measure. We conclude that the condition of square-integrability picks out the correct
solutions from the eigenoperator equation and that Sturm-Liouville theory is therefore
applicable.

Although these formulae have been derived for the specific choice of exponential
cut-off (6.24), it is immediate to see that these qualitative properties hold true for
a wide range of cut-offs, independent of their details. Indeed the fact that as(R) is
decaying for large |R| with sign given by ¢;, and that a;(R) = 2R plus decaying terms,
is enough to ensure that w(R) for ¢; > 0 is a rapidly decaying exponential, as follows
from its formula (6.30). This behaviour also ensures that of(R), the non-power-law
solutions v(R), and 1/w(R), are all equal up to subleading multiplicative corrections.
In section 6.5, we will see that if we choose ¢; < 0, these solutions still hold but lead

to profoundly different scenarios.

6.4 Liouville normal form

We have seen that Sturm-Liouville theory is (only) applicable to the quantised spectrum
of eigenoperators that have power-law asymptotic behaviour in R, given by (6.52), and
which we determined already from RG properties were the physical eigenoperators. The
consequences of Sturm-Liouville theory for this spectrum can be seen by a standard
transformation that takes the linear second order ODE (6.17) to so-called Liouville
normal form. For this case we set the coordinate to be (taking z = 0 at R = 0 without

loss of generality):

R
1
v=| ——dR. (6.57)
/0 Vaz(R)
It is well defined since we have seen that as(R) is strictly positive at all finite R.
Furthermore since az(R) vanishes at large |R| we see that  — 00 as R — f00. Then

defining the ‘wave-function’

b(@) = a3 (R)wH (R) v(R). (6.58)
(6.17) becomes ,
- d;i(f) Y U() () = Ab() (6.59)

which is nothing but the time-independent Schréodinger equation at energy A (and mass
%) This is Liouville normal form. After some manipulation, one finds that the potential

is given by [154]:

a? d a1 3al al
Uw) =ap+ - — D tah (oo + 2 ) - 2 6.60
(@) =ao+ - =5+l T 16a,) ~ 1 (6.60)

(the terms on the RHS being functions of R).
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In ref. [154], it was noted that this potential has no singularities at finite 2 whilst
from the asymptotic behaviour of the a;(R), the second term dominates for x — oo
such that U(x) — +o0, leading to the conclusion that there is only a quantised bound-
state energy spectrum A = A, (n = 0,1,2,---) bounded from below with the only
accumulation point at infinity (following standard analysis of its Green’s function, see
e.g. [193]). In other words there are only a finite number of (marginally) relevant
couplings such that 6, = 4 — A\, > 0, and infinitely many irrelevant couplings. These

latter have scaling dimensions 6, — —oo as n — oc.

There is a hidden assumption here, namely that ¢ (z) has appropriate behaviour
as © — £oo for the Schrodinger equation interpretation to make sense. For this, ¢ (z)
should be either square-integrable, corresponding to a bound state, or correspond to
an unbound state such that 1 (z) = ¥y (z) ~ e** as  — +oo for some wave-number k.
These latter are J-function normalisable, i.e. can be chosen to satisfy [ ¢y (2)¢w (z) =
d(k — k'). For this potential these latter solutions do not exist. As we have seen, there
are other solutions however, but the missing solutions (which we have rejected on RG
grounds) behave asymptotically as v(R) ~ 1/w(R). From (6.58), they grow rapidly
as * — +oo (in fact exponentially) so are neither square-integrable nor J-function

normalisable.

On both sphere (6.44) and hyperboloid (6.49), we can write

a5(R) = = o 2F(R) (6.61)

where F' and G have the behaviour required for the identity (6.45). Thus we get
asymptotically

_ G(R)
a:—F/(R)eF(R)+~-. (6.62)

From (6.60) to leading order, we therefore have

a? R?
Ulx) = L =
(fL‘) 4a2 as (R)

— [RF'(R)]?2?. (6.63)

But from (6.44) and (6.49) we see that RF'(R) = b F(R). Taking logs of (6.62), we
thus find

U(z) = (baln|e))? {1 L0 <hi‘f|1f‘>} as 1o dco.  (6.64)
It is interesting that the leading large x behaviour of the potential is symmetric about
the origin z = 0, even though U(x) is surely not. In particular the fact that at
large R, f(R) is universal on the hyperboloid but dominated by cut-off effects on the
sphere, does not result in different behaviour in the corresponding large = regime of
the potential U(x). It is also interesting that this leading behaviour is close to being

universal, in that the only cut-off dependence is through the parameter b, the power
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entering the exponential fall-off form in the cut-off (6.24). Unfortunately this still
amounts to strong dependence. Actually this remaining dependence is an artefact of
the single-metric approximation [33, 194], one consequence of which is to conflate the
background curvature dependence in the cut-off, in particular in F', with that of the

quantum field.*?

From (6.64) we can find for the quantised spectrum the asymptotic behaviour of

their scaling dimensions at large n:

Inl
On:—b(nlnn){1+0<nnn>} as n— oo. (6.65)
Inn

This follows by noting that large values of A\, closely obey the WKB formula for the
Schrodinger equation (6.59):

/xndg; o — U(@) = (n+ ). (6.66)

—Zn

The boundaries of the integral should be the classical turning points, i.e. the solutions
to A, = U(z). However up to multiplicative corrections of order Inlnx,,/Inx, these

can be taken to be +x, where at the same level of approximation,
A = U(£xy) = (bapInzy,)? . (6.67)
Substituting this and = = z,,y into (6.66) gives
Ibz’Inz? =n(2n+1), (6.68)

where the integral

[ Ulyzn) _ (') s _ 7
I—/_ldy\/l— = /1dy\/1 y? = (6.69)

(bzp Inz,)? - 2’

again up to corrections of order Inlnz,/Inz,. Thus in the large n limit, we can
solve (6.68) in terms of the Lambert W function, as Inz2 = W (4n/b) (using the fact
that W satisfies W (z) exp W (z) = z). Substituting this solution into (6.67), using the
asymptotic expansion of W (4n/b), and again neglecting multiplicative corrections of

order Inlnz,/Inx, or smaller, gives (6.65).

Using polynomial truncations taken to very high order, the 6, were accurately
estimated up ton = 70 in ref. [195], and found to closely fit 6,, ~ 2.91—2.042n. However

these were computed in an adaptive cut-off version of the f(R) approximation and using

43Tn reality Ty is a functional of both the background metric gfl, and the quantum metric gﬁ,. It
is gf;?,, differentials that appear in the fixed point and eigenoperator equations, and thus it is also the
behaviour at large gffy that we are interested in. In a non-adaptive scheme as employed here, cut-off
profiles such as (6.13) should in reality not depend on g, but only on its field differentials, since the
cut-offs are meant to regularise Laplacians for these modes.
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optimised cut-off [180]. Given the above strong dependence on cut-off profile we cannot
make a sensible comparison, although we note that given the weak dependence of Inn,

and ignorance of the neglected corrections, b ~ 1 would provide a reasonable match.

6.5 Wrong sign cut-off in the conformal sector

In this section we show what changes if we choose a negative cut-off for the conformal
mode, i.e. ¢, < 0.

In section 6.2.2 we analysed the constraints on f;(0), f.(0), and f;/(0). For com-
pleteness we show how these change with c; < 0. Recall that the strongest constraints
arise if the cut-off function r(z) diverges as z — 0. Then we showed that from the
tensor mode trace we must have f;(0) < 0. Now that ¢ < 0, from the h trace we need

/(0) < 0 to avoid a singularity. The equations are then consistent provided f;(0) is
less than some positive bound. If r(0) is finite then other possibilities again arise for
example f;/(0) > 0 is possible provided f;(0) is sufficiently positive.

Much more interesting is the effect of negative cut-off on the space of fixed points
and eigenoperators. Recall that the asymptotic behaviour of the fixed point solutions
f(R) is given in the first instance by asymptotic series whose leading term is a power
of R: (6.41) in the case of the sphere and (6.48) for the hyperboloid. These contain one
parameter A (a different value in general on the sphere or hyperboloid). However to
determine the true number of parameters in the asymptotic solution, we study the linear
perturbation Jf(R) to these asymptotic series, and find 0f (R) ~ B/w(R), where w is
the Sturm-Liouville weight and is given by (6.46) or (6.50) on the sphere or hyperboloid
respectively. The derivation is still correct if ¢; < 0, but the Sturm-Liouville weight
is now a rapidly growing exponential of an exponential (on both sides). Thus the
perturbation Jf (R) ~ B/w(R) is a rapidly decaying exponential of an exponential.
Whatever value of B we choose, asymptotically our assumption that §f (R) is much
smaller than the series solutions, becomes ever more justified. Therefore asymptotically
there is now a full two-parameter set of solutions, being to leading order precisely
(6.41) or (6.48) as appropriate, plus B/w(R). Now these solutions impose no boundary
conditions since at some appropriate large R, f(R) and f/(R) merely fix the values of
the two parameters A and B in the appropriate asymptotic solution. Therefore if we
have solutions they will be continuous ‘planes’ of fixed points: two-dimensional sets
parametrised by two real free parameters [111].

It had already been noticed in f(R) truncations with adaptive cut-off, that fluctua-
tions from the conformal factor govern the structure of the solutions [113, 118]. We now
see that the reason is that it is intimately tied to the way this sector is regularised. For
non-adaptive cut-off the choice c¢j, < 0 is the only one available for the Einstein-Hilbert
truncation [33] and for perturbative solution of the flow equation starting from the
classical Einstein-Hilbert action (with or without a cosmological constant), but such a

wrong-sign kinetic term plus wrong sign cut-off, leads to a continuum of fixed point so-
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lutions [77]. The cause is the same as was found in these earlier papers, namely the fact
that the fixed point large field asymptotic behaviour has the full set of parameters and
thus imposes no boundary conditions. This effect is also seen [113] in one formulation
of f(R) with an adaptive cut-off [116] and in some of the asymptotic solutions [111]
found in another formulation involving more fixed singularities [118]. It was already
suggested in ref. [113] that such a continuum of solutions is a reflection of the conformal

mode instability.

Similar conclusions are drawn for the eigenoperator spectrum around any such fixed
point. The exponential of exponential solutions v(R) ~ 1/w(R), to the eigenoperator
equation (6.17), are now exponentially small at large |R| and thus linearisation remains
valid. Therefore we now have a continuous spectrum, with degeneracy two, for every
value of A. Again, this effect has been seen before, in the same situations where
a continuum of fixed points are found: in a conformal truncation [77], and in f(R)

approximation with adaptive cut-off [113].

Note that such a continuous spectrum of eigenoperators is consistent with there
being a two-dimensional continuum of fixed points. Indeed the two eigenoperators
with A\ = 4 are the exactly marginal operators v(R) = §f (R) ~ R? and v(R) = §f (R) ~
1/w(R) (for given sign of R) that move the system infinitesimally from one fixed point
to another in this two-dimensional continuum.

The general eigenoperator with scaling dimension \ grows as \R|% at large |R|, cf.
(6.52). They are thus not square-integrable under the Sturm-Liouville weight. Al-
though they have conjugate couplings that evolve multiplicatively at the linearised
level, and are in this sense physical, we can choose to impose square-integrability as an
extra condition. If we do so we exclude the power-law solutions. This amounts to an
extra quantisation condition that is natural within the Wilsonian RG framework [8].
Indeed without it the Wilsonian RG breaks down because there would be no sense in
which an arbitrary linearised perturbation can be broken down uniquely into a con-
vergent series expansion over operators of definite scaling dimension [8, 77, 196]. The
remaining solutions v(R) ~ 1/w(R) are exponentially decaying for both R — +o0 and
R — —oo0. Since for these, w(R) v?(R) ~ 1/w(R), they are square-integrable under the
Sturm-Liouville weight, and thus form a quantised spectrum.

Their relation to the continuum of fixed points is novel in that it is no longer possible
to move to any nearby fixed point by ‘switching on’ marginal directions. Indeed we
have at most one marginal operator now. Generically we will have none.

The az(R) coefficient (6.18) changes sign under ¢j — —cj,, but it still decays ex-
ponentially at large |R|, as we see from (6.44) and (6.49) for sphere and hyperboloid
respectively. We can still transform to Liouville normal form, if we first multiply the

eigenoperator equation (6.17) by a minus sign. Then we see that

(6.70)

R
1
T = ——dR/,
/0 Vaa(B)]
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is the same transformation as before. The wave-function is now
() = |aa| (R) w2 (R) v(R), (6.71)

whilst the Schrodinger equation now appears as

)

dxz?

+U(@)Y(x) = —A(z), (6.72)

i.e. with A now being minus the energy. The potential U is given by the same formula

up to an overall sign, i.e.

a? a) ai 3a’ all
D) = gt (o By o 673
@) ==a0+ 3172 ~2\50; T T6as) T2 (6:73)

The power-law eigenoperators v ~ |R\% are now associated with exponentially
growing wave-functions, dominated by the w dependence in (6.71). From Schrédinger’s
point of view, they are not acceptable solutions. On the other hand, the solutions
v ~ 1/w(R) correspond to exponentially decaying ¥ (z) and thus bound-state solutions
to (6.72).

Since the large R dependence of a; and |az| is the same as before, we see that
the analysis (6.61) — (6.63) goes through unchanged and U(x) has the same large x
dependence (6.64) as before. The WKB analysis therefore also goes through unchanged,
except that the energies are now —J\,,. Therefore we see that we have at most a finite
number of (marginally) irrelevant operators and an infinite tower of relevant operators,

the scaling dimension of the conjugate couplings being

Qn:b(nlnn){1+0<lnlnn>} as  n— oo. (6.74)

Inn

We recognise that these are f(R)-approximation analogues of the (5(2)(@) operators
introduced in [8] and studied extensively in refs. [1, 2, 74, 107, 109] as elements of a
new quantisation of quantum gravity. Indeed the 6<Z)(go) operators are eigenoperators
appearing in the functional RG when using a wrong-sign cut-off (¢; < 0), where it
is needed because the conformal factor field, ¢, has wrong-sign kinetic term. The
5(2)(90) span the space of perturbations that are square integrable under an exponentially
growing Sturm-Liouville measure, and thus are themselves exponentially decaying at
large field. Finally they also form an infinite tower of relevant operators, the scaling
dimensions being 6, =5+ n.

Note however that the 6(?(4,0) are eigenoperators about the Gaussian fixed point,
where they are derived exactly, whereas the formula (6.74) applies to the spectrum
of square-integrable eigenoperators about any point in the continuum of fixed points
in this f(R)-approximation. Unlike the @-versions, the eigenoperator equation has

coefficients a;(R) with non-trivial field dependence. This is responsible for the Inn
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dependence in (6.74) while, as we noted in section 6.4, the b dependence appearing in

(6.74) is a symptom of the single-metric approximation.

6.6 Summary and Conclusions

We use the f(R) model introduced in ref. [154] where already Sturm-Liouville theory
was applied to give a proof that, around any fixed point in such a model, there are a
finite number of relevant couplings and an infinite number of irrelevant couplings g,
these latter having scaling dimensions 6, — —oo as n — oo. Note that the scaling
dimensions are also proved to be real, in contrast to what is found typically in finite
dimensional truncations. In this chapter we scrutinise both the explicit and implicit
assumptions that go into this proof, and we combine Sturm-Liouville techniques with
asymptotic analysis at large R [111, 113] to find out significantly more about the nature
of these fixed points and their eigenoperator spectrum.

Both of these methods can be developed while keeping the cut-off general, which
must however be taken to be smooth. In (6.13) we keep general the ¢4 (the overall size
of the cut-off for each field component). As in ref. [154], we set the endomorphism
parameters ag = a; = 0, but we keep oy general apart from the constraint 1/3 < ap <
25/48 required to ensure that all modes are integrated out in the limit & — 0. We
take the same cut-off profile for all field components, since these are all closely tied to
the metric either through changes of variables or via BRST invariance. For most of
this chapter to be concrete we specialise to the exponential-style cut-off profile [105]
(6.24), but we keep its parameters @ > 0 and b > 1 general. In particular we are
able to determine the asymptotic form of the Sturm-Liouville weight w(R) for these
cases. It is a rapidly decaying exponential of an exponential c¢f. (6.50) and (6.46) for
the hyperboloid and sphere respectively. We show that it is intimately involved in
other asymptotic properties, chief amongst them being the detailed form (6.65) of the

asymptotic behaviour of the 6,,:

Gn:—b(nlnn){l—i—O(lnlnn)} as  n— o00. (6.75)
Inn

If computed exactly, these scaling dimensions should be universal. Thus it is gratifying
to find that in this model approximation, they are independent of all parameters except
one within our general family of cut-offs. It is also encouraging to find that the 6,, have
an almost linear dependence on n, since in this respect it is similar to the numerical
evidence for near-Gaussian (but complex) dimensions found in ref. [195] for n 70 in
an adaptive optimised cut-off version of the f(R) approximation. However the overall
dependence on b still amounts to strong residual cut-off dependence, precluding any
more meaningful comparison. We saw in section 6.4 that the blame for this lies squarely
with the single metric approximation. In fact single field approximations are a known

source of artefacts [194].
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Sturm-Liouville theory requires the RG eigenvalue equation (6.17) to be second
order in R derivatives. This is achieved if and only if we use a non-adaptive cut-off
profile. While that leads to the disadvantage of significantly more complicated flow
equations compared to those using an adaptive optimised cut-off [180], it does allow us
also to ensure that the fixed point ODE has no fixed singularities.

This is an advance on f(R) approximations with adaptive cut-off, where such fixed
singularities are endemic. While the fixed singularity at R = 0 appears there for a clear
physical reason [113, 116], the same is not true for those at R # 0. These latter fixed
singularities can be introduced or shifted to different places, depending on the model
[118, 120], but it seems to be impossible to eliminate them entirely [114-124, 154, 169—
171]. However, solutions depend sensitively on them, in particular determining whether
fixed points exist as global solutions and if so whether they form a continuous set [111,
113].

On the other hand an adaptive cut-off profile has the advantage in that it adapts
to the sign of the Hessian. In our case we have to fix the sign of the cut-off via c4. The
Hessian is positive for nearly all field components, requiring c4 > 0, as would anyway
be expected for convergence of the functional integral. However the physical scalar
component h, a.k.a. the conformal factor, is an exception. If we are to describe the
regime corresponding to perturbative quantisation of the Einstein-Hilbert term we need
to choose ¢, < 0 [8, 33, 77, 125]. Otherwise we need to rely on f;(R) containing higher
order terms [181] so that f;(R) is positive, ¢f. (6.9) and the discussion in section 6.2
and at the beginning of section 6.2.2. We choose c; > 0 for the body of this chapter,
following ref. [154].

It turns out that on the sphere, we can find the leading asymptotic behaviour of
the fixed point solution f(R) in the large R limit for completely general cut-off profile
r(z). The result, (6.40), is different from the assumed form in ref. [154]. In fact it
is dominated by cut-off effects. For the exponential cut-off it takes the form (6.41).
As discussed in section 6.3.1, this limit also ought to be universal, giving the physical
equation of state. Here we saw that the blame lies squarely with the course-graining of
constant scalar modes in the Jacobian of the change of variables to York decomposition.
We saw that this had no effect on the 6,, formula (6.75) however.

The asymptotic solution contains one parameter, A, whereas for a second-order
ODE we would expect a general solution to have two. By perturbing around this result
we saw that to leading order the other parameter multiplies 0f (R) ~ 1/w(R). Since
this perturbation grows more rapidly than f(R), it is not valid asymptotically and thus
we see that asymptotically there is only a one-parameter set of fixed point solutions.
As discussed in section 6.3.1 if we consider the flow equations as applying only to the
sphere, we would then have line(s) of fixed points. This is one motivation for widening
the domain of applicability of the flow equations. As discussed in section 6.2.2 nor
would we be able to apply Sturm-Liouville theory, the obstruction coming from the

existence of an R = 0 boundary (where the equations go over to those of flat space).
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This provides another motivation. As a final motivation we appeal to the encouraging
evidence found in polynomial approximations to f(R) equations [108, 166, 195, 197,
198]. These polynomials probe both signs of R. We saw at the end of section 6.2.2 that
if we wish to keep the same cut-off profile for all modes we cannot analytically continue
our equations into R < 0 however. Instead we match the solution into the equations
on the hyperboloid, which also has the property that the equations go over to the flat
space ones at its R = 0 boundary.

On the hyperboloid the leading asymptotic behaviour is cut-off independent as it
should be, being f(R) ~ AR? (for a typically different A compared to the sphere
side). We also provided the leading corrections coming from cut-off terms (6.48), as
we did also on the sphere (6.41). Again a perturbation to this solution takes the form
0f(R) ~ 1/w(R) and is thus ruled out. Therefore the asymptotic behaviour as R — 00
provides two constraints on a global solution for f(R) leading to at most a discrete set
of fixed points. This is of course what one would hope to see for asymptotic safety.*

In section 6.3.2 we saw that the situation is just as encouraging for the eigenop-
erators v(R). Since in the eigenoperator equation (6.17), az(R) vanishes asymptoti-
cally on both the sphere and the hyperboloid (for the explicit formulae see (6.44) and
(6.49) respectively), the leading asymptotic behaviour for an eigenoperator is given by
v(R) \R]%, which is again universal, as it should be (if computed exactly). For any
RG eigenvalue A the other solution grows rapidly with |R|, satisfying asymptotically
v(R) ~ 1/w(R) (in agreement with of (R) which corresponds to a putative marginal op-
erator). It is ruled out because it does not evolve multiplicatively under the RG. Since
the ODE is linear second order, requiring v(R) o \R|% overconstrains the equations
and leads to quantisation of A, again as one would hope to see.

Furthermore these ‘power-law’ eigenoperators are square-integrable under the Sturm-
Liouville weight, thus providing the missing justification for using Sturm-Liouville anal-
ysis. From general Sturm-Liouville theory, this is already enough to confirm that the
eigenoperators vy, (R) form a discrete spectrum and to show that the RG scaling dimen-
sions A, possibly finitely degenerate, have a finite minimum (thus there are a finite
number of relevant directions) and form an infinite tower such that (ordering the eigen-
operators so A, are non-decreasing in n) the A\, — oo as n — oo. The v,(R) can be
chosen to be orthonormal under the Sturm-Liouville weight w(R). In fact, the rest of
the Sturm-Liouville analysis in ref. [183] can then be straightforwardly taken over to
show that arbitrary bare perturbations dfy,(R) (at some UV scale k = kg) will evolve
into the space of interactions that can be expanded over the v, (R) such that the series
converges in the square-integrable sense. The map to Liouville normal form, done in
section 6.4 and ref. [154], allows us to take this further by computing the large distance
behaviour (6.64) of its potential, and from there, by a standard application of WKB
analysis, to derive the asymptotic form (6.75) of the 6, = 4 — \,, as quoted above.

““Note that had we introduced fixed singularities into the f(R) equations we would then have found
f(R) to be overconstrained and have no global solutions.
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All this is predicated on there actually being a global solution to the fixed point
equation (2.22) however. We have searched numerically for such a solution, see figure
6.1 in the case a = b =1, oy = 1/2 (recall from section 6.2.3 that it has to lie between
1/3 and 25/48) and all the ¢4 = 1. We found global solutions on the sphere that
asymptote to (6.41) for a small region around A = —0.01, starting at R = 10 and
integrating down to the flat space fixed point equation from (6.25), see figure 6.1 for an
example, but we have not been able to find global solutions on the hyperboloid. These
are challenging integro-differential (on the sphere-side sum-differential) equations so it
is likely that more numerical work is required. This includes exploring other choices of
parameters. In fact our solutions on the sphere matched the asymptotic solution (6.41)
at R = 10, only by choosing to match f’(R) and f”(R) and then computing f(R)
from the fixed point equation (rather than the more obvious route of setting f(R) and
f/(R) from the asymptotic formula). This indicates that the asymptotic series has not
been taken quite far enough for these R values. On the hyperboloid, the asymptotic
corrections in (6.48) fall only slowly, so would surely have to go much further to provide
a similarly accurate starting point. In fact it would be beneficial to explore simpler
equations, if these can be found. An attractive starting point would be to use non-
adaptive cut-off together with the exponential parametrisation explored in ref. [119].
Note that if lines of fixed points can be found on both sphere and hyperboloid, there
would still have to be a matching point where these f(R) agree to second order in their
Taylor expansion (6.26) about R = 0, in order to have found a globally defined fixed
point.

Finally in section 6.5 we saw that the situation is dramatically different if we choose
instead the wrong sign cut-off for the conformal mode: ¢; < 0. Perturbing around the
asymptotic fixed point solution we still find of (R) ~ 1/w(R), but the dependence of the
Sturm-Liouville measure on ¢z, is such that w(R) is now a rapidly growing exponential of
an exponential. This means that the perturbation Jf (R) remains valid asymptotically,
and thus the asymptotic solutions have two parameters. They no longer restrict the
dimension of the solution space, so fixed points form two-dimensional continuous sets.
The alternative asymptotic behaviour for the eigenoperators is also still v(R) ~ 1/w(R)
but these do now evolve multiplicatively under the RG and thus are also valid solutions.
Therefore we have a non-quantised continuous spectrum of RG eigenvalues A. It is
clear that this is mirroring effects previously found [111, 113] in adaptive cut-off f(R)
approximations [116, 118], and found [77] in a background-independent version of the
so-called conformally reduced gravity [125] where only the conformal factor field is kept.
Clearly therefore the culprit for this degeneration is the wrong sign cut-off (which is
necessary however if we work with wrong sign kinetic term). In this case, by choosing
to keep only interactions square integrable under the Sturm-Liouville measure, the
eigenoperator spectrum is again quantised, with v(R) ~ 1/w(R) for large R. These
form a tower of operators, only finitely many of which are irrelevant, and infinitely

many are relevant with dimensions given by minus the 6,, in (6.75). These are the
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Figure 6.1: The value of the sphere free parameter A in (6.40), deduced by matching the
numerical solutions f(R), f'(R) and f”(R) to the corresponding asymptotic formula
and solving for A at the different points R. For the asymptotic formula we use (6.41)
so as to include the most important subleading corrections (and then differentiate
appropriately to get f’ and f”). If the numerical solution matches into the asymptotic
formula we should find the same value for A for all large enough R and also the same
value by matching f(R), f'(R) or f”(R) at these values. We see from the plot that
numerically these different determinations do appear to converge, indicating that we
have indeed found a numerical solution that matches our asymptotic formula.
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f(R)-approximation analogues of the 6(2)(@ operators pursued in [1, 2, 8, 74, 107, 109]

as an alternative quantisation of quantum gravity.
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Chapter 7

Extensions to arbitrary

space-time dimensions

In this chapter we outline some preliminary work on an investigation into extending
the tower operator (3.62) into arbitrary space-time dimensions. This was motivated
primarily by a possible resolution as to why we observe our universe to exist in four
space-time dimensions. If this structure seemed to work exclusively in this number of
dimensions it would be phenomenologically beneficial to this new approach to QG. As
remarked earlier there is also a great history of extending concepts to include extra
space-time dimensions, such as Kazula-Klein, string and M theory. This investigation
was also motivated by the extra freedom in the existence of f(R) type actions that the
tower operator may permit, for example in four dimensional space-times terms such as
RZBW
theorem [199]) however such terms survive in five and six dimensional space-times. We

are excluded by topological arguments (in particular here by the Gauss-Bonnet

may be able to create effective R? and Riﬂ operators using the new construction out-
lined in this thesis via quantum corrections which would have far reaching implications,

particularly for cosmology.

7.1 The tower operator in arbitrary space-time dimen-

sions
We begin by laying out a glossary of fields, couplings and propagators in arbitrary

space-time dimension to facilitate understanding where d is the arbitrary dimension of

space-time and the constant « our gauge fixing parameter

KaaHﬁv)Q] =d (7.1)

(7.2)



=-(32) (73)

hap] = 5= (74)
d—2
el =252 (75)
_ d—2
[eu] = [eu] = 5 (7.6)
* * d
[C/,L] = [H,LLI/} = 5 (77)
and the propagators are, expanding on the general definitions given in section 5, given
as
0(ad 1) 1 9,0
o @98y P(uOv)(aPB) nv9ap
(Ho ) o)) = 20520 4 PUCe?D) _ S (78)
_ _ Opv
{cu(p)ev(p)) = —(Culp)ev(p)) = W (7.9)
(bu(p)Hap(—p)) = —(Hap(p)bu(—p)) = 26,app)/ (7.10)
{bu(p)bu(=p)) =0 (7.11)

[0

( ) cxﬁpupu + papﬂ(s;w

) adg 4 P(uOp)(aP3B 1 (4 8,10,
(b (D) (—p)) = 252" +( )””+ Flg a2ty

2
d

a p
(e(p)e(—p)) = (; - ﬁ) plQ. (7.14)

Previously the gauge « = 2 has been chosen to simplify these expressions, in par-
ticular eliminating the o part of the propagators. In a similar vein we will continue to
work in the minimal basm however we note the auxiliary field b,, above for completeness.

The quantisation conditions, in particular the ¢ part, which led to the tower operator
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55\n)(¢) involved the weights, when extended to general space-time dimension d

1 hfw 1 o
exp — 3 hAd_2 exp — iw . (715)

This follows from

d CAp)
Q= [{p(@)p@))| = = [ d° ~ hAT2 7.16
s = lplaolon] = 5 [ an , (7.16)
as a result there are no new effects in the quantisation procedure outlined in section
3.2.2 and the same general structure emerges from our previous arguments. We note
that when extending this treatment to d = 2, divergences appear, for example in (7.16),
the implications of this require further investigation. We continue in the generalisation

of this structure, in particular the tower operator and the associated couplings are now

03] = —(1+n) <d;2> (7.17)

[Do] = do + [7]
o (552) &
[gg] =d-— DO‘

—d-— [dg—(1+n) <d;2>] (7:19)

We can then use this generalisation of the structure to see if the operators re-
main unchanged, in particular we can investigate whether or not the previously found
parametrisation of diffeomorphism invariance is still valid, beginning with the anti-field

two piece of the first order interaction (we disregard Lorentz indices now for clarity)

[Bccc] = gd 1 (7.20)
L3

OcHH) = 2d—1 (7.21)

(HOHOH) — gd Y (7.22)

These first order operators are irrelevant and are associated to the zeroth level tower

operator, i.e. ny =0
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00(0) or(e. e Ho o)) = =552+ Sd— 1= d (7.23)

which as we can see means that the tower operator continues to resolve the primary
issue of the irrelevancy of the gravitational operators. Extending this to second order
in the convenient parametrisation of diffeomorphism invariance where £3 = £} = 0,
that is to say the anti-field number two and one piece are found to be zero and only the
zero level remains. This is the set of operators one would naively find when expanding

out the Einstein-Hilbert action.

[HHOHOH] = 2d — 2. (7.24)

As these are the second order operators they are now associated to the n, = 1 tower

operators which yields

5 oa(H,0H, )] =~ 20 1) 1 2d 2= d (7.25)

and again the irrelevancy problem is resolved. When finding the explicit actions we also
find they remain the exact same in arbitrary dimensions as there is no dependence on
d in the coeflicients themselves, additionally when finding this via an anti-field cascade
there is no dependence on d here either. Important we can also see from the above
that n,, the minimum number of derivatives of the tower operator needed to ensure
the operators remain (marginally) relevant, remains the same which is crucial for this

structure being maintained for higher space-time dimensions.

We can now apply this extension to the flow equations and verify that they remain
the same, up to some minor generalisations in the power of the scalings. In [107] it was
a crucial result that flows would fail and cease to exist for scales below A < aA,, does
this result still hold for arbitrary d? Following that reference we can, for large ¢ and

for some aA, find the expression

- a*p?
ah, ~ €XP| — )
2a2A, 2

|
2A¢(7d_2)

and from this we can then solve flow equations in terms of the conjugate momentum

(7.26)

T,

o0 7_[2 .
Ko = [ anpoim e Fowrie (7.27)
An effective ansatz for f7(m) is
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Fo () ~ gAY (7.28)

() = e /AT (7.29)

and these recover the standard Lagrangian in much the same way as in the d = 4 case,

in particular for ¢ = 1 we can define

() = re? /AT (7.30)

We also note that the reality condition on the sum over the conjugate momenta

expression continues naturally to arbitrary dimensions, namely

o0

() Y gn(im)" (7.31)

n=ng

demands that all odd couplings are 0. Following [107] we can generalise the expression

for these 2m couplings

ﬁ KVA(d—Q)m—&-l )

.32
mldm ¢ (7.32)

g __
9om =

To summarise, the effect of the generalisation to dimension d on the expression
fR{ is a rescaling of any A and A, elements and the general structure, in particular
the recovery of  dependency at first order and the reality condition in (7.31), are
maintained. We can therefore find the following general expression which combines

these findings,

IR () rlaho) A7 eXp( =7 ) : (7.33)

~ /AT 1 (ah, )2 A2+ (o)

It is also important to note that at first order in the coupling we must also be able
to generalise the recovery of terms in the Lagrangian which go as kpd HOH, that is to
say there is an undifferentiated ¢ (note the prime in ¢’ denotes this type of term) that
we must recover via the tower operator. We find that this too is naturally found. We

repeat a similar process as above to find

17 () = rpe—?/A8 (7.34)
beginning with 9051(3) (p) = —n5§\n_1) — QA5/(\n+1)

the A — 0 limit. From this we find

(¢) with this final term becoming 0 in

ggm—i—l = _<2m + 2)ggm+2‘020’

T (7.35)

KA(df2)m+3

— _1
2m! 4

3
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which yields

/ k(al,)d=2)/2 ap)i—2 _
{CER A§2+)(a AJ)“exp<— Ad_z(f()aAa)d_g) A2 7 () (7.36)

which leads to the anticipated generalisation of the coefficients in the physical limit.
We do not extend this treatment to higher order in the couplings at this time as the
findings of chapter 5 would then have to be included which is beyond the scope of this

thesis however this could be an avenue for research in the future.

7.2 Conclusions

To conclude we can see that this extension to arbitrary space-time dimensions happens
very easily in this novel framework with much of this framework remaining intact.
Although this has been a preliminary investigation it offers insight into the general

structure of the theory and what role it may play in describing Nature.
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Chapter 8

Conclusions

In this thesis we have reviewed the essential ingredients one must consider when at-
tempting to create a theory of quantum gravity with a well defined continuum limit.
Following reviews of general relativity, the renormalization procedure, the Wilsonian
ideas of the renormalization group and a brief note on popular attempts to combine
gravity with quantum field theory we then discussed the dilaton portal. Combining the
above with a more complete quantisation procedure led to the novel tower operator.
This has led to the analyses described in this thesis which we now give closing remarks
on and finally we speculate on how this line of research may progress and be applied
in the future.

In chapter 4 we began by finding the continuum limit at first order in perturbation
theory, characterising the most general form of the coefficient functions used to couple to
the standard Lagrangians and also verified universality. Crucially this led to recovery of
the standard Lagrangian once we have re-entered the diffeomorphism invariant subspace
with dependence only on two parameters: Newton’s constant and the cosmological
constant. This suggested that this structure was very general and robust however
there were still open questions; how does this behaviour change at higher orders, is
this simply a repackaging of the fortunate kinematic accidents found in the standard
quantisation and is there an infinite number of fundamental couplings at higher order?

Following this, in chapter 5 we naturally extended the treatment to second order in
perturbation theory to answer these remaining questions. Restricting ourselves to the
case where the cosmological constant is set to zero we found that the structure persists
to second order and is renormalizable for kinematic reasons, in addition said structure
works in general. A consequence of this would be that following the Wilsonian renor-
malization group this would be a genuine, consistent continuum limit for gravity albeit
in a very different way to what one may expect and with a phenomenologically inconve-
nient infinite number of fundamental couplings. We then suggested a non-perturbative
solution which would use the parabolic properties of the flow equations, namely the
dilaton and graviton sectors would naturally flow in opposite directions due to the

same initial difference in sign of the kinetic terms which sparked this line of inquiry.
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A resolution of this poorly posed Cauchy initial value problem could constrain this
difficult infinite number of couplings to only Newton’s constant and the cosmological
constant.

In chapter 6 we investigated related questions in asymptotic safety, namely if com-
plete flows exist for problems similar to that encountered earlier in this thesis. Answers
to these questions would be paramount in seeing if the Cauchy initial value problem not
being well posed could offer a resolution to this problem of an infinite number of funda-
mental couplings as we go to higher orders in perturbation theory. In addition to this
the role of adaptive cut-offs amongst other general methods in AS were investigated.

In chapter 7 we gave a brief review of some exploratory research into extending this
novel tower operator and the the treatment in [107] into arbitrary space-time dimensions
with the hope that this could offer fresh insight into several outstanding problems. As
we saw this novel tower operator and the associated structure extended very naturally to
arbitrary space-time dimension and although a more through investigation was beyond
the scope of this work it is our hope that this work expresses the wide range of subjects
that may be researched from a new perspective as a consequence of this new and
exciting approach to quantum gravity.

To conclude, a theory of quantum gravity with a well defined continuum limit would
be one of the crowning achievements in theoretical physics. The expected complexity of
such a theory is reflected in the variety of approaches attempted to construct this theory.
In this thesis we have discussed the ramifications of combining relatively simple ideas
which are generally held to be some of the best tools to hand for the modern theoretical
physics community; namely General Relativity, the Wilsonian renormalization group
and a complete quantisation procedure. This combination has naturally produced
the unique tower operator, which itself has led to a re-examination of how exactly one
defines a continuum limit and a UV complete theory. This work has then been explored
in the related subject of asymptotic safety and has offered some fresh perspective in
that field; how does one suitably find a complete flow for a theory? We hope that this
thesis offers an insight into the modern approaches to quantum gravity, the range of
techniques employed and how despite the maturity of the subject there are still exciting

new discoveries to be made.
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Appendix A

Appendix

A.1 Further examples of coefficient functions
A.1.1 Examples with multiple amplitude suppression scales

Here we develop some of the properties of linearised coefficient functions that are con-
structed from a spectrum of amplitude suppression scales v A,. For example for sym-

metric coefficient functions satisfying flat trivialisation (4.32), we can take [107]
N
fa(n) = Acr Z ag f(T[, 7kAcr) ) (Al)
k=0

where N > [%] will allow us to ensure that couplings g3, _,,  vanish, and we define
the function
j(m R) = V7 he A, (A:2)

which is just the simplest choice of reduced Fourier transform (4.63), where for conve-
nience we have absorbed the factor of 2rA, from the example (4.62). The dimensionless
parameters v > 0 are chosen unequal, and without loss of generality we order them

and set the greatest to unity:
O<n<IN_1<--<7=1, (A.3)

and the dimensionless coefficients a; are chosen to satisfy

N
Zak =1, and (A.4)
k=0

(A.5)
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Performing the integral in the Fourier transform representation (4.25) we get

N

@) =" ar fale, wAs) (A.6)

k=0
where fa(p,7kAs) is just the a=1 example (4.64) with A, rescaled by .

From the definition of the amplitude suppression scale, see above (4.20), we see
that f{ has overall amplitude suppression scale A, corresponding to the maximum
one YA, = A,. We verify that it also characterises the exponential decay of the

physical coefficient function: setting A = 0,
N
27272 _2/A2
fa((p) _ Aazake G ag Ay e % /Aa’ (A7)
k=0

where the last equation holds at large ¢. Thus we satisfy the asymptotic formula for the
physical coefficient function (4.23), but we have here an example where the asymptotic
behaviour is fixed by A, only up to an undetermined dimensionless proportionality
constant, as already commented below (4.21). Importantly note that the large 7 be-
haviour in the sum over a spectrum of amplitude suppression scales (A.1) is however

set by the smallest amplitude suppression scale:
fa(n) ~ ﬁaN YN AO’ AO’ eiﬂ%ﬁv/\gﬂly (A8>

and thus the asymptotic formula for the Fourier transform (4.27) does not hold, hence
the comments below it. The couplings in the Taylor expansion of the Fourier transform

(4.26) are given by

N
ﬁ 2n+1 2n+1 ﬁ 2n+1
980 = i AchTH D Jak i~ ag A~ AT (A.9)
k=0

and satisfy the constraint that they vanish for 2n < n,, thanks to the vanishing sum-
mation constraint (A.5). The last equation holds at large n, which thus verifies that
the asymptotic formula for couplings (4.28) nevertheless holds, although again we see
the presence of an undetermined proportionality. Finally, since fa(p,7cAys) — 1 as
Ay — 00, we have from the sum normalisation constraint (A.4) that flat trivialisation
(4.32) is satisfied, while since \/A2 + a?y2A2 sets the scale for p-variation in the com-
ponents, we see that the flat limit (4.32) is reached at least as fast as O(1/ynAy) and
more generally the refined limit (4.60) is satisfied. Notice however that it is the smallest

amplitude suppression scale that controls the corrections here.

Ng

2
conditions on N + 1 > [%#] 4 1 coefficients ay, they can always be satisfied. By

Since the summation constraints (A.4,A.5) provide [%¢] + 1 linearly independent

choosing N > [%] large enough, we can go on to fix the numerical coefficient of

154



finitely many of any of the surviving g9, (with n finite) to any value we wish, including
forcing them also to vanish. We also have the freedom to alter couplings through
changing the 0 < ~x>¢ < 1 provided they remain unequal. We see that the flat
trivialisation limit (4.32) is independent of the value of any finite set of finite-n couplings
or indeed of any finite number of relations between these couplings [75]. Therefore,
apart from confirming that we can ensure that g5, _, = 0, the universal information
on the couplings is that captured in the large n asymptotic estimate (4.28), which

indeed holds for any linearised solution.

For examples satisfying polynomial trivialisation (4.35), we can still use the sum
over a spectrum of amplitude suppression scales (A.1), where by the map to a Fourier
transform for a coefficient function satisfying the polynomial trivialisation constraint
(4.39), we replace f(7, A) with (i9,)® §(7r, A) along the lines already discussed in section
4.2.3.

A.1.2 Other examples with only one amplitude suppression scale

As explained in section 4.2.2 we insist in this thesis on using only one amplitude sup-
pression scale, and our examples are all expressible in conjugate momentum space as
an exponential decay factor times a polynomial as in secs. 4.2.3. Other examples with

only one amplitude suppression scale could be generated, e.g.

N
F7(m) = Ag > ap {70, 9, As) (A.10)
k=0

for appropriate choices of aj, where we choose the function to be
f(mt, v, A) = v Ae (P 7)/4 cogh(yAm/2) (A.11)
corresponding to the physical coefficient function
flp, 7 A) = e /M cos(v/A) (A.12)

which thus gives the A > 0 solution

fale, v, A) = 7“_\ ex <_a2g02 + 72A2/4> cos <a27&0
T VAZ 1 a2A2 A2 + a2A2? A2 + a2A\2

which clearly again has the right limiting properties to satisfy flat trivialisation (4.32)

> o (A13)

and the refined limits (4.60). These functions have the same amplitude suppression scale
A irrespective of the choice of 7. Further examples can be generated by exchanging

cosh with cos in the above, or for odd functions, replacing these with sinh and sine.
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A.2 Computing Taylor expanded IR regulated momen-

tum integrals

To compute derivative expansions such as those that appear for level-one (5.43), level-
zero (5.52) and in the mST correction term (5.61), we Taylor expand their integrands
in the external momentum p,. We use the d-dimensional equivalent of the integrands
(5.41, 5.51, 5.58) displayed in the thesis, constructed from using the d-dimensional
propagators, see chapter 7 attached to the d-dimensional I'; described in section 3.3.4.
To be concrete we describe how to treat B,q(p, A) and A,,05(p, A) in the following. We
comment on the slight differences for F,,,o(p, A) later. The Taylor expansion coefficients

involve the integrals

GGz Qpon 5 -

[ Tt (2 ) 0 g %) (A14)
q

for some non-negative integers m, n, r, with normalisation of the measure as in (3.132).

Here C(u) = 1—C(u) is the IR cut-off function, and C™(u) is its m*™® differential,

where u = ¢?/A?. Now d-dimensional rotational invariance ensures that the integral

vanishes unless the numerator has even powers of ¢ and moreover it allows us to reduce

the latter to a scalar integral using

n
1
_ 2 E
qulqu2 U qu2n =q " H d + 2(k _ 1) 5#01//402 5#03#0’4 e 6Magn_1U02n ’ (A15)
k=1

pairs
where this formula is valid under the integral, and may be proved by iteration. The
sum is over all ways of dividing the 2n indices into Kronecker-delta pairs. For these
one-loop integrals in d=4—2¢ dimensions, the worst we can get is a 1/¢ pole, therefore

up to terms vanishing as e —0,

oo

/: (1+ 1 —’yE+ln(47r/A2)]e)/duu16. (A.16)
q 0

The integrals are now reduced iteratively using integration by parts on those containing

the highest differential C'"™). Following the philosophy of dimensional regularisation we

choose €>0 large enough such that we can always discard the UV limit (a.k.a. surface

term). The IR limit can also be discarded using the same philosophy, choosing € < 0

negative enough.?®> After this we analytically continue € to the neighbourhood of e=0

45At high orders in the derivative expansion this allows us to discard the lower boundary,
lim, o u" "5 C™C™ for any positive integers k,m,n. This could also be assured by choosing C
such that it has vanishing Taylor expansion to all orders at v =0 (known as a “bump” function). In
practice in the cases dealt with in section 5.4.1 the lower limit can be discarded anyway thanks to the
presence of C(u) and/or positive integer powers of u.
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in the usual way. As a simple but instructive example we thus have the identity
> ~d - € [ _
/duu_6 C—C=- /du u e C?. (A.17)
0 du 2 0

At the end of the process, provided at least one of the C is differentiated, the integral is
in fact both UV and IR regulated by the cut-off function, and thus e — 0 can be safely
taken. The integrals that require more care are those that are only IR regulated which
thus take the form

o 1 oo 00
/du u"¢ C?(u) = /du u" ¢ C?* + /duu”e (C*—1) + /du u"me,

0 0 1 1
1 B 00 1

= nC? " -2 - Al

/Oduu C —i—/lduu c(C-2) n+1_6+0(6), (A.18)

for some integer n. Splitting the integral into three parts as in the first line, we see
that the first two parts are both IR and UV regulated for any n and thus e —0 can be
safely taken. The final integral gives the last term on discarding the upper limit.

As a simple example consider the case n=—1. This appears on the RHS of (A.17).
Substituting (A.18) and taking the limit e — 0 one finds the answer 3. In this case it
is straightforward to derive this directly from (A.17) at e =0, since the LHS is then a
total derivative and the answer % is recovered from the UV boundary. However applying
dimensional regularisation to all cases including the more involved (A.14,A.15) cases,
ensures that results are not subject to momentum routing (equivalently surface term)
ambiguities.

In (A.18), apart from the case n=—1 which, if it has non-vanishing coefficient, is
subtracted using MS cf. comments above (5.33), the € — 0 limit of the last term can
also now be safely taken. It then just cancels the cut-off-independent contribution in

the first integral on the RHS, thus

/Elouu"E C*(u) = /fiouu” C(C—-2) +0(e), (n#-1), (A.19)
0 0

which we could have derived directly from substituting C' =1—C, and discarding the
cut-off independent piece as would be done as standard in dimensional regularisation

(despite the fact that the integral is strictly speaking ill-defined for any ¢).
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